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Abstract 

Airborne pollen is a major public health concern due to its allergenic properties. Under-

standing long-term changes in pollen dynamics is essential for evaluating shifts in expo-

sure to airborne allergens and enhancing allergy risk management. In this study we ex-

amine long-term trends in airborne pollen in the urban area of Bolzano, the capital city of 

the Autonomous Province of Bolzano—South Tyrol (Northern Italy), over a 30-year pe-

riod (1995–2024), with a focus on changes in pollen taxa composition, abundance and the 

phenological descriptors of the pollen season. Pollen was collected using a Hirst-type vol-

umetric sampler, operated as part of the continuous aerobiological monitoring program 

of the Agency for Environment and Climate Protection of the Autonomous Province of 

Bolzano—South Tyrol, and analysed following European standard protocols. Thirty-one 

taxa dominated the pollen spectrum and were investigated using two different statistical 

approaches. First, we used generalised linear models (GLMs) to calculate the relative an-

nual change in Annual Pollen Integral (ΔAPIn), and then we analysed the overall trends of 

the main pollen season (MPS) descriptors: timing, duration and total amount of airborne 

pollen recorded over an entire year for a given taxon. Although no overall trend in Annual 

Pollen Integral (APIn) was detected, marked taxon-specific heterogeneity emerged. The 

strongest positive estimated trends occurred in allergenic taxa such as Morus (+4.56% 

Yr−1), Olea (+3.76% Yr−1), and Cupressaceae (+2.46% Yr−1), whereas negative estimated trends 

were seen in taxa such as Poaceae (−0.75%Yr−1), Urticaceae (−0.79%Yr−1), and native Arte-

misia taxa (−4.89%Yr−1). When taxa were grouped according to their ecological categories, 

arboreal and non-native pollen increased significantly by 1.44 and 2.12%Yr−1 respectively. 

Several taxa also exhibited earlier season onset and longer pollen seasons, notably Po-

aceae and Urticaceae. These findings provide evidence of taxon-specific changes in pollen 

seasons and airborne pollen concentrations in Bolzano, highlighting their relevance for 

allergy risk assessment. 

  

Academic Editor: Solomon Bililign 

Received: 21 August 2026 

Revised: 18 September 2026 

Accepted: 24 September 2026 

Published: 29 September 2026 

Copyright: ©  2026 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Atmosphere 2026, 17, 949 2 of 28 
 

https://doi.org/10.3390/atmos17100949 

Keywords: airborne pollen; pollen monitoring; long-term data; phenological shifts;  

non-native species; South Tyrol; alpine urban environment 

 

1. Introduction 

In recent years, the incidence of airborne pollen-related respiratory diseases, such as 

allergic rhinitis and asthma, has shown a marked increase [1–4]. The World Health Or-

ganization reports that elevated concentrations of airborne allergens are associated with 

an increasing number of people affected by asthma and allergic rhinitis [5]. It is estimated 

that 10–30% of the global population suffers from allergic rhinitis [6,7], and approximately 

30 million young people in Europe suffer from asthma [1]. These figures are associated 

with substantial direct and indirect economic costs, averaging approximately €1531 per 

patient annually in a multicountry European study. Improved prevention strategies and 

policy interventions may help reduce the economic burden of allergic diseases [8]. 

A key strategy for preventing allergic reactions is to avoid or minimise exposure to 

allergen-causing particles, such as airborne pollen. This can be achieved by acquiring and 

disseminating information that enables individuals to reduce their contact with airborne 

allergens. In this context, aerobiology plays a crucial role in monitoring airborne pollen 

concentrations and assessing long-term trends [9]. The European Aeroallergen Network 

(EAN; [10]) and the Italian national pollen monitoring network (POLLnet; [11,12]) conduct 

long-term aerobiological monitoring through a network of monitoring stations located 

across Europe [13]. One of these stations, the data from which are analysed in the present 

study, is located in Bolzano, the capital city of the Autonomous Province of Bolzano—

South Tyrol (Northern Italy), and has been collected airborne pollen continuously since 

1995 using a Hirst-type volumetric pollen trap. The Agency for Environment and Climate 

Protection of the Autonomous Province of Bolzano—South Tyrol, publishes daily meas-

urements of airborne pollen concentrations from this station to inform the public about 

the presence of allergenic pollen [14]. 

These long-term aerobiological monitoring networks provide essential insights into 

changes in airborne pollen dynamics due to changes in vegetation and climate-driven 

phenological shifts [15], which have direct implications for public health and landscape 

management [7]. Numerous European studies in recent years have documented changes 

in flowering phenology, pollen season timing and Annual Pollen Integral (APIn) 

[1,2,6,7,16–18], yet the magnitude of these impacts is taxa-specific and varies according to 

local environmental conditions [1,7,16,19]. Long-term analyses have shown that approxi-

mately 70% of the 17 monitored stations across the Northern Hemisphere exhibit increas-

ing annual pollen concentrations, while approximately two-thirds (65%) report a signifi-

cantly prolonged pollen season [6]. 

There is increasing evidence that changes in pollen seasons are linked to climate 

change [2,7,16,20,21]. One possible reason for these changes is that the rise in temperatures 

can influence pollen season duration [20]. Increasing temperatures are resulting in earlier 

onsets of vegetation and extended vegetation periods [19]. Additionally, warmer temper-

atures are influencing key phenological parameters of the pollen season. Spring-flowering 

plants are particularly responsive to rising temperatures [17,22], although there is clear 

location-specific variability [1,7,15,23]. 

Alongside rising temperatures, changes in atmospheric composition affect plant phe-

nology and biomass production through complex mechanisms. For example, higher con-

centrations of CO2 in the atmosphere have been linked to increased flower and pollen 

biomass production [24–27]. Consequently, elevated atmospheric CO2 concentrations may 

contribute to increased flower biomass and pollen production in some plant species 
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[28,29]. Furthermore, elevated CO2 concentrations in the atmosphere, together with air 

pollutants, such as particulate matter, nitrogen oxides, and ozone, have been shown to 

enhance the allergenic potential of pollen [30]. The proposed mechanism behind this en-

hanced allergenicity involves biochemical modifications to pollen proteins [2,31], which 

trigger a stronger immunological response in sensitized individuals [29]. 

Another anthropogenic driver causing changes in local airborne pollen assemblages 

specific to taxa- and plant ecological groups is the spread of non-native species [24,32]. 

These changes may be the result of climate-induced shifts in species distribution ranges 

or the adoption of specific landscape management practices. Non-native species may alter 

local pollen assemblages due to differences in their phenological dynamics compared to 

native species [33,34]. Notable examples include the Artemisia L. taxa, which are non-na-

tive to the study area and exhibit a pronounced late-season pollen peak relative to native 

Artemisia taxa [33]. Group-specific changes in local airborne pollen assemblages are also 

associated with land-use change and the urban green spaces in the vicinity of pollen mon-

itoring stations [23,35]. Across Europe, there is an overall increasing trend in arboreal pol-

len (AP), particularly for highly allergenic taxa such as Cupressaceae Gray, Corylus L., 

Betula L., and Alnus Mill. [17,18,23,36]. Among these, the Cupressaceae family is particu-

larly relevant due to its frequent use in urban landscaping [36,37]. In contrast, non-arbor-

eal pollen (NAP) exhibits a declining trend across Europe. These contrasting patterns are 

likely to be driven by ongoing urbanization and by the loss of waste and fallow land sur-

rounding pollen monitoring stations [17,18,23,36]. 

To assess whether comparable patterns could be identified within the distinctive ge-

ographical setting of the Bolzano’s urban area, we analysed data derived from the ongoing 

monitoring of airborne pollen concentrations, as conducted by the Agency for Environ-

ment and Climate Protection of the Autonomous Province of Bolzano—South Tyrol. This 

study aims to provide insights into long-term shifts in surrounding vegetation and species 

composition and to deliver allergenic pollen-related information relevant to the public 

health sector. We present the first comprehensive analysis of 30 years of pollen monitoring 

data for this area and investigate how different taxa contribute to long-term pollen trends 

by addressing the following research questions: 

(I) Do general temporal trends in the annual pollen integral (APIn) occur in Bolzano? 

