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Evaluating allergenicity in urban environments is essential for understanding risks to allergy sufferers, improving
urban planning, and strengthening climate resilience. In this study, we applied a modified Urban Green Zone
Allergenicity Index (Iygza) to a pilot area in Augsburg, southern Germany, to assess spatial and temporal dy-
namics of allergenic exposure and identify opportunities for healthier cities.

The index was adapted to local species composition, flowering periods, and sitespecific conditions, integrating
tree inventory data and allometric parameters. To enhance ecological relevance, we additionally incorporated
airborne pollen concentrations, temperature, and air pollution in combination with a climate impact adjustment
model. Temporal dynamics were examined on seasonal, monthly, and daily scales. To explore spatial variability,
the area was divided into equal sub-areas, each with Iygza calculated using GIS, followed by the spatial inter-
polation method Inverse Distance Weighing (IDW) to generate continuous allergenicity heatmaps.

A total of 1427 trees representing 66 species were analyzed, with approximately 35 % classified as allergenic,
mainly from Betula and Corylus. The overall allergenic potential was relatively high (0.36). A sensitivity analysis
revealed crown projection area as the strongest influence on allergenic potential, underscoring the role of
morphological traits in allergen exposure. Allergenic peaks were observed in spring, coinciding with the flow-
ering periods of dominant allergenic species, and temperature is the most relevant adjustment factor.

The results highlight the importance of both spatial distribution and phenological timing in influencing
allergenic potential. By integrating ecological, climatic, and morphological factors, this approach provides a
flexible and transferable framework for improving allergenicity assessments at neighborhood and city scales,
supporting public health strategies and climate-resilient urban planning.

1. Introduction

Cities and urban areas are rapidly expanding in population and
physical footprint, with 55 % of the world’s 8 billion people already
living in cities and projections indicating 70 % of 9.4 billion by 2050
(United Nations, 2024; UN-Habitat, 2024). This intensifies environ-
mental and health challenges such as air pollution, urban heat, noise,
water contamination, allergen exposure and mental health stressors,
which are further exacerbated by climate change and threaten urban
sustainability and public well-being (Puga-Bonilla et al., 2025; Niu et al.,
2025; Fan et al., 2025). Numerous studies have developed models, tools,
and predictive frameworks to mitigate these risks and guide the
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transition toward more resilient, health-supportive cities, while ac-
counting for differing socioeconomic and environmental contexts (Kim
et al., 2025; Jia et al., 2025).

Consequently, urban green spaces are becoming increasingly
important for sustainability and livability (Bassen et al., 2023) due to
their role in ecosystem services such as mitigating air pollution (Beckett
et al., 1998; Yang et al., 2015; Islam et al., 2024; Nowak et al., 2018),
reducing urban heat (Pattnaik et al., 2024; Maimaitiyiming et al., 2014),
supporting biodiversity (Ives et al., 2016), and managing stormwater
quality and quantity (WBGU, 2024; Coutts & Hahn, 2015; Helmreich
et al., 2025). In addition, green spaces, encompassing urban, peri-urban
and rural areas, as well as private gardens, have been demonstrated to
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promote healthy lifestyles and provide mental and physical health
benefits (Organization & for Europe, 2016; Legg & Kabisch, 2024; Stas
et al.,, 2021; Aerts et al., 2020), contributing positively to human
well-being (Ekkel & de Vries, 2017; Bassen et al., 2023; WBGU, 2024;
Ugle et al., 2010; Aerts et al., 2020).

However, the release of airborne pollen as part of plant reproduction
may result in deteriorated air quality and negatively impact human
health (Escobedo et al., 2023; Liu et al., 2023). Pollen exposure has been
linked with a range of allergic conditions, including allergic rhinitis,
bronchial asthma, conjunctivitis, reduced lung function, atopic derma-
titis exacerbation (Simunovic et al., 2023; Traidl-Hoffmann et al., 2024;
Parmes et al., 2020) and overall decreased quality of life, particularly
among sensitized individuals, leading to a high global prevalence of
allergic disease and a substantial socioeconomic burden (Bassen et al.,
2023; Ring, 2012). Epidemiological studies have identified associations
between pollen exposure and increased hospital admissions due to res-
piratory distress, particularly among vulnerable individuals (Simunovic
et al., 2023; Annesi-Maesano et al., 2023), or in synergies with viral
infections (Damialis et al., 2021; Gilles et al., 2020). Allergic individuals
report greater distress than those without, which can be exacerbated by
allergenic trees (Aerts et al., 2020; Stas et al., 2021). In addition, climate
change-induced temperature rises and shifts in weather patterns are
altering pollen dynamics, affecting pollen season’s timing, duration, and
intensity (Zhang & Steiner, 2022; Rojo et al., 2021; Chmielewski &
Rotzer, 2001; Ranpal et al., 2024; Schramm et al., 2021), increasing
pollen potency (Oh, 2022), and enabling the spread of allergenic plant
species into new areas (Damialis et al., 2019; Anderegg et al., 2021; Xian
et al., 2023). These changes reshape ecological and public health land-
scapes, highlighting the urgent need for fine-scale, spatiotemporal pol-
len assessments.

Effective pollen monitoring and source mapping are becoming
increasingly important for public health, particularly in urban envi-
ronments where tree selection is based on site suitability, ecosystem
services (Otero-Duran & Torres, 2024; Buang et al., 2024), maintenance
costs (Hasan et al., 2017; Buang et al., 2024), and aesthetic appeal
(Schroeder, 2011; Gatrell & Jensen, 2002), often without adequate
consideration of their allergenic potential. This can lead to the formation
of pollen hotspots especially where allergenic, wind-pollinated species
such as Betula sp., Alnus sp., Corylus sp., and Fraxinus sp. dominate
streetscapes and parks (Jochner-Oette et al., 2018; Sjoman et al., 2012).
These species produce abundant airborne pollen that can also travel long
distances, and potentially trigger allergic reactions in sensitized in-
dividuals (Bayr et al., 2023; Ghasemifard et al., 2020), posing a sub-
stantial public health concern (Beutner et al., 2021; Eder et al., 2018). As
aresult, urban areas with high allergenic potential may influence mental
health, behavior, and the perception of green spaces (Legg & Kabisch,
2024).

Furthermore, the interaction between urban air pollutants, such as
particulate matter (PM), carbon dioxide (COs), and nitrogen dioxide
(NOy), with pollen allergens can modify their structure and increase
pollen potency, enhancing their allergenic properties (Rauer et al.,
2021) and triggering more severe immune responses (Beck et al., 2013;
Motta et al., 2006). The removal of trees with a high allergenic effect is
not a sustainable preventive measure as it neglects the potential risks
from other species that may become problematic under changing cli-
matic and pollution conditions (Aerts et al., 2021). Accordingly, sys-
tematic evaluation of urban vegetation is needed to assess and mitigate
the potential impact of the urban allergenic plants on air quality and
public health.

In recent years alternative approaches have emerged, including
remote sensing techniques to forecast pollination dates, for example,
using EVI for Poaceae (Devadas et al., 2018) or NDVI for Quercus species
(Gonzalez-Naharro et al., 2019). Additionally, indices such as AIROT
(Pecero-Casimiro et al., 2019) assess aerobiological risk at a finer scale.
Among these, the Urban Green Allergenicity Index (Iygza) offers a
comprehensive framework that integrates biological, phenological, and
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ecological traits, theoretically offering a standardized way to quantify
allergenic potential across diverse urban green areas. However, to fully
understand and predict allergenic exposure, it is also necessary to not
only evaluate existing indices designed to calculate the allergenic po-
tential of urban trees, such as those proposed by Carinanos et al.
(Carinanos et al., 2014) and Pecero-Casimiro et al. (Pecero-Casimiro
et al., 2019), but also to account for local atmospheric dynamics,
pollution levels, and broader climatic and meteorological factors,
including temperature, precipitation and wind patterns (Carinanos
et al., 2014), which affect the dispersion and concentration of aero-
biological particles.

The Iygza is a widely used tool that provides a single aggregated
value per park, enabling direct comparisons between different urban
green spaces (Carinanos et al., 2014; Carinanos et al., 2017; Carinanos
et al.,, 2019). It estimates allergenic potential based on the biological
character-istics of plant species and their role as sources of pollen
emission in urban green areas, and it is applicable to parks, gardens,
woodlands, green corridors, and street trees (Carinanos et al., 2014;
Carinanos et al., 2017). Initially developed for Mediterranean climates,
the index considers factors such as potential allergenicity, species
composition, and flowering periods, and its applicability in diverse cli-
matic regions is increasingly recognized (Fernandez-Alvarado &
Fernandez-Rodriguez, 2023; Velasco-Jiménez et al., 2020; Joc-
hner-Oette et al., 2018). It was recently applied in a geostatistical
analysis in Valencia, Spain Calatayud and Carinanos (2024), considering
the diverse flora, including subtropical and tropical species. However,
indices created for the Mediterranean climate may be less accurate in
temperate areas due to differences in climate, biodiversity, phenological
cycles, and the sensitization rates from the local population. These fac-
tors highlight the need for adapting or developing new indices that are
adjusted to the characteristics of temperate urban regions
(Jochner-Oette et al., 2018). One example of such an adaptation is the
index for the individual-specific allergenic potential (I;sa), which is
based on the Iygza and considers individual tree data instead of
species-specific maximum heights (Jochner-Oette et al., 2018). While
existing indices including the Iygza and Ijsp provide valuable insights,
they are typically static and do not reflect the temporal variability of
allergen exposure throughout the year. Allergenicity is not a constant
factor but fluctuates with seasonal changes, plant phenology, and
meteorological conditions. Therefore, a dynamic approach that in-
tegrates climatic parameters and seasonal variability is essential for a
more accurate and responsive assessment of allergenic risk in urban
environments.

