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1  Introduction

Allergenic pollen season in Europe is characterized 
by deciduous trees flowering in the spring, grasses 
(Poaceae) from late spring to early autumn, and 
weeds such as mugworts (Artemisia spp.) and rag-
weeds (Ambrosia spp.) from late summer to autumn. 
Common ragweed (Ambrosia artemisiifolia L., Aster-
aceae; henceford referred to as ragweed) is an annual, 
herbaceous, wind-pollinated plant native to North 
America, but invasive around the world, especially in 
Europe (Bassett & Crompton, 1975; Essl et al., 2015; 
Smith et al., 2013). It is a short-day plant, with flow-
ering governed by photoperiod: flowering is induced 
after summer solstice when the day-length has short-
ened sufficiently (Allard, 1943, 1945; Deen et  al., 
1998a; Leiblein-Wild & Tackenberg, 2014). After 
ripening, ragweed seeds will enter a dormant state 
and require specific conditions to break the dormancy 
(Baskin & Baskin, 1977, 1980; Bazzaz, 1970).

Ragweed grows in anthropogenic environments 
in a wide range of open habitats associated with 
frequent soil disturbance, such as cultivated fields, 
roadsides and urban wastelands, and is highly inva-
sive around the world in areas with temperate, conti-
nental climates (Bassett & Crompton, 1975; Bullock 
et al., 2012; Essl et al., 2015; Montagnani et al., 2017; 
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Smith et al., 2013). It is a noxious weed that can grow 
up to 250  cm high, it causes significant crop losses 
in agriculture, and its pollen is a potent aeroallergen 
causing respiratory problems and asthma; thus, the 
species has harmful impacts on human health, agri-
culture and economy (Bullock et al., 2012; Essl et al., 
2015; Montagnani et  al., 2017, 2023; Smith et  al., 
2013).

One ragweed plant produces an average of 
1.19 ± 0.14 billion pollen grains per year, and the pol-
len production correlates with the size of the plant 
(Fumanal et  al., 2007). Ragweed pollen is highly 
allergenic and a significant health hazard both in 
North America and in the areas where the species 
is invasive (Bassett & Crompton, 1975; Arbes et al., 
2005; Oswalt & Marshall, 2008; Bullock et al., 2012; 
Smith et al., 2013; Salo et al., 2014; Essl et al., 2015; 
Montagnani et al., 2017).

The incidence of ragweed allergy has increased 
in Europe in the past decades (Bullock et  al., 2012) 
and sensitization to ragweed has been proposed to 
increase by over 100% in the next few decades (Lake 
et al., 2016). Geographical differences in sensitization 
rates are high, and the choice of methods in studying 
sensitization rates creates variation between different 
studies (NHANES III; Arbes et al., 2005; NHANES, 
2005–2006; Bousquet et al., 2007; Heinzerling et al., 
2009; Bullock et  al., 2012; Ruëff et  al., 2012; Salo 
et  al., 2014; Grewling et  al., 2018, Stepalska et  al., 
2020 and references therein).

Various threshold values for ragweed pollen that 
are likely to induce allergy symptoms have been 
mentioned in several studies, usually ranging from 5 
pollen grains per m3 of air (pollen/m3) daily average 
up to 20 pollen/m3, but both lower and higher thresh-
old values have also been proposed (Solomon, 1984; 
Comtois & Gagnon, 1988; Juhász, 1995, according to 
Makra et al., 2005; Makra et al., 2005; Bullock et al., 
2012; Stepalska et  al., 2020 and references therein). 
However, in a systematic review by Steckling-
Muschack et al. (2021) no universal clinical threshold 
could be identified, and the authors concluded that 
sensitivity to ragweed pollen is strongly dependent on 
the individuals.

1.1 � Ragweed distribution in Europe

In Europe, ragweed was first recorded in botanical 
gardens in the eighteenth century (Chauvel et  al., 

2006; Essl et  al., 2015). In nature, its early invasive 
history began in the nineteenth century when it was 
inadvertently introduced into Europe with imported 
agricultural products from North America (Essl et al., 
2015; Montagnani et  al., 2017, 2023; Smith et  al., 
2013). It began spreading more rapidly around the 
mid-twentieth century by repeated introductions and 
the process of naturalization, and has now colonized 
large areas in South-Eastern, Southern and Central 
Europe (Bullock et  al., 2012; Chauvel et  al., 2006; 
Essl et  al., 2015; Montagnani et  al., 2017, 2023; 
Smith et al., 2013). It is also invasive in many parts 
of Asia, Australia, Africa and South America (Cher-
rez-Ojeda et al., 2024; Montagnani et al., 2017, 2023; 
Prank et al., 2013; Smith et al., 2013).

The spreading mechanisms of ragweed (both 
from native sources and from invaded areas) include 
dispersal through contaminated seed for crops, con-
taminated bird seeds, transport along roads and on 
agricultural machinery, and—with minor impor-
tance—natural seed dispersal e.g., by birds or wind 
(Bullock et al., 2012; Chapman et al., 2016; Chauvel 
et al., 2006; Essl et al., 2015; Lemke et al., 2019).

Temperature is an important limiting factor for 
the spread of ragweed (Cunze et al., 2013; Essl et al., 
2015). The seedlings are sensitive to frost, and it is 
widely believed that in the northern reaches of the 
distribution area the first autumn frosts terminate the 
flowering and kill the plants before the seeds mature, 
if the plants even have time so start flowering (Allard, 
1943; Deen et  al., 1998b; Bullock et  al., 2012; Essl 
et al., 2015; Petrova, 2019). However, there are some 
indications that the frost tolerance of mature plants 
may be slightly better than often thought. According 
to Dahl et al. (1999), the killing frost for ragweed is 
− 5 °C.