(II) Do these trends differ among plant groups with different ecological characteristics? 

(III) To what extent are these trends taxon-specific and associated with shifts in pollen 

season timing and duration? 

2. Materials and Methods 

2.1. Study Area 

The study was conducted in South Tyrol, a province in north-east Italy situated on 

the southern slope of the Alps. Covering approximately 7400 km2, South Tyrol is charac-

terized by a highly heterogeneous landscape with elevations ranging from about 200 m to 

nearly 4000 m a.s.l. Pronounced elevational gradients, together with the influence of At-

lantic, continental, and Mediterranean air masses, create marked environmental and cli-

matic heterogeneity across the province [38]. Consequently, climatic conditions range 

from warm temperate climates in the valley floors to cold alpine climates at higher eleva-

tions. This environmental heterogeneity sustains a highly diverse flora, encompassing 

sub-Mediterranean species in the lower valleys and typical high-alpine taxa at higher el-

evations [39]. 

Pollen sampling was performed in the administrative capital of the Autonomous 

Province of South Tyrol, Bolzano, an inner-alpine city located at 265 m a.s.l. with approx-

imately 107,000 inhabitants [40]. The city is situated on the valley floor at the confluence 
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of the Adige and Isarco valleys and is characterized by a relatively mild inner-alpine cli-

mate influenced by Mediterranean air masses. According to the Köppen–Geiger climate 

classification, Bolzano belongs to the Cfa climate zone (warm temperate climate with hot 

summers and no dry season) [41]. The mean annual air temperature is approximately 

12 °C, with maximum temperatures reaching up to 37 °C and minimum temperatures 

down to about −9 °C [42]. The long-term average annual precipitation amounts to 722 mm, 

including occasional snowfall. Precipitation is concentrated during the summer months, 

with the highest rainfall occurring between June and August (approximately 86 mm per 

month on average), while winters are comparatively dry [43]. 

The land-use surrounding the pollen monitoring station, as defined by CORINE 

Land Cover classes (Figure 1, [44]), is characterised by urbanised areas occupying approx-

imately 8% of the valley floor. The surrounding lowlands are largely dominated by apple 

orchards (11%) and viticulture (8%). Alongside these cultivated systems, the surrounding 

herbaceous layer comprises various taxa, notably Poaceae Barnhart, Urticaceae Juss. (Ur-

tica L. ssp. and Parietaria L. spp.), Artemisia spp. and Plantago L. species. 

The valley slopes are predominantly forested (58%), with stands mainly composed 

of Fraxinus ornus L., Ostrya carpinifolia Scop. and Quercus pubescens Willd., accompanied 

by Corylus avellana L. and scattered Castanea sativa Mill. specimens. As the landscape tran-

sitions into the montane vegetation belt, Fagus sylvatica L. and Pinus sylvestris L. become 

increasingly prevalent [45,46]. 

 

Figure 1. Land cover composition in the area surrounding the pollen monitoring station in Bolzano 

(white circle). The spatial distribution of CORINE Land Cover (CLC) classes within a 10 km radius 

around the station include urban areas, agricultural land, forested areas and water courses. 
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2.2. Aerobiological Sampling and Data Collection 

The Biological Laboratory of the Agency for Environment and Climate Protection is 

responsible for the aerobiological monitoring carried out in the province. Routine moni-

toring activities began in 1995 and have continued uninterrupted since then. Pollen sam-

pling is carried out using a Hirst-type volumetric trap (Lanzoni VPPS 2000, Bologna, IT), 

which is installed on the roof of the Agency’s building in Bolzano at approximately 15 m 

above ground level (coordinates: 46.499332°N, 11.342099°E; elevation 275 m a.s.l.; Figure 

1). The pollen trap samples air at a flowrate of 10 L/min through a narrow inlet using a 

vacuum pump. Inside the pollen trap, the airflow hits a sticky plastic strip to which the 

captured particles adhere. This sampling strip is mounted on a rotating drum, enabling 

continuous sampling for up to seven days. After one week, the drum is replaced. Pollen 

grains are identified by trained specialists at the family and/or genus level, and in a few 

cases at the species level, based on their distinct morphological characteristics, such as size 

and the structures of the exine on the surface of the pollen grains. The accuracy of the 

taxonomic identification is assured by comparing it with multiple reference sources: a pal-

ynological collection of local pollen types, iconographic reference material (PalDat; [47]), 

and the established reference literature [48–50]. Subsequently pollen grains are counted, 

and the daily concentration (Pollen * day/m3) is calculated for each taxon. Microscopic 

analysis is performed at 400 × magnification using a Zeiss Axioskop microscope (Carl 

Zeiss S.p.A., Divisione Microscopica, Milan, IT) and a total of 14% of each sample slide is 

evaluated. Sampling, slide preparation and microscopic counting follow the standardised 

European protocol UNI EN 16868:2019 [51] to ensure methodological consistency and 

comparability with other monitoring stations across Europe. 

2.3. Data Processing 

The dataset comprises daily airborne pollen concentrations from 31 taxa (Table 1). 

The taxa analysed in this study were selected according to the following criteria: taxa rep-

resenting a significant proportion of the pollen spectrum (above 1.5% of the total amount); 

taxa referred to as “minor pollen”, which, despite their limited quantitative contribution 

to the pollen spectrum, are of interest due to their allergenic potential [37], non-native 

origin, and the representativeness of their corresponding family. Finally, we defined the 

category “other pollen”, which includes taxa that did not fulfil the above criteria and were 

excluded from further analysis in this study. 

Table 1. Overview of the 31 pollen taxa included in the analysis. This comprises 22 arboreal pollen 

(AP) taxa and 9 non-arboreal pollen (NAP) taxa. n represents the number of years of observations 

available per taxon. Quality control (QC) levels range from 1 to 5, reflecting increasing proportions 

of missing data. The number of excluded years is given in brackets. Source plants were classified 

according to growth form (arboreal or non-arboreal: AP; NAP) and distribution area (native or non-

native: N; NN). 

Taxon n Quality Control (QC) Level of QC Growth Form Distribution Area 

Alnus Mill. 30   AP N 

Betula L. 30 29 (2005) 1 AP N 

Corylus L. 30   AP N 

Ostrya Scop. 30   AP N 

Cupressaceae * Gray 30   AP NN 1 and N 2 

Populus L. 30   AP N 

Salix L. 30 29 (2005) 1 AP N 

Ulmaceae Mirb. 30 28 (05, 11) 1, 2 AP N 

Quercus L. 30   AP N 

Fagus L. 30 29 (2005) 3 AP N 
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Castanea Daubenton 30   AP N 

Morus L. 30 29 (2005) 2 AP NN 

Juglans L. 30 29 (2023) 1 AP NN 

Fraxinus excelsior L. 29 28 (2023) 1 AP N 

Fraxinus ornus L. 29   AP N 

Olea L. 25   AP NN 

Ginkgo L. 30   AP NN 

Platanus L. 30 29 (2005) 1 AP NN 

Cedrus Trew 21   AP NN 

Picea A.Dietr. 21   AP N 

Pinus L. 21 20 (2005) 1 AP N 

Broussonetia L’Hér. ex Vent. 12 11 (2023) 1 AP NN 

Ambrosia L. 30     NAP NN 

Artemisia_N L. 30   NAP N 3 

Artemisia_NN L. 30   NAP NN 4 

Amaranthaceae Juss. 30 29 (2003) 1 NAP N 

Cannabaceae Martinov 30   NAP N 

Plantago L. 30 29 (2023) 1 NAP N 

Poaceae Barnhart 30   NAP N 

Polygonaceae Juss. 30   NAP N 

Urticaeae ** Juss. 30 29 (2005) 1 NAP N 

Note: * The family Cupressaceae also contains pollen from the family Taxaceae Gray, as the two fam-

ilies cannot be reliably distinguished using transmitted light microscopy. For consistency, both fami-

lies are therefore collectively referred to as Cupressaceae in this study. ** The family Urticaceae con-

tains the pollen of the taxa Urtica ssp. and Parietaria sp. 1 mainly Cupressus L. sp., Thuja L. sp. and 

Platycladus Spach. sp., 2 Taxus baccata L., Juniperus L. ssp., 3 native species, mainly A. vulgaris L., A. 

absinthium L., A. campestris L. and 4 non-native species, mainly A. verlotiorum Lamotte, A. annua L. [33]. 

