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Abstract

There is unequivocal evidence that the climate is changing, and it is generally accepted that the trend will
continue. Climate change is relevant to public health, as it can lead to alterations in the distribution and
flowering phenology of plants and to changes in pollen exposure, with subsequent impacts on human
health. The primary objective of this paper was to provide a quantitative synthesis of the available
literature on the evolution of pollen season intensity and timing in plants with a higher allergenic potential.
Six botanical families have been studied: Betulaceae (birch, hazel, alder), Cupressaceae, Oleaceae (olive,
ash), Poaceae, Urticaceae, and Asteraceae (mugwort, ragweed). Three main indicators of the potential
impact of climate change on pollination have been retained: the pollen integral, the start date of the pollen
season, and the duration of the pollen season. The outcome is a dominant trend toward earlier and more
abundant pollen seasons, particularly for trees that flower in winter and spring. In contrast, trends for grass
or weeds that pollinate later are less consistent and often region-specific. The variations recorded are
taxon-, site-, and period-dependent, with some species even showing opposing trends within the same
botanical family, illustrating the complex interactions between biological adaptation and climatic
variability. While the current influence of climate change on pollen production and phenology is well
established, the magnitude of its future impact remains uncertain, and the diversity of methodologies and
study durations limits the comparability of available data. Nevertheless, most projections support a
continued, though possibly attenuated, increase in pollen intensity and season advancement. In any case,
when combined with likely qualitative and quantitative changes in the concentration of allergens in pollen
grains, the identified trends may already have, and will very likely continue to have, an impact on both
allergic sensitizations, the prevalence of seasonal symptoms, and their severity, thus affecting their
diagnosis, prevention, and treatment.
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“The effect of climate change on pollen is not simple”—Buters JTM. Impacts of climate change on
allergenicity. In: Impacts of Climate Change on Allergens and Allergic Diseases. 2016. p. 76.

“...because the influence of climate change is complex, there is no predictable quantitative assessment of
how climate change may affect the levels of pollen allergy in humans in the future”—Choi Y] et al. The Impact
of Climate Change on Pollen Season and Allergic Sensitization to Pollens. Inmunol Allergy Clin North Am.
2021.p.98.

Introduction

Although there remain substantial unknowns regarding its exact mechanisms and scale, there is practically
no longer any doubt about the reality of climate change, nor about its origin at least partly anthropogenic
[1]. This complex phenomenon began slowly during the Industrial Revolution in the mid-19th century,
accelerated worldwide from the 1990s onwards, and is expected to further escalate in the future, making it
one of the greatest challenges facing humanity in the 21st century [2]. Its main symptoms are rising average
temperatures, stronger and longer heat waves, as well as changes in precipitation patterns, with
fluctuations both upward and downward in their frequency, abundance, duration, and spatial extent
depending on geographical area, but also with an increase in the intensity of different extreme weather
events such as thunderstorms, torrential rains, and episodes of severe drought [3]. The decade from 2011
to 2020 was the hottest on record, and the trend has continued to strengthen in the early 2020s, with global
surface temperatures breaking records year after year. Under such conditions, the most pessimistic
scenarios predict an average global warming of approximately 5°C by the end of the 21st century compared
to the reference period of 1850-1900.

Since Wilkinson’s landmark paper in 1989 [4], a growing number of peer-reviewed research papers
have emphasized that the combined effects of elevated temperatures and increased carbon dioxide levels
stimulate plant growth and reproduction, while disrupting the life cycle of vegetation with usually earlier,
prolonged, and more robust flowering seasons [5-7]. To date, apart from a few Korean studies, the majority
of publications and those based on the most reliable methodologies have focused on Europe and North
America. Their interest is not limited to naturalistic aspects, but also pertains equally to the health sector.
Indeed, for trees, grasses, and weeds that release allergenic pollen, changes in the characteristics of
pollination, both in its abundance and timing, may already have, and will continue to have, significant
consequences on the prevalence and severity of allergies [8, 9]. Two other potential impacts of climate
change have been described as likely to either worsen or reduce allergies, depending on the context. One
relates to an increase or, in other cases, a decrease in the allergen content of pollen grains [10]; however,
unlike pollen concentrations, there is still no routine detection and quantification of the allergens in pollen
grains, nor of the allergen content of the air. The other refers to the frequent shift towards higher latitudes
and elevations in the spatial distribution of at least some wind-pollinated species, whether they are wild or
cultivated [11]. For instance, simulations have shown that, by 2085, changes in temperature and
precipitation could lead to modifications in vegetation types across 31 to 42% of Europe [12], with the
obvious implication that when the range of an allergenic species expands or contracts, the risk of allergy is
profoundly altered.

Without claiming to be exhaustive, which would far exceed the scope of an article, this work will
provide an objective overview and a quantitative synthesis of the available literature on the evolution of the
pollen season intensity and timing of plants with a higher allergenic potential. The focus will primarily be
on the last few decades, but attention will also be given to projections concerning the most foreseeable
future, roughly until the years 2040-2060.

Methodology

The three bibliographical databases Medline®, PubMed®, and Google Scholar® were searched from
inception until August 15, 2025, to identify studies published in peer-reviewed journals, conference
proceedings, or books that have investigated the impact of ongoing and future climate change on allergenic
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pollen. The following search string was used, with some modification as necessary (e.g., ~ instead of * in
Google Scholar®): (climat* change OR warming OR carbon dioxide OR trend) AND (pollen OR flower* OR
sensitization). Additional articles or book chapters were also retained when they were cited in the
previously selected publications.

After removing duplicates, the full texts of all studies deemed potentially relevant based on their titles
were assessed to determine their eligibility. Four inclusion criteria were used for this purpose:

(1) Studies were required to be available online in the English language. A subsequent query of the
databases led to the inclusion of five more references published in French and one in Spanish,
because they provided important data for which, to our knowledge, there is no equivalent in any
English-language publication. All of them contained an abstract in English.

(2) They had to relate to one or more European or North American sites and provide quantitative data
on changes over time in the intensity and/or seasonality of pollen counts.

(3) The data sets analyzed should not show too many missing values (in any case, less than 10%), and
cover a period of at least 15 years, to smooth out the influence of inter-annual and decadal
variability of pollen data. The collection of airborne biological particles would be performed using
a volumetric spore trap of the Hirst design, which is the most used method for air sampling in all
European countries and is gradually becoming so in the United States [13, 14]. Nevertheless, some
exceptions were made for an outstanding Georgian publication that utilized the Rotorod® rotary
impact sampler, as well as four others that used both types of devices. Furthermore, for projections
into the future, seven articles based on numerical modelling, three on phenology, two on
laboratory simulations, and two involving several of these methods simultaneously were
considered eligible.

(4) Finally, the taxa selected had to belong to one of the six botanical families recognized as the most
relevant for allergies in the considered areas, according to item (2), (Betulaceae, Cupressaceae,
Oleaceae, Urticaceae, Poaceae, and Asteraceae) or to specific genera within these families (birch,
hazel, alder, olive, ash, mugwort, and ragweed).

Although other potential indicators of the impact of climate change on pollination can be found in the
literature, such as the end date of the pollen season or the date and intensity of the annual peak, only the
three most studied parameters have been retained here, for which the terminology recommended by
European and international aerobiology authorities [15] has been adopted. These three parameters are (1)
the pollen integral (PIn), which, expressed in number of grains per cubic meter of air, is obtained by
summing the daily pollen counts for the entire year or the main pollen season; (2) the pollen season start
date (PSS, calculated based on the number of days elapsed since January 1st); and (3) the pollen season
duration (PSD, corresponding to the number of days that separate the beginning and end of the season).

For each eligible study, the following data were extracted and compiled, taxon by taxon, in large tables:
reference in brackets and year of publication, location of the study and number of monitoring stations
involved, study period, investigation method, trend identification technique, temporal trends observed
successively for Pln, for PSS, and for PSD. Long-term trends were presented in a standardized form
(increase or decrease in the number of grains or the number of days per decade), and their statistical
significance was noted as calculated by the authors (p < 0.05, p < 0.01, or p < 0.001). When boxes are left
empty in the tables, it means that the parameter in question has not been studied in the article analyzed,
without the authors specifying the reasons; this applies especially to the statistical significance of the
results presented. Simple linear regression was by far the most used statistical method for trend analysis in
the reviewed publications. It has been quite often supplemented by the non-parametric Mann-Kendall test
with the Theil-Sen slope estimator for detecting the presence of monotonic upward or downward temporal
trends, as these tools are considered the most robust for heterogeneous time series data. Spearman’s rank
correlation analysis was also regularly performed to determine possible relationships between the
meteorological data recorded before and during the main pollen season and the aerobiological variables
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described for each taxon. Bayesian statistics have sometimes also been used to highlight discontinuities
within the series and quantify the direction and speed of changes. However, many other statistical methods
have been applied (e.g., reduced major axis linear regression, seasonal-trend decomposition procedure
based on LOESS technique, canonical correlation analysis, etc.), so that it was not possible to differentiate
the trends based on the method used, which varies too much from one study to another.

Betulaceae

In the temperate regions of the Northern Hemisphere, pollen from the Betulaceae family is almost always
both the most abundant and the primary cause of respiratory allergies that occur in late winter or early
spring. However, given that this pollen can be easily identified at the genus level under optical microscopy,
only three studies [16-18], which are moreover incomplete, have focused on the family level. They report
(Table 1 and Figure 1) a pollen production that is strengthening over time (up to +1,400 grains/m> per
decade in Emilia-Romagna [16]) and beginning increasingly earlier, although these trends are not
predominantly significant and no clear conclusions can be drawn about the PSD.

Table 1. Temporal trends in pollination of the Betulaceae family.

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
Betulaceae
[16] (2016) N ltaly (1) 1990-2004 Hirst-type Linear + (~1,400) No trend
regression
[17] (2023) Central 1951-2015 Phenological Linear -
Europe observations regression
[18] (2014) Europe (13) 1990-2009 Hirst-type Linear +(*in2outof —(**in30f8 +or—(*in2of
regression 13 sites, nsin  sites, ns in the 8 sites, ns in
the other 11)  other 5) the other 5)
Betula
[16] (2016) N ltaly (1) 1990-2004 Hirst-type Linear + - Slightly + (1.3)
regression
[17] (2023) Central 1951-2015 Phenological Linear -(1.9)
Europe observations regression
[19] (2022)  United 1995-2020 Hirst-type Linear + (%) — (ns) at 5 of the
Kingdom (6) regression 6 sites
[20] (2010) NW ltaly (1) 1981-2007 Hirst-type Linear + (%) -(10.0) No trend
regression
[21] (2020) S Germany  1988-2018 Hirst-type Linear Slightly + - (~2) -(0.7)
(1) regression &
least squares
fit
[22] (2019) France (7) 1987-2018 Hirst-type Linear & + (209 to — until 2002, + — almost
polynomial 1,263) thereafter everywhere
regression (24105.7)
[23] (2021) Central 1998-2017 Hirst-type Cochran- Slightly + (ns)
Germany (4) Armitage test
for trend
[24] (2005) Austria (2) 1980-2001 Hirst-type Linear +(~125in — (4.0 in valley
regression valley area, area, 7.3 at
~350 at higher altitude)
higher
altitude)
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local +
regression
method
(LOESS)
[26] (2003) Switzerland 1979-1999 Hirst-type Linear Very slightly + —(9.5; %) No trend
1) regression (ns)
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Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square + (0.7; **)
1) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear +in 4 sites of —in all sites, but * — but variable
regression 5, but *in only inonly 1 and ns
2
[29] (1993) London 1961-1990 Hirst-type Linear + (especially - No trend (very
regression after 1975) strong inter-
annual
variation)
[30] (2014) Catalonia (8) 1994-2011 Hirst-type Linear Very slightly +
regression +  (ns)
non-
parametric
test
[31] (1998) Basel (1) 1969-1996 Hirst-type Linear + (%) No trend
regression
[32] (2000) Basel (1) 1969-1998 Hirst-type Linear +(~1,700; *)
regression
[33] (2008) Basel (1) 1969-2006 Hirst-type Linear +(978; ) -(~3.9, -
regression especially since
the end of the
1970s; *)
[34] (2008) Switzerland  1969-2007 Hirst-type Linear + (from 1969 - (1.7 t0 3.6)
3) regression to 1990), then
—in Basel
[35] (2021) Basel (1) 1969-2020 Hirst-type Linear +(~190) -(~1.9)
regression
[36] (2016)  Spain (12) 1994-2013 Hirst-type Linear + (ns, but ** in
regression Ourense)
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear + (ns) - (~2;7%) —(~0.74; ns)
regression
[38] (2021) Switzerland  1990-2020 Hirst-type Linear + (%) No trend
(14) regression +
LOESS
[39] (2024) NW Spain 1995-2023 Hirst-type Linear + (%) Slightly —
(3) regression +
non-
parametric
test
[40] (2018) Brussels (1) 1982-2015 Hirst-type Linear +(ns) —(ns)
regression +
Mann-Kendall
test
[41] (2019) Switzerland 1985-2014 Hirst-type Bayesian + but —in
(6) statistics recent years
in 4 of 6 sites
[42] (2011) Germany 1988-2009 Hirst-type Linear +inNEand S Slightly +in S
(10) regression +
Mann-Kendall
test
[43] (2024) United 1970-2021 Hirst-type Generalized + No trend
Kingdom (2) additive
model for time
series
[44] (2016) Stockholm 1973-2013 Hirst-type Linear + (~1,000; ns) —(~3.7; ***) No trend
(1M regression
[45] (2011) S Poland (1) 1991-2008 Hirst-type Linear + (%) No trend
regression
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Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[46] (2002) Denmark (2) 1977-2000 Hirst-type Linear +(~1,150to0 —(6.2,**in +(2.3,nsin
regression ~2,000) Copenhagen; Copenhagen;
5.2, nsin Viborg) 6.1, **in
Viborg)
[47] (2021) Bavaria(8) 1989-2018 Hirst-type Linear + (ns, but*in  — (%)
regression Munich)
[48] (2021) Bavaria (28) 1975-2100 Hirst-type &  Linear + initially, then
modelling regression — in lowlands
(< 800 m) and
+ in highlands
[49] (1995) Europe (5) 1976-1993  Hirst-type Linear + (™ in
regression Basel,
London, and
Leiden; ns in
Vienna and
Stockholm)
[50] (2003) W Europe 1968-2001 Hirst-type Linear +inthe 5
5) (partly) regression sites (* in
Leiden, ** in
Derby)
[51] (2024) NE ltaly (20) 2006-2022 Hirst-type Theil-Sen Very slightly + No trend +(4.3)
estimator
[62] (2021) France (6) 1987-2021 Hirst-type Variable + (~440) —until 2002, +
thereafter
[53] (2009) Finland (1) 1974-2004 Hirst-type Linear + (%) — (4; ), especially No trend
regression & during later years
smoothing
[54] (2014) USA (6) 1994-2011 Growing Linear +in 3 sites,— —in4 outof6 Generally —
degree hour  regression in 2 sites; ns  sites, slightly +in  (up to ~10),
model everywhere the other 2; butin but * only in
all cases ns Newark
[65] (2015) USA (50) 1994-2010 Unspecified  Linear +in5o0fthe 9 —in59% of the —(upto 8.1in
regression regions (54.6 50 studied sites 4 of the 9
inthe W); —in andin7 ofthe 9  regions; *in S,
the S (47.2) climate regions SE, NE and
(1.5t0 8.8, *inall NW)
cases)
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear + (%)
(partially) regression
[57] (2020) N & Central 2000-2016 Hirst-type Non- No trend No trend -
Italy (9) parametric
Mann-Kendall
test
[58] (2020) Basel (1) 1969-2018 Hirst-type Linear No trend - (~2)
regression
[59] (2021) Georgia, 1992-2018 Rotorod Linear No trend —(4.8) +(3.5)
USA (1) regression
[60] (2025) Lithuania (3) 2005-2023 Hirst-type Linear No trend —(0.510 6; ns) Slightly + (ns)
regression +
Mann-Kendall
test
[61] (2021)  Austria (1) 1993-2017 Hirst-type Linear No trend
regression
[62] (2025) N ltaly (1) 1997-2023 Hirst-type Linear —(ns) +(13.5; ***) —(9.3; ™)
regression
[63] (2024) Switzerland  1990-2023 Hirst-type Unspecified — from 1990 No trend
to 2000, +
from 2000 to
2015, then —
again
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Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[64] (2016) USA (9 2000-2050 Modelling Unspecified — in most —in the NW, —in 8 of the 9
regions) climate NE, & W regions
regions in
2047-2050
compared to
2001-2004
[65] (2013) Europe + 2000-2040 Modelling Bayesian +(~2,450to0 —(~4.751t05)
USA (5) analysis 3,320)
2000-2060 Modelling Bayesian +(~2,570to —(~3.3t03.5)
analysis 3,920)
2000s-2090s Modelling Unspecified -(1.3)
[66] (2001) Europe 1969-1998 Phenological Unspecified —-(2.7; %)
[67] (2002) observations
[68] (2001) Switzerland  1980-1997 Hirst-type Linear -(10.6; %)
1) regression
[69] (1997) United 1954-1995 Hirst-type Linear —(~5)
Kingdom (3) regression
[70] (2002) Europe (6) 1970-2000 Hirst-type Linear —in Belgium (6.3,
regression *), in Switzerland
(~10 after 1986,
*), in UK (8.4 after
1982); no trend in
Turku; + in Kevo
(~15); + in Vienna
until 1984, —
thereafter (~11)
[71] (2007) Europe (10) 1970-2004 Hirst-type Linear Significantly — in
regression Turku, Zurich,
London, Vienna,
and Brussels;
slightly —in
France; no trend
in Poland; + in
Kevo
[72] (2010) Lithuania (3) 1970-1999 Hirst-type Linear —(~3to5;7%)
regression
[73] (2002) W ofthe NL 1969-2000  Hirst-type Linear -(3.1;%)
(1) regression
2000s—2090s Modelling Unspecified -(1.3)
[74] (2025) Iberian 1994-2023  Hirst-type Linear +(3.3)
Peninsula regression
(12)
[75] (2013) Centraland 1970-2010 Hirst-type Linear —in the 1980s
S United regression + and early 1990s,
Kingdom (3) distance then +
weighted
smoothing
technique
[76] (2014) Ireland 1990s-2030s Process- Linear — (on average,
based regression 0.75, more in the
phenological NE than in the
model SW)
Corylus
[16] (2016) N ltaly (1) 1990-2004  Hirst-type Linear - No trend —(~14 to 15)
regression
[17] (2023) Central 1951-2015 Phenological Linear -(3.1)
Europe observations  regression
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Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[23] (2021) Central 1998-2017 Hirst-type Cochran- Sightly + (ns)
Germany (4) Armitage test
for trend
[24] (2005) Austria, in 1980-2001 Hirst-type Linear + (~850) —(8.1)
valley area regression
(1
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local +
regression
method
(LOESS)
[26] (2003) Switzerland  1979-1999 Hirst-type Linear +(ns) No trend No trend
) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear + (*in2sites —(*in4sitesof  No trend
regression of 5) 5)
[30] (2014) Catalonia (8) 1994-2011 Hirst-type Linear No trend
regression +
non-
parametric
test
[31] (1998) Basel (1) 1969-1996 Hirst-type Linear + (*%) -
regression
[32] (2000) Basel (1) 1969-1998 Hirst-type Linear + (~450; )
regression
[35] (2021) Basel (1) 1969-2020 Hirst-type Linear + (~240)
regression
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear +(248; ***) —(4.5;%) +(3.5; %)
regression
[38] (2021) Switzerland  1990-2020 Hirst-type Linear + (985 to - -
(14) regression +  ~1,093; *)
LOESS
[40] (2018) Brussels (1) 1982-2015 Hirst-type Linear + (%) —(ns)
regression +
Mann-Kendall
test
[41] (2019) Switzerland 1985-2014 Hirst-type Bayesian +
(6) statistics
[42] (2011) Germany 1988-2009 Hirst-type Linear + Slightly +in S
(10) regression +
Mann-Kendall
test
[44] (2016)  Stockholm 1973-2013  Hirst-type Linear + (~24;*%) —(~5.1; ns) —(2.1; ns)
(1) regression
[45] (2011) S Poland (1) 1991-2008 Hirst-type Linear + (%) No trend
regression
[51] (2024) NE ltaly (20) 2001-2022  Hirst-type Theil-Sen +(1,089) —(7.3) No trend
estimator
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear + (%)
(partially) regression
[67](2020) N & Central 2000-2016 Hirst-type Non- No trend - No trend
Italy (9) parametric
Mann-Kendall
test
[58] (2020) Basel (1) 1969-2018 Hirst-type Linear + (~300) —(~5)
regression
[61] (2021)  Austria (1) 1993-2017 Hirst-type Linear No trend
regression
[62] (2025) N ltaly (1) 1997-2023  Hirst-type Linear +(331; %) —(4.7;7%) +0.6 (%)
regression