In Europe, ragweed’s main area of distribution 
lies in the southern parts of Eastern and Central 
Europe, with largest populations especially in the 
Rhône valley (France), the Pannonian plains (Hun-
gary), Po valley (Italy), Croatia and Serbia, and 
smaller established populations in, e.g., Belgium, 
the Netherlands, Germany and Poland (Bullock 
et  al., 2012; Buters et  al., 2015; Essl et  al., 2015 
and references therein). The species is also tak-
ing a foothold in the Nordic and Baltic countries. 
In Denmark, ragweed is systematically flowering 
although its ability to produce mature seeds has 
been uncertain (Skjøth et  al., 2009; Ministeriet for 
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Fødevarer, Landbrug og Fiskeri, 2010). However, 
Bullock et al. (2012) report that it is spreading there 
from established areas. In Southern Sweden, a few 
cases have been reported during the 1990’s when, 
during warm years, ragweed produced germinative 
seeds (Dahl et al., 1999), but, according to Scalone 
et al. (2016), there were no established populations 
in Sweden in 2016, as the plants did not have time 
to produce seeds before they were killed by frost. 
In Latvia, ragweed plants are observed yearly and 
the number of observations is rising, but there is 
no information about their possible seed produc-
tion (Titane & Sozinova, 2023). Saar et  al. (2000) 
reported that ragweed could produce seeds in Lithu-
ania but not in Estonia, and in 2016 the situation in 
Estonia remained unchanged (Elvisto et  al., 2016). 
Thus, the northern populations are mostly ephem-
eral and dependent on repeated seed introductions 
(Cunze et  al., 2013; Dahl et  al., 1999; Saar et  al., 
2000; Smith et  al., 2013). However, some of the 
information available on ragweed occurrence and 
reproduction at the northern reaches of its distribu-
tion area is somewhat outdated, and newer assess-
ments on the situation may be needed.

The current distribution of ragweed is smaller than 
its potential range, and several studies have predicted 
that the range will shift northwards and uphill in the 
future due to the ongoing naturalization process, cli-
mate change, seed dispersal and changes in land-use, 
aided by phenotypic plasticity and adaptive potential 
(e.g., Battlay et  al., 2023; Cunze et  al., 2013; Essl 
et al., 2015; Gallien et al., 2016; Gentili et al., 2021; 
Leiblein-Wild et  al., 2016; Rasmussen et  al., 2017; 
Scalone et al., 2016; Storkey et al., 2014).

Anthropogenic climate change has already 
altered the biosphere. The global surface tempera-
ture in 2011–2020 was ca. 1.1 °C higher than during 
1850–1900, climate zones have shifted polewards, the 
growing season has lengthened, and there are observ-
able changes in weather patterns and precipitation. 
Globally, warming in the long term (2081–2100) 
is projected to be from 1.0  °C in the best-case sce-
nario (SSP1-1.9), to 5.7 °C in the worst-case scenario 
(SSP5-8.5). (IPCC, 2021.) The higher latitudes are 
expected to experience more warming than the south-
ern regions (Lee et  al., 2021), and the ragweed dis-
tribution area is expected to spread northwards under 
all climate scenarios (Cunze et al., 2013; Essl et al., 
2015; Rasmussen et  al., 2017; Storkey et  al., 2014). 

Warmer autumns and longer growing season will 
lengthen the pollen season (Ziska et al., 2011).

Different aspects of climate change, such as ele-
vated CO2 and elevated temperature, enhance the 
photosynthesis of ragweed and affect its growth, 
spread, flowering phenology, pollen and seed pro-
duction and the allergenicity of pollen, but there may 
be differences in how different ecotypes react to the 
changes in their environment (Cheng et  al., 2023; 
Gentili et  al., 2019; Hamaoui-Laguel et  al., 2015; 
Lake et al., 2016; Leiblein-Wild & Tackenberg, 2014; 
Montagnani et  al., 2023; Rauer et  al., 2020; Stinson 
et al., 2017; Wayne et al., 2002; Ziska & Beggs, 2012 
and references therein). Abiotic factors that remain 
constant even in a changing climate, such as photo-
period, also pose challenges to species’ capabilities to 
spread northwards and to adapt to a changing climate 
(Saikkonen et al., 2012). For short-day plants such as 
ragweed this is especially important.

1.2 � Ragweed in Finland

Several studies have shown that ragweed pollen grains 
can be transported over long distances in the atmos-
phere (Belmonte et  al., 2000; Cecchi et  al., 2007; 
Smith et al., 2008; Kasprzyk et al., 2011; Šikoparija 
et  al., 2013; Makra et  al., 2016; Weger et  al., 2016; 
Bilińska et  al., 2017; Stepalska et  al., 2020). Thus, 
ragweed pollen may cause allergic symptoms and 
sensitization even outside of the species’ distribution 
area. Finland is located in the north of Europe, but 
even so, ragweed pollen is occasionally observed in 
the air with the routine monitoring of airborne pol-
len. To date, the first mention of long-distance trans-
ported (LDT) ragweed pollen in Finland is from 2005 
(Saarinen & Jantunen, 2017), when ragweed pollen 
was detected at several measuring stations in central 
and northern Finland.

Ragweed is botanically classified in Finland as 
an ephemeral alien, i.e., a taxon that has not been 
able to persist or create populations (Kurtto et  al., 
2019), unlike Montagnani et  al. report (2017), and 
officially classified as an “invasive alien to be moni-
tored” (Niemivuo-Lahti, 2012). According to the 
Finnish Biodiversity Information Facility (https://​
laji.​fi), a few to a few dozens of plant individuals are 
reported around the country every year, mostly in 
gardens and near bird feeding sites, but also on road-
sides and wastelands. Observational bias may affect 

https://laji.fi
https://laji.fi
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our knowledge on the sites of ragweed occurrence in 
Finland, as the reports are often provided by garden 
and nature enthusiasts and not verified by experts, 
and gardens and bird feeding sites are one of the 
more typical places where people tend to make nature 
observations. An important route for ragweed seeds 
to Finland seems to be via birdseed, as reflected by 
the sites where they frequently occur, but this has not 
been systematically studied, and as the numbers of 
ragweed individuals are small, strong inferences on 
the routes are hard to make. Until recently it has been 
thought that ragweed is not able to reproduce in Fin-
land as the first autumn frosts terminate the growing 
season before the plants have time to produce mature 
seeds (Kurtto, s.a.; Essl et al., 2015).