Integrating these insights into urban planning can help reduce
allergenic exposure and promote healthier environments, particularly
for sensitive populations. To address this gap, we present an extended
and enhanced version of the widely used Iygza index that incorporates
both spatial and temporal variability, as well as dynamic climatic factors
such as temperature, precipitation, and atmospheric CO5 enrichment.
While previous studies have introduced spatial or temporal components
separately, our approach offers a novel integration of high-resolution
species-level tree inventory, daily pollen monitoring, and climate
sensitivity modeling into a unified system. Unlike traditional static
indices, this method enables daily allergenicity mapping based on
meteorological conditions and pollen monitoring data, offering a more
responsive and realistic representation of allergenic risk in urban envi-
ronments. To explore this, a case study was conducted in Westfriedhof
Park, located in Augsburg, Germany. It features diverse vegetation and a
temperate climate, making it a representative site for evaluating aller-
genic dynamics in such environments. Our aim was to analyse and refine
the Iygza framework by identifying the most relevant variables and
climate-related factors that influence allergenic potential. Beyond
methodological innovation, our dynamic allergenicity framework has
clear applications for urban policy and public health: the resulting high-
resolution spatiotemporal maps and adjusted index will highlight
allergenic hotspots, supporting informed tree species selection and
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adaptive planning for healthier allergy-resilient cities. Together, these
applications help cities better respond to the growing burden of pollen-
related diseases under changing environmental conditions.

2. Material and methods

To assess the spatiotemporal allergenic potential of urban green
spaces, we developed a multi-step methodological framework inte-
grating aerobiological modeling, species traits, spatial mapping, and
climatic data implementation. The methodology is structured as follows:
First, we introduce the study area and describe the application of the
Iygza index with region-specific adjustments. Next, we outline the
spatial implementation, including grid-based mapping and interpolation
of allergenicity across Westfriedhof Park and surrounding neighbor-
hoods. We then evaluate the spatial results using a global sensitivity
analysis (Sobol method) to identify the most influential input parame-
ters in the index formulation. Finally, we present the temporal extension
of the Iygza, incorporating phenological, meteorological, and climate-
driven variability to dynamically adjust allergenicity across time.

2.1. Study area

The study area was located in the city of Augsburg, in the southeast
of Germany. Within Augsburg, the Westfriedhof Park (48°22'05.1'N
10°51'36.8"E) served as the specific study site (Fig. 1). Covering 19 ha,
this urban park is surrounded by residential areas and features a diverse
tree population, with 59 tree species identified at species level and 17 at
genus level (Geodatenamt et al., n.d.).

Augsburg is located at an altitude of 480 m above sea level, at the
transition between a dry continental climate and a humid Atlantic
climate (Jager & Werner, 2011). Its proximity to the Alps, which act as
the Central European weather divide, results in relatively variable
weather conditions (Gobiet & Kotlarski, 2020). For the city of Augsburg,
the long-term average (1991-2020) annual precipitation sums up to 750
mm, and the average annual temperature is 9 °C, with July being the
warmest month at an average temperature of 18.3 °C (DWD - Deutscher
Wetterdienst, 2024). Westfriedhof Park is situated within an air
corridor, where dominant southwest winds during the daytime transport
air from the park into nearby residential areas, potentially influencing
local air quality (GEO-NET Umweltconsulting GmbH., 2023). The rela-
tive frequencies of the genera in the park were compared with those in
the city-wide municipal tree register. A Person correlation analysis
revealed a strong positive relationship (r = 0.71, p < 0.001), suggesting
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that the park’s composition closely mirrors the general tree distribution
across the city. This supports the use of Westfriedhof as a suitable case
study for city-level allergenicity assessment.

2.2. Implementation of the aerobiological index Iygza

The original studies and most applications of the Urban Green Zone
Allergenicity Index (Iygza) developed by Carinanos et al. (Carinanos
et al., 2014; Carinanos et al., 2017; Carinanos et al., 2019) have focused
on cities with Mediterranean climates, where the index was first
developed and tested. However, the underlying methodology could be
adapted to other climatic regions by adjusting species composition and
local pollen calendars.

To estimate the potential allergenicity in the study area West-
friedhof, we used the Iygza formula (Eq. (1)), with minor modifications,
as a model. Although Hp,, is not explicitly displayed in Carinanos et al.
(2014), Carinanos et al. (2019) and (Carinanos et al., 2017), recalcula-
tions suggest that it is implicitly considered during the normalization
step. In this study, Hpax was incorporated accordingly in Eq. (1) to
ensure clarity and completeness.

1 k
maxVPA x H, X St Z(VPAiX St x Hy) M

i=1

I UGZA =

Where St signifies the total surface area of the park in square meters,
Hpax corresponds to maximum potential canopy height under local cli-
matic conditions, k represents the number of species, S; indicates the
surface area covered by the species i in square meters, H; represents
maximum height in meters that a tree can reach at maturity of the
species i in meters, and VPA (Value of Potential Allergenicity) is a metric
that quantifies the potential allergenicity of a given species. This value is
derived from the multiplication of three distinct parameters, used to
compute an allergenicity score per spatial unit:

e ap: intrinsic allergenic potential of the pollen for each tree taxon
present in the study area, ranging from O to 4, and reflecting the
known allergenicity of locally relevant species (i.e., the allergenic
potential of species i).

e dpp: duration of pollination period that spans from 1 to 3, indicating
the main pollination period of the species

o i in weeks.

e ps: pollination strategy of the species i that varies from 0 to 3,
describing the mechanism of pollen dispersion.

b) City of Augsburg

—
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Fig. 1. Study area: Westfriedhof park, Augsburg. Maps show (a) Augsburg (red) in Germany (light grey) within Europe; (b) Westfriedhof (red) within the city
boundary of Augsburg (black); (c) the pollen monitor (blue triangle) and Westfriedhof park (red) shown over a satellite basemap of the surrounding neighborhood.
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In order to adapt the Iygza to temperate regions, adjustments were
made to the biogeographical variables. Key modifications included
refining the duration of pollination period (dpp), which is strongly
influenced by the regional climate, and reassessing the allergenic ca-
pacity (ap) of specific species, since allergenicity might vary signifi-
cantly by location (Magyar et al., 2022). More details about the
parameters, including minor adjustments to better reflect local condi-
tions, can be found in Section 2.3.

2.3. Description and modifications of allergenicity input variables,
preprocessing and data collection

The official tree cadastre of Augsburg (Geodatenamt et al., n.d.)
contains the geographical location and key characteristics of public
urban trees across the city. The dataset includes detailed information on
tree distribution, such as species identification (at both genus and spe-
cies levels), location, Diameter at Breast Height (DBH), and total tree
height. In the municipal tree register only public areas are partly map-
ped, while private gardens are not included. More on the composition
and distribution of trees are provided in Section 3.1. The data from the
tree cadastre were essential in the implementation of the Iygza meth-
odology and the estimation of the crown projection area (section 2.3.d).

A comprehensive assessment of allergenic potential requires the
integration of multiple data sets that account for species-specific char-
acteristics, regional conditions, and methodological consistency. To
ensure a locally relevant analysis, additional sources were incorporated
and combined to derive the necessary parameters for a more accurate
evaluation. In this context, the following items describe the variables,
the considerations underlying their inclusion, and any modifications
applied to them to better reflect conditions in temperate regions. Table 1
provides a summary of the sources consulted for determining the
parameter values.

(a) Allergenicity potential - ap

Multiple databases describe the allergenicity of trees and plants, but
they differ in purpose, scope, and location, as noted by Magyar et al.

Table 1

Parameter value scales and sources for Iygza calculation. Value scales
assigned to parameters used in the Iygza (Urban Green Zone Allergenicity Index)
calculation, considering a variety of plant characteristics and partially adjusted
for our study. Relevant literature sources for each parameter are also provided.