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107

Page 8



Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[63] (2024) Switzerland  1990-2023 Hirst-type Unspecified + (~412) —(~5)
[81] (2007) Thessaloniki 1987-2005 Hirst-type Linear +(~120) No trend No trend
(1) regression
[82] (2024) Rome (1) 1997-2016 Hirst-type Linear No trend
regression
[83] (2002) Central ltaly 1982-2001 Hirst-type Linear +(1.0; ns) No trend
1) regression
Alnus
[16] (2016) N ltaly (1) 1990-2004 Hirst-type Linear - Slightly — -
regression
[17] (2023) Central 1951-2015 Phenological Linear —-(3.6)
Europe observations  regression
[23] (2021) Central 1998-2017 Hirst-type Cochran- No trend
Germany (4) Armitage test
for trend
[24] (2005) Austria (2) 1980-2001 Hirst-type Linear +(~1,100in  — (4.7 in valley
regression valley area, area, 6.0 at
~3,000 at higher altitude)
higher
altitude)
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local +
regression
method
(LOESS)
[26] (2003) Switzerland  1979-1999 Hirst-type Linear + (%) No trend No trend
(1) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear + (*)in 4 sites —in 3 sites of 5, +in 4 sites of
regression of 5 but * in only 2 5, but * in only
1
[32] (2000) Basel (1) 19691998 Hirst-type Linear +(~1,100; *)
regression
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear + (~480; **) —(ns) —(ns)
regression
[38] (2021) Switzerland  1990-2020 Hirst-type Linear -
(14) regression +
LOESS
[40] (2018) Brussels (1) 1982-2015 Hirst-type Linear + (%) —(ns)
regression +
Mann-Kendall
test
[42] (2011) Germany 1988-2009 Hirst-type Linear +inNEand S -inNW (1.4) +in NW
(10) regression +
Mann-Kendall
test
[44] (2016) Stockholm 1973-2013 Hirst-type Linear +(~30.5; ns) —(~2.4;ns) —(~1.1; ns)
(1) regression
[45] (2011) S Poland (1) 1991-2008 Hirst-type Linear No trend No trend
regression
[47] (2021) Bavaria (8) 1989-2018 Hirst-type Linear + -
regression
[61] (2024) NE ltaly (20) 2006-2022 Hirst-type Theil-Sen +(326) —(4.4) No trend
estimator
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear + (%)
(partially) regression
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Table 1. Temporal trends in pollination of the Betulaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days per PSD (days per
(publication (number of identification per cubic decade and decade and
date) sites) technique meter of air  significance) significance)
per decade
and
significance)
[57] (2020) N & Central 2000-2016 Hirst-type Linear + (%) -
Italy (9) regression +
non-
parametric
Mann-Kendall
test
[60] (2025) Lithuania (3) 2005-2023 Hirst-type Linear No trend —(6.5t017; %) No trend in
regression + Siauliai and
Mann-Kendall Klaipeda, + (>
test 5.0) in Vilnius
[61] (2021)  Austria (1) 1993-2017 Hirst-type Linear No trend
regression
[81] (2007) Thessaloniki 1987-2005 Hirst-type Linear + No trend No trend
(1) regression
[83] (2002) Central ltaly 1982-2001 Hirst-type Linear +(2.0; ns) No trend
1) regression
[84] (2023) NW Spain 1993-2018 Hirst-type Linear +(1,120; **)  +(ns) + (ns)
(1M regression
[85] (2021)  Slovakia (1) 2002-2019 Hirst-type Linear + -
regression +
Mann-Kendall
test
[86] (2020) Andalusia 1994-2017 Hirst-type Linear +(*in +in Cérdoba (*)
3) regression Granada, ns  and Malaga (**),
elsewhere) ns in Granada

The grey backgrounds correspond to studies that have made projections about the future. +: trend towards increased pollen
concentration (PIn), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend towards decreased pollen
concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p < 0.01; ***: p < 0.001. PIn:
pollen integral; PSS: pollen season start date; PSD: pollen season duration; N: north; ns: non-significant; NW: northwest; S:
south; LOESS: locally estimated scatterplot smoothing; NE: northeast; W: west; SE: southeast; SW: southwest; NL:
Netherlands.

However, there is strong evidence that pollination of all trees in this family has not always evolved in
the same way over recent decades.

Betula

The genus that has been most studied for its sensitivity to climate change is Betula (birch). More than 80%
of publications devoted to Betula report a trend towards increasing airborne pollen concentrations, and
this rise has proven to be statistically significant in approximately two-thirds of cases [16, 19-56]. The
trend often remains weak, not exceeding, for example, 50 grains per cubic meter of air over ten years in the
Veneto region [51], but it sometimes reaches much higher levels (+1,263 grains/m?® per decade in Picardy
[22], or even +1,700 in Basel, but based on a series that ends in 1998 [32]). The rare exceptions, whether
they consist of an absence of trend [57-61] or a downward trend [47, 54, 55, 62], are almost never
significant and pertain to regions where the density of birch trees is low, such as North Dakota [54], often at
the meridional boundary of the Betula forest distribution (in Parma for example [62] or in the Southern
United States [55]).

It should be emphasized, however, that the trends highlighted here are often of statistical value only, as
they depend heavily on local conditions. Thus, while the combined analysis of six sites in the United
Kingdom suggests a clear increase in annual birch pollen production (p < 0.01), the situation is different
when considering these same sites separately: the trend is then only significant for two of them, in the
Midlands, and Wales even records a marked decline [19]. A similar observation was made in Switzerland,
where, in recent years, four of the six studied sites experienced notable decreases and the other two equally
large increases [41]. It must also be noted that, in a given location, the trend is not always monotonous, i.e.,
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Proportion of studies that highlighted positive, null, and negative trends
for each of the selected descriptors of pollen seasons.

PIn (Pollen integral) PSS (Pollen season start date) PSD (Pollen season duration)

Betulaceae

Betula 81.1% "-1'/-l 70.6% 14.7%
68.4% 21.1% . 18.2% 54.5% 27.3%
Alnus 77.3% 18.2%' 68.4% 15.8%

Cupressaceae 83.3% 12.5%' 76.4% e

VARV 23.8% 52.4%

Corylus 80.8% 15.4%'

30.8% 38.4% 30.8%

Oleaceae
s 88.2% I 83.3% 16.7% 20% 40%
Poaceae P 235% R 80.5% amﬂ 37.9% 345% | i)
N Europe 429% PR 429% 70.9% ™ 0.8% 58.3% 16.7%
S Europe 40.7% 206% | ) 73.9% n.o% 29.4% 47.1% 23.5%
Urticaceae 29% BPEA 5% 76.9% 15.4% _ 30%
Asteraceae
Artemisia TN 13% 69.6% 28.6% |41 1) 42.9% 42.9%
Legend

Trend towards higher pollen
concentration

Trend towards earlier season

Trend towards longer pollen
start dates

seasons

No trend No trend No trend

Trend towards shorter pollen

Trend towards lower pollen
seasons

concentration

Trend towards later season
start dates

Figure 1. Proportion of studies that highlighted positive, null, and negative trends for each of the selected descriptors
of pollen seasons. N: north; S: south.

constant in magnitude and even in sign throughout the period under consideration; the example of
Switzerland is again very illustrative, with a decline in PIn until 2000, an increase from 2000 to 2015, and
then a further decrease [63].

The potential change in birch pollen production over the coming decades has been little investigated, to
the extent that only three publications meeting the above-defined inclusion criteria could be identified [48,
64, 65]. Moreover, their conflicting results call for caution. Indeed, a modelling system incorporating a
meteorology model, a pollutant emission model, a pollen emission model, and an air quality model, used to
simulate the spatiotemporal distributions of Betula pollen in the Continental United States, predicted
concentrations for the years 2047-2050 almost everywhere lower than those of the years 2001-2004 [64].
On the contrary, Bayesian models developed to describe the effects of climate change on birch pollen in the
Northeastern US suggested that annual production under different scenarios would be 2.2 to 2.6 times
higher in 2040 than the mean values for 2000 (and 2.8 to 3.9 times higher in 2060) [65]. Finally, a study
conducted in Bavaria showed that the question has to be addressed on a smaller scale: if climate change is
likely to initially lead to an increase in airborne pollen, trees located at low altitudes will then suffer heat
stress that will reduce their pollen emission, while those at higher altitudes should benefit from the
warming and produce more pollen [48].
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Consensus is much greater on the seasonality of birch pollination, and particularly on its start date,
which is occurring increasingly earlier, with an advance of less than one day to more than ten days per
decade [16, 19-22, 24, 26, 28, 29, 33, 35, 37, 40, 47, 51, 53-55, 58-60, 66-73]. The two cases of Parma
(Italy) and Kevo (Finland) should be set apart: in the first [62], the pollen season showed a highly
significant delay (p = 0.002) of more than one month (exactly 36.5 days) over the last 27 years, but in an
area where this tree is not very common, as evidenced by a PIn not exceeding 747 grains/m?; in the second
[70, 71], the delay was 15 days in ten years, but at a very high latitude (over 67°N) where the trend is
towards increasingly cold springs. Other exceptions [31, 38, 42-44, 51, 57, 63, 74] are rare, of small
magnitude, and non-significant.

Several studies, however, note that the trend towards earlier birch pollination, which was undeniably
evident at the beginning of the analyzed series, often at the end of the 20th century, has since slowed down,
been reversed, or even annulled. This is particularly evident in Paris, where the 16-day delay observed
between 2003 and 2018 more than offset the 11-day advance that characterized the period from 1987 to
2002 [22, 52]. The phenomenon has also been described, for example, in Central and Southern England
[75]. The suggested explanation is that, to break their dormancy and subsequently initiate flowering,
catkin-bearing trees must sequentially fulfil their requirements for cold (vernalization) and then for
warmth (forcing). Excessive mild weather at the end of autumn or during winter can thus extend the
vernalization period, prolong dormancy, delay the forcing phase, and consequently lead to a delay (or
reduced advancement) in pollination [5, 17, 76-80]. This is presumably the reason that led one of the very
few authors to have addressed the subject [73] to predict, at least, a slowdown in the trend towards an
earlier birch pollen season: this trend, which was 3.1 days per decade from the 1970s to the 1990s, is
expected to fall to an average of 1.3 days in the 21st century. Other simulations consulted [64, 65, 76]
confirm that Betula would continue to begin pollination progressively earlier, though at a slower rate than
in recent decades.

We will refrain from making any definitive statements regarding the PSD of the birch. Out of 21 studies
that have determined its evolution, 11 concluded that it was shortening (often slightly and insignificantly,
but by up to 9.3 days in ten years—again in Parma), 5 concluded that it was lengthening, and the other 5
were unable to identify any trend.

Much less research has been devoted to studying changes in the pollen seasons for other trees
belonging to the Betulaceae family, particularly hazel and alder, even though they contain allergens that
cross-react with those of birch and can therefore exert a priming effect whereby repeated exposure to
different pollen taxa may trigger explosive allergic symptoms, even at very low doses.

Corylus

A preliminary remark is necessary about Corylus (hazel tree), which pollinates very early, in some places as
early as December of the previous year. Pollen counts for this species are therefore somewhat questionable
due to the date, which varies greatly from year to year, when the pollen samplers are activated, even for the
same site. As a result, one misses an uneven part of the pollen season for this Betulaceae, which could skew
any detection of trend. However, the results presented by the various publications reviewed are sufficiently
consistent for the risk to be minimal.

Thus, out of 26 publications addressing this point, 21 report an upward trend in hazel pollen
concentrations [23-26, 28, 31, 32, 35, 37, 38, 40-42, 44, 45, 51, 56, 58, 62, 63, 81], at a rate that sometimes
exceeds 1,000 grains/m3 over ten years [38, 51]. Among the exceptions [16, 30, 57, 61, 82], only one [16]
reports a decline. Similarly, the trend towards earlier pollen release is clearly predominant (in 13 out of 19
papers [17, 24, 28, 31, 37, 38, 40, 44, 51, 57, 58, 62, 63], while only 2 mention a delay [42, 83] and 4 detect
no trend [16, 26, 45, 81]). Conversely, one should refrain from drawing any conclusions regarding the
length of the pollen season, with only 2 studies reporting an increase [37, 62], 3 reporting a decrease [16,
38, 44], and 6 detecting no trend [26, 28, 51, 57, 81, 83].
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Alnus

The marked shift towards higher pollen counts in the air observed for birch and hazel is confirmed for
Alnus (alder), with 17 publications pointing in this direction [24-26, 28, 32, 37, 40, 42, 44,47, 51, 56,57, 81,
84-86], compared with one reporting declining pollen concentrations [16] and four finding no clear trend
[23, 45, 60, 61]. The increasing precocity of the pollen season is also found in 13 out of 19 articles [16, 17,
24, 28, 37, 38, 40, 42, 44, 47, 51, 60, 85], with the three cases of delayed season onset all occurring in
Mediterranean climates [83, 84, 86]. And, once again, no trend emerges regarding the PSD, which remained
at least partially stable in five studies [26, 51, 60, 81, 83], prolonged at least partially in four [28, 42, 60, 84]
and diminished in four others [16, 37, 44, 57].

Cupressaceae

The Cupressaceae family includes a significant number of species that are cultivated as ornamental plants
in urban environments; other species occur naturally. Although pollen allergy from this family was
considered a rarity until around 1975, especially in Europe, it is now recognized as an indisputable clinical
entity in many regions, such as the Mediterranean basin, Texas, or New Mexico [87]. However, one should
be cautious about the fact that the various studies analyzed here are not strictly comparable. Indeed, the
pollen grains from Cupressaceae are difficult to differentiate under the light microscope at the species or
genus level, and also difficult to distinguish from those of the Taxaceae or Taxodiaceae because of their
close morphological similarity. In routine pollen counts, all these taxa are usually grouped under the name
Cupressaceae-Taxaceae but, while some authors do use this designation, others refer to a specific genus,
Cupressus (cypress), for instance, [20] or Juniperus (juniper) [27], without specifying how it has been
identified, or remain vague concerning the content they ascribe to the term Cupressaceae.

Despite the diversity of species classified as Cupressaceae, most of the pollen collected in the
aerobiological traps comes from one or another variety of cypress: other ornamental species are less
abundant, and their periodical pruning eliminates many of their flowers, while wild species pollinate with
less intensity, and usually grow far away from sampling sites. Furthermore, the general trends (Table 2 and
Figure 1) are sufficiently strong to leave virtually no room for doubt. Thus, the PIn is oriented upwards in
83.3% of the 24 publications dealing with this point [20, 26, 27, 36, 37, 47, 51, 56, 62, 74, 81, 86, 88-95],
often with a highly significant progression exceeding 2,000 grains/m? per decade in Basel [37], as well as in
Milan [88] and in Oklahoma [92], or even 5,000 in Southern Spain [91] and 8,500 in Granada [74]. It is
sometimes noted that the trend has accelerated after 2001 [88] or after 2012 [89]. While three studies

concluded that there was no clear trend [57, 78, 96], only one reported a significant local decline in Malaga
[86].