Local ragweed plants are so few and so far apart in 
Finland that they do not contribute to the overall pol-
len levels. However, the transported ragweed pollen 
may pose an allergy risk at least to some individuals, 
although little is known of its significance for autum-
nal allergy symptoms in Finland.

1.3 � Purpose of the study

Although LDT ragweed pollen does occasionally 
reach Finland, its significance as part of the late pol-
len season and airborne allergenic load in the coun-
try has not been systematically studied. Information 
on ragweed phenology in the northern conditions in 

Finland is also scant. The aim of this study is to fill 
that void, to clarify the picture of the occurrence of 
ragweed pollen in Finland from the early 1990’s to 
the early 2020’s, and to acquire more information on 
ragweed seed production in Finland via a case study.

The main study questions are: (a) since when and 
how often has ragweed pollen been transported to 
Finland, (b) how much pollen has been transported to 
the country yearly, (c) can ragweed produce mature 
seeds in Finland?

2 � Materials and methods

2.1 � Long‑distance pollen transport

We analyzed air samples collected with Hirst-Burk-
ard volumetric spore sampler (Hirst, 1952) in Turku, 
Southwest Finland, between 1990 and 2022, in the 
months of August, September, and October (Fig. 1).

At different times during the study period, 
the sampler was located on two different roofs at 
the University of Turku (UTU; 60.45521028N, 
22.28512644E), all within 100  m from each other. 
Until 2012, the sampler was located 50 m above sea 
level (15  m above ground level), 2012–2016 42  m 
above sea level (10 m above ground level), and from 
2016 onwards 51  m above sea level (16  m above 
ground level). The samplings –2012 and 2016–22 are 

Fig. 1   The locations from 
where pollen data was ana-
lyzed in the present study 
(Turku, Finland), and the 
locations from where it was 
used as an aid in identify-
ing possible LDT days in 
Finland (Kuopio in Finland, 
Stockholm and Borlänge in 
Sweden, and Tallinn, Jõhvi 
and Kuressaare in Estonia)
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from the same roof; the difference in height is due to 
structural changes of the roof and the setting of the 
sampler (to the rail), the site of the trap on the roof 
was moved by approx. 5–10  m. The tapes from the 
sampler had been cut into pieces so that each piece 
equaled one day (24  h; henceforth “sample”). The 
pieces were mounted on microscopic slides with Gel-
vatol. All the samples had been previously analyzed 
at UTU as part of the standard pollen monitoring rou-
tine, in which pollen grains are counted with a light 
microscope using 400 × magnification on 48 random 
fields on the microscopic slides (Mäkinen, 1981). 
For the present study, we analyzed the entire collec-
tion area of the slides (14 mm × 48 mm) with a light 
microscope using 200 × magnification, and identified 
and counted all ragweed pollen grains. The number of 
pollen grains was converted to the daily average pol-
len concentration per cubic meter of air (pollen/m3).

Due to limited resources, it was not possible to 
analyze all the samples in the August–October time-
frame between 1990 and 2022. Consequently, we 
applied the following methods to identify days with 
likely long-distance transport episodes (LDTs). We 
analyzed all the samples that fulfilled one or more of 
the following criteria:

(a)	 Ragweed pollen had been detected in Turku or 
Kuopio with the standard monitoring routine 
described above. Kuopio is a city in Eastern 
Finland (Fig.  1), and was chosen as a reference 
point as it is part of the routine pollen monitoring 
network in Finland, and as ragweed pollen trans-
ported from Eastern Europe may occasionally 
have been detected there, even when it was not 
detected in Turku in Western Finland;

(b)	 Non-specified Asteraceae pollen had been 
detected in Turku or Kuopio with routine moni-
toring: during the 1990’s and early 2000’s rag-
weed pollen was not routinely identified to 
the genus level but to family level Asteraceae. 
Therefore, some ragweed pollen may have been 
recorded as Asteraceae;

(c)	 Ragweed pollen had been detected in the air at 
least at one of the following nearby aerobiologi-
cal stations: Stockholm and Borlänge in Swe-
den, or Jõhvi, Kuressaare and Tallinn in Estonia 
(Fig.  1), based on the data available at Euro-
pean Aeroallergen Network (EAN). These were 
selected as reference sites due to their relative 

proximity to Turku and as airmasses moving 
from south to north will likely reach at least one 
of them before reaching Turku;

(d)	 High amount of non-specified Asteraceae pol-
len was detected in different aerobiological sta-
tions in Sweden (selected with the same criteria 
as above) during 1990–1999, as during that time 
some ragweed pollen may have been recorded as 
Asteraceae.

After analyzing the samples identified using the 
above criteria, we analyzed all the previous and fol-
lowing samples in relation to the samples when rag-
weed pollen was detected in Turku, until a sample 
with zero ragweed pollen was reached. This enabled 
us to pinpoint the start and end dates of each LDT 
episode. Furthermore, in order to control whether 
our screening methods were indeed able to find all or 
most of the LDT episodes, we analyzed all the sam-
ples in August and September from the year 2017. 
The year 2017 was chosen as control because during 
the process of analyses we noticed that the same cri-
teria indicated markedly less potential LDT days for 
2017 than for 2018–2022. After analyzing the sam-
ples that were indicated by the criteria, we also found 
that the number of LDT days in 2017 was consider-
ably lower than in 2018–2021. We wanted to ascer-
tain that the differences between the years reflected 
the actual pollen situation, and were not the result of 
inadequate or biased criteria.