Prior to further analysis, a quality control (QC) procedure was performed on the 

time-series data to determine whether the pollen season could be fully defined or if there 

were missing data within a defined window around the start, peak, and end of the MPS. 

For each pollen season, a risk score ranging from 0 to 5 is calculated, corresponding to the 

number of quality control criteria that were not successfully met. In the present study, 

only pollen seasons with risk scores of 0 were considered reliable and used for further 

analysis. Pollen seasons with risk scores of ≥1, indicating that at least 1 QC criterion has 

failed, were excluded from trend analyses. Additionally, years with more than 5% missing 

observations during a given taxon’s pollen season were excluded from further analyses. 

Quality control was performed using the AeRobiology package [52]. 

To further characterise pollen sources, the taxa were grouped into ecological catego-

ries based on the growth form of the source plants. Arboreal pollen (AP; from trees and 

shrubs) was distinguished from non-arboreal pollen (NAP; from herbaceous sources). 

Furthermore, the taxa were classified according to their distribution area as either native 

(N) or non-native (NN). This classification was made using the FloraFauna portal [53] and 

the “Katalog der Gefäßpflanzen Südtirols” [54]. 

It is important to note that some pollen exhibits morphological similarities across dif-

ferent taxa. For instance, the family Cupressaceae includes pollen from the family Taxa-

ceae. In addition, the Urticaceae family contains the pollen of Urtica spp. and the highly 

allergenic pollen of Parietaria spp. The pollen of these two genera is indistinguishable un-

der the microscope [55]. 
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2.4. Statistical Analysis 

Initially, we analysed the pollen spectrum, including all pollen taxa recorded over 

the 30-year period, in order to identify the dominant pollen taxa and quantify their rela-

tive contribution to the APIn. To achieve this, we divided the mean APIn value for each 

taxon by the total mean APIn value for all taxa. 

We then used a two-step statistical approach to analyse whether airborne pollen con-

centrations showed an overall temporal trend during the study period, and whether this 

trend differed according to the ecological category of the source taxa. Finally, we esti-

mated and evaluated the temporal trajectories of each pollen taxon in relation to changes 

in the main pollen season’s (MPS) phenological characteristics. The two-step statistical 

approach was conducted as follows. First, generalised linear models (GLMs) of increasing 

complexity were constructed, and the significance of additional parameters was tested 

using log-likelihood ratio tests [56–58]. We then used the model that best fit the data to 

estimate the relative annual change in Annual Pollen Integral (ΔAPIn (%Yr−1)) calculated 

over the 30-year period, for each taxon and ecological category. See Appendix A for a 

detailed description of the procedure. In order to characterise the MPS descriptors, we 

defined the MPS for each taxon according to the 95th percentile method [59]. This identi-

fies the period between the dates when the cumulative sum of daily pollen concentrations 

(Pollen * day/m3) reached the 2.5th and 97.5th percentiles of the total annual concentration 

[52]. Finally, we derived the start, peak and end dates of the pollen season (day of year, 

DOY), the pollen season length (number of days), the peak concentration (Pollen * day/m3) 

and the APIn of the MPS [60] for each taxon; and we calculated the statistical significance 

of the overall trend for all the derived MPS descriptors was calculated according to [52]. 

All statistical analyses were conducted in RStudio v. 2025.09.2. 

3. Results 

3.1. Overview of Pollen Taxa and Data Completeness 

The pollen spectrum comprises over 70 taxa (Figure 2). We analysed a subset of 31 

taxa, which represent approximately 92% of the total annual pollen concentration. To-

gether, Ostrya carpinifolia (17.8%), Urticaceae (17.2%) and Cupressaceae (10.5%) account for 

more than half of the annual pollen concentration. Betula contributes an additional 9.1%, 

followed by Pinus (6.5%) and Poaceae (4.3%). Taxa contributing 3% or less to the total 

pollen spectrum include Quercus (3.0%), Fraxinus ornus (2.7%), Castanea (2.3%), Cedrus 

(2.2%) and Ginkgo (2.0%), Populus (1.9%), Corylus (1.7%), Alnus (1.6%), Platanus (1.6%) and 

Ulmaceae (1.5%). 

The final dataset comprised 23 taxa with complete 30-year series and 7 taxa with 

fewer years. After applying the QC procedure, 13 taxa retained a full 30-year time series, 

10 taxa had 29 years of data, and 7 taxa had fewer than 29 recorded years. The year most 

frequently excluded during QC was 2005. The proportion of missing data was low across 

all taxa, as indicated by the QC scores, which did not exceed category 3 on the five-level 

quality classification scheme applied (Table 1). 

In terms of ecological categories, 21.5% of the annual pollen spectrum originates from 

non-arboreal pollen (NAP), consisting of 8 taxa, primarily Urticaceae and Poaceae pollen. 

Arboreal pollen (AP), which includes 22 taxa, accounts for a further 64.4% of the pollen 

spectrum. The remaining 14.4% of the pollen spectrum consists of NAP and AP. 

Twenty taxa are classified as native (N) to South Tyrol, while the remaining ten taxa 

are classified as non-native (NN). These NN-taxa are mainly associated with urban green 

spaces or private gardens near the monitoring station. The taxon Cupressaceae represents a 

mixed group, containing native taxa (e.g., Taxus baccata, Juniperus sp.) but also ornamental, 

non-native taxa such as Cupressus sp., Thuja sp. and Platycladus sp. Furthermore, the genus 
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Artemisia also represents a mixed group, including several native taxa (e.g., A. vulgaris, A. 

absinthium, A. campestris), as well as the non-native taxa A. verlotiorum and A. annua [33]. 

 

Figure 2. Relative contribution of the main pollen taxa to the annual pollen spectrum recorded at 

the Bolzano monitoring station between 1995 and 2024. The spectrum highlights the pronounced 

dominance of arboreal pollen (AP) in the local airborne pollen composition. Pollen of non-arboreal 

(NAP) origin is underlined and in bold (Urticaceae and Poaceae). The minor pollen category com-

prises the taxa that contribute less than 1% to the total pollen concentration and were considered in 

this study: Picea, Artemisia, Cannabaceae, Salix, Broussonetia, Fraxinus excelsior, Plantago, Fagus, Ju-

glans, Morus, Olea, Amaranthaceae, Polygonaceae and Ambrosia. The category “other pollen” com-

prises taxa that were excluded from this study. 

3.2. Trends in APIn by Taxon and Ecological Categories 

Model selection indicated that a linear mixed-effects model with taxon-specific random 

intercepts and random slopes, and an AR(1) correlation structure, provided the best fit to 

the data (see Table A1 in Appendix A). No significant overall temporal change in APIn was 

detected across taxa (ΔAPIn; p = 0.101; see Model 3, Table A2 in Appendix A). However, the 

inclusion of taxon-specific random intercepts and slopes significantly improved model per-

formance (likelihood-ratio test, p < 0.0001), indicating substantial heterogeneity in both 

mean APIn and temporal trends among taxa. Taxon-specific conditional estimates derived 



Atmosphere 2026, 17, 949 9 of 28 
 

https://doi.org/10.3390/atmos17100949 

from the mixed-effects model further illustrated this variability. Following back-transfor-

mation (Appendix A), both positive and negative values of ΔAPIn were observed, demon-

strating marked differences in the direction and magnitude of temporal change among taxa 

(see Table A3 in Appendix A; Figure 3a,b). These estimates are presented to characterise 

between-taxon variability and do not constitute separate significance tests for individual 

taxa. 