Table 2. Temporal trends in pollination of the Cupressaceae family.

Reference  Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification  cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[20] (2010) NW ltaly (1) 1981-2007 Hirst-type Linear + (%) -(3.3) +(6.7)
regression
[26] (2003)  Switzerland  1979-1999 Hirst-type Linear + (%) -(12.9; %) No trend
(1) regression
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square +(20.5; *) for
(1) regression Juniperus
[36] (2016)  Spain (12) 1994-2013 Hirst-type Linear + at 7 sites out
regression of 12
[37] (2021) Basel, 1969-2018 Hirst-type Linear +(~2,050; ***) —(~5.5; **) + (~4.4; %)
Switzerland regression
(1)
[47] (2021) Bavaria (8) 1989-2018 Hirst-type Linear + -
regression
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Table 2. Temporal trends in pollination of the Cupressaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification  cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[51] (2024)  NE ltaly (20) 2001-2022 Hirst-type Theil-Sen +(916) —(8.8) +(8)
estimator
[56] (2012)  Europe (97) 1977-2009 Hirst-type Linear + (%)
(partially) regression
[57] (2020) N & Central 2000-2016 Hirst-type Non-parametric No trend - No trend
Italy (9) Mann-Kendall
test
[62] (2025) N ltaly (1) 1997-2023 Hirst-type Linear +ns -ns +ns
regression
[73] (2002) W of the NL 1969-2000 Hirst-type Linear — (6.25, **) for
(1) regression Juniperus
2000s-2090s Modelling Unspecified —(0.8)
[74] (2025) Iberian 1994-2023 Hirst-type Linear + (1,745 on Slightly + (1.6)
Peninsula regression average, but up
(12) to 8,535 in
Granada)
[81] (2007)  Thessaloniki 1987-2005 Hirst-type Linear +(~1,435) No trend No trend
(1) regression
[82] (2024) Rome (1) 1997-2016 Hirst-type Linear No trend
regression
[86] (2020)  Andalusia, 1994-2017 Hirst-type Linear —inMalaga, + —in Granada
Spain (3) regression in Granada (***) and
(***), ns Malaga (*), ns
elsewhere in Cérdoba
[88] (2021)  Milan, Italy 1995-2017 Hirst-type Unspecified + (2,100,
especially after
2001)
[89] (2024) Madrid 1994-2022 Hirst-type Linear + (especially
region (10) regression after 2012)
[90] (2024) N ltaly (1) 1989-2018 Hirst-type Linear + (**%) +(*%)
regression +
Mann-Kendall
test
[91] (2016) S Spain (1)  1996-2010 Hirst-type Linear + (5,670; ***)
regression +
local regression
method
(LOESS)
[92] (2021)  Oklahoma, 1996-2020 Hirst-type Linear +(~2,200; ***)  —(ns) + (**%)
USA (1) regression
[93] (2023)  Andalusia (1) 1998-2020 Hirst-type Linear +(19; %) —(1.3; ns)
regression +
Mann-Kendall
test + Sen’s
slope
estimation
[94] (2018) S Spain (1)  1994-2016 Hirst-type Z coefficient +(~2,000; **)  —(ns) + (~17; %)
estimation +
Mann-Kendall
test
[95] (2022)  Madrid (1) 1979-2018 Hirst-type Linear +(~3,000 gr/m* — (~7.75) +(~3.25; ns)
regression per 1°C annual
mean increases
in temperature;
")
[96] (2025) SW Spain 1993-2022 Hirst-type Linear No trend No trend No trend
(1) regression +
Mann-Kendall
test + Theil-Sen
estimator
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Table 2. Temporal trends in pollination of the Cupressaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification  cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[97] (2016)  SW Spain 1993-2013 Hirst-type Linear + (ns)
(1) regression
[98] (2007)  Central Italy 2006-2036 Phenological - (4.2) —(0.8)
(5) VS. model
1990-2005
2037-2068 Phenological - (4.2) —(0.1)
Vvs. model
2006-2036
2069-2100 Phenological —(4.7) —(0.1)
VS. model
2037-2068

The grey backgrounds correspond to studies that have made projections about the future. +: trend towards increased pollen
concentration (PIn), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend towards decreased pollen
concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p < 0.01; ***: p < 0.001. PIn:
pollen integral; PSS: pollen season start date; PSD: pollen season duration; NW: northwest; NE: northeast; N: north; ns: non-
significant; W: west; NL: Netherlands; S: south; LOESS: locally estimated scatterplot smoothing; SW: southwest.

Slightly fewer, reduced to 17, are the publications that have focused on the pollen calendar of
Cupressaceae. It is true that the successive flowering of the different species means that this taxon is
present in the atmosphere for an extended period (generally from Autumn to Spring, and even into Summer
for certain junipers), to the point that it becomes difficult to delineate a main pollen release season. But
here again a broad consensus emerges, with 76.4% of studies in favor of an increasing precocity of the
onset of pollination [20, 26, 37, 47, 51, 57, 62, 73, 86, 92-95], the record coming from Neuchatel with an
advance of 12.9 days every ten years [26]. Only two papers report a diametrically opposite trend; the first
[74] mentions an average delay of 1.6 days per decade in the Iberian Peninsula from 1994 to 2023, while
the other [97] largely aligns with this observation regarding the specific case of Badajoz between 1993 and
2013.

Twelve publications address the PSD of the Cupressaceae. Four of these do not highlight any trend [26,
57, 81, 92], while the remaining eight [20, 37, 51, 62, 90, 92, 94, 95] indicate a lengthening of between 3.25
and 17 days per decade, with the record coming from Madrid.

Finally, two studies have focused on simulating the effects of various climate warming scenarios on the
start date and, incidentally, on the PSS and, partly, on the PSD of Cupressaceae. The first one [73], referred
to the juniper in the Western part of the Netherlands and without providing much explanation about the
method used, anticipates a very sharp slowdown in the advance of the onset of pollination which, after
being 6.25 days every ten years between the 1970s and the 1990s, would decrease to 0.8 days per decade
in the 21st century, somewhat abusively regarded as a homogeneous whole. The second study [98] relied
on a phenological model capable of simulating the development of the male flower of Cupressus
sempervirens (Mediterranean cypress) as a function of the average daily temperature from October 1st to
the end of the flowering period. The results indicate for the Florence region, in Central Italy, that the pollen
season would become increasingly earlier (from mid-February today to early January in the middle of the
century and to mid-December by the end of the century). The duration of this season, on the contrary,
would remain virtually unchanged.

Oleaceae

Typically, within the Oleaceae family, only Olea (olive tree) pollen is considered a significant aeroallergen.
However, there is at least one other species, namely Fraxinus (ash), which can constitute a significant
source of airborne allergens, especially since cross-reactivity between various species in this family is now
a proven fact. The two publications dealing with the Oleaceae family (Table 3 and Figure 1), without delving
into the genus level [18, 51], thus also including Ligustrum (privet), conclude that pollen seasons are
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gradually becoming more productive and starting earlier. However, they do not allow for a determination
regarding the duration of these seasons, which are sometimes shortened (in seven out of ten studied
European sites) and sometimes lengthened (in the Veneto region, Northern Italy).

Table 3. Temporal trends in pollination of the Oleaceae family.

Reference Region Study period Methodology Trend PIn (grains PSS (days PSD (days
(publication (number of identification per cubic per decade per decade
date) sites) technique meter of air and and
per decade  significance) significance)
and
significance)
[18] (2014) Europe (13) 1990-2009 Hirst-type Linear +in 7 sites of —or + (ns) —in 7 sites of
regression 10 (ns), +in 10 (ns,
Madrid (**) except Derby
**)
[61] (2024) NE ltaly (20) 2001-2022 Hirst-type Theil-Sen + (646) -(13.5) +(13.3)
estimator
Olea
[20] (2010) NW ltaly (1) 1981-2007 Hirst-type Linear + (%) —-(17.0; %) +(6.7)
regression
[36] (2016) Spain (12) 1994-2013 Hirst-type Linear + at 6 sites
regression out of 9
(~12,900 in
Cérdoba)
[52] (2021) France (2) 1995-2019 Hirst-type Variable + (~350) at
Aix-en-
Provence; no
trend at
Toulon
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear + (ns)
(partially) regression
[74] (2025) Iberian 1994-2023 Hirst-type Linear + (3,778 on Slightly +
Peninsula (12) regression average, but  (1.6)
up to 11,940
in Jaén)
[82] (2024) Rome (1) 1997-2016 Hirst-type Reduced major + (ns)
axis linear
regression
[83] (2002) Central Italy 1982-2001 Hirst-type Linear -(4.0;%) —(5.0; %)
(1) regression
[89] (2024) Madrid region 1994-2022 Hirst-type Linear + (at least
(10) regression locally)
[90] (2024) N ltaly (1) 1989-2018 Hirst-type Linear +(*)
regression +
Mann-Kendall
test
[91] (2016) S Spain (1) 19962010 Hirst-type Linear + (~190,000;
regression + )
local regression
method
(LOESS)
[93] (2023) Andalusia (1) 1998-2020 Hirst-type Linear +(3,830; ns) —(0.8; ns)
regression +
Mann-Kendall
test + Sen’s
slope estimation
[94] (2018) S Spain (1) 1994-2016 Hirst-type Z coefficient + (~14,500; —(ns) + (~13.0; %)
estimation + **)
Mann-Kendall
test
[95] (2022) Madrid (1) 1979-2018 Hirst-type Linear No trend - (~1.75)
regression
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Table 3. Temporal trends in pollination of the Oleaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days PSD (days
(publication (number of identification per cubic per decade per decade
date) sites) technique meter of air and and
per decade  significance) significance)
and
significance)
[96] (2025) SW Spain (1) 1993-2022 Hirst-type Linear + (1,668 to —(1.6; ns) -(1.9; *)
regression + 1,808; **)
Mann-Kendall
test + Theil-Sen
estimator
[99] (2014) S Spain (1) 1982-2011 Hirst-type Linear + (~7,000; —(~3.6;ns)  +(~11.9; ***)
regression + )
seasonal-trend
decomposition
procedure
based on
LOESS +
ARIMA model
[100] (2011) NW ltaly (1) 1981-2010 Hirst-type Linear + (%) No trend No trend
regression
[102] (2013) Spain (4) & 1992-2011 Hirst-type Unspecified — (especially
Italy (6) 2004-2011,
and in Italy
more than in
Spain)
2046-2065 Thermal time =
model
[103] (2005) Andalusia (5) 1982-2001 Hirst-type —(4; %), but +
in Cordoba
(4)
2000s-2099 Growing —(0.3t02.4)
degree-days
[104] (2024) Barcelona (1) 2000-2019 Hirst-type +(1.2; ns)
2024-2100 Forecast model — (depending
of the PSS + on the
climate climate
scenarios scenario)
[105] (2015) Spain (4) & 2081-2100 Pheno- —(~0.9to
Italy (6) VvS. meteorological 1.1)
1993-2011 models
[106] (2012) Calabria (3) 21st century  Phenological - (1.0t0 3.4)
model
[107] (2013) Centraland S 2050 Model - (2t0 19,
Italy (16) mean 8, with
1°C of
warming)
[108] (2000) W 1990s-2030s Phenological — (0.6 to 1.6)
Mediterranean model
Fraxinus
[24] (2005) Austria in 1980-2001 Hirst-type Linear + (~950) -(3.2)
valley area (1) regression
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local regression +
method
(LOESS)
[26] (2003) Switzerland 1979-1999 Hirst-type Linear No trend -(14.3; %) No trend
(1) regression
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square +(ns)
(1) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear +in all sites; * —in4sites + (*atjust1
regression in 4 of 5 of 5; *in site out of 5);
only 1 —(*at

another site)
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Table 3. Temporal trends in pollination of the Oleaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains PSS (days PSD (days
(publication (number of identification per cubic per decade per decade
date) sites) technique meter of air and and
per decade  significance) significance)
and
significance)
[36] (2016) Spain (12) 1994-2013 Hirst-type Linear + at 7 sites out
regression of 8;—in
Madrid (ns)
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear + (~588; **) —(=3.7;*) = (~8;™)
regression
[38] (2021) Switzerland 1990-2020 Hirst-type Linear + (ns) No trend -
(14) regression +
LOESS
[40] (2018) Brussels (1) 1982-2015 Hirst-type Linear + (%) —(ns)
regression +
Mann-Kendall
test
[45] (2011) S Poland (1)  1991-2008 Hirst-type Linear + (%) No trend
regression
[47] (2021) Bavaria (8) 1989-2018 Hirst-type Linear +
regression
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear + (%)
(partially) regression
[73] (2002) W of the NL 1969-2000 Hirst-type Linear - (1, ns)
(1) regression
2000s-2090s Modelling Unspecified -(1.9)
[82] (2024) Rome (1) 1997-2016 Hirst-type Reduced major + (ns)
axis linear
regression
[86] (2020) Andalusia (3) 1994-2017 Hirst-type Linear + (especially in — (*in
regression Granada; ns)  Cérdoba, ns
elsewhere)
[89] (2024) Madrid region 1994-2022 Hirst-type Linear + (at least
(10) regression locally)
[94] (2018) S Spain (1) 1994-2016 Hirst-type Z coefficient + (~30; **) —(ns) +(~20; *)
estimation +
Mann-Kendall
test
[109] (2019) NW Spain (1) 1997-2016 Hirst-type Mann-Kendall + (~100; *¥)
test + Theil-Sen
estimator
[110] (2024) Slovakia (2) 2002-2022 Hirst-type Linear +(ns) —(ns)
regression +
Mann-Kendall
test + Theil-Sen
estimator
[111] (2002) Switzerland 1951-2000 Hirst-type + —(~6)
phenology

The grey backgrounds correspond to studies that have made projections about the future. +: trend towards increased pollen
concentration (Pin), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend towards decreased pollen
concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p < 0.01; ***: p < 0.001. PIn:
pollen integral; PSS: pollen season start date; PSD: pollen season duration; ns: non-significant; NE: northeast; NW: northwest;
N: north; S: south; LOESS: locally estimated scatterplot smoothing; SW: southwest; ARIMA: autoregressive integrated moving
average; W: west; NL: Netherlands.

Beyond inevitable nuances, the studies dedicated separately to Olea and Fraxinus agree with these
trends.

Olea

Within the geographical area under consideration, Olea is predominantly found in the Mediterranean
climate regions of Southern Europe, but it has also been introduced into North America, particularly in
California and Arizona. This time, 93.3% of the publications that analyzed the PIn noted an upward trend in
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the total pollen load, most often across all the sites considered [20, 56, 74, 82, 90, 91, 93, 94, 96, 99, 100], or
at least in most locations [36, 52, 89]. Only one publication [95] did not identify any trend, and none
indicated a negative trend (unless one includes the study [101] that, with a certain misuse of language,
mentions a “sharp decrease in olive pollen emissions” since 2000 in Central Italy as in Andalusia, while
relying solely on the pollen counts from the four days preceding the annual peak, a concept probably useful
in agronomy but of negligible interest in allergology). Furthermore, although the progression over time
remains moderate in many instances, it can, in certain cases, take on considerable proportions, particularly
in Southern Spain (around +14,500 grains per decade in Jaen [94]). It should be added that, due to the very
high interannual variability, the ten-year rate of progression can vary enormously, at the same location,
depending on the series analyzed, increasing in Cérdoba from +7,000 grains/m? over the years 1982-2011
[99] to approximately +190,000 over the years 1996-2010, even if this substantial increase is partly due to
the expansion of the area devoted to olive cultivation [91].

A broad consensus is also observed, albeit slightly diminished, regarding the onset of the olive tree
pollen season. In 75.0% of cases where the past trend of PIn was considered [20, 83, 93-96, 99, 102, 103],
the authors reported a gradual advance in pollination over time, although at a very uneven pace, ranging
from less than one to 17 days every ten years, depending on the locations. The only exceptions, which are
not significant, pertain to a few sites in the Iberian Peninsula [74, 104]. But as with the taxa considered
previously, it remains risky to comment on the length of the olive tree pollen season, which appears to have
extended by 6.7 to 13.0 days per decade in half of the studies [20, 94, 99] and contracted in one third [83,
96], while only one study [100] did not discern a clear trend.

In addition, probably due to the implications of such projections for the future of Mediterranean olive
cultivation, Olea is by far the tree whose susceptibility to the coming climate change has prompted the most
numerous and, in many respects, the most thorough investigations. No fewer than seven studies meeting all
the inclusion criteria outlined above were retained [102-108]. While none of these studies examined the
intensity or duration of pollination, all agree that in the future, specifically within time horizons ranging
from 2030 to 2100, the pollen season of Olea will continue to begin progressively earlier. It is true that
several authors note that the simulations vary by nearly a factor of two depending on the climate scenario
considered [104, 107], yet almost all identify the olive as one of the pollen taxa whose advancement is likely
to be most pronounced in the 21st century. The advance is estimated to range from 0.4 or 0.6 [103, 108] to
3.4 days per decade [106]. It has also been calculated, in Montpellier [108] as well as in Central and
Southern Italy [106, 107], that this advance would average 8 or 9 days over ten years for each additional
degree of average annual temperature, but with significant spatial variability, evidenced over short
distances by extremes ranging from 2 to 19 days [107].