Some of the samples, especially the older ones, 
exhibited signs of deterioration, and, in some cases, 
it was difficult or impossible to analyze the entire col-
lection area of the microscopic slide. These partly 
damaged samples were excluded from the calcula-
tions of daily pollen concentrations, and in cases 
where no ragweed pollen was found on the preserved 
part of the sample, it was also excluded from the anal-
yses of LDT days. If ragweed pollen was detected on 
the preserved part of the sample, that day was treated 
as an LDT day, even though its daily pollen concen-
tration could not be calculated. Consequently, 28 
samples were excluded from the calculations of con-
centrations, 23 samples were excluded from the study 
completely, and 5 partially degraded samples contain-
ing ragweed pollen were treated as LDT days.

We analyzed 494 days in total. The number of days 
analyzed per year varied from 0 (1998) to 62 (2017). 
From 1998 no samples were analyzed, as we could 
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not identify any possible LDT days using the criteria 
described above. The number of days analyzed from 
2017 was higher than from any other year, as we ana-
lyzed all the samples from August to September, and 
not just the samples for possible LDT days that were 
indicated by the criteria described above.

2.2 � Case study: seed germination in Finland

The case study was conducted in Turku area. The cli-
mate is hemiboreal, characterized by warm summers 
and cold winters, subgroup Dfb in the Köppen climate 
classification system (Kottek et al., 2006). In August 
2021, we observed by chance five naturally growing 
ragweed plants at a roadside wasteland in Auran-
laakso, Kaarina, near the border of Turku (60.4684 N, 
22.353  E). The plants were not sown there for the 
purpose of this study, but had grown from seeds of 
unknown origin. We wanted to test the belief that 
ragweed is not able to produce mature seeds in Fin-
land, and started to monitor the plants regularly. At 
the beginning of November, seeds were observed on 
the plants. 70 seeds were collected and a laboratory 
growth experiment was conducted to test their viabil-
ity. It is worth noting that during the following win-
ter the ragweed-infested site was destroyed by exten-
sive roadwork and construction, and that no ragweed 
plants have been observed growing at the site in the 
following years.

Ragweed seeds become dormant upon maturation 
and require exposure to winter temperatures (strati-
fication) to break the dormancy. In our study, these 
conditions were simulated by conducting the seed 
collection, storage, wet-stratification and growth 
experiment based on methods and results described 
in previous studies on ragweed life cycles, seed dor-
mancy or germination. (See e.g., Bazzaz, 1970; 
Picket & Baskin, 1973; Willemsen, 1975; Baskin & 
Baskin, 1980; Leiblein-Wild et  al., 2014; Fogliatto 
et al., 2019.)

3 � Results

3.1 � Long‑distance pollen transport

No ragweed pollen was detected in the majority of 
the analyzed samples (Fig.  2), and when ragweed 

pollen was present, the daily average concentrations 
were mostly low (< 5 pollen/m3) (Fig.  3; Table 1). 
The number of LDT episodes per year varied from 0 
to 5 (average 1.6), and the length of episodes varied 
from 1 to 13 days (average 3.2 days) (Fig. 4).

The first ragweed pollen grain reaching Finland 
was found in a sample collected in 1991 (Fig.  2; 
Table 1). The first LDT episode with more than one 
pollen grain per sample occurred in 1995, and the 
first episode that lasted more than one day occurred 
in 1996 (Fig.  4). The first episode with average 
daily pollen concentration exceeding the often-used 
low-end clinical threshold of 5 pollen/m3 occurred 
in 1997 (12.2 pollen/m3) (Fig. 3; Table 1). This epi-
sode was also the longest until that point, lasting six 
days (Fig. 4).

The average daily pollen concentration exceeded 
the threshold of 20 pollen/m3 only four times during 
the study period, three of those occurring after 2018 
(Table 1). The first time when pollen concentration 
exceeded 50 pollen/m3 occurred in 2020.

The number of LDT days and the amount of 
transported pollen has varied a lot in the studied 
years, but the year 2020 was a record year in many 
ways. It had the maximum number of LDT days, 
with 23  days (Fig.  2), separated into two distinct 
episodes. 2020 also exhibited the highest daily pol-
len concentration, 64 pollen/m3, as well as the high-
est amount of transported pollen during the whole 
season (109 pollen/m3) (Fig. 3).

No ragweed pollen was found in 1990, 
1992–1994, and 2003–2004 (Fig.  2). This may be 
partly due to the low number of analyzed samples, 
as our methods identified only a few possible days 
to be analyzed.

However, during the control year 2017, all the 
found LDT days were already indicated as potential 
LDT days by the selection criteria described above. 
No ragweed pollen was found from the samples that 
were not indicated as potential LDT days.

Most LDT days occurred between the last week 
of August and the end of September. The earliest 
calendar day with LDT pollen was 3 August (2014), 
and the latest 18 October (2018). However, in 2021, 
the first ragweed pollen grains of the year were 
captured with the routine monitoring already on 
July 21, but as July was not included in the present 
study, that observation is not part of this dataset.
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Fig. 2   The number of analyzed samples: Samples when rag-
weed pollen was detected (black bars); samples when no rag-
weed pollen was detected (dotted bars); and samples that could 
not be completely analyzed as part of the sample was either 

missing or too degraded (“miss”; striped bars). No samples 
were analyzed from year 1998, as we could not identify any 
possible LDT days using the criteria described in the methods 
section

Fig. 3   Total amount of LDT ragweed pollen in Turku per year (grey bars) and the highest daily pollen concentration per year (black 
bars) (pollen/m3)



448	 Aerobiologia (2025) 41:441–460

Vol:. (1234567890)

3.2 � Case study: seed germination

In August 2021 we observed five ragweed plants 
growing at a roadside wasteland nearby Turku, and 
monitored them from August to November 2021. 
On 28 August the first male flowers were observed 
to be open and pollinating. On 19 September 

several female flowers were open, but the exact date 
of the first female flowers opening is unknown. On 
6 November, seeds were observed on three of the 
five plants.