When the taxa were grouped by ecological categories based on the growth form, AP 

taxa showed a positive change in APIn (ΔAPIn = 1.44%Yr−1; p = 0.006), whereas NAP taxa 

showed no change (p = 0.292, see Model 5 in the appendix; Figure 4a). When the taxa were 

grouped by ecological categories based on distribution area, NN taxa showed a positive 

change in APIn (ΔAPIn = 2.18%Yr−1; p = 0.015), whereas N taxa exhibited no change (p = 

0.994; see Model 9 in the appendix; Figure 4b). Furthermore, NN taxa (326.13 Pollen * 

day/m3) contribute nearly one third to the total mean APIn (964 Pollen * day/m3) calcu-

lated over the 30-year study period (p = 0.05). 

3.3. Trends for Descriptive Parameters of MPS 

Table 2 provides an overview of long-term changes in the characteristics of the pollen 

season across taxa. It shows the temporal trends in the start, peak and end dates, season 

length, the peak concentration of the MPS and the APIn. 

Table 2. Summary of the analysis of 30-year (1995–2024) taxon-specific temporal trends in pollen-sea-

son. MPS parameters include MPS start, peak and end day, MPS length, MPS peak value and annual 

pollen integral (APIn). The colours indicate statistically significant trends in the analysed parameter 

values, with red shades representing positive trends and blue shades representing negative trends. 

The increasing intensity of red and blue shading indicates the increasing statistical significance of pos-

itive and negative trends, respectively (p < 0.05, p < 0.01, p < 0.001 for positive trends; and p < 0.05, p < 

0.01, p < 0.001 for negative trends). For timing-related parameters (start, peak, and end day), positive 

trends indicate a delayed occurrence, while negative trends indicate an advanced occurrence. 

   MPS Parameters   Annual 

Pollen 

Integral 
Taxon Start Peak End Length Peak Value 

Olea             

Ulmaceae             

Platanus             

Cedrus             

Broussonetia             

Cupressaceae             

Artemisia_NN             

Poaceae             

Urticaceae             

F. excelsior             

Artemisia_N             

Morus             

Betula             

Fagus             

Populus             

F. ornus             

Castanea             

Ambrosia             

Amaranthaceae             
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Salix             

Polygonaceae             

Alnus             

Cannabaceae             

Corylus             

Ginkgo             

Juglans             

Ostrya             

Plantago             

Quercus             

Picea             

Pinus             

Very strong statistical significance (p < 0.001) was found for an earlier start of the MPS 

for Poaceae, Morus, and Polygonaceae; while Urticaceae, Artemisia_N, Populus and Salix 

showed statistically significant earlier onsets (p < 0.05). Nearly all of the non-arboreal taxa 

also exhibited a statistically significant lengthening of the pollen season, particularly Po-

aceae (p < 0.001), Urticaceae (p < 0.01), and Artemisia_N; p < 0.05). In contrast, Artemisia_NN 

was the only taxon to display a strong delayed MPS start over the study period (p < 0.001), 

accompanied by a statistically significant reduction in pollen season length (p < 0.01). 

A total of 8 of the 31 taxa investigated exhibited statistically significant increasing 

trends in both peak pollen concentration and APIn: Cupressaceae, Ulmaceae, Platanus, 

Cedrus, Morus, Olea, Artemisia_NN and Fraxinus excelsior. Among these, the predominantly 

non-native and urban-associated taxa, Cupressaceae, Platanus, Morus and Olea, showed 

highly significant APIn increases (p < 0.001). Their peak values also increased significantly 

over time, with Morus showing very strong significance (p < 0.001), Olea showing high 

significance (p < 0.01) and the remaining taxa showing significant increases (p < 0.05). 

The pollen production of several taxa has declined significantly over time. Artemi-

sia_N and Salix exhibited highly significant reduction in APIn (p < 0.001). The Amaran-

thaceae family (p < 0.01), Castanea and the Urticaceae family (p < 0.05) also displayed sig-

nificant decreasing trends in peak value and APIn. Taken together, these results indicated 

a reduced contribution to the pollen load in Bolzano over the study period. 

Finally, a subset of taxa shows no significant changes in pollen season parameters. 

This group comprises two non-arboreal taxa (Cannabaceae and Plantago) and eight arbor-

eal taxa (Alnus, Corylus, Ginkgo, Juglans, Ostrya, Quercus, Picea and Pinus). 
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Figure 3. Taxon-specific temporal trends estimated from the random-effects structure of the mixed-

effects model. The reported ΔAPIn values are taxon-specific conditional estimates derived from ran-

dom slopes and represent the back-transformed annual percentage change in pollen concentration 

(%Yr−1; see the appendix for calculation details). Taxa are ranked according to the magnitude of the 

estimated positive (panel (a)) or negative (panel (b)) trends. Points represent observations and col-

oured lines represent model predictions (red = positive trends, blue = negative trends). As these 

estimates are derived from the random-effects structure, they are intended to illustrate variation 

among taxa in the magnitude and direction of temporal trends rather than providing separate sta-

tistical tests for individual taxa (see Appendix A for the details of the model selection procedure). 

The value n indicates the number of years that met the quality-control criteria. The y-axes are log10-

transformed. 
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Figure 4. Ecological category-specific temporal trends in annual pollen concentration (APIn). Cate-

gory-specific trajectories derived from the mixed-effects model are shown on the original APIn scale 

(Pollen * day/m3). Solid lines indicate significant temporal trends, whereas dashed lines indicate 

non-significant trends. Reported ΔAPIn values represent the back-transformed annual percentage 

change estimated from the model slopes (%Yr−1; see the appendix for calculation details). Panel (a) 

compares arboreal (AP) and non-arboreal (NAP) taxa, and panel (b) compares native (N) and non-

native (NN) taxa. Points represent individual observations, and semi-transparent lines represent 

taxon-specific conditional estimates derived from the random-effects structure. The y-axis is dis-

played on a log10 scale. Corresponding p-values are reported alongside ΔAPIn estimates; n.s. indicates 

non-significant trends. 

4. Discussion 

4.1. General Trends in Airborne Pollen Concentrations over 30 Years in Bolzano, AP  

Versus NAP 

This study provides the first comprehensive assessment of long-term trends in air-

borne allergenic pollen in Bolzano, the capital city of the Autonomous Province of Bolzano 

–South Tyrol (Northern Italy), based on 30 years of pollen monitoring data. Through the 

analysis of temporal trends in the annual pollen integral (APIn), differences between eco-

logical groups of the source plants, and taxon-specific changes in pollen season timing 

and duration, the study characterizes the heterogeneous nature of long-term local pollen 

dynamics. The findings document substantial variation in temporal trajectories among 

taxa and ecological groups, providing a basis for future investigations into the environ-

mental drivers of these changes. 

Overall, arboreal pollen (AP) dominates the pollen spectrum and reflects the compo-

sition of the surrounding vegetation (Figures 1 and 2; [45]). The dominant AP taxa include 

the native Ostrya carpinifolia as well as non-native Cupressaceae taxa associated with ur-

ban green infrastructure [36]. These taxa are characterized by their high allergenic poten-

tial [37] and are also well represented at other pollen-monitoring sites in the Alpine region 

[24]. Regarding non-arboreal pollen (NAP), the Urticaceae family represents a substantial 

component of the pollen spectrum and is likely dominated by the highly allergenic pollen 

of the Parietaria spp. [5,61]. This genus thrives in ruderal habitats such as wall crevices and 

is predominantly found in the warmer lowland areas of South Tyrol [46]. 

One of the main findings of this study is the absence of a significant overall temporal 

trend in APIn across taxa. This apparent stability conceals considerable heterogeneity in 

taxon-specific temporal trajectories (see Figure 3a,b), with positive estimated trends in 
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some taxa being counterbalanced by negative trends in others. In line with the random-

slope structure of the selected statistical model, these results suggest that changes in pol-

len concentrations over time are largely taxon-specific. 