Fraxinus

Unlike the olive tree, which is strictly dependent on a Mediterranean or Mediterranean-like climate, the ash
tree is widely distributed in all temperate and subtropical areas of the Northern Hemisphere. The review of
20 publications addressing the evolution of its pollination leads to observations very similar to those
reported for Olea, with nearly 90% of cases showing a trend towards the intensifying of the pollen season
[24, 25, 27, 28, 36-38, 40, 45, 47, 56, 82, 86, 89, 94, 109, 110]. Local progression can reach 950 grains/m?
over a ten-year period in Innsbruck, where pollen amounts increased 6.5-fold between 1980 and 2001 [24].
The only two exceptions, which are minor, come from Madrid [36] and Neuchatel [26]. Similarly, an
advance in the pollen season is found in more than 80% of cases where PSS was studied [24, 26, 28, 37, 40,
73, 86,94, 110, 111] and sometimes reaches spectacular levels (14.3 days per decade in Neuchatel [26]);
only two publications report unchanged dates [38, 45], and none report delayed dates. The trend towards
increasing precocity is expected to continue, at an average rate of 1.9 days per decade, until the 2090s,
according to the only study that has addressed the issue [73]. As for the length of the pollen season, it
remains equally difficult to interpret, with 40% of the durations decreasing [37, 38], 20% of durations
increasing [94], and 40% showing no change [26] or evolving inconsistently between the different sites
studied [28].
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While the arboreal taxa with winter- or spring-flowering that we have just examined exhibit clear
trends, the same cannot always be said for herbaceous taxa that are blooming later in the year, particularly
relating to the intensity of the pollen seasons.

Poaceae

The Poaceae or Gramineae family (grasses), found worldwide, occurs in all terrestrial biomes. It is probably
its near-ubiquity that makes it the most common source of pollen allergies worldwide, affecting around
80% of allergy sufferers [112]. Within this family, pollen grain determination at the genus level, and even
more so at the species level, proves to be very difficult, if not impossible, using conventional aerobiological
methods. It would therefore be unrealistic to claim to assess the partial contribution of each species to the
airborne pollen spectrum, which constitutes a significant drawback given that not all species have the same
allergenic potential or sensitivity to climate change.

The prevailing trend in the annual Pln (Table 4 and Figure 1), documented in 41.2% of publications
[16, 20, 22, 25, 27, 28, 30, 37, 40, 41, 47, 52, 56, 61, 74, 85, 92, 113-116], is a decline, without a marked
difference between the North and South of Europe, although the pollen spectrum of grasses differs notably
between these two geographical areas. Most often, the decline remains fairly moderate and not statistically
significant (averaging about -119 grains/m? per decade across twelve stations in the Iberian Peninsula
[74]), but there are notable exceptions (-1,588 grains/m? every ten years in Badajoz [74], -1,620 in
Perugia, Central Italy [116]; consequently, in the latter case, the annual amount of pollen collected in recent
years has decreased by half compared to the end of the 20th century). The opposite trend is slightly less
frequent, as an increase in concentrations was observed in only 35.3% of studies [24, 31, 36, 38, 44, 45, 51,
55, 62, 63, 81, 90, 91, 93, 94, 100, 117, 118], but it is sometimes very pronounced, reaching over +15,500
grains/m? in ten years in Cérdoba, albeit based on a relatively short series [91]. No trend was identified in
23.5% of publications [19, 23, 26, 57, 59, 82, 95, 96, 109, 119-121]. It should also be noted that in several
studies, the authors report contradictory trends depending on the site considered [18, 42, 50, 122] and/or
reversals in trends from one decade to the next [22, 34, 43, 122]. Thus, since the late 1980s, the annual
pollen count for grasses has approximately doubled in North-Eastern and Southern Germany, while it has
sharply declined (-2,180 grains/m3 per decade) in the North-West of the country [42]. Similarly, at the East
Midland locations of Derby and Leicester in the United Kingdom, where a 52-year series could be utilized,

Pln initially decreased from the late 1970’s to the early 1990’s, before entering a phase of vigorous growth
[43].

Table 4. Temporal trends in pollination of the Poaceae family.

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[16] (2016) N ltaly (1) 1990-2004 Hirst-type Linear - Slightly + No trend
regression
[18] (2014) Europe (13) 1990-2009 Hirst-type Linear +or—(ns, —in70f10 +or—(*in3
regression except Leiden sites (ns, sites of 13, ns
and Legnano) except at the other 7)
Reykjavik and
Strasbourg)
[19] (2022)  United 1995-2020 Hirst-type Linear No trend Locally — (* to
Kingdom (6) regression **)
[20] (2010) NW ltaly (1) 1981-2007 Hirst-type Linear -ns —(9.6; ns) No trend
regression
[22] (2019)  France (7) 1987-2018 Hirst-type Linear & —overall, +, stationary, or —, stationary,
polynomial exceptin Lyon, —, depending or +,
regression often with a on the site depending on
phase of the site
increase until
1999-2002
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Table 4. Temporal trends in pollination of the Poaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[23] (2021) Central 1998-2017 Hirst-type Cochran- No trend
Germany (4) Armitage test for
trend
[24] (2005) Austria (2) 1980-2001 Hirst-type Linear +(~2,400 in — (4.5 in valley
regression valley area, area, 2.6 at
~700 at higher higher altitude)
altitude)
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local regression —
method
(LOESS)
[26] (2003) Switzerland 1979-1999 Hirst-type Linear No trend -(6.7;%) No trend
(1) regression
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square —(0.4; ns)
(1) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear —in all sites; * —inthe 5sites; +attheb
regression in4 of 5 *in4of 5 sites; * at only
1
[30] (2014) Catalonia (8) 1994-2011 Hirst-type Linear -
regression +
non-parametric
test
[31] (1998) Basel (1) 19691996 Hirst-type Linear +(**) No trend
regression
[34] (2008) Switzerland 1969-2007 Hirst-type Linear + (1969-1990; -(1.81t03.2),
(3) regression **), then — but + (11) in
(1991-2007; * Locarno
in Basel)
[35] (2021) Basel (1) 1969-2020 Hirst-type Linear - (~1.5)
regression
[36] (2016)  Spain (12) 1994-2013  Hirst-type Linear + at 8 out of 12
regression sites
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear —(ns) No trend —(~3.7;*%)
regression
[38] (2021) Switzerland  1990-2020 Hirst-type Linear + (ns)
(14) regression +
LOESS
[40] (2018) Brussels (1) 1982-2015 Hirst-type Linear - -
regression +
Mann-Kendall
test
[41] (2019) Switzerland 1985-2014 Hirst-type Bayesian —in recent
(6) statistics years in 3 of
the sites
[42] (2011) Germany 1988—-2009 Hirst-type Linear +in NE (~700) —in S (9) +in S (~11)
(10) regression + and S (~635),
Mann-Kendall —in NW
test (~2,180)
[43] (2024)  United 1970-2021 Hirst-type Generalized — from the late — prior to 1990,
Kingdom (2) additive model ~ 1970’s to early + thereafter
for time series 1990’s; +
thereafter
[44] (2016)  Stockholm 1973-2013 Hirst-type Linear + (~35; ns) —(~0.6; ns) +(3; )
(1) regression
[45] (2011) S Poland (1) 1991-2008 Hirst-type Linear + (%) —(*)
regression
[47] (2021) Bavaria (8) 1989-2018 Hirst-type Linear —(**in — (**in Munich) +
regression Munich)
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Table 4. Temporal trends in pollination of the Poaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[50] (2003) W Europe 1968-2001 Hirst-type Linear +in 2 sites, —
(5) (partly) regression in 3 others; ns
everywhere
[51] (2024) NE ltaly (20) 2001-2022 Hirst-type Theil-Sen + (685) —-(6.3) +(12.5)
estimator
[52] (2021) France (6) 1987-2021 Hirst-type Variable —(~530)
[55] (2015) USA (50) 1994-2010 Unspecified Linear + everywhere —in50f9 —in 7 regions
regression (2.75t079.6; regions (1.8to outof9 (1.2
ns except in 5.3);+in 3 to 11.5); +in
the Central regions; ns the NE (5.9; *)
region) except in the
Central region
[56] (2012) Europe (97) 1977-2009 Hirst-type Linear —(ns)
(partially) regression
[57] (2020) N & Central 2000-2016 Hirst-type Non-parametric  No trend - -
Italy (9) Mann-Kendall
test
[58] (2020) Basel (1) 1969-2018 Hirst-type Linear -(~1.2)
regression
[59] (2021)  Georgia, 1992-2018 Rotorod Linear No trend -(14.2) —(4.0)
USA (1) regression
[61] (2021)  Austria (1) 1993-2017 Hirst-type Linear - (~1,000) - No trend
regression
[62] (2025) N ltaly (1) 1997-2023 Hirst-type Linear +ns —(3.6; %) +(12.1; *%)
regression
[63] (2024) Switzerland  1990-2023 Hirst-type Unspecified + (~588) - (~2)
[73] (2002) W of the NL 1969-2000 Hirst-type Linear - (~2)
(1) regression
2000s—2090s Modelling Unspecified -(1.1)
[74] (2025) Iberian 1994-2023 Hirst-type Linear - (119 0n -(1.3)
Peninsula regression average, but
(12) up to 1,588 in
Badajoz)
[81] (2007) Thessaloniki 1987—2005 Hirst-type Linear + (~600) No trend No trend
(1) regression
[82] (2024) Rome (1) 1997-2016 Hirst-type Linear No trend
regression
[83] (2002) Central Italy 1982-2001 Hirst-type Linear -(3.0;%) —(6.0; %)
(1) regression
[85] (2021)  Slovakia (1) 2002-2019 Hirst-type Linear -
regression +
Mann-Kendall
test
[90] (2024) N ltaly (1) 1989-2018 Hirst-type Linear + (%) - (™) No trend
regression +
Mann-Kendall
test
[91] (2016) S Spain (1)  1996-2010 Hirst-type Linear + (~15,500;
regression + )
local regression
method
(LOESS)
[92] (2021) Oklahoma,  1996-2020 Hirst-type Linear —(ns) - +
USA (1) regression
[93] (2023) Andalusia 1998-2020 Hirst-type Linear +(1,027;ns) —(2;ns)
(1) regression +
Mann-Kendall
test + Sen’s
slope estimation
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Table 4. Temporal trends in pollination of the Poaceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[94] (2018) S Spain (1) 1994-2016 Hirst-type Z coefficient + (~750; ns) —(ns) + (ns)
estimation +
Mann-Kendall
test
[95] (2022) Madrid (1) 1979-2018 Hirst-type Linear No trend —(~1; ns) —(~0.75; ns)
regression
[96] (2025) SW Spain 1993-2022 Hirst-type Linear No trend + (%) - ()
(1) regression +
Mann-Kendall
test + Theil-Sen
estimator
[100] (2011) NW ltaly (1) 1981-2010  Hirst-type Linear +(*) No trend No trend
regression
[109] (2019) NW Spain 1997-2016 Hirst-type Mann-Kendall No trend
(1 test + Theil-Sen
estimator
[113] (1993) London (1)  1961-1990 Hirst-type Unspecified — from the +, especially in - (4.3)
early 1960s to the
the mid-1980s  1980s—1990s
[114] (2017) Central Italy 1982-2014 Hirst-type Linear —(~1,450; ***) — (~4.1; ***) No trend
(1) regression
[115] (2009) NW Spain 1993-2007 Hirst-type Linear (™) — but varies Generally —
regression according to the
site and the
method used to
define the
season
[116] (2017) Central Italy 1982-2014 Hirst-type Linear —(1,620; ***)  —(4.0; ***) No trend
(1) regression
[117] (2014) Experiment + 50% with
elevated CO,
[118] (2010) Andalusia 1982-2008 Hirst-type Linear +(*™at20of8 —(moreorless, + (moreor
(8) regression sites) *orns) less, * or ns)
[119] (2014) W Poland 19962011 Hirst-type Mann-Kendall No trend -(10.3; %) +(30.0; *)
(1) test + Sen’s
slope estimator
[120] (2024) Portugal (1) 2001-2021 Hirst-type Linear No trend No trend No trend
regression +
Kruskal-Wallis
test
[121] (2000) NW ltaly (1) 1981-1997 Hirst-type Linear No trend
regression
[122] (1999) United 1961-1993 Hirst-type Unspecified Contrasting — in Cardiff and
Kingdom (3) (linear schemes Derby, +in
regression) depending on  London
the site and
the decade
[123] (2023) Denmark (2) 1825-2014 Herbaria Linear — but varies + but varies
regression according to according to
species species
1977-2019 Hirst-type Linear —(2.5; ***) + (4.4; *%)
regression
[124] (2000) W Europe 1976-1997 Hirst-type Unspecified —in Austria and
(4) (linear the NL, +in S
regression) Finland virtually
stable in
London

The grey backgrounds correspond to studies that have made projections about the future. +: trend towards increased pollen
concentration (PIn), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend towards decreased pollen
concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p < 0.01; ***: p < 0.001. PIn:
pollen integral; PSS: pollen season start date; PSD: pollen season duration; N: north; ns: non-significant; NW: northwest;
LOESS: locally estimated scatterplot smoothing; NE: northeast; S: south; W: west; SW: southwest; NL: Netherlands.
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The PSS brings us back to a pattern close to that described for trees. Indeed, 80.5% of publications
addressing the subject conclude that pollination is occurring increasingly earlier [18-20, 24, 26, 28, 35, 40,
42,44, 45, 47,51, 57-59, 61-63, 73, 74, 83, 90, 92-95, 114-116, 118, 119, 123], while only 7.3% report a
postponed onset [16, 96, 113]. There are still very few differences between Northern Europe and Southern
Europe. Once again, the trend may be positive, negative, or neutral depending on the site, whether in France
[22], in the United Kingdom [122], throughout Western Europe [124] or in the United States [55], and some
trend reversals over time can be detected, for instance in Central England where grass shows a U-shaped
trend with the earliest start of season near 1990 [43]. Lastly, and notwithstanding the reservations already
expressed about this work, the sole article that attempted to look ahead predicted for the Netherlands a
potential continuation of the trend toward increasing earliness, at an average rate of 1.1 days per decade
until the 2090s [73].

Because the numerous species of the family bloom at different times, the grass pollen season almost
always lasts longer than that of other taxa, particularly in Southern Europe. It is therefore more difficult to
propose a simple scheme to characterize the evolution of the duration of this season. In fact, 37.9% of cases
show an extension [28, 42, 44, 47, 51, 62,92, 94, 118, 119, 123], 27.6% show a decrease in length [37, 57,
59, 83, 95, 96, 113, 115] and 34.5% show unchanged duration [16, 20, 26, 61, 81, 90, 100, 114, 116, 120].
Furthermore, it is not uncommon for trends to change in magnitude, and sometimes even in direction [18,
22, 34, 55] over short distances. But this time, a significant difference emerges between Northern Europe
(where the pollen season is prolonged in 58.3% of studies) and Southern Europe (where it is prolonged in
only 29.4%). Given that the start dates of this season are relatively stable, it can be inferred that the end
dates are often earlier or remain unchanged in the South, likely due to the combined effect of higher
temperatures and greater water stress.

Urticaceae

At least in Europe, the Urticaceae family includes two main genera, Urtica (nettle) and Parietaria (pellitory).
Both are widely cosmopolitan, but in practice, only Parietaria plays a significant role in triggering allergic
diseases. Regrettably, genus differentiation based on pollen morphology remains difficult, even though the
two genera have very slight differences in size (only U. membranacea is easily identified). In aerobiological
databases, the name Urticaceae is therefore systematically used to group together many species.
Nevertheless, pellitory (at least P. officinalis) is more abundant in the South than in the North of Europe,
whereas the opposite is true for nettle. This has led us, albeit as a makeshift solution, to consider only the
studies conducted in the Mediterranean region, thereby increasing our certainty that most allergenic pollen
is labelled under Urticaceae.

Hence, unlike grasses, a slight predominance of the tendency toward increased pollen concentrations
(Table 5 and Figure 1) is observed for the Urticaceae, present in 42.9% of cases [20, 81, 82, 93, 100, 121]
compared to 35.7% for the opposite trend [36, 91, 94, 96, 125] and 21.4% for no trend [51, 57, 59]. A
special mention is warranted for Cérdoba, where PIn recorded a considerable drop estimated at 41,500
grains/m? over ten years [91], broadly corroborated by another study [36].

Table 5. Temporal trends in pollination of the Urticaceae family in regions where Parietaria dominates.