On 6 November, 52 seeds were collected, on 12 
November the plants were visited again, and 18 
more seeds were collected. In total 70 seeds were 
obtained. Only the seeds that seemed ripe or nearly 
ripe were collected. Most seeds on the plants were 
green, or soft and hollow. Green seeds were consid-
ered unripe and the soft seeds dead, and were not 
collected.

The observed plant individuals differed consider-
ably in size and in the way they reacted to air tem-
peratures as the autumn progressed. On 6 Novem-
ber, two of the largest individuals had already 
wilted and did not produce any seeds. Two other 
plants were mostly green and had produced some 
seeds, but were beginning to show early signs of 
wilting. One plant, the one producing most seeds, 
seemed to be thriving.

On 12 November, three of the five plants were 
dead, and the two remaining ones were wilting. 
From 13 November onwards the air temperatures 
remained mostly below freezing, there were no 
more seeds to collect, and the monitoring was 
discontinued.

After the monitoring and seed collection, the 
growth experiment was started. The duration of the 
wet-stratification treatment was 12 weeks, after which 
the seeds were transferred to the climatic chamber. 
Some seeds germinated within two days of the trans-
fer, and more continued to germinate during the next 
weeks. The experiment was terminated when no 
new seedlings had appeared during the previous two 
weeks. At that time, the seeds had been in the cli-
matic chamber for approximately 6 weeks. It should 
be noted that a single seed provided an anomaly to 
this setup: This seed germinated already during wet-
stratification treatment, after the treatment had con-
tinued for only 7  weeks. It was transferred to the 
climatic chamber already at that time, meaning that 
it spent in the chamber ca. 5  weeks longer than the 
other seeds.

Of the 52 seeds collected on 6 November, 7 seeds 
germinated (~ 13%). Of the 18 seeds collected on 12 
November, 10 seeds germinated (~ 56%) (Fig. 5). The 
anomalous seed that germinated during the wet-strat-
ification was from the set collected on 6 November.

Table 1   The distribution of days with different daily ragweed 
pollen concentrations (pollen/m3) during the study period

Year 0.1-4.9 5-9.9 10-19.9 20-50 > 50

1990 0 0 0 0 0

1991 1 0 0 0 0

1992 0 0 0 0 0

1993 0 0 0 0 0

1994 0 0 0 0 0

1995 1 0 0 0 0

1996 2 0 0 0 0

1997 5 0 1 0 0

1998 - - - - -

1999 3 1 0 0 0

2000 5 0 0 0 0

2001 10 0 3 0 0

2002 10 1 1 0 0

2003 0 0 0 0 0

2004 0 0 0 0 0

2005 8 0 1 1 0

2006 6 0 0 0 0

2007 9 1 2 0 0

2008 3 1 0 0 0

2009 3 0 0 0 0

2010 2 0 0 0 0

2011 2 1 0 0 0

2012 2 0 0 0 0

2013 4 0 0 0 0

2014 7 0 0 0 0

2015 8 0 0 0 0

2016 1 0 0 0 0

2017 7 0 0 0 0

2018 12 1 2 0 0

2019 8 1 0 1 0

2020 20 1 0 1 1
2021 8 0 0 1 0

2022 8 0 0 0 0

Concentration pollen/m3

Bolding indicates the first year when the daily concentration 
fell within each range. No samples were analyzed from year 
1998, as we could not identify any possible LDT days using 
the criteria described in the methods section



449Aerobiologia (2025) 41:441–460	

Vol.: (0123456789)

4 � Discussion

4.1 � Long‑distance pollen transport

We studied the incidence of LDT ragweed pollen in 
Finland during 1990–2022 by reanalyzing old sam-
ples collected in Turku, Finland, with Hirst-Burkard 
pollen traps. Our results show that ragweed pollen 
has been transported to Finland earlier than previ-
ously thought and that the most intense LDT epi-
sodes have occurred toward the end of the study era 

(seen as the number of LDT days and the amount of 
transported pollen per year).

The earliest ragweed pollen grain transported to 
Finland that we found was in a sample from 1991. 
This pushes the occurrence of ragweed pollen in 
Finland back at least 14  years from what was pre-
viously known. Prior to our study, the first identi-
fied ragweed pollen grains were observed in Finland 
as part of routine monitoring (Mäkinen, 1981) in 
2005, when LDT pollen reached Kuopio and Vaasa 
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Fig. 4   Number of LDT episodes in (grey bars) in Turku, the average length of LDT episodes (large black dots) and the range 
between the shortest and longest episode of the year (small black dots)

Fig. 5   Number of non-
germinated (black bars) 
and germinated (grey bars) 
ragweed seeds by collec-
tion date. ~ 13% of the seeds 
collected on 6 November 
germinated, and ~ 56% of 
the seeds collected on 12 
November germinated
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in central Finland, and Oulu and Kevo (Utsjoki) in 
northern Finland (Saarinen & Jantunen, 2017).

When re-examining the routine monitoring data 
(i.e., tables of identified pollen but not the physical 
samples) for 2005, we confirmed that ragweed pol-
len was indeed recorded in Kuopio (25–27 August), 
Vaasa (25–26 August), Oulu (25–27 August), 
and Kevo (24–27 August), but not at the monitor-
ing stations in southern Finland (Turku, Helsinki 
and Joutseno). In Helsinki, however, non-specified 
Asteraceae pollen was recorded 25–26 August, 
with concentrations 5 pollen/m3 and 23 pollen/m3, 
respectively. It is rare for Asteraceae pollen, other 
than Artemisia, to reach such a high level as 23 pol-
len/m3 in Finland at any time of the year, let alone 
so late in the summer, and we believe that this has 
most likely been ragweed pollen. Unfortunately, the 
physical samples do not exist anymore, so this can-
not be ascertained. In the present study, we found 
that ragweed pollen also reached Turku 25–27 
August, with daily concentrations 24 pollen/m3, 19 
pollen/m3 and < 1 pollen/m3. The measurements in 
Turku highlight the fact that small pollen amounts 
easily go undetected with routine pollen monitoring 
methodology (Mäkinen, 1981).