When taxa are grouped according to their ecological characteristics, clearer patterns 

emerge. Notably, AP and NAP taxa exhibit contrasting temporal trajectories. At the eco-

logical-group level, AP taxa show a significant increase in APIn over the study period 

(ΔAPIn = 1.44%Yr−1; Figure 4a), whereas no significant overall trend is observed for NAP 

taxa. Consistent with this, the taxon-specific conditional estimates suggest that the largest 

positive estimated trends occur primarily among arboreal taxa (Figure 3a), while negative 

estimated trends are more frequently observed among herbaceous NAP taxa (Figure 3b). 

Similar patterns have been reported in other long-term studies across the Alps, where in-

creasing trends are frequently observed in trees but less consistently in herbaceous taxa 

[6,7,17,23,24]. Tagliaferro et al. reports increasing pollen concentrations in the Alpine area 

in the Veneto region, particularly in the Oleaceae family [7], while Cristofolini et al. iden-

tifies a significant increase in APIn in Trentino, with arboreal taxa showing the most pro-

nounced increase (+155%) [24]. Likewise, Gehrig and Clot documents significant increases 

in arboreal pollen abundance over 50 years in Switzerland [17]. 

Changes in annual pollen integrals are further supported by trends in MPS character-

istics. Several AP taxa, including Olea, Ulmaceae, Platanus, Cedrus, Cupressaceae, Fraxinus 

excelsior and Morus show increasing MPS peak concentrations (Table 2). In contrast Salix, 

Betula and Castanea experience declines in APIn and MPS peaks. Among NAP taxa, Urtica-

ceae and Poaceae show declining pollen concentrations despite extended pollen seasons. 

This suggests a redistribution of pollen release, caused by the flowering of various species 

[24], across a longer period rather than an increase in overall pollen production. 

4.2. Native Versus Non-Native Taxa: The Role of Land-Use Change 

A second important finding is the contrasting behavior of native (N) and non-native 

(NN) taxa (Figure 4b). NN pollen shows an increasing trend (ΔAPIn = 2.18%Yr−1), whereas 

N taxa exhibit no overall trend. Consistent with this pattern, the taxon-specific conditional 

estimates suggest that many of the taxa with the largest positive estimated trends are non-

native (Figure 3a,b). 

Although not specifically tested in this study, several considerations suggest that 

land-use change and urban planting practices may contribute to these trends. For example, 

Olea europaea exhibit one of the strongest positive model-estimated trends in airborne pol-

len concentrations (ΔAPIn = 3.76%Yr−1) alongside higher seasonal peak values. This pattern 

may partly reflect the increased cultivation of olive trees in and around Bolzano [62], 

where the use of olive trees for ornamental purposes and olive oil production has recently 

expanded in favorable climatic conditions. Similar increases have also been reported else-

where in the Italian Alps [7,24]. The rise in Olea pollen concentrations is of additional al-

lergological concern for the city of Bolzano due to cross-reactivity with pollen from native 

Oleaceae taxa such as Fraxinus excelsior and Fraxinus ornus [35]. 

Cupressaceae pollen serves as another example of how urban vegetation management 

can influence airborne pollen trends. Among the taxon-specific conditional estimates, Cu-

pressaceae exhibits a relatively large positive trend (ΔAPIn = 2.46%Yr−1). This finding is con-

sistent with the reported increases in neighboring Italian province, such as Trentino, and in 

studies conducted in Switzerland and Germany [17,18,24]. This increase is likely linked to 

the widespread planting of Cupressaceae species in urban environment for ornamental pur-

poses [7,36,63]. As the Cupressaceae plants produce large quantities of highly allergenic 

pollen and have prolonged flowering periods [35], rising pollen concentrations may have 

important consequences for public health. In Bolzano, Cupressaceae species, sometimes 

begin flowering in December, with pollen concentrations typically peaking between 
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February and March [14]. Consequently, sensitised individuals may be exposed to allergenic 

pollen during winter as well as during the typical spring–summer allergy season. The com-

bination of increasing pollen concentrations and an extended pollen season is likely to en-

hance allergen exposure and contribute to the growing prevalence of winter pollinosis, par-

ticularly in regions influenced by Mediterranean climatic conditions [35]. 

Within the Moraceae Gaudich. family, the taxon-specific conditional estimates suggest 

increasing pollen concentrations for both Morus and Broussonetia, although the estimated 

temporal patterns differ. Morus exhibits an earlier season onset and is among the taxa with 

the strongest positive estimated trends (ΔAPIn = 4.65%Yr−1). In contrast, Broussonetia shows a 

lengthening of the MPS and a smaller positive estimated trend (ΔAPIn = 1.37%Yr−1). These two 

NN taxa are ornamental trees in urban environments, and the increasing pollen concentra-

tion may reflect the combined effects of increased ornamental planting, and in the case of 

Broussonetia, the ongoing establishment of individuals escaping from urban plantings and 

becoming naturalized neophytes in the surroundings of Bolzano [64]. Another possible ex-

planation for the strong increase in APIn and alteration of the MPS of Broussonetia could be 

the long-distance transport (LDT) of pollen grains from source populations located in neigh-

bouring Italian regions. Due to their small size, these pollen grains can be dispersed over 

considerable distances [65]. This hypothesis is further supported by the increasing establish-

ment and spread of this invasive species in neighbouring regions [66]. Similarly, Platanus 

displays increasing APIn and peak pollen concentrations, which may be associated with its 

widespread use as an urban ornamental tree [17,37]. 

Although some studies argue that land-use changes alone cannot explain increases 

in arboreal pollen concentration [36], our results suggest that, at least for the study area, 

changes in airborne pollen concentrations may occur in response to evolving land-use 

practices. Finally, information on temporal changes in the surrounding vegetation and 

urban environment was unavailable. Consequently, the potential influence of local land 

use changes, vegetation dynamics or urban development on the observed pollen trends 

could not be assessed directly. 

4.3. Changes in Pollen Phenology Under Climate Warming 

A third important finding was the significant shift in pollen-season timing and dura-

tion observed among several taxa (Table 2). Earlier onset of flowering was observed for 

taxa such as Morus, Poaceae, Polygonaceae, Urticaceae and Ambrosia artemisiifolia, while 

season length increased for some taxa including Poaceae, Urticaceae and Broussonetia. 

However, the responses were not uniform across taxa. This heterogeneity most likely 

highlights species-specific climatic sensitivity, phenological requirements and ecology 

[1,7,16]. An example of the variability captured by the taxon-specific random effects is the 

contrasting pattern observed within the genus Artemisia. The native Artemisia group (Ar-

temisia_N; primarily A. vulgaris and A. campestris) exhibits the most negative estimated 

trend among NAP taxa (ΔAPIn = −4.89%Yr−1), accompanied by a reduction in peak pollen 

concentrations. In contrast, pollen from non-native Artemisia species (Artemisia_NN, pre-

dominantly pollen from A. annua and A. verlotiorum) exhibits the strongest positive esti-

mated NAP trend (ΔAPIn = 1.87%Yr−1), alongside higher seasonal peak concentrations and 

a shortened flowering period. Due to their distinct pollen peak timing, in August for na-

tive species and September to October for the non-native species, we propose that in fu-

ture aerobiological analyses Artemisia taxa should be treated as two distinct functional 

groups (Artemisia_N and Artemisia_NN). Similar differentiated patterns were observed in 

the whole Trentino-South Tyrol region between 1995 and 2019, where increases in peak 

pollen concentrations were reported exclusively for the secondary peak associated with 

non-native Artemisia species [33]. 
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Such phenological shifts are consistent with patterns frequently associated with cli-

mate warming in the Alpine region [39]. Previous studies have reported that rising tem-

peratures may promote earlier flowering, extend the growing season, and lengthen pollen 

release periods. In South Tyrol, mean winter and summer temperatures have increased 

over recent decades (approximately +1.5 °C in winter and +3 °C in summer over the past 

six decades [39]), providing a potential context for the observed phenological changes. 

However, as climatic variables were not included in the present analysis, these mecha-

nisms should be regarded as plausible hypotheses rather than demonstrated drivers of 

the observed trends. Within this context, the earlier flowering of Morus and the longer 

pollen season of Broussonetia are consistent with the potential effects of regional warming 

and urban heat-island processes previously described in the literature [37]. 