Reference  Region Study Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of period identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[20] (2010) NW ltaly (1) 1981-2007 Hirst-type Linear + (%) —(30.7) +(31.5)
regression
[36] (2016)  Spain (12) 1994-2013 Hirst-type Linear — at 8 sites out
regression of 12
[61] (2024)  NE Italy (20) 2001-2022 Hirst-type Theil-Sen No trend - (4.7) +(10)
estimator
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Table 5. Temporal trends in pollination of the Urticaceae family in regions where Parietaria dominates. (continued)

Reference  Region Study Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of period identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[67] (2020) N & Central 2000-2016 Hirst-type Non-parametric  No trend - No trend
Italy (9) Mann-Kendall
test
[59] (2021)  Georgia, 1992-2018 Rotorod Linear No trend -(2) +(1)
USA (1) regression
[74] (2025)  Iberian 1994-2023 Hirst-type Linear - (4.2)
Peninsula regression
(12)
[81] (2007)  Thessaloniki 1987—2005 Hirst-type Linear +(~100) No trend No trend
(M regression
[82] (2024) Rome (1) 1997-2016 Hirst-type Reduced major  + (**)
axis linear
regression
[83] (2002) Central Italy 1982—2001 Hirst-type Linear -(8.0; %) +(10.0; )
(1 regression
[90] (2024) N ltaly (1) 1989-2018 Hirst-type Linear )
regression +
Mann-Kendall
test
[91](2016) S Spain (1)  1996-2010 Hirst-type Linear — (41,500; ***)

regression +
local regression
method
(LOESS)

[93] (2023)  Andalusia (1) 1998-2020 Hirst-type Linear +(304; ) -(13.3;%)
regression +
Mann-Kendall
test + Sen’s
slope estimation
[94] (2018) S Spain (1)  1994-2016 Hirst-type Z coefficient — (~225; ns) —(ns) —(ns)
estimation +
Mann-Kendall
test
[96] (2025)  SW Spain (1) 1993-2022 Hirst-type Linear - No trend No trend
regression +
Mann-Kendall
test + Theil-Sen
estimator
[100] (2011) NW ltaly (1) 1981-2010 Hirst-type Linear + (") - (™) + (")
regression
[121] (2000) NW ltaly (1) 1981-1997 Hirst-type Linear + (%)
regression
[125] (2009) Spain (2) 1991-2006 Hirst-type Linear —(nsin Malaga, + (nsin —(**in
regression ***in Vigo) Malaga, 30, * Malaga, **in
in Vigo) Vigo)

+: trend towards increased pollen concentration (PIn), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend
towards decreased pollen concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p
< 0.01; ***: p < 0.001. PIn: pollen integral; PSS: pollen season start date; PSD: pollen season duration; NW: northwest; NE:
northeast; N: north; S: south; LOESS: locally estimated scatterplot smoothing; ns: non-significant; SW: southwest.

Pollen calendars are marked, in more than three-quarters of cases, by an increasingly early onset of
flowering of the Urticaceae [20, 51, 57, 59, 74, 83, 90, 93, 94, 100], with a progression reaching up to one
month every ten years in Western Liguria [20]. In contrast, Vigo, located at the Northwestern tip of Spain,
which shares the same latitude as the Mediterranean but has a significantly different climate, has recorded
an average delay of around thirty days per decade [125]. A very early pollination of Urticaceae, which are
mainly believed to be Parietaria, is regularly associated with an extension of the pollen season [20, 51, 59,
83, 100], with the increase ranging from less than 1 to more than 31 days per ten-year period. However,
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there are also sites where this duration remains unchanged [57, 81, 96], and others where it tends to
decrease [94, 125]. The cases of Malaga and Vigo still appear to be anomalous, with pollen seasons
becoming both later and shorter [125]. In any case, such findings challenge the widely held belief, especially
in Italy, that the pellitory season has extended to cover the entire year [126].

Asteraceae

The Asteraceae family, which includes 12,000 species classified into 780 genera, approximately, is one of
the largest groups of flowering plants with members across all continents, but particularly in Northern
temperate latitudes. Most are entomogamous and are unlikely to cause anything other than contact or
proximity allergies. However, there are at least two genera, Artemisia (mugwort) and Ambrosia (ragweed),
which are wind-pollinated and are prone to causing respiratory allergies in late summer and autumn. These
are indeed short-day plants with a generative growth phase induced after the day length decreases and the
summer temperatures have reached their peak.

Only a single publication [18] is dedicated to the evolution of pollination in the Asteraceae family
without differentiation. It covers about ten European sites and observes, from 1990 to 2009, both a
decrease in airborne pollen concentrations (in 8 of the studied locations), an earlier onset of the seasons (in
6 of these sites), and a lengthening of the exposure period to one or another pollen of this family
(everywhere except Prague); however, it is not possible to determine the respective contributions of
mugwort and ragweed to these trends.

Artemisia

The most striking point (Table 6 and Figure 1) is that, unlike all other taxa, the intensity of the mugwort
pollen season is declining in just over two-thirds of cases [25, 27, 28, 30, 32, 37, 38, 40, 42, 51, 55, 56, 83,
85, 119, 127], whereas it is increasing in only 17.4% [26, 36, 45, 81] and remains quite steady in 13% [44,
57, 121]. In Northwestern Germany, for example, the annual Pln of Artemisia at the end of the 2000s was
only half as high as in the 1980s [42]. The decline, which some authors describe as unexpected [85], was
already well underway in series ending in 2001 and beginning in 1968 and 1974, respectively, in Derby and
Brussels [50]. The most widely accepted hypothesis is that plants respond to summer warming by
allocating most of their resources to vegetative organs at the expense of reproductive organs, thereby
limiting pollen production, which also enables them to reduce evaporation and water loss [119, 128].

Table 6. Temporal trends in pollination of the Asteraceae family.

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[18] (2014) Europe (13) 1990-2009 Hirst-type Linear —in 8 sitesof —in 6 sites of + (ns) except
regression 10, *in Derby, 10 (**in in Prague
**in Derby)
Strasbourg, ***
in Leiden
Artemisia
[25] (2018) Brussels (1) 1982-2015 Hirst-type Local -
regression
method
(LOESS)
[26] (2003) Switzerland  1979-1999 Hirst-type Linear + (ns) -(8.1;%) No trend
(1) regression
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square  —(0.5; ***)
(1) regression
[28] (2021) Benelux (5) 1981-2020 Hirst-type Linear —(*)in 3sites —inall sites; * + in all sites; *
regression of 5 inonly 1 in 3 outof 5
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Table 6. Temporal trends in pollination of the Asteraceae family. (continued)

Reference
(publication
date)

Region
(number of
sites)

Study period Methodology Trend

identification
technique

PIn (grains per PSS (days per PSD (days per

cubic meter of decade and

decade and

air per decade significance) significance)

and
significance)

[30] (2014)

[32] (2000)
[36] (2016)
[37] (2021)

[38] (2021)

[40] (2018)

[42] (2011)

[44] (2016)
[45] (2011)

[50] (2003)

[51] (2024)
[55] (2015)
[56] (2012)

[57] (2020)

[73] (2002)

[81] (2007)
[83] (2002)

[85] (2021)

[119] (2014)

[121] (2000)

[127] (2013)

Catalonia (8)

Basel (1)
Spain (12)
Basel (1)

Switzerland
(14)

Brussels (1)

Germany
(10)

Stockholm
Q)
S Poland (1)

W Europe
®)

NE Italy (20)
USA (50)
Europe (97)

N & Central
Italy (9)

W of the NL
(1)

Thessaloniki
(1
Central Italy
(1
Slovakia (1)

W Poland (1)

NW Italy (1)

SE Spain (1)

1994-2011

1969-1998
1994-2013
1969-2018

1990-2020

1982-2015

1988-2009

1973-2013
1991-2008

1968-2001
(partly)

2006-2022
1994-2010
1977-2009

(partially)
2000-2016

1969-2000

2000s—-2090s
1987-2005

1982-2001

2002-2019

1996-2011

1981-1997

1992-2011

Hirst-type

Hirst-type
Hirst-type
Hirst-type

Hirst-type

Hirst-type

Hirst-type

Hirst-type
Hirst-type

Hirst-type

Hirst-type
Unspecified
Hirst-type

Hirst-type

Hirst-type

Modelling
Hirst-type

Hirst-type

Hirst-type

Hirst-type

Hirst-type

Hirst-type

Linear
regression +
non-parametric
test

Linear
regression

Linear
regression

Linear
regression

Linear
regression +
LOESS

Linear
regression +
Mann-Kendall
test

Linear
regression +
Mann-Kendall
test

Linear
regression

Linear
regression

Linear
regression

Theil-Sen
estimator

Linear
regression

Linear
regression

Non-parametric
Mann-Kendall
test

Linear
regression

Unspecified

Linear
regression

Linear
regression

Linear
regression +
Mann-Kendall
test

Mann-Kendall
test + Sen’s
slope estimator

Linear
regression

Linear
regression

—(ns)

+ at 8 sites out
of 12

- (~29; ")

—(ns)

—inNWandS +inS(~9)

No trend - (~3.0; %)

+ (%) No trend
—in Brussels

and Derby, + in

the 3 other

sites; *in 1

site, ** in the 4

others

—(26) No trend

—inthe NE
(30.3;%)

- (5™

—inthe NE
(7.4;7)

No trend +

—(3.75)

- (1.5)
No trend

No trend

-(813;7) = (7.5;*)

No trend

—(~38; ns) + (~2; ns)

+in NE and
NW

+ ("‘66, ***)

No trend

+(5.0)

+in the NE
(5.9;7)

No trend

No trend

No trend

No trend

- (~6.3; ns)
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Table 6. Temporal trends in pollination of the Asteraceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per
(publication (number of identification cubic meter of decade and decade and
date) sites) technique air per decade significance) significance)
and
significance)
[129] (2020) N ltaly (2) 1995-2019 Hirst-type Linear —(ns or ***
regression + until end of
Mann-Kendall ~ August), then +
test + Sen’s (** or ***)
estimate +
Pettitt test
Ambrosia
[26] (2003) Switzerland  1979-1999 Hirst-type Linear + (ns) -(9.5;%) No trend
(1) regression
[27] (2025) Texas, USA 2009-2023 Hirst-type Least square  +(5.2; ***)
(1) regression
[37] (2021) Basel (1) 1969-2018 Hirst-type Linear —(ns)
regression
[38] (2021)  Switzerland  1990-2020 Hirst-type Linear No trend
(14) regression +
LOESS
[45] (2011) S Poland (1) 1991-2008 Hirst-type Linear No trend No trend
regression
[51] (2024) NE ltaly (20) 2006-2022 Hirst-type Theil-Sen No trend +(4.5) —(4.3)
estimator
[55] (2015) USA (50) 1994-2010 Unspecified Linear +inthe S -(1.8t01.9 +intheS
regression (58.8; *) and inthe NE; *); (1.5); ns
the NE; —in the ns elsewhere elsewhere
NW Central
(23.9; %)
[56] (2012)  Europe (97) 1977-2009 Hirst-type Linear +(9; *)
(partially) regression
[59] (2021)  Georgia, 1992-2018 Rotorod Linear No trend -(0.9) +(1.2)
USA (1) regression
[62] (2025) N ltaly (1) 1997-2023 Hirst-type Linear + (ns) + (ns) —(8.7; ns)
regression
[81] (2007) Thessaloniki 1987-2005 Hirst-type Linear - (~3)
(1 regression
[90] (2024) N ltaly (1) 1989-2018 Hirst-type Linear +(*)
regression +
Mann-Kendall
test
[92] (2021)  Oklahoma, 1996-2020 Hirst-type Linear —(~2,700; ***)  +(ns) + (ns)
USA (1) regression
[110] (2024) Slovakia (2) 2002—-2022 Hirst-type Linear + (ns) —(ns) + (***) at 1 site
regression + out of 2
Mann-Kendall
test + Theil-
Sen estimator
[121] (2000) NW ltaly (1) 1981-1997 Hirst-type Linear + from 1989
regression (**)
[131] (2002) Oklahoma, Experiment + (+84% for A.
USA psilostachya
with a warming
of 1.2°C)
[132] (2014) Oklahoma, 1987-2011 Hirst-type -(™) +(ns) +(ns)
USA (1)
[134] (2011) Central 1995-2009 Mostly Hirst- No trend in
North type, but also the S,
America (10) Rotorod and increasingly +
Durham northwards
(up to 18.0)
Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 28



Table 6. Temporal trends in pollination of the Asteraceae family. (continued)

Reference Region Study period Methodology Trend PIn (grains per PSS (days per PSD (days per

(publication (number of identification cubic meter of decade and decade and

date) sites) technique air per decade significance) significance)
and
significance)

[135] (2015) Europe From Model + (~4 times +

1986-2005 to more)
1l () 2041-2060
[137] (2018) Missouri, 1997-2017 Hirst-type - +

USA (1)

The grey backgrounds correspond to studies that have made projections about the future. +: trend towards increased pollen
concentration (PIn), earlier onset of pollination (PSS), or longer pollen season (PSD); —: trend towards decreased pollen
concentration (PIn), later onset of pollination (PSS), or shorter pollen season (PSD); *: p < 0.05; **: p < 0.01; ***: p < 0.001. PIn:
pollen integral; PSS: pollen season start date; PSD: pollen season duration; LOESS: locally estimated scatterplot smoothing; ns:
non-significant; NW: northwest; S: south; NE: northeast; W: west; N: north; NL: Netherlands; SE: southeast.

A study provides an interesting clarification, showing that in Trentino-Alto Adige, in Northern Italy,
there are two periods during the year when the pollen counts of Artemisia in the air evolve in opposite
directions: first, a sharp decrease until the end of August, attributed to native species of mugwort, of which
A. vulgaris is the most abundant, then a considerable increase from the beginning of September, mainly due
to the invasive late-flowering species A. annua and A. verlotiorum [129]. A comparable phenomenon has
been described, over a period limited to ten years, in Central and Eastern Europe [130].

The start of the pollen season does not allow for a definitive conclusion. Admittedly, 50.0% of
publications report an increasing earliness [26, 28, 40, 44, 55, 73, 119], with an advancement that can reach
7 to 8 days per decade, but 21.4% note a noticeable delay (for example, of 9 days every ten years in
Southern Germany [42]). The remaining studies [45, 51, 81, 83] report no clear trend over the periods
examined.

The length of the pollen season equally precludes a definitive stance, since most observations are
divided between the absence of a trend [26, 45, 57, 81, 83, 119] and a tendency towards lengthening [28,
40, 42, 44, 51, 55], fluctuating repeatedly around 6 days per decade. Two studies [85, 127] also mention a
shortening, although this is not consistent across geographical regions.

Ambrosia

Although it belongs to the same botanical family as mugwort and flowers at roughly the same time,
ragweed exhibits a rather different pattern, with half of the studies again pointing to an increase in pollen
concentrations [26, 27, 56, 62, 90, 110, 121, 131]. Although it is far from being universal [37, 55, 81, 92,
132], this trend can be interpreted as the complex result of two contradictory influences. On the one hand,
especially if water stress occurs, the growth of Ambrosia can be disrupted by temperatures exceeding the
thermal optimum of this weed, which some authors have somewhat categorically set at 31.7°C [133]. On the
other hand, experiments conducted under controlled conditions have revealed that ragweed exhibits
developmental plasticity [134], resulting in a thermal tolerance that is far superior to that of mugwort. But
above all, it is an invasive plant that continuously spreads into new territories, so that even if the pollen
production per inflorescence only increases moderately, remains unchanged, or even decreases slightly due
to warming, the amounts of pollen present in the air are likely to experience sharp increases, particularly in
sectors at the forefront of colonization. In this context, ragweed pollen production is expected to increase
significantly under the projected future climatic conditions. Two complementary studies have calculated
that, for the species A. artemisiifolia at least, concentrations could quadruple in Europe by 2050; climate
change is thought to account for two-thirds of this increase, with the remaining third attributable to the
natural spread of the plant into new areas, its densification in areas where it was already established, and
human activities [135, 136].

Analysis of pollen calendars subsequently shows that the ragweed season has shifted to an earlier
onset in 50% of cases [26, 55, 59, 110, 137], and to a later onset in 40% [51, 62, 92, 132]. However, these
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trends are only significant in an earlier study concerning Western Switzerland, where this plant was very
scarce at the time [26], and in another study addressing the Northeastern United States [55].

What undoubtedly has the most serious consequences for allergies is that in 70% of cases [55, 59, 92,
110, 132, 134, 137], the ragweed pollen season has lengthened, sometimes substantially, with maxima of
16.6 and 18.0 days per decade at two Canadian sites [134]. It has been demonstrated in North America that
the dominant drivers of the increasing season length are a delay in the first autumn frost and an extension
of the frost-free period [134]. This trend is expected to continue in Europe until at least the 2040s-2060s
[135, 136].

Conclusion and perspectives

The synthesis of available data indicates a dominant trend toward earlier and more abundant pollen
seasons, particularly for winter-spring flowering trees such as birch, cypress, and olive. In contrast, trends
for late-pollinating herbaceous species such as grasses or mugwort are less consistent and often region-
specific. These variations are taxon-, site-, and period-dependent, with some species even showing
opposing trends within the same botanical family, illustrating the complex interactions between biological
adaptation and climatic variability. Moreover, it cannot be denied that this literature review has its
limitations, due to three factors: the heterogeneity of the methods used, both for the characterization of
pollen seasons and for the statistical demonstration of trends; the heterogeneity of the series studied, both
in terms of their date and their duration; and the overrepresentation of certain regions, particularly the
Mediterranean area. The conclusions stated must therefore always be approached with great caution, and
are confined to the most general trends. While the current influence of climate change on pollen production
and phenology is well established, the magnitude of its future impact remains uncertain, and the diversity
of methodologies and study durations limits the comparability of available data. Nevertheless, most
projections support a continued, though possibly attenuated, increase in pollen intensity and season
advancement, suggesting partial ecological adaptation.

Despite frequent divergent findings from one sampling location to another, the timing of pollen seasons
is primarily dependent on temperature changes measured one to five or six months, or even eight to ten
months, before the start of flowering [61, 79, 118]. The example of the Betulaceae is particularly illustrative
in this regard. While flower and anther maturation in hazel, alder, and birch tends to be delayed after mild
autumns and early winters, with longer vernalization periods [77], it occurs earlier as temperatures rise
from mid-winter onwards, with shorter forcing periods [17, 40]. A similar pattern has been observed for
mugwort, whose the start of pollination depends closely on the temperature recorded as early as February,
while it only flowers in the middle of summer [40]. It should be noted that the start of the pollen season, all
species combined, is also influenced by factors affecting short-term pollen release, such as rainfall or lack of
wind, and may not coincide exactly with the maturation of the flowers. With regard to the quantities of
pollen released, it was noted that higher mean temperature in the previous summer was often significantly
associated with a higher seasonal integral for tree pollen, while higher mean temperature in the previous
winter was associated with a higher seasonal integral for grass pollen [43]. Changes in rainfall patterns due
to global warming are typically less correlated with pollen characteristics than temperature changes are,
due largely to the complexity of rainfall distribution over space and time. However, water availability
during the period preceding pollination most often promotes the development of grasses and weeds, and
therefore their pollen production [40], while a large amount or prolonged precipitation during the
flowering period can significantly reduce the amount of pollen in the air. Finally, and this applies to all
selected species, there is experimental evidence to suggest that increasing CO, concentration in the
atmosphere stimulates photosynthesis and growth rates, reduces the time required to reach the minimal
critical size for floral induction, increases the number of flowers, and enhances pollen production [35, 59,
79, 113]. Nevertheless, it is not always easy to disentangle the direct impact of carbon dioxide (fertilizing
effect) from its indirect impact (which involves global warming).
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Furthermore, while the trends described for the intensity and timing of pollen seasons are largely
undisputed regarding changes in pollen exposure, it would be a serious mistake to attribute all or even
most of this to climate change. Many other explanatory factors exist, which operate in very variable
proportions. Changes in local or regional land use and land cover play a key role in this regard [91, 93], as
do increasing urbanization (and the increasing greening of cities where pollen traps are located), air
pollution (which boosts pollen production, at least in certain species), and biological invasions, which are
themselves partly, but only partly, linked to climate change.