Intrinsic Values Sources

parameters

Intrinsic allergenic
capacity of the
pollen grain (ap)

0 = non-allergenic
1 = low allergenicity
2 = moderate allergenicity

(Ogren, 2000; Vicentic et al.,
2017; Nowak & Ogren, 2021;
Traidl-Hoffmann & Trippel,

3 = high allergenicity 2021)
4 = main allergenic species
in area
Duration of 1 = 1-4 weeks (Jochner-Oette et al., 2018;

pollination 2 = 5-8 weeks Kolek et al., 2021; Ewald,

period (dpp)
Pollination strategy

®s)

Maximum height
that the tree can
reach at maturity
(Hy)

Surface area
covered by the i-
species (cpa)

3 => 9 weeks

0 = non-allergic (sterile,
cleistogamous or female-
sex only)

1 = Entomophilous

2 = Amphiphilous

3 = Anemophilous

real heights from the trees
achieved through the
Augsburger tree cadastre

calculated based on
species-specific allometric
equations by height (m)
and Diameter at breast
height (cm)

2023; Gurk & Hepp, 2024)
(Jager & Werner, 2011;
Jochner-Oette et al., 2018;
Kolek et al., 2021; Ewald,
2023; Gurk & Hepp, 2024)

(More & White, 2005;
Geodatenamt et al., n.d.)

(Pretzsch et al., 2015;
Geodatenamt et al., n.d.)
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(Magyar et al., 2022). For this study, the classification of the allergy
potential from Bergmann et al. (Bergmann et al., 2012) served as the
primary source, as it is specific to Germany and designed for policy-
makers, researchers, and urban greening initiatives (Bergmann et al.,
2012). To complement this, the CARE-S value for allergenicity from
Magyar et al. (Magyar et al., 2022) was included into the analysis. This
globally applicable index provides a standardized measure across re-
gions, although it does not consider local factors such as flowering
duration, population size, or pollen concentration. Its comparability
make it a useful tool for policymakers and legislative frameworks aimed
at regulating allergenic tree planting in cities. Furthermore, allergenicity
values from the Ogren Plant Allergy Scale (OPALS) (Ogren, 2000) were
considered, as they have been previously used by Jochner-Oette et al.
(Jochner-Oette et al., 2018) in Germany in connection with the Iygza.
While OPALS offers a widely recognized framework for assessing plant
allergenicity, it is primarily based on U.S. data and may not fully align
with German conditions due to differences in species composition,
climate, and regional pollen exposure patterns. Adaptations may be
necessary for its effective application in a European city (Ogren, 2000).
Consequently, OPALS was only used for species lacking other references.
Regarding missing species not mentioned in Magyar et al. (2022),
Bergmann et al. (2012), Ogren (2000) the median of the ap from the
given genus was calculated (Table S1).

(a) Duration of pollination period - dpp

The pollination period for the studied tree species was determined
using airborne pollen continuously monitored by an automated pollen
monitor (BAA500, Hund GmbH) located at the Institute of Environ-
mental Medicine and Integrative Health in Augsburg (48°23'02.6'N
10°50'36.3"E), providing data every three hours, during the period
2016-2023. These observations were complemented by results from
Kolek et al. (Kolek et al., 2021) and the database (Gurk & Hepp, 2024),
ensuring a comprehensive and locally relevant assessment of pollen
release patterns.

The duration of pollination period at genus level was calculated
using the main pollen season definition by Andersen (1991). This
method incorporates 95 % of the seasonal total pollen concentration,
starting on the day on which 2.5 % of the annual pollen integral was
documented and ending on the day on which 97.5 % of the annual
pollen integral was recorded. We used Rstudio (RStudio Team, 2020), R
(R Core Team, 2021) version 4.3.3. and the specific AeRobiology R
package (Rojo et al., 2019) for the calculation. Since the study is con-
ducted in a different biogeographical region than the original IUGZA,
the categories for dpp were adjusted to temperate regions following
(Jochner-Oette et al., 2018). For missing species, additional sources
from Germany and Central Europe were consulted (Table 1).

(a) Pollination strategy - ps

The tree pollination strategy values were derived from literature
focusing on the intrinsic biological and reproductive characteristics of
tree species (Table 1). Given the assumption that species-level features
remain consistent across geographical regions, sources from global
literature were considered. However, for certain species where specific
pollination data were unavailable, values at the genus level were used as
a proxy (Table S1). Although previous publications (e.g., (Carinanos
et al., 2014; Carinanos et al., 2016; Carinanos et al., 2017)) label the
variable as pollen emission (pe) or type of pollination (tp), they consistently
describe it as representing the species pollination strategy, without
incorporating actual quantitative pollen measurements (e.g., pollen
grains/m3). For example, Carinanos et al. (Carinanos et al., 2017) state:
Pollen emission (pe) refers to the species pollination strategy. This con-
firms that the scale reflects qualitative differences between species
rather than measured emission rates. The terminology pollination strat-
egy was explicitly used in later work (Carinanos et al., 2019), and we
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adopt it here to avoid confusion and more accurately describe the var-
iables conceptual basis.

(a) Crown projection area and tree height — cpa, Hpq & H;

Regarding tree surface area (Si), the original IUGZA (Eq. (1)) in-
corporates species-specific maximum values for height and crown width
using literature-based information on the standard size attained by
species during reproductive maturity. While tree height is typically
provided in the tree cadastre, crown width data is often unavailable.
However, this approach does not capture individual variability between
trees.

To ensure consistency but also to provide a more precise and realistic
representation while using the original Iygza from Carinanos et al.
(Carinanos et al., 2017; Carinanos et al., 2019), the real heights from the
trees achieved through the Augsburger tree cadastre (Geodatenamt
et al., n.d.) were used for Hi. Following (Jochner-Oette et al., 2018),
Hpqx was defined as the maximum observed tree height in the study area
(40 m). This change rescales absolute Iygza values but does not affect the
relative ranking of sites. To achieve a more accurate canopy structure,
we did not use crown width. Instead, the crown projection area (cpa)
was calculated individually for each tree. For this, we applied the
methodology of Pretzsch et al. (Pretzsch et al., 2015), which provides
specific allometric equations for 22 common tree species in urban cen-
ters and parks, incorporating DBH to capture species-specific variations
in crown shape and growth patterns, and avoiding estimated averages.
For species not specified in Pretzsch et al. (2015), the crown type clas-
sification from the same genus is used if available. In the absence of such
information, the species is assigned the medium crown type (Type 2) by
default (Table S1). No crown size was sought for species with an ap of 0,
as the Iygza is O for these species regardless. The parameter DBH was
provided by the tree register of the city of Augsburg (Geodatenamt et al.,
n.d.). An overview of all parameters used in the index, along with the
respective literature sources, is provided in Table 1.

2.4. Data analysis

2.4.1. Shannon index and tree diversity

To assess the diversity of tree species in the study area, we applied
the Shannon Index (H'), a commonly used measure of biodiversity. The
Shannon Index (Eq. (2)) takes into account both the richness (number of
species S) and the evenness (relative abundance) of species within the
urban green space:

S
. n;
H= — iz:l:p,-ln(pi) with p; = N 2)

where S is the total number of species in the community, n; is the number
of individuals of species i, N is the total number of individuals across all
species, and p; is the proportion of individuals of species i. The mapping
approach followed the same procedure as for Iygza, mentioned in Sec-
tion 2.4.2. Higher values of the Shannon Index indicate greater diversity,
which can contribute to ecosystem stability and resilience against
environmental stresses, including those associated with allergenic pol-
len. This information is crucial for understanding the relationship be-
tween species diversity and allergenic potential, as species diversity
influences the overall pollen load and the spread of allergens throughout
the city.

2.4.2. Baseline Iygza assessment

The allergenic potential was assessed using the Iygza formulation
proposed by Carinanos et al. (Carinanos et al., 2014; Carinanos et al.,
2017) previously described with small modifications, as intended: a
static, non-spatial, non-temporally resolved index. This static index in-
tegrates biological and morphological traits of tree species present in the
Westfriedhof study area, including allergenic potential (ap), pollination
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strategy (ps), duration of the pollination period (dpp), crown projection
area (cpa), and tree height H;. The index was calculated for the entire
tree population within the study area and aggregated into a single
annual value representing the static allergenic load of the site. To
compare allergenic traits of dominant species, a radar chart was
generated based on five variables: abundance, crown size, ps, dpp, and
intrinsic ap. Abundance was rescaled using min-max normalization
(0-4), and crown size categorized into predefined canopy types: Type 1
(largest crowns) = 4, Types 2-3 = 2, and Type 4 = 1. Variables were
standardized to ensure equal contribution to the visual comparison.

2.4.3. Mapping environmental risk

To spatially evaluate allergenic risk, the park was divided into 25 m
x 25 m grid cells, enabling a fine-scale as- sessment of allergenic po-
tential across the entire area. This resolution balances spatial granularity
with computational efficiency and is appropriate for capturing localized
allergenic gradients. It is also supported by empirical findings from
Adams-Groom et al. (2017), who demonstrated that most pollen from
isolated trees is deposited within 20-50 m of the source, with deposition
beyond 50 m rapidly declining. This approach aimed to identify aller-
genic hotspots by integrating spatial and statistical analyses, offering a
comprehensive evaluation of the allergenic potential within the park.
The goal was not only to assess the overall allergenic potential but also
to elucidate specific areas of heightened exposure, shedding light on the
underlying factors influencing the allergenic risk.