While the phenological responses observed in Morus and Broussonetia are consistent 

with mechanisms frequently associated with climate warming, Poaceae and Urticaceae 

exhibited a somewhat different pattern. That is particularly noteworthy due to the high 

allergenic properties of pollen from these two families [16,55,61]. Despite negative esti-

mated trends in annual pollen integrals (ΔAPIn = −0.79% Yr−1 for Urticaceae and −0.75% Yr−1 

for Poaceae), both taxa were characterized by earlier flowering and an extension of the 

main pollen season. These trends are consistent with observations from other European 

studies [3,17,23,24,61]. However, the broad taxonomic diversity and broad ecological 

niche of Poaceae make it difficult to identify the underlying drivers [35]. The prolonged 

pollen season may be the result of the sequential flowering of multiple grass species 

[23,26], rather than prolonged flowering at species level. Similarly, the observed pattern 

could be consistent with climate-driven redistribution of pollen production throughout 

the season [24]. Furthermore, we cannot rule out that the reduction in grass-dominated 

suburban habitats, which is associated with the ongoing urbanisation in Bolzano, contrib-

utes to the observed decline in airborne pollen concentrations [17]. 

Another example that illustrates the potential allergological implications of taxon-

specific trends is the non-native invasive species Ambrosia artemisiifolia. Pollen concentra-

tions as low as 5–10 pollen grains per cubic meter air can trigger severe allergic reactions 

in sensitised individuals [26]. Although Ambrosia pollen currently represents only a minor 

component of the airborne pollen spectrum in Bolzano, the earlier onset of the MPS and 

the moderate yet noteworthy estimated increase in APIn (ΔAPIn = 0.72%Yr−1) suggest that 

it may become more relevant from an allergological perspective in the future. Despite its 

comparatively low abundance and the classification of Ambrosia artemisiifolia as “not es-

tablished” in the province of South Tyrol [53], the observed increase in Ambrosia pollen 

concentration is consistent with the well documented invasive expansion of Ambrosia ar-

temisiifolia in northern Italy [16,32], and with its pollen being increasingly frequently de-

tected in the neighbouring province of Trentino since the 1990s [24]. However, the mech-

anisms underlying this pattern remain uncertain. On the one hand, future warming may 

increase the suitability of Alpine environments for A. artemisiifolia. On the other hand, 

previous studies have shown that airborne A. artemisiifolia pollen concentrations in re-

gions where the species is sparsely distributed may be substantially influenced by alter-

native pollen sources through LDT [65,67,68]. Because environmental drivers were not 

evaluated in the present study, these explanations remain speculative. Consequently, the 

relative contributions of local establishment and long-distance pollen transport cannot be 

determined from the present dataset. 

4.4. Limitations and Future Perspectives 

Several limitations should be considered when interpreting these findings. Firstly, our 

analysis is restricted to the most representative pollen taxa in the Bolzano pollen spectrum, 

which may result in trends in less abundant taxa being overlooked (Figure 2). Furthermore, 
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non-arboreal taxa (8 out of 31 taxa) and non-native taxa (approximately one third of the 

analysed taxa) may not be entirely representative of their respective ecological groups (Ta-

ble 1), which could introduce bias when comparing ecological group (Figure 4a,b). 

Secondly, pollen season metrics were derived using percentage-based definitions of 

the main pollen season. As this method is dependent of APIn estimates [17], trends in 

pollen concentration may influence estimates of the start and the end dates of the pollen 

season. Therefore, phenological trends should be interpreted with caution. 

Thirdly, the study is based on data from a single monitoring station located in an 

urban area. Consequently, the findings reflect local conditions and cannot be generalised 

to the wider province of South Tyrol, where vegetation composition and climatic condi-

tions differ substantially [39]. 

Furthermore, from a methodological perspective, it should be acknowledged that 

long-term analysis may be affected by changes in instrumentation and variability related 

to the operator. Although different microscopes were used during the monitoring period, 

pollen concentration were standardised using microscope-specific conversion coefficients 

derived from the field-of-view diameter and the magnification of the microscope, thereby 

ensuring comparability of the result. Although operator-related variability cannot be com-

pletely eliminated [69], pollen identification and counting follow standardised protocols. 

Participation in the Italian POLLnet network also includes regular training and intercali-

bration exercises [70], which likely reduces user-related inconsistencies. In addition, the 

pollen sampler remained in the same location throughout the study period, and the air-

flow performance was checked weekly during the drum replacement procedure to ensure 

consistent operation. 

Ultimately, the current analysis is unable to distinguish the relative contributions of 

climate change, land use change, urbanisation and vegetation dynamics to the observed 

trends. The lack of meteorological data and detailed information on changes in vegetation 

composition and distribution over time prevented a direct evaluation of the environmen-

tal factors underlying the observed changes in pollen concentrations and phenology. Con-

sequently, while these factors may explain some of the reported patterns, their contribu-

tion could not be formally evaluated in this study. Future research should integrate long-

term aerobiological monitoring with climate data, land use and urbanisation records, veg-

etation inventories and information on the introduction and spread of non-native plant 

species, as well as atmospheric transport modelling (e.g., HYSPLIT), in order to better 

quantify the mechanisms shaping pollen trends in Bolzano and throughout South Tyrol. 

5. Conclusions 

This study provides the first comprehensive assessment of long-term airborne pollen 

trends in Bolzano, using 30 years of pollen monitoring data. Over the study period, arbor-

eal pollen and non-native taxa show significant increases. Although the temporal trajec-

tories of individual taxa differed markedly, several species exhibit earlier flowering and 

prolonged pollen seasons, indicating substantial changes in pollen phenology. 

These changes to the airborne pollen spectrum may increase exposure to allergenic pol-

len, particularly from highly allergenic taxa with strong positive estimated trends in pollen 

concentrations, such as Morus, Olea and Cupressaceae. Longer pollen seasons and the in-

creasing importance of non-native and potentially invasive taxa further highlight the im-

portance of monitoring these trends for public health and environmental management. 

Overall, this study improves our understanding of long-term pollen dynamics in an 

alpine urban environment, providing a valuable baseline for future aerobiological re-

search. Although this analysis was designed to detect and describe temporal trends rather 

than identify their causes, the observed patterns lay important groundwork for future 

studies that integrate climate, land use, vegetation and atmospheric transport data. This 
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will help us to better understand the mechanisms that shape airborne pollen dynamics in 

the city of Bolzano and across the province of South Tyrol. 
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The following abbreviations are used in this manuscript: 

GLMs Generalised linear models 

ΔAPIn Change in Annual Pollen Integral 

MPS Main pollen season 

APIn Annual Pollen Integral 

CO2 Carbon dioxide 

QC Quality control 

AP Arboreal pollen 

NAP Non-arboreal pollen 

N Native 

NN Non-native 

Artemisia_N Native Artemisia species 

Artemisia_NN Non-native Artemisia species 

LDT Long-distance transport 

Appendix A 

Appendix A.1. Description of the Model Selection Procedure 

In this section, we describe the model selection procedure used to address hypothe-

ses 1 to 3. To account for the structure of the data, we first fitted the following null model: 

Log10(APInYrav) = α + β(Yr − Yrav) (A1) 

In this model, intercept α represents the expected log⁡10-transformed APIn at the 

mean year (Yrav) of the study period (Log10(APInYrav)), while slope β⁡(in main text referred 

as ΔAPIn) quantifies the annual change in log⁡10APIn. The explanatory variable Year (Yr) 

was centred by subtracting the mean year (Yrav) from the value of the year (Yr–Yrav), which 

improves the interpretability of the intercept and reduces collinearity among the model 

parameters. Centering ensures that α corresponds to the average APIn at the midpoint 

of the temporal range. The logarithmic transformation (log⁡10) of APIn was applied to ac-

count for the large differences in pollen counts among taxa and to improve the normality 

of the residuals. 

https://data.civis.bz.it/de/dataset/southtyrolean-pollen-webservices
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The above model was fitted using the gls (generalised least squares) function. To ac-

count for temporal autocorrelation, we included the correlation structure corAR1(form = 

~Yr–Yrav | Art), which corrects for first-order autoregressive dependence within taxa. The 

null model was fitted using maximum likelihood (ML), which enables model comparison 

among structures that differ in their fixed or random components. 