The evolution of allergic sensitization, however, has been less frequently investigated, particularly in
relation to its connection with climate change [20, 23, 88, 95, 100, 121, 138-140]. In Western Liguria,
analysis of over 25,000 skin prick tests (1981-2007) revealed increased sensitization to Parietaria, birch,
olive, and cypress, species with rising airborne pollen concentrations, while grass sensitization remained
stable in line with unchanged Poaceae pollen loads [20]. Other studies in the same region found no
consistent link between pollen trends and sensitization frequencies. In Central Germany (1998-2017),
sensitization to birch, hazel, alder, and grasses increased markedly despite stable pollen counts [23].
Overall, available evidence suggests that pollen exposure and sensitization prevalence do not always evolve
in parallel, reflecting the multifactorial nature of allergic disease development. A better understanding of
sensitization profiles and their temporal evolution is therefore needed to clarify how environmental and
climatic drivers shape allergic susceptibility across populations.

Beyond these gradual shifts, extreme weather events such as thunderstorm asthma represent an
emerging manifestation of climate-related risk [141]. During such events, pollen grains can rupture into
respirable allergenic particles, triggering acute asthma attacks even in individuals with mild or previously
unrecognized allergic disease. The growing frequency of these phenomena underscores the need for
integrated surveillance that combines aerobiology, meteorology, and clinical reporting, as well as for
targeted public health preparedness.

In the years and decades to come, the anticipation of a higher burden of allergic diseases will inevitably
influence both clinical practice and public health planning [142]. Allergen immunotherapy (AIT), the only
treatment capable of modifying the natural course of allergic disease, will remain central to managing
climate-related changes in allergic respiratory conditions. Earlier and more intense pollen exposure may
require advancing the initiation of AIT or adjusting treatment doses and duration. But there are many other
areas where the medical profession, as a reliable source of knowledge, can contribute to the
implementation of effective primary and secondary prevention strategies. Among other examples,
physicians have a key role to play in ensuring that, in urban and peri-urban environments, ornamental
plantings contain an increasingly smaller proportion of species that are not only highly allergenic but also
highly sensitive to global change. Ultimately, strengthening longitudinal pollen monitoring, harmonizing
methodologies, and fostering collaboration between aerobiologists, clinicians, environmental professionals,
urban planners, and policymakers will be essential to improving forecasting, prevention, and personalized
treatments in a rapidly changing environment.
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PSS: pollen season start date

Declarations
Author contributions

JPB: Conceptualization, Formal analysis, Writing—original draft, Writing—review & editing. LM:
Conceptualization, Writing—review & editing. Both authors read and approved the submitted version.

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 31



Conflicts of interest

Laurent Mascarell, who is the Editorial Board Member and Guest Editor of Exploration of Asthma & Allergy,
had no involvement in the decision-making or the review process of this manuscript. LM is also an
employee of Stallergenes Greer. The other author declares no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not

represent the stance of the editorial team or the publisher.

References

1.

Cook ], Oreskes N, Doran PT, Anderegg WRL, Verheggen B, Maibach EW, et al. Consensus on
consensus: a synthesis of consensus estimates on human-caused global warming. Environ Res Lett.
2016;11:048002. [DOI]

Wuebbles DJ. Climate Change in the 21st Century: Looking Beyond the Paris Agreement. In: Murphy
C, Gardoni P, McKim R, editors. Climate Change and Its Impacts: Risks and Inequalities. Cham:
Springer International Publishing; 2018. pp. 15-38. [DOI]

Intergovernmental Panel on Climate Change (IPCC). Technical Summary. In: Climate Change 2021 -
The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press; 2023. pp.
35-144. [DOI]

Wilkinson M]J. Pollen and climatic change. Aerobiologia. 1989;5:3-8. [DOI]

Besancenot JP, Thibaudon M. Climate change and pollination. Rev Mal Respir. 2012;29:1238-53.
French. [DOI] [PubMed]

Bhadra P, Maitra S, Shankar T, Hossain A, Praharaj S, Aftab T. Chapter 1 - Climate change impact on
plants: Plant responses and adaptations. In: Aftab T, Roychoudhury A, editors. Plant Perspectives to
Global Climate Changes. Academic Press; 2022. pp. 1-24. [DOI]

Inouye DW. Climate change and phenology. WIREs Clim Change. 2022;13:e764. [DOI]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 32


https://dx.doi.org/10.1088/1748-9326/11/4/048002
https://dx.doi.org/10.1007/978-3-319-77544-9_2
https://dx.doi.org/10.1017/9781009157896.002
https://dx.doi.org/10.1007/BF02446482
https://dx.doi.org/10.1016/j.rmr.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23228681
https://dx.doi.org/10.1016/B978-0-323-85665-2.00004-2
https://dx.doi.org/10.1002/wcc.764

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Pacheco SE, Guidos-Fogelbach G, Annesi-Maesano I, Pawankar R, D’Amato G, Latour-Staffeld P, et al.;
American Academy of Allergy, Asthma & Immunology Environmental Exposures and Respiratory
Health Committee. Climate change and global issues in allergy and immunology. ] Allergy Clin
Immunol. 2021;148:1366-77. [DOI] [PubMed]

Rothenberg ME. The climate change hypothesis for the allergy epidemic. ] Allergy Clin Immunol.
2022;149:1522-4. [DOI] [PubMed]

Buters JTM. Impacts of climate change on allergenicity. In: Beggs PJ, editor. Impacts of Climate
Change on Allergens and Allergic Diseases. Cambridge: Cambridge University Press; 2016. pp. 74-91.
[DOI]

Beaumont L], Duursma DE. Impacts of climate change on the distributions of allergenic species. In:
Beggs P]J, editor. Impacts of climate change on allergens and allergic diseases. Cambridge: Cambridge
University Press; 2016. pp. 29-49. [DOI]

Hickler T, Vohland K, Feehan ], Miller PA, Smith B, Costa L, et al. Projecting the future distribution of
European potential natural vegetation zones with a generalized, tree species-based dynamic
vegetation model. Global Ecol Biogeography. 2012;21:50-63. [DOI]

Thibaudon M, Caillaud D, Besancenot JP. Methods of studying airborne pollen and pollen calendars.
Rev Mal Respir. 2013;30:463-79. French. [DOI] [PubMed]

Ambient air - Sampling and analysis of airborne pollen grains and fungal spores for networks related
to allergy - Volumetric Hirst method [Internet]. CEN; c2019 [cited 2025 Nov 4]. Available from: http
s://cdn.standards.iteh.ai/samples/62260/9f476f25f508472488e52743acaae261/SIST-EN-16868-2
019.pdf

Galan C, Ariatti A, Bonini M, Clot B, Crouzy B, Dahl A, et al. Recommended terminology for
aerobiological studies. Aerobiologia. 2017;33:293-5. [DOI]

Mercuri AM, Torri P, Fornaciari R, Florenzano A. Plant Responses to Climate Change: The Case Study
of Betulaceae and Poaceae Pollen Seasons (Northern Italy, Vignola, Emilia-Romagna). Plants (Basel).
2016;5:42. [DOI] [PubMed] [PMC]

Picornell A, Smith M, Rojo ]J. Climate change related phenological decoupling in species belonging to
the Betulaceae family. Int ] Biometeorol. 2023;67:195-209. [DOI] [PubMed]

Smith M, Jager S, Berger U, Sikoparija B, Hallsdottir M, Sauliene I, et al. Geographic and temporal
variations in pollen exposure across Europe. Allergy. 2014;69:913-23. [DOI] [PubMed]
Adams-Groom B, Selby K, Derrett S, Frisk CA, Pashley CH, Satchwell |, et al. Pollen season trends as
markers of climate change impact: Betula, Quercus and Poaceae. Sci Total Environ. 2022;831:
154882. [DOI] [PubMed]

Ariano R, Canonica GW, Passalacqua G. Possible role of climate changes in variations in pollen
seasons and allergic sensitizations during 27 years. Ann Allergy Asthma Immunol. 2010;104:215-22.
[DOI] [PubMed]

Bergmann KC, Buters ], Karatzas K, Tasioulis T, Werchan B, Werchan M, et al. The development of
birch pollen seasons over 30 years in Munich, Germany—An EAACI Task Force report. Allergy. 2020;
75:3024-6. [DOI] [PubMed]

Besancenot JP, Sindt C, Thibaudon M. Pollen and climate change. Birch and grasses in metropolitan
France. Rev Fr Allergol. 2019;59:563-75. French. [DOI]

Beutner C, Werchan B, Forkel S, Gupta S, Fuchs T, Schon MP, et al. Sensitization rates to common
inhaled allergens in Germany - increase and change patterns over the last 20 years. ] Dtsch Dermatol
Ges. 2021;19:37-44. [DOI] [PubMed]

Bortenschlager S, Bortenschlager I. Altering airborne pollen concentrations due to the Global
Warming. A comparative analysis of airborne pollen records from Innsbruck and Obergurgl
(Austria) for the period 1980-2001. Grana. 2005;44:172-80. [DOI]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 33


https://dx.doi.org/10.1016/j.jaci.2021.10.011
http://www.ncbi.nlm.nih.gov/pubmed/34688774
https://dx.doi.org/10.1016/j.jaci.2022.02.006
http://www.ncbi.nlm.nih.gov/pubmed/35192868
https://dx.doi.org/10.1017/CBO9781107272859.006
https://dx.doi.org/10.1017/CBO9781107272859.004
https://dx.doi.org/10.1111/j.1466-8238.2010.00613.x
https://dx.doi.org/10.1016/j.rmr.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23835319
https://cdn.standards.iteh.ai/samples/62260/9f476f25f508472488e52743acaae261/SIST-EN-16868-2019.pdf
https://cdn.standards.iteh.ai/samples/62260/9f476f25f508472488e52743acaae261/SIST-EN-16868-2019.pdf
https://cdn.standards.iteh.ai/samples/62260/9f476f25f508472488e52743acaae261/SIST-EN-16868-2019.pdf
https://dx.doi.org/10.1007/s10453-017-9496-0
https://dx.doi.org/10.3390/plants5040042
http://www.ncbi.nlm.nih.gov/pubmed/27929423
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5198102
https://dx.doi.org/10.1007/s00484-022-02398-9
http://www.ncbi.nlm.nih.gov/pubmed/36308550
https://dx.doi.org/10.1111/all.12419
http://www.ncbi.nlm.nih.gov/pubmed/24816084
https://dx.doi.org/10.1016/j.scitotenv.2022.154882
http://www.ncbi.nlm.nih.gov/pubmed/35364159
https://dx.doi.org/10.1016/j.anai.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20377111
https://dx.doi.org/10.1111/all.14470
http://www.ncbi.nlm.nih.gov/pubmed/32575167
https://dx.doi.org/10.1016/j.reval.2019.09.006
https://dx.doi.org/10.1111/ddg.14312
http://www.ncbi.nlm.nih.gov/pubmed/33103355
https://dx.doi.org/10.1080/00173130410005582

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bruffaerts N, De Smedt T, Delcloo A, Simons K, Hoebeke L, Verstraeten C, et al. Comparative long-
term trend analysis of daily weather conditions with daily pollen concentrations in Brussels,
Belgium. Int ] Biometeorol. 2018;62:483-91. [DOI] [PubMed] [PMC]

Clot B. Trends in airborne pollen: An overview of 21 years of data in Neuchatel (Switzerland).
Aerobiologia. 2003;19:227-34. [DOI]

Crisp HC, Richards MP. A 15-year survey of pollen aeroallergens in North Texas. ] Allergy Clin
Immunol Glob. 2025;4:100469. [DOI] [PubMed] [PMC]

de Weger LA, Bruffaerts N, Koenders MM]JF, Verstraeten WW, Delcloo AW, Hentges P, et al. Long-
Term Pollen Monitoring in the Benelux: Evaluation of Allergenic Pollen Levels and Temporal
Variations of Pollen Seasons. Front Allergy. 2021;2:676176. [DOI] [PubMed] [PMC]

Emberlin ], Savage M, Woodman R. Annual variations in the concentrations of Betula pollen in the
London area, 1961-1990. Grana. 1993;32:359-63. [DOI]

Fernandez-Llamazares A, Belmonte ], Delgado R, De Linares C. A statistical approach to bioclimatic
trend detection in the airborne pollen records of Catalonia (NE Spain). Int ] Biometeorol. 2014;58:
371-82. [DOI] [PubMed]

Frei T. The effects of climate change in Switzerland 1969-1996 on airborne pollen quantities from
hazel, birch and grass. Grana. 1998;37:172-9. [DOI]

Frei T, Leuschner RM. A change from grass pollen induced allergy to tree pollen induced allergy:
30 years of pollen observation in Switzerland. Aerobiologia. 2000;16:407-16. [DOI]

Frei T, Gassner E. Climate change and its impact on birch pollen quantities and the start of the pollen
season an example from Switzerland for the period 1969-2006. Int ] Biometeorol. 2008;52:667-74.
[DOI] [PubMed]

Frei T, Gassner E. Trends in prevalence of allergic rhinitis and correlation with pollen counts in
Switzerland. Int ] Biometeorol. 2008;52:841-7. [DOI] [PubMed]

Frei T. Climate Change, CO2-Concentration, and the Impact on Long-Term Pollen Observation with
Implications for Human Health. Adv Environ Eng Res. 2021;2:030. [DOI]

Galan C, Alcazar P, Oteros ], Garcia-Mozo H, Aira M], Belmonte ], et al. Airborne pollen trends in the
Iberian Peninsula. Sci Total Environ. 2016;550:53-9. [DOI] [PubMed]

Gehrig R, Clot B. 50 Years of Pollen Monitoring in Basel (Switzerland) Demonstrate the Influence of
Climate Change on Airborne Pollen. Front Allergy. 2021;2:677159. [DOI] [PubMed] [PMC]

Glick S, Gehrig R, Eeftens M. Multi-decade changes in pollen season onset, duration, and intensity: A
concern for public health? Sci Total Environ. 2021;781:146382. [DOI] [PubMed] [PMC]

Guada G, Ferndndez-Gonzalez M, Amigo R, Dias-Lorenzo DA, Sadnchez Espinosa KC, Rodriguez-Rajo
FJ. Precipitation masks the effect of temperature on Birch airborne pollen start, and previous
summer temperature affects pollen intensity; A 31-year study at its southwestern distribution
boundary. Agric For Meteorol. 2024;353:110072. [DOI]

Hoebeke L, Bruffaerts N, Verstraeten C, Delcloo A, De Smedt T, Packeu A, et al. Thirty-four years of
pollen monitoring: an evaluation of the temporal variation of pollen seasons in Belgium.
Aerobiologia. 2018;34:139-55. [DOI]

Jochner-Oette S, Menzel A, Gehrig R, Clot B. Decrease or increase? Temporal changes in pollen
concentrations assessed by Bayesian statistics. Aerobiologia. 2019;35:153-63. [DOI]

Kaminski U, Glod T. Are there changes in Germany regarding the start of the pollen season, the
season length and the pollen concentration of the most important allergenic pollens? Meteorol Z.
2011;20:497-507. [DOI]

Lam HCY, Anees-Hill S, Satchwell ], Symon F, Macintyre H, Pashley CH, et al. Association between
ambient temperature and common allergenic pollen and fungal spores: A 52-year analysis in central
England, United Kingdom. Sci Total Environ. 2024;906:167607. [DOI] [PubMed]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 34


https://dx.doi.org/10.1007/s00484-017-1457-3
http://www.ncbi.nlm.nih.gov/pubmed/29064036
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5854748
https://dx.doi.org/10.1023/B:AERO.0000006572.53105.17
https://dx.doi.org/10.1016/j.jacig.2025.100469
http://www.ncbi.nlm.nih.gov/pubmed/40476088
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12139397
https://dx.doi.org/10.3389/falgy.2021.676176
http://www.ncbi.nlm.nih.gov/pubmed/35387026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8974733
https://dx.doi.org/10.1080/00173139309428965
https://dx.doi.org/10.1007/s00484-013-0632-4
http://www.ncbi.nlm.nih.gov/pubmed/23371290
https://dx.doi.org/10.1080/00173139809362662
https://dx.doi.org/10.1023/A:1026532307090
https://dx.doi.org/10.1007/s00484-008-0159-2
http://www.ncbi.nlm.nih.gov/pubmed/18481116
https://dx.doi.org/10.1007/s00484-008-0178-z
http://www.ncbi.nlm.nih.gov/pubmed/18751737
https://dx.doi.org/10.21926/aeer.2104030
https://dx.doi.org/10.1016/j.scitotenv.2016.01.069
http://www.ncbi.nlm.nih.gov/pubmed/26803684
https://dx.doi.org/10.3389/falgy.2021.677159
http://www.ncbi.nlm.nih.gov/pubmed/35387022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8974697
https://dx.doi.org/10.1016/j.scitotenv.2021.146382
http://www.ncbi.nlm.nih.gov/pubmed/33812098
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8182784
https://dx.doi.org/10.1016/j.agrformet.2024.110072
https://dx.doi.org/10.1007/s10453-017-9503-5
https://dx.doi.org/10.1007/s10453-018-9547-1
https://dx.doi.org/10.1127/0941-2948/2011/0297
https://dx.doi.org/10.1016/j.scitotenv.2023.167607
http://www.ncbi.nlm.nih.gov/pubmed/37806575

44,

45.