Our results show that, prior to the 2005 episode 
described above, pollen amounts above or around 
10 ragweed pollen/m3 daily average reached Turku 
already 5 September 2002 (19 pollen/m3), 21 Sep-
tember 2001 (19.1 pollen/m3), 6 September 1999 
(9.5 pollen/m3) and 28 August 1997 (12.2 pollen/
m3; the first episode in Finland with pollen concen-
tration > 10 pollen/m3).

The same LDT episodes were observed also in 
Sweden, where ragweed pollen was recorded in 
Stockholm 5 September 2002 (72 pollen/m3), 21 
September 2001 (20 pollen/m3) and 6 September 
1999 (62 pollen/m3). 28 August 1997, no ragweed 
pollen was recorded in Sweden, but indetermined 
pollen was observed in Stockholm (11 pollen/m3), 
and Asteraceae pollen in Eskilstuna (41 pollen/m3) 
and Uppsala (22 pollen/m3). It is very likely that 
these pollen grains recorded as Asteraceae or as 
indetermined were actually ragweed. The first epi-
sode in Finland lasting more than one day occurred 
28–29 August 1996 (1.4 pollen/m3), and 28 August 
10 pollen/m3 of Asteraceae pollen was recorded in 
Stockholm, which may also have been ragweed.

The above described LDT episodes in 1997 and 
1996 were also recorded in Tartu and Kuressaare in 
Estonia (Saar et al., 2000).

All in all, more LDT days were discovered in the 
present study where the entire collection area of the 
microscopic slide was analyzed, than with routine 
monitoring utilizing 48 random fields (Fig. 6).

There was a lot of interannual variation in the 
amount of LDT pollen. The amounts were relatively 
high in 2018–2021, and 2020 was a record year in 
many ways. During 2022, the last year of the dataset, 
the pollen amounts were again lower. Based on later 
routine monitoring data, ragweed pollen was scarce 
also during 2023, but a new record was made again in 
2024, when the total amount of LDT pollen reached 
231 pollen/m3 (highest daily concentration 69 pollen/
m3; analyzed according to Mäkinen, 1981).

As the sampler was located on two different roofs 
during the study period, it is possible that the differ-
ent sampling heights may have had an effect on how 
much ragweed pollen was sampled. The amounts 
measured during 2012–2016, when the sampler was 
located lower, were quite small (highest daily count 
4 pollen/m3, 20 September 2014). However, these 
amounts did not differ markedly from the amounts 
measured on the other roof, as the daily counts were 
mostly below 5 pollen/m3 throughout the entire study 
period.

It was not possible to analyze all the days in 
August–October 1990–2022. Also, the clues we used 
for identifying potential LDT days for the analysis 
were more scattered the further back in time we go 
during the study period, and fewer days were ana-
lyzed from the 1990’s than from the 2010’s. Some 
of the older microscopic slides were partly degraded 
and analyzing them was difficult. Thus, it is possi-
ble that some minor LDT episodes were left out, and 
finding less transported pollen during the 1990’s may 
partly be a result of a collection bias. However, we 
are confident that the majority of the LDT days were 
discovered.

One must also consider whether it is meaningful 
to treat days with pollen concentrations of 1 pollen/
m3 or below as LDT days. As ragweed can grow and 
some individuals also pollinate in Finland, it is possi-
ble that some of the ragweed pollen on the tapes may 
be from local sources. However, local plants are rare, 
and the days with pollen concentrations at or below 1 
pollen/m3 are the most numerous within the dataset, 
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so we believe that most of the detected ragweed pol-
len is transported to the country from elsewhere. 
No correlations or causal relationships between the 
occurrence of LDT pollen and environmental factors 
were examined in this study. However, our observa-
tions on the amounts of transported pollen fit the pic-
ture of what is known of ragweed spread and changes 
in its pollen production and pollen transports under 
the changing climate, other anthropogenic factors, 
and the naturalization process (Cheng et  al., 2023; 
Gentili et  al., 2019; Hamaoui-Laguel et  al., 2015; 
Lake et al., 2016; Leiblein-Wild & Tackenberg, 2014; 
Montagnani et  al., 2023; Rauer et  al., 2020; Stinson 
et al., 2017; Wayne et al., 2002; Ziska & Beggs, 2012 
and references therein). As the distribution area is 
expected to shift northwards in the future, new pol-
len sources closer to Finland may increase both the 
amount of LDT pollen and the number and frequency 
of LDT episodes reaching the country. More ragweed 
growing in the source areas and the increases in pol-
len production may also lead to more pollen to be 
transported.

Back trajectory analyses would provide important 
information on the source areas from where ragweed 

pollen is transported to Finland, and they are a crucial 
next step in further studies on this subject. It would be 
highly useful to track possible changes in the source 
areas over the years. Knowledge on possible changes 
in ragweed populations or its pollen production in the 
source areas, and on the factors driving these changes 
(e.g., changes in land use, or in the weather patterns 
under climate change) might help to predict future 
trends in ragweed pollen transports to Finland.

There are no studies estimating how many people 
in the general population of Finland are sensitized to 
ragweed pollen. According to Burbach et al. (2009), 
2.4% of the routine out-patients at Helsinki Univer-
sity Hospital with allergic symptoms were sensitized 
to ragweed. However, people sensitized to mugworts 
(Artemisia vulgaris, A. campestris and other Arte-
misia species) pollen may be especially susceptible 
to show symptoms when exposed to ragweed pollen 
(Asero et al., 2006, 2014; Cecchi et al., 2010; Grewl-
ing et  al., 2018; Ruëff et  al., 2012). It is still unre-
solved how much of this is due to cross-reactivity and 
how much is caused by co-sensitization, at least from 
the viewpoint of clinical practice (Asero et al., 2014; 
Canis et  al., 2012). Common mugwort, or simply 

Fig. 6   Number of observed LDT days when using the random fields method of the routine monitoring system (light grey bars), and 
when analyzing the entire collection area of the microscopic slides (dark grey bars)
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mugwort (A. vulgaris), is a late-flowering plant native 
to Finland and its pollen is considered one of the 
major outdoor allergens in the country. According to 
Heinzerling et al. (2009), mugwort sensitization rate 
in Finland is 17.6% within the atopic population. In 
North Karelia, 16.9% of randomly selected school-
children showed positive sIgE-results to mugwort 
allergens and 7.3% reacted to skin prick tests (Pekka-
rinen et al., 2007). The mothers of the same children 
showed slighty different numbers: 6.1% gave positive 
sIgE test results and 9.0% reacted to skin prick tests. 
According to Jantunen and Saarinen (2008) there are 
approximately 100 000 people sensitized to mugwort 
in Finland (~ 1.9% of the population). These numbers 
are estimates, but based on them tens of thousands of 
people in Finland may react to transported ragweed 
pollen.