The creation of the grid and the subsequent calculation of the Iygza
within these sub-regions was developed using ArcGIS Pro (Redlands,
2011) (version 3.2.2). Firstly, to construct the input database, all rele-
vant parameters for calculating the index were integrated from multiple
sources, as detailed in Section 2.3: species-specific ap and ps were ob-
tained from the literature; long-term dpp were sourced from pollen
monitoring in Augsburg; and tree-specific parameters, including tree
height (H;) and DBH were extracted from the official tree cadastre of
Augsburg. cpa was derived via species-specific allometric equations
using the tree cadastre data (Table 1). The specific parameter values
used for the calculation are provided in Table S1. Within each grid cell,
the Iygza values are calculated to identify spatial variation. Given that
not all trees flower throughout the year, the temporal component was
also considered in order to determine when high allergenicity is most
likely during different seasons. Additional maps were created according
to the predominant seasons in temperate regions: Spring (March - May),
Summer (June - August), Autumn (September- November), and Winter
(December - February).

After calculating the Iygza values, the Interpolation method Inverse
Distance Weighting (IDW) was used to estimate the values at unsampled
locations between the grid points. Several interpolation methods were
considered, but ap- proaches such as kriging, spline, kernel density
estimation, and trend surface analysis were unsuitable for city-level
applications, given the unevenly distributed data and the artificial
structure of urban tree plantings. For consistency across scales, IDW was
applied to both neighborhood- and park-level analyses, producing heat
maps that effectively highlight areas of high allergenic potential,
thereby providing a clear visual representation of risk zones.

2.4.4. Identifying key drivers of index variability

Variance-based sensitivity analysis (also known as Sobol sensitivity
analysis) was applied to the computational model underlying the Iygza
to identify the most influential factors driving allergenic potential in
urban green spaces, including crown projection area, species-specific
allergenicity scores, tree density, and flowering period overlap (see
Section 2.3). Unlike the spatial interpolation used to visualize allerge-
nicity patterns via IDW, the sensitivity analysis was performed inde-
pendently of spatial data, focusing solely on quantifying the influence of
individual input factors on the model output. This methodological
distinction reflects a dual purpose: spatial interpolation supports visu-
alization and hotspot detection, while sensitivity analysis informs model
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robustness of Iygza results under parameter uncertainty. The Sobol
method, implemented in R (R Core Team, 2021) (Version 4.3.3) with the
sensitivity (Pujol et al., 2015) and randtoolbox (Dutang et al., 2024)
packages, is a global variance decomposition technique for assessing the
contribution of individual input parameters on the model output vari-
ability. The analysis produced first-order indices (direct effects) and
total-order indices (including interactions), providing insight into which
factors most strongly affect the Iygza output regardless of location. The
analysis considers both first-order indices, which measure the direct
effect of individual parameters, and total-order indices, which account
for interactions with other parameters. This analysis allows the identi-
fication of the most critical model parameters for optimising the index.

2.4.5. Incorporating temporal dynamics in the urban allergenicity index

To improve the accuracy and temporal relevance of the Iygza, we
propose a set of modifications that transform it into a dynamic, time-
sensitive index. Specifically, we introduce three complementary ap-
proaches: (1) a seasonal weighting factor, (2) pollination intensity
derived from daily pollen concentration data in the city, and (3) a
climate impact adjustment using daily temperature, precipitation and
CO;, values. The selection of one approach over another will depend on
the desired level of temporal detail and data availability.

All temporal allergenicity calculations in this study are based on
daily airborne pollen concentration data recorded by the BAA500
automatic pollen monitor (Hund GmbH) located within 2 km of the
study area. Daily concentration values (in pollen grains/m®) were
extracted for the 16 pollen taxa recorded between 2018 and 2023. These
taxa include both arboreal and herbaceous species, representing the
dominant contributors to Augsburg urban allergenicity (Kolek et al.,
2021). The Figure S1 in Supplementary Material shows the daily pollen
concentrations and relative abundance for the 16 taxa. While the park’s
full tree inventory comprised 59 species, only 16 dominant and aller-
genic taxa were used in the temporal pollen modeling due to their
availability and suitability for phenological curve fitting. Species with
limited pollen dispersal may be underrepresented in atmospheric mea-
surements, but the spatial Iygza index fully accounts for their allergenic
potential through species-specific allergenicity scores and local
abundance.

(a) Seasonal Weighting Factor (Wt). To better represent pollen
allergenicity risk throughout the year, a seasonal weighting factor (Eq.
(3)) can be introduced to modulate the static Iygza base (Eq. (1)):

P

IUGZA; = IUGZApgse X W, With W, = ————
max(Py,)

3)

where: IUGZA, represents the time-resolved allergenicity index at time
period t, and W; is a normalized weighting factor (ranging from O to 1)
based on the observed total airborne pollen concentration across all taxa
for that period recorded by the volumetric sampler. W; is calculated at
the monthly resolution by dividing the average total pollen concentra-
tion for each month P, by the maximum monthly average observed
during the pollen season. Rather than assuming a constant allergenicity
risk throughout the year (IUGZApse), this factor allows the index to
reflect seasonal dynamics based on actual pollen measurements. While
monthly resolution was used in this study, based on daily pollen data
aggregated to monthly averages, the same approach can be adapted to
other temporal resolutions, including seasonal or weekly, depending on
data availability and the desired level of detail. It provides a simple yet
effective method to incorporate temporal variability into the Iygza
without the need for complex flowering phenology models.

(b) Pollination Intensity Parameter (PI). To dynamically model
the daily variation in pollen allergenicity, we developed a species-
specific Pollination Intensity parameter (PI) which is based on
Gaussian distributions that have been fitted to the phenological data
derived from the local pollen calendar. The pollen concentration dataset
includes daily pollen concentrations (pollen grains/m?) for the six full
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flowering seasons (from 2018 to 2023). For each of the dominant taxa in
the area (>0.5 % relative abundance and accounted for >90 % of the
total (Kolek et al., 2021)), we extracted flowering phenology from the
AeRobiology package (Rojo et al., 2019) using the 95 % pollen season
definition ( (Andersen, 1991; Nilsson & Persson, 1981)). This generated
two key metrics:

e u the day of peak pollen release
¢ ¢ the temporal length of the flowering season

Assuming a symmetric bell-shaped distribution of pollen concen-
tration around the peak flowering day, we modeled daily pollination
intensity using the Gaussian function (Eq. (4)), as in previous studies
(Kasprzyk, 2011; Li et al., 2022). To ensure consistency across years, all
temporal analyses were standardized to a 365-day calendar:

_ 2
PL,, = A, x exp (%) (4)

where: PI, t denotes the pollination intensity of species s on day t
(ranging from 1 to 365); A; is the peak intensity (normalized to 1),
indicating the maximum pollination intensity during the flowering
season per species s; us and og are species-specific parameters derived
from phenological averages, corresponding to the mean and the stan-
dard deviation of the distribution, respectively (Table S2). To adjust for
differences in species abundance, the intensity curve of each species was
weighted according to its contribution to the local allergenic load,
relative abundance (in [%]). These weighted daily curves were then
aggregated across all species to calculate the total daily pollination in-
tensity (Eq. (5)):

S
P = ) " w, x PI, (5)
s=1

where w; is the abundance-based weight for species s.

The aggregated PI values were then normalized to a 0-1 scale to
represent the relative allergenic burden over the year. This normalized
intensity was then used to scale a baseline Iygza value (IUGZApase),
resulting in a temporally dynamic allergenicity index (Eq. (6)) given by:

P Imml
t

IUGZA, = IUGZApqse % ——rY

(6)

where IUGZA, reflects the daily allergenic potential, adjusted by the
species-specific pollination intensity. This approach captures short-term
fluctuations in pollen release across the flowering period, rather than
assuming a constant emission rate. While Gaussian functions were used
to model pollination dynamics in this study, the method is flexible and
can incorporate alternative curve shapes (e.g., sigmoid or skewed dis-
tributions) when justified by phenological data. Importantly, this and
the previous formulation can also be extended beyond tree species to
include non-arboreal pollen sources, such as grasses and herbaceous
plants, allowing for a more complete assessment of allergenic exposure
in urban green spaces. By reflecting intra-annual variation, the model
supports daily-scale allergenicity assessments and improves temporal
resolution in risk estimation. While both the Pollination Intensity (PI)
and the Seasonal Weighting Factor (Wt) rely on pollen-related data,
including con- tributions from non-tree species such as grasses and
herbs, they serve distinct functions. PI is a species-specific, model-based
estimate derived from phenological curves (e.g., Gaussian distribution),
while Wt is an empirical scaling factor based on observed total pollen
concentrations, capturing real-time variability. All computations were
carried out in R (version 4.3), using the AeRobiology (Rojo et al., 2019)
and dplyr packages.