46.

47.

48.

49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lind T, Ekebom A, Alm Kiibler K, Ostensson P, Bellander T, Lohmus M. Pollen Season Trends (1973-
2013) in Stockholm Area, Sweden. PLoS One. 2016;11:e0166887. [DOI] [PubMed] [PMC(]
Myszkowska D, Jenner B, Stepalska D, Czarnobilska E. The pollen season dynamics and the
relationship among some season parameters (start, end, annual total, season phases) in Krakdéw,
Poland, 1991-2008. Aerobiologia (Bologna). 2011;27:229-38. [DOI] [PubMed] [PMC(]

Rasmussen A. The effects of climate change on the birch pollen season in Denmark. Aerobiologia.
2002;18:253-65. [DOI]

Rojo ], Picornell A, Oteros ], Werchan M, Werchan B, Bergmann KC, et al. Consequences of climate
change on airborne pollen in Bavaria, Central Europe. Reg Environ Change. 2021;21:9. [DOI]

Rojo ], Oteros ], Picornell A, Maya-Manzano JM, Damialis A, Zink K, et al. Effects of future climate

change on birch abundance and their pollen load. Glob Chang Biol. 2021;27:5934-49. [DOI]
[PubMed]

Spieksma FTM, Emberlin ]JC, Hjelmroos M, Jager S, Leuschner RM. Atmospheric birch (Betula) pollen
in Europe: Trends and fluctuations in annual quantities and the starting dates of the seasons. Grana.
1995;34:51-7. [DOI]

Spieksma FTM, Corden JM, Detandt M, Millington WM, Nikkels H, Nolard N, et al. Quantitative trends
in annual totals of five common airborne pollen types (Betula, Quercus, Poaceae, Urtica, and
Artemisia), at five pollen-monitoring stations in western Europe. Aerobiologia. 2003;19:171-84.
[DOI]

Tagliaferro S, Marchetti P, Dall’Ara B, Domenichini F, Lazzarin S, Nicolis M, et al. Temporal trends of
seasonal pollen indexes in a region of Northern Italy (2001-2022). Atmos Environ. 2024;338:
120826. [DOI]

Thibaudon M, Besancenot JP. Qutdoor aeroallergens and climate change. Rev Mal Respir. 2021;38:
1025-36. French. [DOI] [PubMed]

Yli-Panula E, Fekedulegn DB, Green B], Ranta H. Analysis of Airborne Betula Pollen in Finland; a 31-
Year Perspective. Int ] Environ Res Public Health. 2009;6:1706-23. [DOI] [PubMed] [PMC(]

Zhang Y, Bielory L, Georgopoulos PG. Climate change effect on Betula (birch) and Quercus (oak)
pollen seasons in the United States. Int ] Biometeorol. 2014;58:909-19. [DOI] [PubMed] [PMC(]

Zhang Y, Bielory L, Mi Z, Cai T, Robock A, Georgopoulos P. Allergenic pollen season variations in the
past two decades under changing climate in the United States. Glob Chang Biol. 2015;21:1581-9.
[DOI] [PubMed] [PMC(]

Ziello C, Sparks TH, Estrella N, Belmonte ], Bergmann KC, Bucher E, et al. Changes to airborne pollen
counts across Europe. PLoS One. 2012;7:e34076. [DOI] [PubMed] [PMC]

Cristofolini F, Anelli P, Billi BM, Bocchi C, Borney MF, Bucher E, et al. Temporal trends in airborne
pollen seasonality: evidence from the Italian POLLnet network data. Aerobiologia. 2020;36:63-70.
[DOI]

Frei T. Climate change in Switzerland: Impact on hazel, birch, and grass pollen on the basis of half a
century of pollen records (1969 - 2018). Allergol Select. 2020;4:69-75. [DOI] [PubMed] [PMC]
Manangan A, Brown C, Saha S, Bell ], Hess ], Uejio C, et al. Long-term pollen trends and associations
between pollen phenology and seasonal climate in Atlanta, Georgia (1992-2018). Ann Allergy
Asthma Immunol. 2021;127:471-80.e4. [DOI] [PubMed] [PMC]

Pipiraité-Januskiené S, Rimkus E, Saulieneé I, Sukiene L. Changes in pollen season duration and their
relationship with meteorological conditions in Lithuania. Atmos Environ: X. 2025;28:100397. [DOI]
Schinko HAE, Lamprecht B, Schmidt R. How will climate change alter the dynamics of airborne
pollen and pollen load of allergenic plants? Allergo J Int. 2021;30:96-108. [DOI]

Albertini R, Coluccia A, Mohieldin Mahgoub Ibrahim M, Colucci ME, Zoni R, Affanni Pq, et al. The
Impact of Climate Change on the Spread of Airborne Pollen in Northern Italy - The Results Of 27
Years of Monitoring in Parma. Preprints [Preprint]. 2025 [cited 2025 Jul 21]. Available from: https://
doi.org/10.20944 /preprints202501.1624.v1

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 35


https://dx.doi.org/10.1371/journal.pone.0166887
http://www.ncbi.nlm.nih.gov/pubmed/27898718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127655
https://dx.doi.org/10.1007/s10453-010-9192-9
http://www.ncbi.nlm.nih.gov/pubmed/21892249
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3150791
https://dx.doi.org/10.1023/A:1021321615254
https://dx.doi.org/10.1007/s10113-020-01729-z
https://dx.doi.org/10.1111/gcb.15824
http://www.ncbi.nlm.nih.gov/pubmed/34363285
https://dx.doi.org/10.1080/00173139509429033
https://dx.doi.org/10.1023/B:AERO.0000006528.37447.15
https://dx.doi.org/10.1016/j.atmosenv.2024.120826
https://dx.doi.org/10.1016/j.rmr.2021.08.007
http://www.ncbi.nlm.nih.gov/pubmed/34794844
https://dx.doi.org/10.3390/ijerph6061706
http://www.ncbi.nlm.nih.gov/pubmed/19578456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2705213
https://dx.doi.org/10.1007/s00484-013-0674-7
http://www.ncbi.nlm.nih.gov/pubmed/23793955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3851577
https://dx.doi.org/10.1111/gcb.12755
http://www.ncbi.nlm.nih.gov/pubmed/25266307
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4356643
https://dx.doi.org/10.1371/journal.pone.0034076
http://www.ncbi.nlm.nih.gov/pubmed/22514618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325983
https://dx.doi.org/10.1007/s10453-019-09609-8
https://dx.doi.org/10.5414/ALX02180E
http://www.ncbi.nlm.nih.gov/pubmed/33064786
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7553561
https://dx.doi.org/10.1016/j.anai.2021.07.012
http://www.ncbi.nlm.nih.gov/pubmed/34311074
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9936553
https://dx.doi.org/10.1016/j.aeaoa.2025.100397
https://dx.doi.org/10.1007/s40629-020-00152-4
https://doi.org/10.20944/preprints202501.1624.v1
https://doi.org/10.20944/preprints202501.1624.v1

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Eeftens M, Tummon F. Pollen allergy and the impact of a changing climate. Swiss Acad Factsheets.
2024;19. [DOI]

Bielory L, Zhang Y, Mi Z, Cai T, Georgopoulos PG. Tree (Oak and Birch) Season and Climate Change in
the Continental United States (CONUS) from 2000 to 2050. J Allergy Clin Immunol. 2016;137:AB122.
[DOI]

Zhang Y, Isukapalli S, Bielory L, Georgopoulos P. Bayesian Analysis of Climate Change Effects on
Observed and Projected Airborne Levels of Birch Pollen. Atmos Environ (1994). 2013;68:64-73.
[DOI] [PubMed] [PMC(]

Chmielewski FM, Rotzer T. Response of tree phenology to climate change across Europe. Agric For
Meteorol. 2001;108:101-12. [DOI]

Chmielewski FM, Rétzer T. Annual and spatial variability of the beginning of growing season in
Europe in relation to air temperature changes. Clim Res. 2002;19:257-64. [DOI]

Clot B. Airborne birch pollen in Neuchatel (Switzerland): onset, peak and daily patterns.
Aerobiologia. 2001;17:25-9. [DOI]

Emberlin J, Mullins ], Corden ], Millington W, Brooke M, Savage M, et al. The trend to earlier birch
pollen seasons in the U.K.: A biotic response to changes in weather conditions? Grana. 1997;36:
29-33.[DOI]

Emberlin ], Detandt M, Gehrig R, Jaeger S, Nolard N, Rantio-Lehtiméaki A. Responses in the start of
Betula (birch) pollen seasons to recent changes in spring temperatures across Europe. Int ]
Biometeorol. 2002;46:159-70. [DOI] [PubMed]

Emberlin ], Laaidi M, Detandt M, Gehrig R, Jaeger S, Myszkowska D, et al. Climate Change and
Evolution of the Pollen Content of the Air in Seven European Countries: the Example of Birch. Rev Fr
Allergol Immunol Clin. 2007;47:57-63.

Veriankaite L, Sauliene I, Bukantis A. Analysis of changes in flowering phases and airborne pollen
dispersion of the genus Betula (birch). ] Environ Eng Landscape Manage. 2010;18:137-44. [DOI]

van Vliet AJH, Overeem A, De Groot RS, Jacobs AFG, Spieksma FTM. The influence of temperature and
climate change on the timing of pollen release in the Netherlands. Int J Climatol. 2002;22:1757-67.
[DOI]

Galan C, Oteros J. Airborne Pollen Trends during the 3 last decades in Spain. In: Proceedings of EGU
General Assembly 2025; 2025 Apr 27-May 2; Vienna, Austria. 2025. [DOI]

Newnham RM, Sparks TH, Skjgth CA, Head K, Adams-Groom B, Smith M. Pollen season and climate: is
the timing of birch pollen release in the UK approaching its limit? Int ] Biometeorol. 2013;57:
391-400. [DOI] [PubMed]

Caffarra A, Zottele F, Gleeson E, Donnelly A. Spatial heterogeneity in the timing of birch budburst in
response to future climate warming in Ireland. Int ] Biometeorol. 2014;58:509-19. [DOI] [PubMed]
Beil I, Kreyling ], Meyer C, Lemcke N, Malyshev AV. Late to bed, late to rise—Warmer autumn
temperatures delay spring phenology by delaying dormancy. Glob Chang Biol. 2021;27:5806-17.
[DOI] [PubMed]

Myking T, Heide OM. Dormancy release and chilling requirement of buds of latitudinal ecotypes of
Betula pendula and B. pubescens. Tree Physiol. 1995;15:697-704. [DOI] [PubMed]

Ziska LH. Impacts of Climate Change on Allergen Seasonality. In: Beggs P], editor. Impacts of Climate
Change on Allergens and Allergic Diseases. Cambridge: Cambridge University Press; 2016. pp.
92-112. [DOI]

Asse D, Chuine I, Vitasse Y, Yoccoz NG, Delpierre N, Badeau V, et al. Warmer winters reduce the
advance of tree spring phenology induced by warmer springs in the Alps. Agric For Meteorol. 2018;
252:220-30. [DOI]

Damialis A, Halley JM, Gioulekas D, Vokou D. Long-term trends in atmospheric pollen levels in the
city of Thessaloniki, Greece. Atmos Environ. 2007;41:7011-21. [DOI]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 36


https://dx.doi.org/10.5281/zenodo.11124588
https://dx.doi.org/10.1016/j.jaci.2015.12.529
https://dx.doi.org/10.1016/j.atmosenv.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23526049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3601922
https://dx.doi.org/10.1016/S0168-1923(01)00233-7
https://dx.doi.org/10.3354/cr019257
https://dx.doi.org/10.1023/A:1007652220568
https://dx.doi.org/10.1080/00173139709362586
https://dx.doi.org/10.1007/s00484-002-0139-x
http://www.ncbi.nlm.nih.gov/pubmed/12242471
https://dx.doi.org/10.3846/jeelm.2010.16
https://dx.doi.org/10.1002/joc.820
https://dx.doi.org/10.5194/egusphere-egu25-21517
https://dx.doi.org/10.1007/s00484-012-0563-5
http://www.ncbi.nlm.nih.gov/pubmed/22710742
https://dx.doi.org/10.1007/s00484-013-0720-5
http://www.ncbi.nlm.nih.gov/pubmed/24037345
https://dx.doi.org/10.1111/gcb.15858
http://www.ncbi.nlm.nih.gov/pubmed/34431180
https://dx.doi.org/10.1093/treephys/15.11.697
http://www.ncbi.nlm.nih.gov/pubmed/14965987
https://dx.doi.org/10.1017/CBO9781107272859.007
https://dx.doi.org/10.1016/j.agrformet.2018.01.030
https://dx.doi.org/10.1016/j.atmosenv.2007.05.009

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99,

100.

De Franco D, Di Menno di Bucchianico A, Travaglini A, Brighetti MA. 1997-2016, Twenty Years of
Pollen Monitoring Activity in Rome Tor Vergata (Rome South-East): Trends Analysis. Aerobiology.
2024;2:105-17. [DOI]

Frenguelli G. Interactions between climatic changes and allergenic plants. Monaldi Arch Chest Dis.
2002;57:141-3. [PubMed]

Novo-Lourés M, Fernandez-Gonzdalez M, Pavon R, Espinosa KCS, Laza R, Guada G, et al. Alnus
Airborne Pollen Trends during the Last 26 Years for Improving Machine Learning-Based Forecasting
Methods. Forests. 2023;14:1586. [DOI]

S¢evkova J, Dusi¢ka J, Hrabovsky M, Vaskova Z. Trends in pollen season characteristics of Alnus,
Poaceae and Artemisia allergenic taxa in Bratislava, central Europe. Aerobiologia. 2021;37:707-17.
[DOI]

Velasco-Jiménez M], Alcazar P, Diaz de la Guardia C, Trigo MdM, de Linares C, Recio M, et al. Pollen
season trends in winter flowering trees in South Spain. Aerobiologia. 2020;36:213-24. [DOI]

Charpin D, Pichot C, Belmonte ], Sutra JP, Zidkova ], Chanez P, et al. Cypress Pollinosis: from Tree to
Clinic. Clin Rev Allergy Immunol. 2019;56:174-95. [DOI] [PubMed]

Asero R, Ceriotti V, Bonini M. Cypress pollen allergy in Milan: the story of an ongoing growth. Eur
Ann Allergy Clin Immunol. 2021;53:209-13. [DOI] [PubMed]

Cervigén P, Ferencova Z, Cascén A, Romero-Morte ], Galan Diaz ], Sabariego S, et al. Progressive
pollen calendar to detect long-term changes in the biological air quality of cities in the Madrid
Region, Spain. Landscape Urban Plann. 2024;247:105053. [DOI]

Cristofolini F, Cristofori A, Corradini S, Gottardini E. The impact of temperature on increased
airborne pollen and earlier onset of the pollen season in Trentino, Northern Italy. Reg Environ
Change. 2024;24:60. [DOI]

Garcia-Mozo H, Oteros JA, Galan C. Impact of land cover changes and climate on the main airborne
pollen types in Southern Spain. Sci Total Environ. 2016;548-549:221-8. [DOI] [PubMed]

Levetin E. Aeroallergens and Climate Change in Tulsa, Oklahoma: Long-Term Trends in the South
Central United States. Front Allergy. 2021;2:726445. [DOI] [PubMed] [PMC]

Loépez-Orozco R, Garcia-Mozo H, Oteros ], Galan C. Long-term trends and influence of climate and
land-use changes on pollen profiles of a Mediterranean oak forest. Sci Total Environ. 2023;897:
165400. [DOI] [PubMed]

Ruiz-Valenzuela L, Aguilera F. Trends in airborne pollen and pollen-season-related features of
anemophilous species in Jaen (south Spain): A 23-year perspective. Atmos Environ. 2018;180:
234-43. [DOI]

Subiza ], Cabrera M, Jm CR, Jc C, Mj N. Influence of climate change on airborne pollen concentrations
in Madrid, 1979-2018. Clin Exp Allergy. 2022;52:574-7. [DOI] [PubMed]

Montiel N, Hidalgo PJ, Adame JA, Gonzalez-Minero F. Pollen season variations among anemophilous
species in an Atlantic-influenced mediterranean environment: a long term study (1993-2022). Int ]
Biometeorol. 2025;69:109-22. [DOI] [PubMed] [PMC(]

Silva-Palacios I, Ferndndez-Rodriguez S, Duran-Barroso P, Tormo-Molina R, Maya-Manzano |M,
Gonzalo-Garijo A. Temporal modelling and forecasting of the airborne pollen of Cupressaceae on the
southwestern Iberian Peninsula. Int ] Biometeorol. 2016;60:297-306. [DOI] [PubMed]

Torrigiani Malaspina T, Moriondo M, Bindi M, Cecchi L, Orlandini S. A PHENOLOGICAL MODEL TO
EVALUATE THE IMPACT OF THE EXPECTED CLIMATE CHANGE ON CUPRESSACEAE MAIN POLLEN
SEASON IN CENTRAL ITALY. Ital ] Agrometeorol. 2007;3:45-51.