The null model was then tested against a random-intercept model: 

Log10(APInYrav) = α + β(Yr–Yrav) + εα (A2) 

The random-intercept term εα enables the model to estimate taxon-specific intercepts, 

thereby accounting for variation in overall pollen production among taxa. This random-

intercept model was fitted using the lme() function with the random structure, random = 

~1 | Art, while retaining the same temporal correlation structure (corAR1(form = ~Yr–Yrav 

| Art)). 

We then proceed by adding a random-slope term: 

Log10(APInYrav) = α + β(Yr–Yrav) + εα + εβ (A3) 

The random-slope term εβ enables the model to estimate taxon-specific slopes, 

thereby accounting for differences in overall pollen production changes across year and 

among taxa. This random-slope model was fitted using the lme() function with the ran-

dom structure, random = ~Yr–Yrav| Art, while retaining the same temporal correlation 

structure: corAR1(form = ~Yr–Yrav| Art). 

Loglikelihood ratio tests were used to assess the improvement in model fit between 

the null model, the random-intercept model and the random-slope model. If the test indi-

cated a significant increase in explanatory power, the added model complexity was con-

sidered justified, and the random term was retained. 

We assessed potential violations of model assumptions for each model, including the 

normality of the residuals, heteroscedasticity, the distribution of the residuals versus the 

fitted values and temporal autocorrelation. 

Once the best random model structure had been identified, we tested the significance 

of the ecological categories, distribution area (native vs. non-native) and growth form (ar-

boreal vs. non-arboreal), using the same testing strategy as above. Each term was added 

sequentially as a fixed effect, first as an additive term and then as a multiplicative term 

(interaction with Year). To avoid excessive model complexity, we did not investigate in-

teractions between the two ecological categories. 

The models that proved to have the best-fitting structures were then refitted using 

restricted maximum likelihood (REML), after which the parameter estimates were back 

transformed to express them in the original units. The model slopes were subsequently 

expressed as relative changes per year. 

Appendix A.2. Results of the Model Selection Procedure—Random Effect 

Table A1 shows the results of the of applying the model selection procedure to Equa-

tions (A1)–(A3). 

Table A1. Results of the model selection procedure for the taxon-specific model. 

Model Formula Model. df AIC BIC logLik Test L.Ratio p Value 

gls(Log10(APInYrav)~β(Yr − Yrav), 

corr. = corAR1(form = ~Yr − Yrav |Art) 
1 4 1666.85 1685.90 −829.42  NA NA 

lme(Log10(APInYrav)~β(Yr − Yrav), 

corr. = corAR1(form = ~Yr − Yrav |Art) 

random = ~1|Art 

2 5 1094.34 1118.15 −542.17 1 vs. 2 574.51 <0.0001 

lme(Log10(APInYrav)~β(Yr − Yrav), 3 7 1046.59 1079.92 −516.29 2 vs. 3 51.75 <0.0001 
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corr. = corAR1(form = ~Yr − Yrav |Art) 

random = ~Yr − Yrav |Art 

The linear mixed-effects model with random intercepts and slopes per species, combined with an 

AR(1) correlation structure, showed an overall good fit to the data (AIC = 1046.59; BIC = 1079.92; 

logLik = −516.29; p-value <0.0001). 

The model with random intercepts and slopes per taxon provided a significantly bet-

ter fit than the model with only random intercepts. Although the average standardized 

log(APIn) values of individual taxa differ markedly, the temporal trends in log units vary 

rather slightly. Nevertheless, the small but statistically meaningful variation in improves 

the overall model fit and indicates that taxa differ in their temporal trajectories to a rele-

vant extent. 

Correlation structure: The model incorporates an autoregressive correlation structure 

ARMA(1,0) within groups. The estimated parameter Phi = −0.33 indicates a moderate neg-

ative autocorrelation: positive deviations in one year tend to be followed by negative de-

viations in the subsequent year. 

The absence of violations of the model’s assumptions and of temporal autocorrela-

tion was visually validated (Figure A1). The best-fitting model (model 3) was then refitted 

using restricted maximum likelihood (REML). 

 

Figure A1. Visual check of the assumption violation in the best-fitting taxon-specific model. 

Fixed effects: The fixed effects show that the time variable has no significant influence 

on the standardized log(APIn) value (see Table A2). Likewise, the intercept is not signifi-

cantly different from zero. Therefore, no consistent overall trend can be detected across taxa. 

Table A2. Results of the model selection procedure for the fixed effect of the taxon-specific model. 

Model Parameter Value Std. Error DF t-Value p-Value 

Log10(APInYrav) −0.017 0.164 832 −0.107 0.915 

Log10(β(Yr − Yrav)) 0.004 0.003 836 1.640 0.101 

Random effects: The variance of the random intercept (SD = 0.91) indicates substan-

tial differences in mean log(APIn) values among taxa at the central point of the time series. 

In contrast, the variance of the temporal slopes is very small (SD slope = 0.01), suggesting 

that only minor differences in temporal trends among species; however, these are esti-

mated in logarithmic units. The correlation between the random intercept and slope is r = 

–0.07, indicating that the two are largely independent. The residual variance within 

groups is 0.40, reflecting a moderate amount of unexplained variation within species. As 
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the log(APIn) values were standardised, the residual variance can be interpreted directly 

as a standard deviation, a value of 0.40 is smaller than 1, indicating moderate within-

group variability. Thus, the model captures some of the variation through fixed effects 

(time) and random effects (species), but some residual variation within groups remains 

unexplained. 

Taxon-specific model parameters: The random-intercept and random-slope model 

enables estimation of taxon-specific intercepts Log10(APInYrav), representing log10(APIn) at 

the mean year of the study period, and taxon-specific slopes Log10(β(Yr–Yrav)), represent-

ing log10-standardised annual changes. Both estimates are reported for each taxon in Table 

A3. Taxon-specific conditional estimates of the slopes are additionally shown in Figure 4 

(Main Text) to illustrate the heterogeneity of temporal trends among taxa. As these esti-

mates arise from the random-effects structure of the mixed-effects model, they are not 

subject to separate hypothesis tests and therefore do not have associated individual p-

values. Statistical inference is instead based on the estimated variance of the random 

slopes and on model comparisons which evaluates whether the inclusion of taxon-specific 

slopes improves the model’s fit. 

To facilitate the interpretation of the model results, all the standardised coefficients 

were converted back into the original APIn units [Pollen * day/m3]. First, the standardized 

intercept (Log10(APInYrav)) and slope (Log10(β(Yr–Yrav))) estimates were converted back to 

the scale of the log-transformed APIn values by reversing the centering transformation 

using the mean and standard deviation of Log10(APIn). The intercept on the log scale was 

then exponentiated to obtain the corresponding APIn value on the original scale 

(APInYrav). 

The slope on the log scale represents the proportional annual change in APIn. There-

fore, the absolute annual change in APIn (β(Yr–Yrav)) was obtained by multiplying the 

back-transformed intercept by the slope on the log scale. Finally, the relative annual 

change ΔAPIn [%Yr−1] was expressed as a percentage by multiplying the slope on the log-

scale by 100. 

Table A3. Estimates of the taxon-specific intercept and slopes. 