(c) Climate Impact Adjustment (CIA). To account for meteoro-
logical variability and long-term CO, enrichment in airborne pollen
emissions, we developed a Climatic Impact Adjustment (CIA) factor
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applied to the Iygza temporal index (Section 2.4.5.b). Since climate
change is expected to significantly alter flowering timing, pollen pro-
duction and allergenicity (Zhang & Steiner, 2022), incorporating this
factor improves the biological realism and temporal respon- siveness of
allergenicity assessments. The CIA factor captures short-term meteoro-
logical influences (temperature and precipitation), long-term CO,
trends, and seasonal phenological patterns, computed as (Eq. (7)):

CIA,= [1 + axT, +pxP]] x COG™" %)

where T, is the standardized average temperature over the current and

previous day, P; is standardized daily precipitation, and cog““"’ repre-
sents the long-term influence of elevated CO2 on pollen allergenicity.
The model- derived meteorological sensitivity coefficients, a and f, for
temperature and precipitation on pollen concentration are estimated
using a multiple linear regression model (OLS), with log-transformed
daily pollen concentration as the response variable. This regression
was trained on six years of observational data (2018 - 2023) that
included daily pollen counts, meteorological variables, and atmospheric
CO4 concentrations. The resulting coefficients were then applied to
calculate the daily-adjusted allergenic index for the year 2023 as a
representative example of temporal resolution. Although the CIA was
derived from total daily pollen concentrations (rather than species-
specific values), its application is modulated by the temporally weighted
IUGZA; or PI, which already accounts for phenological timing via
species-level flowering windows. This means the CIA is only impactful
during active pollination periods. Model details, diagnostics, and co-
efficients are provided in Supplementary Methods. The CIA value was
then applied multiplicatively to the daily Iygza index as (Eq. (8)):

IUGZAMd — TUGZA, x CIA, ®

This approach offers a straightforward and adaptable implementa-
tion of the CIA factor, requiring only commonly available meteorolog-
ical variables (temperature and precipitation). However, the model can
be extended to include additional climate drivers (e.g., humidity, wind,
solar radiation) or tailored to specific datasets and regional phenological
patterns to improve accuracy and contextual relevance. In this study, the
historical and recent climate data, including daily CO, concentrations,
precipitation and daily average temperature, were ob- tained from the
Copernicus Climate Data Store (CDS). Specifically, we used atmospheric
CO5, data derived from satellite observations (Service, C.C.C., 2018) and
ERAS5-Land hourly reanalysis data (Hersbach et al., 2023), aggregated to
daily resolution and georeferenced to the pollen monitoring site in
Augsburg to ensure spatial consistency and minimize interpolation er-
rors. Reanalysis data were preferred over local station data due to their
spatial completeness, temporal conti- nuity, and ability to capture
urban-scale climatic conditions, which is particularly important given
the occasional gaps and peripheral location of the nearest meteorolog-
ical station. The integration of temporal resolution into the index,
including the development of the Climate Impact Adjustment (CIA), as
well as the estimation of the meteorological sensitivity coefficients (a
and ), was implemented in Python (version 3.11).

3. Results
3.1. Tree inventory and species diversity

The Augsburg tree inventory has 66.718 trees mapped in public areas
in Augsburg city, covering a wide range of urban environments and with
a high diversity (224 different species, 87 genera) spread across its
146.93 km?. The dataset includes trees from public parks, street align-
ments, and other municipal areas. However, private gardens are not
included, and certain public areas remain only partially mapped,
particularly clusters of trees in peripheral zones or less managed green
spaces. While park and street trees are generally well covered, gaps
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remain in areas with dense groupings or informal plantings. The most
common tree species in Augsburg’s public areas are Acer sp. followed by
Tilia sp. and Fraxinus sp. (Figure S2a). The city has 12 official parks
along with numerous green areas, including cemeteries, playgrounds,
other maintained open spaces and greenery surrounding rivers and
lakes, covering a total green area of 6.12 km?. This results in a high
proportion of green area in the municipality with 20.31 m? per inhabi-
tant (Green Spaces Office of the City of Augsburg, https://www.
augsburg.de/umwelt-soziales/ umwelt/stadtgruen/gruenanlagen-u
nd-freizeitbereiche).

Westfriedhof contains a total of 1.427 trees (42 Genus, 67 species),
with an average tree density of 74.7 trees per hectare. The trees are
evenly distributed across the study area, except for a northeastern sec-
tion characterized by an open space with sparse tree cover. Additionally,
the park features scattered bushes and pathways structures, although
only trees are included in the inventory. For comparison, the broader
city of Augsburg has an average density of 4.5 trees per hectare. This
underscores the higher vegetation concentration in structured green
spaces like Westfriedhof compared to the more heterogeneous urban
matrix. This number is based on the official tree cadaster, which records
only public trees; consequently, the actual density of trees in the city is
likely somewhat higher, although precise data are not available. The
most allergenic tree species in the study area (Betula sp., Corylus sp.,
Fagus sp., Carpinus sp., and Fraxinus sp.) accounted for 35 % of the trees
in the park (Fig. 2a), which are spread throughout it. However, larger
groups can be seen in the centre and in the southwest side of the park.
The most abundant species are Tilia sp., Acer sp., and Fagus sp. (Fig. 2a).
The Fig. 2b revealed that certain species, such as Betula pendula and
Carpinus betulus, exhibit high scores across multiple allergenicity related
parameters, particularly in ap and ps. These species also rank among the
most abundant in the urban tree inventory, amplifying their overall
contribution to allergenic exposure. Conversely, species like Tilia cor-
data, despite high abundance, scored lower in ap and ps, suggesting a
relatively lower allergenic impact. A similar pattern was observed at the
city level (Figure S2b) where the most abundant species, such as Tilia
cordata and Acer platanoides, exhibited relatively lower scores across the
allergenicity parameters.

The park has a highly diverse species composition, with a Shannon-
Index of 2.89 and an Evenness of 0.75. The 25 m x 25 m grid cells for
higher resolution made areas with lower biodiversity (green) and higher
biodiversity (red) visible. The northeast part of the study area, as well as
in the north and some small patches in between, has a low biodiversity
with values between 0 and 0.5, while most of the park has a medium to
high biodiversity, with some hotspots in the south, west, and north of the
park (Figure S3).

3.2. Static allergenicity assessment using [UGZA

When calculating the Iygza value for the entire park, based solely on
the tree population, a value of 0.36 was obtained. According to Car-
inanos et al. (Carinanos et al., 2019), a value above 0.3 indicates a high
allergenic potentialand a notable baseline risk throughout the year.

3.3. Spatial distribution of allergen exposure in Westfriedhof park

The application of the methodology produced a map that repre-
sented the values of the Iygza index. The use of a color ramp was
employed, establishing green tones for low exposure values and red
tones for high exposure values. Fig. 3 shows the exposure Iygza values in
the grids. Each cell represents the Iygza value of its centroid, repre-
senting values of 0 (not exposed) or in the range of 0.1 to 1 (slightly to
strongly exposed). The spatial resolution in the 25 m x 25 m grid reveals
that, particularly in the middle of the park but also distributed
throughout the park, small patches with the high Iygza values of 0.7 - 1
can be observed, indication a high allergenic potential in these locations.
The northeastern area, which has fewer trees (Figure S4 in
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Fig. 2. Species abundance and allergenicity profiles in Westfriedhof (a) Bar chart illustrating the relative abundance of tree species ( %) in the study area,
highlighting the dominant species contributing to the overall urban forest structure. (a) Radar plot comparing allergenicity-related parameters for the most abundant
tree species in the study area’s urban tree inventory. Each axis represents a key factor influencing allergenicity, including intrinsic allergenic potential (ap),
pollination duration (dpp), pollination strategy (ps), abundance and crown size. All parameters are displayed on a unified 0-4 range scale, with the exception of dpp

and ps, which retain their original 0-3 ranges.

Supplementary Material) showed, as expected, a lower allergenic po-
tential with values ranging from O to at most 0.2. The rest of the park
exhibited mixed allergenicity risk (Fig. 3).

3.4. Neighborhood-level assessment of pollen exposure

The Iygza was applied on a neighborhood scale to assess the aller-
genic potential of urban districts. This approach allowed for the iden-
tification of local allergenic hotspots across the urban landscape and
provided a broader under- standing of allergenic exposure risks, and
informed targeted urban planning strategies. The analysis revealed
significant variation in allergenicity risk across different districts, with
some areas showing high allergenic potential due to the presence and
accumulation of specific tree species, while others had a lower risk,
suggesting a mitigating effect of diverse vegetation. For comparison, the
area around the Westfriedhof cemetery, consisting of many residential
areas and other larger green spaces (Fig. 4), and the old town of Augs-
burg, with fewer trees and closely spaced houses (Fig. 5), were
considered.

Across both neighborhoods, allergenicity values predominantly
range above 0 and below 0.1. Isolated patches with moderate allerge-
nicity levels (0.1 to 0.5) are visible in both areas (Figs. 4 and 5). The
highest and most spatially concentrated allergenicity is observed in the
Westfriedhof, which contains the densest clustering of trees, including a
high density of Carpinus sp. and Betula sp. (Fig. 4). In contrast, other
areas exhibit lower allergenicity, likely influenced by the presence of
tree species with lower allergenic potential and a generally low density
of both mapped and unmapped trees (Figs. 4 and 5). Supplementary
Figures S5 and S6 show which tree genera are present and how they are
spatially distributed. Species such as Carpinus sp., Betula sp. and Corylus
sp. were the primary contributors to allergenicity risk in the city,
particularly in urban parks near residential areas, like the study area
Westfriedhof in the east. These species, characterized by short long
pollination periods but high peaks and allergenicity potential, were
found in areas with elevated Iygza scores.