Garcia-Mozo H, Yaezel L, Oteros ], Galan C. Statistical approach to the analysis of olive long-term
pollen season trends in southern Spain. Sci Total Environ. 2014;473-474:103-9. [DOI] [PubMed]
Negrini AC, Negrini S, Giunta V, Quaglini S, Ciprandi G. Thirty-year survey on airborne pollen
concentrations in Genoa, Italy: relationship with sensitizations, meteorological data, and air
pollution. Am ] Rhinol Allergy. 2011;25:e232-41. [DOI] [PubMed]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 37


https://dx.doi.org/10.3390/aerobiology2040008
http://www.ncbi.nlm.nih.gov/pubmed/12357846
https://dx.doi.org/10.3390/f14081586
https://dx.doi.org/10.1007/s10453-021-09717-4
https://dx.doi.org/10.1007/s10453-019-09622-x
https://dx.doi.org/10.1007/s12016-017-8602-y
http://www.ncbi.nlm.nih.gov/pubmed/28401436
https://dx.doi.org/10.23822/EurAnnACI.1764-1489.155
http://www.ncbi.nlm.nih.gov/pubmed/32500980
https://dx.doi.org/10.1016/j.landurbplan.2024.105053
https://dx.doi.org/10.1007/s10113-024-02223-6
https://dx.doi.org/10.1016/j.scitotenv.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26802350
https://dx.doi.org/10.3389/falgy.2021.726445
http://www.ncbi.nlm.nih.gov/pubmed/35386984
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8974782
https://dx.doi.org/10.1016/j.scitotenv.2023.165400
http://www.ncbi.nlm.nih.gov/pubmed/37423282
https://dx.doi.org/10.1016/j.atmosenv.2018.03.012
https://dx.doi.org/10.1111/cea.14082
http://www.ncbi.nlm.nih.gov/pubmed/34918414
https://dx.doi.org/10.1007/s00484-024-02796-1
http://www.ncbi.nlm.nih.gov/pubmed/39514121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11680626
https://dx.doi.org/10.1007/s00484-015-1026-6
http://www.ncbi.nlm.nih.gov/pubmed/26092133
https://dx.doi.org/10.1016/j.scitotenv.2013.11.142
http://www.ncbi.nlm.nih.gov/pubmed/24361781
https://dx.doi.org/10.2500/ajra.2011.25.3729
http://www.ncbi.nlm.nih.gov/pubmed/22185731

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Aguilera F, Orlandi F, Ruiz-Valenzuela L, Msallem M, Fornaciari M. Analysis and interpretation of
long temporal trends in cumulative temperatures and olive reproductive features using a seasonal
trend decomposition procedure. Agric For Meteorol. 2015;203:208-16. [DOI]

Aguilera F, Orlandi F, Ruiz L, Galan C, Mozo HG, Bonofiglio T, et al. La floracién del olivo (Olea
europea L.) como elemento bioindicador de cambios en el clima mediterraneo: andlisis preliminar.
In: El Aceite de Oliva. Actas Simposio Expoliva; 2013 May 8-11; Jaén, Spain. 2013.

Galan C, Garcfa-Mozo H, Vazquez L, Ruiz L, de la Guardia CD, Trigo MM. Heat requirement for the
onset of the Olea europaea L. pollen season in several sites in Andalusia and the effect of the
expected future climate change. Int ] Biometeorol. 2005;49:184-8. [DOI] [PubMed]

Alarcén M, Casas-Castillo MDC, Rodriguez-Sola R, Periago C, Belmonte ]. Projections of the start of
the airborne pollen season in Barcelona (NE Iberian Peninsula) over the 21st century. Sci Total
Environ. 2024;937:173363. [DOI] [PubMed]

Aguilera F, Fornaciari M, Ruiz-Valenzuela L, Galan C, Msallem M, Dhiab AB, et al. Phenological models
to predict the main flowering phases of olive (Olea europaea L.) along a latitudinal and longitudinal
gradient across the Mediterranean region. Int ] Biometeorol. 2015;59:629-41. [DOI] [PubMed]
Avolio E, Orlandi F, Bellecci C, Fornaciari M, Federico S. Assessment of the impact of climate change
on the olive flowering in Calabria (southern Italy). Theor Appl Climatol. 2012;107:531-40. [DOI]
Bonofiglio T, Orlandi F, Ruga L, Romano B, Fornaciari M. Climate change impact on the olive pollen
season in Mediterranean areas of Italy: air quality in late spring from an allergenic point of view.
Environ Monit Assess. 2013;185:877-90. [DOI] [PubMed]

Osborne CP, Chuine I, Viner D, Woodward FI. Olive phenology as a sensitive indicator of future
climatic warming in the Mediterranean. Plant, Cell Environ. 2000;23:701-10. [DOI]

Oduber F, Calvo Al, Blanco-Alegre C, Castro A, Vega-Maray AM, Valencia-Barrera RM, et al. Links
between recent trends in airborne pollen concentration, meteorological parameters and air
pollutants. Agric For Meteorol. 2019;264:16-26. [DOI]

S¢evkova I, Stefanikova N, Dugi¢ka ], Lafférsova ], Zahradnikova E. Long-term pollen season trends of
Fraxinus (ash), Quercus (oak) and Ambrosia artemisiifolia (ragweed) as indicators of anthropogenic
climate change impact. Environ Sci Pollut Res Int. 2024;31:43238-48. [DOI] [PubMed] [PMC]
Schneiter D, Bernard B, Defila C, Gehrig R. Effect of climatic changes on the phenology of plants and

the presence of pollen in the air in Switzerland. Allerg Immunol (Paris). 2002;34:113-6. French.
[PubMed]

D’Amato G, Cecchi L, Bonini S, Nunes C, Annesi-Maesano I, Behrendt H, et al. Allergenic pollen and
pollen allergy in Europe. Allergy. 2007;62:976-90. [DOI] [PubMed]

Emberlin ], Savage M, Jones S. Annual variations in grass pollen seasons in London 1961-1990:
trends and forecast models. Clin Exp Allergy. 1993;23:911-8. [DOI] [PubMed]

Ghitarrini S, Galan C, Frenguelli G, Tedeschini E. Phenological analysis of grasses (Poaceae) as a
support for the dissection of their pollen season in Perugia (Central Italy). Aerobiologia. 2017;33:
339-49. [DOI]

Jato V, Rodriguez-Rajo FJ, Seijo MC, Aira M]. Poaceae pollen in Galicia (N.W. Spain): characterisation
and recent trends in atmospheric pollen season. Int ] Biometeorol. 2009;53:333-44. [DOI] [PubMed]
Sofia G, Emma T, Veronica T, Giuseppe F. Climate change: consequences on the pollination of grasses
in Perugia (Central Italy). A 33-year-long study. Int ] Biometeorol. 2017;61:149-58. [DOI] [PubMed]
Albertine JM, Manning W], DaCosta M, Stinson KA, Muilenberg ML, Rogers CA. Projected carbon
dioxide to increase grass pollen and allergen exposure despite higher ozone levels. PLoS One. 2014;
9:e111712. [DOI] [PubMed] [PMC(]

Garcia-Mozo H, Galan C, Alcazar P, de la Guardia CD, Nieto-Lugilde D, Recio M, et al. Trends in grass
pollen season in southern Spain. Aerobiologia. 2010;26:157-69. [DOI]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 38


https://dx.doi.org/10.1016/j.agrformet.2014.11.019
https://dx.doi.org/10.1007/s00484-004-0223-5
http://www.ncbi.nlm.nih.gov/pubmed/15645246
https://dx.doi.org/10.1016/j.scitotenv.2024.173363
http://www.ncbi.nlm.nih.gov/pubmed/38795995
https://dx.doi.org/10.1007/s00484-014-0876-7
http://www.ncbi.nlm.nih.gov/pubmed/25060840
https://dx.doi.org/10.1007/s00704-011-0500-2
https://dx.doi.org/10.1007/s10661-012-2598-9
http://www.ncbi.nlm.nih.gov/pubmed/22466251
https://dx.doi.org/10.1046/j.1365-3040.2000.00584.x
https://dx.doi.org/10.1016/j.agrformet.2018.09.023
https://dx.doi.org/10.1007/s11356-024-34027-w
http://www.ncbi.nlm.nih.gov/pubmed/38898346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11222177
http://www.ncbi.nlm.nih.gov/pubmed/12078417
https://dx.doi.org/10.1111/j.1398-9995.2007.01393.x
http://www.ncbi.nlm.nih.gov/pubmed/17521313
https://dx.doi.org/10.1111/j.1365-2222.1993.tb00275.x
http://www.ncbi.nlm.nih.gov/pubmed/10779278
https://dx.doi.org/10.1007/s10453-017-9473-7
https://dx.doi.org/10.1007/s00484-009-0220-9
http://www.ncbi.nlm.nih.gov/pubmed/19347372
https://dx.doi.org/10.1007/s00484-016-1198-8
http://www.ncbi.nlm.nih.gov/pubmed/27329325
https://dx.doi.org/10.1371/journal.pone.0111712
http://www.ncbi.nlm.nih.gov/pubmed/25372614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221106
https://dx.doi.org/10.1007/s10453-009-9153-3

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Bogawski P, Grewling L, Nowak M, Smith M, Jackowiak B. Trends in atmospheric concentrations of
weed pollen in the context of recent climate warming in Poznan (Western Poland). Int ] Biometeorol.
2014;58:1759-68. [DOI] [PubMed] [PMC]

Caeiro ERG, Camacho RAP, Ferreira MB, Carreiro-Martins P, Camacho IGC. Trends in airborne grass
pollen in Evora City (Portugal). Aerobiologia. 2024;40:175-89. [DOI]

Voltolini S, Minale P, Troise C, Bignardi D, Modena P, Arobba D, et al. Trend of herbaceous pollen
diffusion and allergic sensitisation in Genoa, Italy. Aerobiologia. 2000;16:245-9. [DOI]

Emberlin J, Mullins ], Corden ], Jones S, Millington W, Brooke M, et al. Regional variations in grass
pollen seasons in the UK, long-term trends and forecast models. Clin Exp Allergy. 1999;29:347-56.
[DOI] [PubMed]

Iwanycki Ahlstrand N, Elvery HM, Primack RB. Grass flowering times determined using herbarium
specimens for modeling grass pollen under a warming climate. Sci Total Environ. 2023;885:163824.
[DOI] [PubMed]

Emberlin ], Jaeger S, Dominguez-Vilches E, Soldevilla CG, Hodal L, Mandrioli P, et al. Temporal and
geographical variations in grass pollen seasons in areas of westOern Europe: an analysis of season
dates at sites of the European pollen information system. Aerobiologia. 2000;16:373-9. [DOI]

Recio M, Rodriguez-Rajo FJ, Jato MV, Trigo MM, Cabezudo B. The effect of recent climatic trends on
Urticaceae pollination in two bioclimatically different areas in the Iberian Peninsula: Malaga and
Vigo. Climatic Change. 2009;97:215-28. [DOI]

Ariano R, Cecchi L, Voltolini S, Quercia O, Scopano E, Ciprandi G; AAIITO Study group on Pollen

Allergy. Parietaria pollination duration: myth or fact? Eur Ann Allergy Clin Immunol. 2017;49:6-10.
[PubMed]

Carifianos P, Diaz de la Guardia C, Algarra JA, De Linares C, Irurita JM. The pollen counts as
bioindicator of meteorological trends and tool for assessing the status of endangered species: the
case of Artemisia in Sierra Nevada (Spain). Climatic Change. 2013;119:799-813. [DOI]

Munuera Giner M, Carrién Garcia ]S, Garcia Sellés ]J. Aerobiology of Artemisia airborne pollen in
Murcia (SE Spain) and its relationship with weather variables: annual and intradiurnal variations for
three different species. Wind vectors as a tool in determining pollen origin. Int ] Bliometeorol. 1999;
43:51-63. [DOI] [PubMed]

Cristofori A, Bucher E, Rossi M, Cristofolini F, Kofler V, Prosser F, et al. The late flowering of invasive
species contributes to the increase of Artemisia allergenic pollen in autumn: an analysis of 25 years
of aerobiological data (1995-2019) in Trentino-Alto Adige (Northern Italy). Aerobiologia. 2020;36:
669-82. [DOI]

Grewling L, §ikoparija B, Skjgth CA, RadisSi¢ P, Apatini D, Magyar D, et al. Variation in Artemisia pollen
seasons in Central and Eastern Europe. Agric For Meteorol. 2012;160:48-59. [DOI]

Wan S, Yuan T, Bowdish S, Wallace L, Russell SD, Luo Y. Response of an allergenic species, Ambrosia
psilostachya (Asteraceae), to experimental warming and clipping: implications for public health. Am ]
Bot. 2002;89:1843-6. [DOI] [PubMed]

Howard LE, Levetin E. Ambrosia pollen in Tulsa, Oklahoma: aerobiology, trends, and forecasting
model development. Ann Allergy Asthma Immunol. 2014;113:641-6. [DOI] [PubMed]

Deen W, Hunt T, Swanton C]. Influence of temperature, photoperiod, and irradiance on the
phenological development of common ragweed (Ambrosia artemisiifolia). Weed Sci. 1998;46:
555-60. [DOI]

Ziska L, Knowlton K, Rogers C, Dalan D, Tierney N, Elder MA, et al. Recent warming by latitude
associated with increased length of ragweed pollen season in central North America. Proc Natl Acad
SciUSA.2011;108:4248-51. [DOI] [PubMed] [PMC]

Hamaoui-Laguel L, Vautard R, Liu L, Solmon F, Viovy N, Khvorostyanov D, et al. Effects of climate
change and seed dispersal on airborne ragweed pollen loads in Europe. Nature Clim Change. 2015;5:
766-71. [DOI]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 39


https://dx.doi.org/10.1007/s00484-013-0781-5
http://www.ncbi.nlm.nih.gov/pubmed/24402307
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4173066
https://dx.doi.org/10.1007/s10453-024-09808-y
https://dx.doi.org/10.1023/A:1007639030473
https://dx.doi.org/10.1046/j.1365-2222.1999.00369.x
http://www.ncbi.nlm.nih.gov/pubmed/10202342
https://dx.doi.org/10.1016/j.scitotenv.2023.163824
http://www.ncbi.nlm.nih.gov/pubmed/37127156
https://dx.doi.org/10.1023/A:1026521331503
https://dx.doi.org/10.1007/s10584-009-9620-4
http://www.ncbi.nlm.nih.gov/pubmed/28120599
https://dx.doi.org/10.1007/s10584-013-0751-2
https://dx.doi.org/10.1007/s004840050116
http://www.ncbi.nlm.nih.gov/pubmed/10552308
https://dx.doi.org/10.1007/s10453-020-09663-7
https://dx.doi.org/10.1016/j.agrformet.2012.02.013
https://dx.doi.org/10.3732/ajb.89.11.1843
http://www.ncbi.nlm.nih.gov/pubmed/21665612
https://dx.doi.org/10.1016/j.anai.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25240331
https://dx.doi.org/10.1017/S0043174500091098
https://dx.doi.org/10.1073/pnas.1014107108
http://www.ncbi.nlm.nih.gov/pubmed/21368130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3053965
https://dx.doi.org/10.1038/nclimate2652

136.

137.

138.

139.

140.

141.

142.

Lake IR, Jones NR, Agnew M, Goodess CM, Giorgi F, Hamaoui-Laguel L, et al. Climate Change and
Future Pollen Allergy in Europe. Environ Health Perspect. 2017;125:385-91. [DOI] [PubMed] [PMC(]
Dhar MG, Portnoy JM, Barnes CS. Increasing Length of Ragweed Season in the Central Midwest. ]
Allergy Clin Immunol. 2018;141:AB84. [DOI]

Choi Y], Lee KS, Oh JW. The Impact of Climate Change on Pollen Season and Allergic Sensitization to
Pollens. Immunol Allergy Clin North Am. 2021;41:97-109. [DOI] [PubMed]

Antico A, Bocchi C, Ariano R. Allergy in the Po Valley: evolution of sensitization profiles and
phenology throughout 33 years and possible relationship with climate change. Explor Asthma
Allergy. 2024;2:511-28. [DOI]

Jungles K, Singh K, Armana S, Juarez C, Pacheco S, Mahdavinia M. CHANGE OF SENSITIZATION
PATTERNS TO POLLENS OVER THE PAST DECADE. Ann Allergy, Asthma Immunol. 2024;133:594-5.
[DOI]

Thien F, Davies JM, Douglass JA, Hew M. Thunderstorm Asthma: Current Perspectives and Emerging
Trends. ] Allergy Clin Immunol Pract. 2025;13:1273-80. [DOI] [PubMed]

Poole JA, Nadeau KC. Climate Change and the Practice of Allergy and Immunology. ] Allergy Clin
Immunol Pract. 2025;13:295-7. [DOI] [PubMed]

Explor Asthma Allergy. 2026;4:1009107 | https://doi.org/10.37349/eaa.2026.1009107 Page 40


https://dx.doi.org/10.1289/EHP173
http://www.ncbi.nlm.nih.gov/pubmed/27557093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5332176
https://dx.doi.org/10.1016/j.jaci.2017.12.270
https://dx.doi.org/10.1016/j.iac.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33228876
https://dx.doi.org/10.37349/eaa.2024.00062
https://dx.doi.org/10.1016/j.anai.2024.08.303
https://dx.doi.org/10.1016/j.jaip.2025.04.001
http://www.ncbi.nlm.nih.gov/pubmed/40199421
https://dx.doi.org/10.1016/j.jaip.2024.11.024
http://www.ncbi.nlm.nih.gov/pubmed/39922677

	Abstract
	Keywords
	Introduction
	Methodology
	Betulaceae
	Betula
	Corylus
	Alnus

	Cupressaceae
	Oleaceae
	Olea
	Fraxinus

	Poaceae
	Urticaceae
	Asteraceae
	Artemisia
	Ambrosia

	Conclusion and perspectives
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