According to our study, ragweed pollen is trans-
ported to Finland in late summer and early autumn, 
the majority of it in late August and early September. 
Usually, as observed with the routine pollen moni-
toring, the peak of mugwort flowering is reached at 
the end of July or the first half of August. This means 
that ragweed pollen reaches Finland at the end of the 
mugwort season, or well after mugwort flowering is 
already over, thus lengthening the overall pollen sea-
son in Finland. However, the ragweed pollen concen-
trations measured in Finland are small in comparison 
to concentrations elsewhere in Europe. The daily 
mean values are usually < 5 pollen/m3, only occasion-
ally exceeding 20 pollen/m3, and as yet have never 
exceeded 100 pollen/m3. In the more heavily infested 
areas in Europe the daily mean concentrations can 
reach several hundreds of pollen grains per cubic 
meter of air (e.g., Makra et al., 2016; Stepalska et al., 
2020; Melnychenko et al., 2021).

Autumnal allergic symptoms in Finland are usu-
ally attributed to airborne fungal spores, such as 
Cladosporium spp. and Alternaria spp., as the spore 
concentrations of these genera in the air are at their 
highest in the late summer and in the early autumn 
(e.g., Koivikko et  al., 1972, 1976; Rantio-Lehtimäki 
et  al., 1985). It would be interesting to study the 
interaction between the occurrence of fungal spores 
and ragweed pollen in the air, as ragweed pollen is 
typically transported to Finland during the same time 
period when fungal spores are abundant. At least dur-
ing the days when ragweed pollen concentrations in 
the air exceed 5 pollen/m3 it may also cause allergic 

symptoms on some individuals. LDT ragweed pollen 
can also be accompanied by fungal spores as well as 
anthropogenic air pollutants (Grewling et  al., 2019), 
and the co-occurrence of allergenic pollen and fungal 
spores in the air may increase the severity of allergic 
symptoms and complicate their interpretation (Mysz-
kowska et al., 2023).

4.2 � Seed germination in Finland

Our observations and growth experiment showed 
that, in favorable conditions, ragweed is able to pro-
duce viable seeds in Finland.

The development of ragweed plants and the timing 
of their flowering is an interplay of photoperiod, tem-
perature and the accumulation of heat sum (Bullock 
et  al., 2012; Cunze et  al., 2013; Deen et  al., 1998b; 
Essl et  al., 2015). Ragweed flowering is said to be 
induced when the duration of daylight has shortened 
to ~ 14  h (Deen et  al., 1998a; Bullock et  al., 2012), 
though other studies indicate that earlier flowering 
is possible (Essl et al., 2015; Leiblein-Wild & Tack-
enberg, 2014; Magyar et  al., 2022). Milakovic et  al. 
(2014) assume the time between flowering and seed 
ripening to be 4–6 weeks, and the same numbers are 
reported by Essl et  al. (2015). According to Beres 
(1994) the time for seed maturation is longer, 64 days 
on average (~ 9  weeks), and Scalone et  al. (2016) 
report an even longer time of 10–12 weeks. Knolma-
jer et al. (2024) write that ragweed needs 40–60 days 
(~ 6–9 weeks) after fertilization to produce fully ripe 
seeds, but the source they give (Makra et  al., 2015) 
does not mention the time needed for seed ripening. 
Thus, the origin of the statement in Knolmajer et al. 
remains unknown, but the numbers do fall between 
the other estimates given in other studies. In southern 
parts of Europe, the flowering usually starts in late 
July or early August (Essl et al., 2015), and the seeds 
ripen sometime in September. In Finland, lower tem-
peratures slow down the development of the plants, 
and the flowering usually starts in the beginning of 
September (personal observations). The seeds would 
then be predicted to ripen between mid-October and 
mid-November. In our case study, the first female 
flowers were observed 19 September, and seeds were 
collected on 6 and 12 November, giving them roughly 
7–8 weeks to ripen on the plants.

It is believed that the first autumn frosts end the 
period for the development of viable ragweed seeds 
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(e.g., Essl et  al., 2015; Solomon, 1984), but in our 
case study some of the seeds were collected after sev-
eral night frosts, and they actually germinated better 
than the seeds that were collected before the cold-
est temperatures. This observation suggests that the 
first frosts may not immediately terminate the devel-
opment of viable seeds, giving the plants a longer-
than-previously-thought window to reproduce in the 
northern parts of their distribution area. Also, the 
frost tolerance of ragweed plants may be slightly bet-
ter than often reported. Several researches state that 
the first frosts kill ragweed (Deen et al., 1998b; Essl 
et al., 2015; Ziska et al., 2011), but Dahl et al. (1999) 
reported that plants die in temperatures below – 5 °C. 
Our observations in the field confirm that some rag-
weed individuals can tolerate  at least approximately 
– 4 °C before they die. In southern Finland, it is pos-
sible that the autumn temperatures keep mostly above 
freezing well into November, giving the seeds more 
time to mature.

During our study, some nighttime frosts occurred 
in September, October and November, measured in 
Turku airport, ~ 6.5  km from the location where the 
ragweed plants of this study were found (Fig.  7). 