3.5. Sensitivity analysis
The results from the sensitivity analysis revealed that the parameter

cpa has the strongest influence on the aller- genicity index variance, with
a First Order Index of 0.6118 and Total Index of 0.6953, explaining more

than 60% of the variance. The relatively narrow confidence intervals
suggest that the value is robust and reliable (Table 2).

The second most influential parameter was ap, which explained
about 18 % of the variance in the output (First Order Index = 0.1791).
For the total index, the value increases to 0.3463, meaning that 34.6 %
of the variance can be directly or indirectly attributed to ap. In contrast,
the parameters ps and dpp showed a minor influence on the variance of
the output. The parameter ps shows a first-order index of 0.1356 (13.56
%) with a large confidence interval, indicating some uncertainties. Its
influence on the overall indices is very low, accounting for only 6.3 % of
the variance. The parameter dpp exhibits a very low index both in the
first-order and overall indices, suggesting that dpp has no significant
influence. These findings highlight the key role of the crown area pro-
jection cpa and the species-specific allergenicity in calculating the Iygza-

3.6. Temporal risk assessment

We applied the Pollination Intensity PI; parameter based on daily
pollen release data throughout the year for the most abundant species in
the study area. In parallel, the Seasonal Weighting Factor W, was
calculated based on monthly and seasonal pollen concentration data.
Both metrics were incorporated into the urban allergenicity index to
capture temporal and spatial variations in allergenic potential (Table 3,
Fig. 6). The species-specific parameters used to model pollination in-
tensity using a Gaussian distribution are provided in supplementary
Table S2. The results highlight distinct peaks in allergenicity periods
coinciding with the major pollination phases of key species (Figure S7),
such as Betula (April-May) and Corylus (February-March), as illustrated
spatially in Fig. 6.

The temporal adjustment of the Iygza index using the Pollination
Intensity (P I) and the Seasonal Weighting Factor (Wt) approaches
revealed notable differences in allergenic potential over time. As shown
in Table 3, the Wt-based model produced Iygza values ranging from
0.002 to 0.360, with a mean of 0.057 and a standard deviation of 0.101,
reflecting a high degree of temporal variability and several low-activity
days. The P I-based method exhibited slightly higher average values
(mean = 0.148), with a narrower range (0.019 to 0.360) and compa-
rable variability (SD = 0.104), suggesting more consistently elevated
allergenic conditions across the season.

In contrast, the CIA-adjusted model, which incorporates the effects of
temperature, precipitation and long-term atmospheric CO,, yielded a
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Fig. 3. Annual Iygza distribution in Westfriedhof. Spatial distribution of allergenic potential in the Westfriedhof area, calculated using the Iygza ona25m x 25 m
grid. Values were interpolated across the area using the Inverse Distance Weighting (IDW) method to visualize estimated allergenicity for the entire year.

wider range of Iygza values (0.014 to 0.447) and similar variability (SD
= 0.112). This approach was the only one to produce values exceeding
the static baseline (0.36), resulting in a maximum increase of 24.1 %
during periods of elevated temperature and low or zero precipitation
levels. The CIA model also exhibited a substantial relative decrease from
peak to minimum values (97.8 %), reflecting its ability to capture both
high and low allergenic conditions under changing environmental in-
fluences. While the largest relative drop (99.1 %) was observed in the
Wt-based approach, this likely reflects its seasonal rather than daily
resolution, which limits its responsiveness to short-term fluctuations.
Fig. 6 shows that the spring season contains the higher allergenicity
grids of the park compared with the static approach, indicating that the
overall high allergic potential of trees is mainly due to spring-flowering
taxa such as Betula sp., Fagus sp. and Carpinus sp. The allergenicity risk is
not determined solely by the allergenic potential of the species, as the
sensitivity analysis has demonstrated, but also by other key parameters,
most notably the cpa. Consequently, species with larger size or higher
frequency, such as Fagus sp., can contribute significantly to elevated
Iygza values in certain zones. The spatial and temporal decomposition of
the Iygza index reveals hot spots with a high allergenic potential, but

also areas of low risk. However, these do not always correspond to the
species composition. It can be seen that some areas in the park have a
high number of highly allergenic birch trees, but the overall Iygza value
remains low, ranging between 0.001 and 0.2. The areas with high Iygza
values (above 0.3) consist of species with high allergenic potential,
primarily Carpinus sp., but also Fagus sp.

Fig. 7 displays the daily-adjusted Iygza for the Westfriedhof site,
calculated using the PI and the monthly weighting factor W; approaches.
As expected, allergenicity peaked during the flowering phases of
dominant taxa and dropped to near zero during off-season months.
These temporal dynamics highlight the substantial intra-annual varia-
tion in allergenic potential. A comparison of static versus temporal Iygza
values showed that species with shorter but intense pollen release pe-
riods had disproportionately high allergenic impacts during peak
months. In contrast, species with extended flowering duration contrib-
uted to a more consistent baseline allergenicity.

3.7. Impact of climate factors on allergenicity

The Climate Impact Adjustment (CIA) model computed as a
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Fig. 4. Annual Iygza distribution in residential area around Westfriedhof. Estimated allergenic potential in the residential area surrounding Westfriedhof
(outlined in black), calculated using the Iygza on a 25 m x 25 m grid size. Interpolation was performed using the Inverse Distance Weighting (IDW) method to

represent annual allergenicity patterns.

multiplicative correction to the Iygza index, integrates short-term
meteorological variability and long-term atmospheric COy trends to
dynamically modulate airborne aller- genic potential. Scaling co-
efficients for temperature (¢ = 0.1948) and precipitation (f = —0.1579)
were derived from standardized multiple linear regression (see
Tables S3 and S4 in Supplementary Methods). During the 2023 pollen
season in Augsburg, daily average temperatures ranged from 12.3 °C to
25.8 °C (mean: 19.5 °C), while total annual precipitation was 872.2 mm.
Rainfall (>1 mm) occurred on 33 % of days, with peak monthly averages
in August (5.48 mm), July (4.74 mm), and November (4.61 mm), indi-
cating a seasonal pattern. CO, concentrations varied between 295.8 ppm
and 452.5 ppm (mean: 411.4 ppm). The resulting CIA values ranged
from 0.929 to 1.048, with a mean of 1.010 and a standard deviation of
0.219, indicating relatively stable modulation of allergenicity by cli-
matic conditions over time (Table 4).

Among the components, temperature contributed most significantly
to CIA variability, with values ranging from —0.584 to 0.437 (mean =
0.166, SD = 0.195)), while precipitation ranged from —1.815 to 0.066
(SD = 0.158). CO, con- tributed a consistent factor of 1.006, based on
the seasonal mean concentration of 411.5 ppm. On average,

10

temperature accounted for approximately 16.5 %, precipitation for 9.0
%, and COy for 0.57 %. These results (Table 4) highlight the dominant
role of temperature in shaping short-term allergenic risk, while rein-
forcing the importance of considering long-term CO; increases in future
projections.

The adjusted model incorporating combined temperature, precipi-
tation, and CO; data, increased the Iygza values by up to 24.0 %
compared to the static baseline, extending the allergenic season and
intensifying risk during already active pollination periods (Table 4),
indicating a measurable impact of climate-related variables on aller-
genic potential.

4. Discussion

Understanding the spatial dynamics of allergenic risk in urban green
spaces is essential for evidence-based land- scape planning and public
health mitigation. While urban trees provide critical ecosystem services,
including air purification, cooling, and mental health benefits, their
pollen emissions can also negatively affect respiratory health and well-
being, particularly among sensitized individuals (Aerts et al., 2020;
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Fig. 5. Annual Iygza distribution in the old town of Augsburg. Estimated allergenic potential in the old town of Augsburg, calculated using the Iygza on a 25 m x
25 m grid size. Interpolation was performed using the Inverse Distance Weighting (IDW) method to represent annual allergenicity patterns.

Table 2

Sensitivity analysis of Iygza parameters. Results of the Sobol sensitivity
analysis for the Iygza, showing first-order and total-effect indices for four key
parameters: allergenicity potential (ap), pollination strategy (ps), duration of the
pollination period (dpp), and crown projection area (cpa).

Table 3

Adjusted Iygza summary statistics. Overview of Iygza values adjusted using
three dynamic approaches: Seasonal Weighting Factor (W ,), Pollination In-
tensity (P I) and Climate Impact Adjustment (CIA). The static baseline Iygza was
set at 0.36 for comparison.