Taxa Log10(APInYrav) Log10(β(Yr–Yrav)) APInYrav β(Yr–Yrav) ΔAPIn (%Yr−1) 

Alnus 0.282 −0.003 1086.82 −4.69 −0.43 

Amaranthaceae −1.005 −0.008 125.30 −1.67 −1.33 

Ambrosia −2.019 0.004 22.83 0.17 0.72 

Artemisia_N −0.692 −0.029 211.91 −10.35 −4.89 

Artemisia_NN −0.651 0.011 226.90 4.24 1.87 

Betula 1.295 −0.008 5958.43 −78.13 −1.31 

Broussonetia −0.467 0.008 309.15 4.24 1.37 

Cannabaceae −0.191 0.003 491.81 2.21 0.45 

Castanea 0.514 −0.007 1604.98 −17.90 −1.12 

Cedrus 0.358 0.019 1235.22 40.01 3.24 

Corylus 0.281 0.005 1085.84 8.50 0.78 

Cupressaceae 1.377 0.015 6833.75 167.85 2.46 

F. excelsior −0.513 0.017 286.12 8.11 2.83 

F. ornus 0.192 0.007 934.22 10.30 1.10 

Fagus −1.373 −0.006 67.59 −0.73 −1.09 

Ginkgo 0.415 0.003 1358.45 7.50 0.55 

Juglans −0.706 0.005 206.90 1.57 0.76 

Morus −1.099 0.027 106.94 4.87 4.56 

Olea −1.207 0.022 89.32 3.36 3.76 

Ostrya 1.521 0.006 8700.86 83.96 0.96 
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Picea −0.551 0.020 268.32 8.86 3.30 

Pinus 1.071 0.009 4091.94 61.47 1.50 

Plantago −0.332 0.004 388.02 2.49 0.64 

Platanus 0.289 0.012 1099.39 21.98 2.00 

Poaceae 0.886 −0.004 2999.90 −22.62 −0.75 

Polygonaceae −0.838 0.004 165.75 1.00 0.61 

Populus 0.364 0.001 1248.52 2.77 0.22 

Quercus 0.604 0.008 1866.71 23.73 1.27 

Salix −0.313 −0.014 400.38 −9.60 −2.40 

Ulmaceae 0.237 0.014 1008.69 24.55 2.43 

Urticaceae 1.728 −0.005 12,325.89 −97.81 −0.79 

Appendix A.3. Results of the Model Selection Procedure—Ecological Categories 

We then used the model with the best-supported random and correlation structure 

to investigate the presence of trends across ecological categories (distribution area and 

growth forms). 

Table A4 presents the results of the model selection procedure used to evaluate the 

significance of adding the fixed effects growth form to the model described in Equation 

(A3). For clarity, we do not report the random structure, as it remains unchanged from 

this point of the analysis onward. 

Table A4. Results of the model selection procedure for the fixed effects of the growth form model. 

Model Formula Mod df AIC BIC logLik Test L.Rat p-Value 

lme(Log10(APInYrav)~β(Yr − Yrav)) 3 7 1046.59 1079.92 −516.30  NA NA 

lme(Log10(APInYrav)~β(Yr − Yrav) + 

growth form) 
4 8 1046.06 1084.15 −515.03 3 vs. 4 2.53 0.11 

lme(Log10(APInYrav)~β(Yr − Yrav): 

growth form) 
5 8 1043.11 1081.20 −513.56 3 vs. 5 5.48 0.02 

lme(Log10(APInYrav)~β(Yr − Yrav) × 

growth form) 
6 9 1043.36 1086.21 −512.68 5 vs. 6 1.75 0.19 

In this model selection procedure, we first tested whether adding a fixed effect to the 

intercept (model 4) by including the additive term growth form improved model perfor-

mance. This increase in model complexity was not supported by a better fit to the data 

(AIC = 1046.06; BIC = 1084.15; logLik = −515.03; p-value = 0.11). We therefore discarded 

the additive term and proceeded with a model using a slope-only parametrization for 

growth form (model 5). This increase in model complexity was supported by a better fit 

to the data (AIC = 1043.11; BIC = 1081.20; logLik = −513.56; p-value = 0.02), so we retained 

this parameter in the model. Finally, we tested whether including an interaction between 

the intercept and the slope (model 6) would further improve model’s performance. How-

ever, this additional increase in model complexity was not supported by a better fit to the 

data (AIC = 1043.36; BIC = 1086.21; logLik = −512.68; p-value = 0.19). 

The absence of violations of model assumptions and temporal autocorrelation was 

visually validated (Figure A2), and the best-fitting growth form model (model 5) was sub-

sequently refitted using restricted maximum likelihood (REML). 
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Figure A2. Visual check of model assumption violations for the best-fitting growth-form model. 

Table A5 reports the parameter estimates for the fixed effect of the best-fitting 

growth-form model. 

Table A5. Parameter estimates for the best fitting growth-form model. 

Model Parameter Value Std. Error DF t-Value p-Value 

Log10(APInYrav) −0.019 0.164 831 −0.115 0.908 

Log10(β(Yr − Yrav)): arboreal 0.008 0.003 831 2.758 0.006 

Log10(β(Yr − Yrav)): non-

arboreal 
−0.005 0.004 831 −1.054 0.292 

Fixed effects: The fixed effects indicate a significant positive influence of the time var-

iable on the standardised log(APIn) values for the arboreal growth form only. There is no 

evidence for temporal changes in log(APIn) within the non-arboreal growth form. The 

intercept is likewise not significantly different from zero. 

Table A6 presents the results of the model selection procedure used to evaluate the sig-

nificance of adding the distribution area fixed effects to the model described in Equation (A3). 

Table A6. Results of the model selection procedure for the fixed effects of the distribution area 

model. 

Model Formula Mod df AIC BIC logLik Test L.Rat p Val 

lme(Log10(APInYrav)~β(Yr − Yrav)) 3 7 1046.59 1079.92 −516.30  NA NA 

lme(Log10(APInYrav)~β(Yr − Yrav) + dis-

tribution area) 
7 8 1044.71 1082.80 −514.35 3 vs. 7 3.88 0.05 

lme(Log10(APInYrav)~β(Yr − Yrav): dis-

tribution area) 
8 8 1042.80 1080.90 −513.40 3 vs. 8 5.79 0.02 

lme(Log10(APInYrav)~β(Yr − Yrav) × dis-

tribution area) 
9 9 1040.95 1083.80 −511.47 8 vs. 9 3.86 0.05 

In this model selection procedure, we first tested whether adding a fixed effect to the 

intercept (model 7) by including the additive term distribution area improved the model’s 

performance. This increase in model complexity was supported by a better fit to the data 

(AIC = 1044.71; BIC = 1082.80; logLik = −514.35; p-value = 0.05). We then proceeded to a 

model using a slope-only parametrization for the distribution area (model 8). This further 

increase in model complexity was also supported by an improved fit to the data (AIC = 

1042.80; BIC = 1080.90; logLik = −513.40; p-value = 0.02). We therefore retained both pa-

rameters in the final model. Then we finally tested whether including an interaction 
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between intercept and slope (model 9) would further improve the model’s performance. 

This additional increase in model complexity was supported by a better fit to the data 

(AIC = 1040.95; BIC = 1083.80; logLik = −511.47; p-value = 0.05). 

The absence of violations of model assumptions and temporal autocorrelation was 

visually validated, and the best-fitting distribution area model (model 9, Figure A3) was 

subsequently refitted using restricted maximum likelihood (REML). 

 

Figure A3. Visual check of the model assumption violations for the best-fitting distribution area 

model. 

Table A7 reports the parameter estimates for the fixed-effect of the best-fitting distri-

bution area model. 

Table A7. Parameter estimates for the best fitting distribution area model. 

Model Parameter Value Std. Error DF t-Value p-Value 

Log10(APInYrav) + native 0.210 0.164 831 1.072 0.284 

Log10(APInYrav) + non-native −0.645 0.329 29 −1.960 0.059 

Log10(β(Yr − Yrav)): native 0.000 0.003 831 0.007 0.994 

Log10(β(Yr − Yrav)): non-

native 
0.013 0.005 831 2.430 0.015 

Fixed effects: The fixed effects indicate a significant positive influence of the time var-

iable on standardised log(APIn) values for taxa with a non-native distribution area, 

whereas there is no evidence of temporal changes in log(APIn) for native taxa. The inter-

cept for native taxa is likewise not significantly different from zero, whereas the intercept 

for non-native taxa is significantly lower than that of native taxa. 
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