The coldest temperatures before collecting seeds 
were – 3.9  °C (19 October) and – 3.3  °C (24 Octo-
ber). These temperatures were measured 2  m above 
ground; at ground level where the plants grow the 
temperatures are usually 1–2 °C lower. At least three 
of the plants seemed to survive these frosts. During 
the first days of November, the temperatures remained 
several degrees above 0 °C. After collecting the first 
set of seeds on 6 November, the nighttime tempera-
tures fell below 0 °C for three nights in a row, ranging 
from – 2.0 to – 8.6 °C. The latest, on 9 November, was 
the coldest night during the study period, and killed 
all the remaining plants. The second set of seeds was 
collected three days after this.

There was a marked difference between the germi-
nation rates of the seeds collected on different days, 
with the germination rate of the seeds collected later 
being higher than that of the seeds collected earlier. 
Considering the possible reasons for this result, there 
were three obvious differences between the different 
sets of seeds. First, the later set of seeds were attached 
to the plants approximately one week longer than the 
earlier set; second, during that extra week in the field 
the later seeds were exposed to more frosts than the 

Fig. 7   Miniand maximum daily temperatures during 1.8.–
15.11.2021, measured in Turku airport, ~ 6.5 km from the loca-
tion where the ragweed plants of this study were found. These 

measurements were made 2 m above ground; at ground level 
the temperatures are typically 1–2 °C lower (Finnish Meteoro-
logical Institute, weather observations, CC BY 4.0.)
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earlier; and third, between harvesting and the wet 
stratification, the later set of seeds was stored one 
week less than the earlier set.

It is possible for ragweed seeds to continue ripen-
ing on cut branches after harvesting (Karrer & Pixner, 
2012). But as most of the seeds in our study seemed 
already ripe at the time of collection, as they were 
detached from the branches completely, and as the 
set of seeds that was collected later germinated better 
than the earlier set, we believe the possibility of post-
harvest ripening does not affect our results in any 
meaningful way. If frost terminated the development 
of viable seeds, the opposite result in the germination 
rates would have been expected – the germination 
rate of the later set of seeds would have been lower 
– but this was not the case. It also seems unlikely that 
the difference in storage time would have had such an 
influence in the germination rates. Then the possible 
explanation that remains is that the set of seeds that 
were collected later may have germinated better than 
the earlier set of seeds because they had had more 
time to mature on the plants in the field.

However, as the number of plants and seeds in 
our case study was low, no definite conclusions can 
be drawn from the seed germination experiment. 
Especially the number of seeds collected later was so 
small, that the relative abundances of the germinated 
and non-germinated seeds within that set may have 
been the result of chance. Hall et al. (2021) also show 
that the results of seed viability tests are affected 
not only by the properties of the seeds, but also by 
the testing methods and laboratories. However, our 
results are interesting, and indicate that further sys-
tematic studies with more plant individuals and a 
larger number of seeds would be useful in examining 
how much frost the plants tolerate at the end of the 
growing season, how frost affects ragweed seed mat-
uration and germination, and how much variation is 
there between individuals considering these aspects.

It has been shown that there is phenological vari-
ation between plants from different populations, both 
in North America and Europe: plants from more 

northerly populations tend to flower earlier than 
plants from southerly areas, and may be pre-adapted 
to the thermal conditions and light-environment in 
the higher latitudes, which gives the seeds more time 
to mature in the autumn, and may facilitate the spread 
of ragweed to Fennoscandia (Basset & Crompton, 
1975; Solomon, 1984; Scalone et  al., 2016; Krale-
mann et  al., 2018; McGoey et  al., 2020). Bullock 
et al. (2012) report that the minimum necessary mean 
July temperature for ragweed to naturalize in an area 
is 15–20  °C. During the normal period 1991–2020 
defined by Finnish Meteorological Institute (FMI) the 
mean July temperature in Turku was 17.6 °C.

In 2021, the average temperature in July was 
20.3  °C. Also, June and October 2021 were warmer 
than average, although August and September were 
cooler (Table 2). The warm temperatures in June and 
July 2021 may have enhanced the vegetative growth 
of the ragweed plants that were observed in the pre-
sent study, and the warm temperature in October may 
have given the seeds more time to mature.

Our study shows that one reproductive barrier 
preventing ragweed from naturalizing in Finland can 
be overcome, at least during years with especially 
favorable temperatures. Due to the warming caused 
by climate change, conditions favoring the reproduc-
tion of ragweed in Finland are becoming more com-
mon. McGoey and Stinchcombe (2021) also show 
that ragweed will be able to respond quickly to selec-
tion pressures in changing environments. Thus, it is 
important to monitor ragweed plants and their pos-
sible seed production in Finland so that measures to 
prevent the species from forming established popula-
tions in Finland can be undertaken as soon as possi-
ble, if needed.

5 � Conclusions

In our study we find that ragweed pollen has occurred 
in Finland since early 1990’s, much earlier than previ-
ously thought, and that the LDT episodes have been 

Table 2   Average 
temperatures in Turku 
during the normal period 
1991–2020 and in 2021 
(Finnish Meteorological 
Institute, weather 
observations, CC BY 4.0.)

Average temperature °C in Turku

Year Jun Jul Aug Sep Oct Nov

1991–2020 5.8 14.7 17.8 16.6 11.8 6.2 2.1
2021 6.8 18.4 20.3 15.2 9.7 8.1 1.4
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more intense in the recent years. Our germination 
experiment shows that ragweed plants are able to pro-
duce viable seeds during the warmest autumns in Fin-
land, and that freezing temperature during the matu-
ration of seeds may not be an immediate killing factor 
neither for the plants nor their seeds.

With climate change the significance of ragweed 
as an aeroallergen in Finland may be increasing. It is 
also possible that ragweed may eventually naturalize 
as part of the Finnish flora as the plants are able to 
produce viable seeds during warm autumns.

Further studies are needed, and it is important to 
continue monitoring ragweed pollen transports and 
possible seed production in Finland.
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