First Order Indices

Parameter Original Bias Std. Error Confidence Interval
X1 (ap) 0.1791 —0.0013 0.0299 0.1237 - 0.2381
X2 (ps) 0.1356 —0.0005 0.0305 0.0732 - 0.1946
X3 (dpp) 0.0607 —0.0006 0.0204 0.0204 - 0.0973
X4 (cpa) 0.6118 —0.0036 0.0358 0.5496 - 0.6784
Total Indices

Parameter Original Bias Std. Error Confidence Interval
X1 (ap) 0.3463 0.0005 0.0303 0.2841 - 0.4073
X2 (ps) 0.0629 0.0007 0.0157 0.0365 - 0.0861

X3 (dpp) 0.0660 0.0004 0.0139 0.0465 - 0.0872
X4 (cpa) 0.6953 —0.0043 0.0490 0.6117 - 0.7744

Annesi-Maesano et al., 2023; Beckett et al., 1998; Islam et al., 2024;
Maimaitiyiming et al., 2014; Pattnaik et al., 2024; Simunovic et al.,
2023; Stas et al., 2021; Yang et al., 2015). The application of Iygza to
assess the potential allergenicity of green infrastructure in a pilot area in
southern Germany, combining spatial analysis with sensitivity testing,
provides valuable insights into how urban green spaces contribute to
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Metric We PI- CIA-
based based adjusted
Static Baseline Iygza 0.360 0.360 0.360
Minimum Iygza 0.002 0.019 0.014
Maximum Iygza 0.360 0.360 0.447
Mean Iygza 0.057 0.148 0.153
Standard Deviation 0.101 0.104 0.112
Relative Decrease from Max to Min (%)  99.07 94.7 97.8
Max Increase from Baseline ( %) 0 0 24.1

allergenic exposure in temperate climates. Few studies have applied
Iucza in a spatial context; however, these efforts have primarily focused
on species-level traits (Fernandez-Alvarado & Fernandez-Rodriguez,
2023) or a geographical analysis of VPA (Calatayud & Carinanos, 2024).
While VPA includes factors such as allergenic potential and pollination
intensity, it does not fully capture the complexity of real exposure in
urban settings (Calatayud & Carinanos, 2024). Specifically, parameters
like tree height, crown volume, and spatial distribution may signifi-
cantly influence the dispersion and concentration of airborne pollen,
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Fig. 6. Seasonal Iygza maps in Westfriedhof. Spatial distribution of allergenic potential in the Westfriedhof area across the four meteorological seasons: winter
(top left, December to February), spring (top right, March to May), summer (bottom left, June to August), and autumn (bottom right, September to November). All

maps are based on Iygza values calculated at a 25 m x 25 m spatial resolution.

which our findings confirm as key determinants of allergenic risk. Ac-
cording to Iygza methodology described by Carinanos et al. (Carinanos
et al., 2019), the overall value of allergenic potential was found rela-
tively high (0.36) in the study area, after adjusting certain parameters to
reflect local site characteristics. An elevated risk was expected due to the
dominance of highly allergenic trees, such as Betula sp., Carpinus sp. and
Fraxinus sp. which together account for over 30 % of the total tree
population, even though most individual species present moderate
allergenicity scores. Previous Iygza studies (Carinanos et al., 2014;
Carinanos et al., 2017) highlighted tree species whose pollen grains are
classified as allergenic and the existence of single-species stands as the
two primary contributors influencing the allergenicity risk. However,
our spatial analysis, representing one of the first high-resolution grid--
based implementation of Iygza, offers a novel and detailed approach to
identifying local allergenicity spatial dynamics, revealing that low Iygza
values were observed in certain areas, where monospecific allergenic
trees were predominant. Dividing the study area into smaller subregions
further illuminated spatial variability: it showed zones contributing
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disproportionately to the overall allergenic potential, as well as areas of
relatively low risk. Interestingly, while some regions with a high pres-
ence of known allergenic trees (e.g., Betula spp.) (Asam et al., 2015)
exhibited high Iygza scores, others with similar tree compositions
showed values between 0.1 and 0.2. This discrepancy suggests that other
factors than intrinsic allergenicity potential, such as spatial distribution
or morphological characteristics of trees, play a decisive role in deter-
mining localized allergenic exposure.

This assumption is confirmed by our findings in the sensitivity
analysis. The crown projection area cpa defined in Iygza as the surface of
the park covered by species i (S;), appeared to be the most influential
factor, with a total index variability of 69.5 %. In comparison, allergenic
potential accounted for only 34.6 %, which may explain the differences
between areas dominated by Carpinus sp. trees and those with Betula sp.
Although hornbeam tree (Carpinus sp.) are classified as large-sized
species (Pretzsch et al., 2015) and exhibits a wider crown size than
birch tree, the tree size alone does not neces- sarily reflect pollen
emission (Katz et al., 2020) or tree age (McCarthy & Weetman, 2006;
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Fig. 7. Dynamic Iygza variation in 2023-Westfriedhof. Estimated allergenic potential in the Westfriedhof area for 2023, incorporating the Seasonal Weighting
Factor (Wt), derived from monthly and seasonal pollen concentration data (pink line - monthly resolution) and the Pollination Intensity (P I) parameter-based on
daily pollen release data from dominant local taxa (green line - daily resolution). The daily climate adapted variation of the Iygza is shown, integrating short-term
meteorological effects and long-term CO, effects via the Climate Impact Adjustment (CIA) factor (black dashed line - CIA-adjusted).

Table 4

CIA Factor and Component Statistics. Descriptive statistics for the Climate Impact Adjustment (CIA) factor and its underlying components temperature, precipi-
tation, and CO, during the main pollen season in Augsburg, Germany. Scaling coefficients were derived from regression analysis to quantify their influence on

allergenic potential.

Metric CIA Temperature Contribution Precipitation Contribution CO, Contribution

Minimum 0.511 —0.584 -1.815 1.006

Maximum 1.502 0.437 0.066 (based on average CO5: 411.5 ppm)
Mean 1.010 0.166 0.091 0.57

Standard Deviation 0.219 0.195 0.158

% contribution to CIA - 16.53 9.05

Kuuluvainen et al., 2002; Korning & Balslev, 1994), both of which can
significantly influence allergenic exposure. This raises a critical question
of using the crown projection area as a proxy for allergenic risk. Incor-
porating parameters such as tree age and pollen production would
enhance the accuracy of allergenicity assessments by providing a more
realistic representation of exposure scenarios. In practice, however, this
is often challenging due to data availability, as these variables are
difficult to obtain or require complex field measurements and special-
ized procedures (Katz et al., 2020; Kuuluvainen et al., 2002).

Another limitation lies in the theoretical assumptions of the Iygza
calculation, which assesses the allergenic potential of a park under the
hypothetical scenario that all trees reach maturity, flower simulta-
neously, and have uniform allometric crown characteristics (Carinanos
et al., 2014; Carinanos et al., 2017). Although this theoretical frame-
work provides an interpretable parameter that facilitates comparisons
between different parks, it may oversimplify complex biological pro-
cesses and may not accurately reflect the actual conditions of allergen
exposure experienced by individuals in a given area. The Ijga index offers
an improvement by incorporating tree-specific attributes such as actual
tree height, crown dimensions, and maturity status (Jochner-Oette et al.,
2018). However, while it produces more realistic values than simpler
approaches, it is labour-intensive, not easily reproducible, and it re-
mains static, providing only a single aggregated value per park. In
contrast, our approach relies on DBH and tree height, data commonly
available in urban tree cadastres, combined with allometric equations to
estimate crown size, enabling reproducible and spatially explicit
analysis.
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Despite certain limitations, the Iygza index remains a valuable tool
for evaluating the allergenic potential of urban green spaces
(Fernandez-Alvarado & Fernandez-Rodriguez, 2023; Sabariego et al.,
2021), as it integrates species composition and allergenic potential into
a single metric useful for comparative assessments and urban planning
decisions (Calatayud & Carinanos, 2024; Ciani et al., 2021). Such ap-
plications can have significant, long-lasting consequences for citywide
pollen production (Katz et al., 2024). In the context of our study, Iygza
offered a robust starting point for quantifying allergenicity at a fine
spatial scale, while allowing us to explore potential methodological
improve- ments. Its modular structure allowed for the incorporation of
locally adapted parameters, such as site-specific pollen intensity curves
and flowering periods, making it particularly well suited for application
in diverse ecological settings (Jochner-Oette et al., 2018; Velasco--
Jiménez et al., 2020; Aerts et al., 2021). By building on the existing Iygza
framework, we were able to make use of its strengths while addressing
key limitations, resulting in a more locally tailored and responsive
assessment of allergen exposure.

As a standardized tool, Iygza relies on consistent and transparent
methodology to enable meaningful comparisons across urban green
spaces. Variations in results often stem from differences in the under-
lying parameter databases. As noted by Magyar et al. (2022), different
databases provide different allergenicity values depending on their
purpose. This means that the use of data from multiple sources can
potentially compromise the accuracy of allergenicity assessments
(Magyar et al., 2022). While our cross-comparison of multiple databases
revealed no major discrepancies for species present in more than one
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source, validation was unfeasible for species listed in only a single
database. Additionally, databases differ in focus; some rely on
plant-based biological characteristics, while others incorporate epide-
miological data, which may vary by region (Magyar et al., 2022). A
further significant limitation is the lack of transparency in some systems,
where methodologies and reference sources are not clearly documented,
making it difficult to assess their reliability (Magyar et al., 2022). To
address these issues, standardized systems with verifiable and trans-
parent methodologies are needed. The CARE-S index (Magyar et al.,
2022) offers a promising alternative, combining intrinsic allergenic
potential with clear documentation and global applicability. In the
present study, we attempted to improve the robustness of Iygza by
carefully curating and harmonizing allergenicity parameters derived
from multiple sources, allowing for greater clarity and comparability in
assessments across different urban parks.

On the other hand, temporal variability in allergenicity has not been
thoroughly incorporated into allergenicity indicators. Most allergenicity
indices have traditionally provided static (Zong et al., 2020; Joc-
hner-Oette et al., 2018), annual, or purely spatial assessments (Krwanji
et al., 2025) that focus on the overall allergenic potential of vegetation
in urban spaces without factoring in seasonal or temporal variations
(Suanno et al., 2021; Carinanos et al., 2014; Pecero-Casimiro et al.,
2019). While these approaches offer valuable baseline insights, they
may overlook short-term dynam- ics in pollen exposure. As a result,
static assessment may underestimate peak exposure periods and fail to
capture critical fluctuations, thereby limiting the effectiveness of tar-
geted mitigation strategies and real-time public health responses. Inte-
grating temporal dynamics into allergenicity assessments is becoming
increasingly relevant, particularly in light of climate change. Shifting
flowering periods, altered pollen production, and changing dispersal
patterns, driven by factors such as temperature extremes and altered
precipitation regimes, are reshaping pollen exposure risks (Baumbach
et al.,, 2017; Schramm et al., 2021). Furthermore, pollination seasons
vary widely across Europe, from over 220 days in the Mediterranean to
around 120 days in northern Scandinavia (Chmielewski & Rotzer,
2001), pointing out the need for regionally adaptable and time-sensitive
allergenicity models. Many studies have explored pollen forecasting
models and the seasonal dynamics of allergenicity (Makra et al., 2024;
Picornell et al., 2024; Kolek et al., 2021).

However, these efforts rarely consider the Iygza or similar allerge-
nicity indices, which remain underrepresented in the literature, partic-
ularly those in combination with spatial modeling and city-scale
implementation, as applied in our study. Notably, a recent study
(Zahradnikova et al., 2024) introduced a temporal component by
modifying the VPA parameter within the Iygza framework, marking an
important step toward dynamic allergenicity assessments. To build upon
this, we adapted the index further to enable high-resolution temporal
modeling and to more accurately reflect local conditions. By incorpo-
rating seasonal weighting, species-specific pollination intensity, and
climate-based adjustments, our imple- mentation of the Iygza model
revealed clear seasonal patterns in allergenic risk, with spring emerging
as the period of highest allergenic potential in the study area. This
seasonal peak is primarily attributed to the dominance of highly aller-
genic tree species such as Betula sp., Fagus sp., and Carpinus sp., which
collectively contributed to elevated Iygza values during their flowering
periods. When comparing static and temporally adjusted Iygza scores,
species with short and intense pollination windows showed dispropor-
tionately high allergenic impacts during their peak months, whereas
species with longer flowering periods contributed to a more consistent
allergenicity baseline throughout the season. This emphasizes the need
to consider phenological dynamics when assessing allergenic exposure
to ensure accurate risk evaluation and effective intervention timing.
Although Gaussian models may not perfectly capture the pollen season
of all species, they provide a practical solution in data-scarce contexts.
When real pollen data are available, as in our W, implementation, they
offer a more accurate representation of allergenic exposure. Together,
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these methods allow for flexible modeling across varying data avail-
ability scenarios.

To further enhance realism, we incorporated climate responsiveness
into the index through the Climate Impact Adjustment (CIA) model,
which modulates allergenicity based on short-term effect of daily tem-
perature and precipi- tation and long-term influence of COy levels.
Temperature and precipitation emerged as key drivers of CIA variability,
with precipitation acting mainly through its washout effect, temporarily
reducing airborne allergen concentrations following rainfall events. CO2
contribution was limited to approximately 0.6 %, partly attributed to the
relatively low levels of air pollution in Augsburg, where CO, concen-
trations did not vary substantially across the pollen season. Although
CO had a minor influence, its cumulative effects over longer periods or
in future climate scenarios may still be relevant. We acknowledge that
the CIA model uses total pollen concentrations and not species-specific
responses to climate. Whilst this may obscure differential sensitivities,
the CIA is only applied during active flowering periods already captured
by the temporally weighted IUGZA;. This safeguards against over-
estimating climate impacts outside species-specific pollination win-
dows. Future improvements could explore species-level climate
response functions to refine this approach. Overall, the inclusion of
temporal and climatic parameters enhanced the ecological relevance of
the Iygza index, offering a more refined understanding of allergenic risk
in urban environments. While previous studies have begun to explore
the integration of temporal factors into allergenicity models
(Zahradnikova et al., 2024), to our knowledge, the method introduced
here represents one of the first efforts to combine temporal variation
with a spatially explicit implementation of the Iygza framework.
Incorporating short-term temporal dynamics and long-term meteoro-
logical variables allows for the identification of critical exposure win-
dows that static indices cannot capture. This advancement is
particularly crucial in urban areas, where many biological and envi-
ronmental factors co-occur, such as overlapping flowering periods of
different species (Iwanycki Ahlstrand et al., 2023), emerging non-native
species (Werchan et al., 2024) or coincidental presence of fungal spores
(Myszkowska et al., 2023), leading to compounded allergenic exposure.

Finally, applying the Iygza index beyond the scale of a single park to
the entire urban area or at neighborhood level introduced several
challenges, primarily related to data limitations. Municipal tree regis-
ters, the basis of the analysis, are often incomplete or outdated, lacking
essential information such as recent maintenance status or updated re-
cords for individual trees. Furthermore, it is important to note that
municipal tree inventories do not cover data on shrubs, grasses, herba-
ceous plants, or other non-tree vegetation, many of them recognised as
significant allergen sources. Consequently, the actual allergenic poten-
tial in the study area may be underestimated. Moreover, private garden
trees are typically excluded from official inventories, further reducing
the comprehensiveness of the dataset. These limitations constrained the
accuracy of allergenicity assessments at the city-wide level. To over-
come current limitations in urban-scale allergenicity assessment, the
integration of real-time pollen sampling, as done in this study, and high-
resolution 3D vegetation mapping, could significantly enhance future
applications of the Iygza index. Impor- tantly, by incorporating observed
pollen concentrations, our approach enables the inclusion of allergenic
contributions from grasses and herbaceous plants, based on their actual
presence in the airborne pollen load. These advancements would allow
for a more accurate representation of actual allergenic exposure and
support the development of refined spatial models that account for
pollen dispersion dynamics in complex urban environments. In our dy-
namic extension, flowering timing is captured by the species-specific PI
function, so the pollination duration parameter no longer determines
timing but contributes to species weighting within the annual risk
framework. We retained dpp to preserve compatibility with the original
Iugza, though this may overweight long-flowering species and reduce
relevance in dynamic contexts. Future research should explore revised
formulations that remove or adapt the dpp component in temporally
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resolved contexts, while also developing tiered versions of the model
that rely on proxy data, such as remote sensing-derived canopy metrics
or modeled pollen levels, to improve scalability in data-limited settings
without compromising methodological robustness.

By incorporating both temporal and spatial resolution into a widely
recognized urban allergenicity framework, this study provides a more
realistic representation of allergenic exposure risk over time. This work
presents one of the first high-resolution applications of the Iygza index
grounded in real-world tree inventory, meteorological factors and daily
pollen concentration data. Its focus on a Central European urban context
makes it a valuable case study for temperate regions, while its adaptable
methodology lays the groundwork for broader applications. Such as-
sessments are essential for informing dynamic interventions, ranging
from vegetation management to timely health alerts. Furthermore, as
cities expand and invest in new urban green infrastructure, integrating
allergenicity risk assessments into planning processes becomes increas-
ingly important. This ensures that green spaces deliver maximum health
benefits without unintended consequences for allergy-sensitive pop-
ulations, especially in the context of a changing climate that may in-
crease exposure risks.

5. Conclusion

This study highlights the value of enhancing the Iygza index through
spatial, temporal, and climate-sensitive adjustments to better assess
allergenic risk in urban green spaces. By applying the index in a selected
pilot area and integrating a sensitivity analysis, we identified the crown
projection area as a key driver of allergenic exposure, having a greater
influence than the intrinsic allergenic potential of species. Refinements
to the study design that accounted for phenological patterns and local
climate conditions revealed clear seasonal peaks in allergenicity, espe-
cially in spring, and emphasized the importance of genera such as Betula
and Carpinus. Despite limitations in data completeness and theoretical
assumptions, Iygza continues to serve as a practical and adaptable tool
for comparative assessment. The temporal extension and other modifi-
cations provide a more detailed and realistic picture of exposure, and lay
the groundwork for allergenicity mapping at broader urban scales.
These findings support more targeted urban planning, dynamic risk
management, and stronger public health responses in the face of climate
change and rising pollen-related sensitivities.
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