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ARTICLE INFO ABSTRACT

Keywords: Fungal spores are a major component of ambient bioaerosols, contributing to environmental pollution relevant
Automatic monitoring for human health, agriculture, and ecosystem management. Timely monitoring is critical, as spores can rapidly
Efﬁciency induce infections or allergic responses. Conventional Hirst-type samplers rely on time-consuming microscopic
ngg;:ga analysis, limiting near real-time reporting. Automated measurement systems offer an alternative, although their
Alternaria counting efficiency across fungal spore sizes and morphologies remains unclear. This study evaluates the per-
Cladosporium formance of the BAA500 and Hirst-type sampler for five fungal spore types grouped by size: small (Cladosporium,
Polythrincium Ganoderma), medium (Epicoccum, Polythrincium), and large (Alternaria). After genus data labelling, the BAAS00

effectively discriminated all groups. The BAA500 capture efficiency was highest for medium-sized spores,
capturing 2.1- and 3.4-fold higher concentrations of Epicoccum and Polythrincium, respectively, whereas small
spores were underestimated more than tenfold compared to the Hirst-type sampler. The strongest correlation
between devices was observed for Alternaria (p = 0.84), but moderate to weak for small spores. These differences
likely result from sampler design, airflow rate, and optical processing algorithms. Meteorological factors influ-
enced spore concentrations similarly for both devices, although with different magnitudes. Air temperature
explained most of the variability between samplers (BAA500 is temperature-controlled, Hirst is not), and
elevated spore concentrations persisted even at temperatures of 30-35 °C. These findings demonstrate the po-
tential of automated systems for fungal spore monitoring, while highlighting the need for size-specific optimi-
zation or correction factors to improve exposure assessment across the full bioaerosol spectrum.

1. Introduction

Fungal spores dominate the microscopically visible biological frac-
tion of atmospheric aerosols worldwide (Frohlich et al., 2016). Despite
this, they remain less studied than other airborne particles, such as
pollen grains, mainly due to the lack of experts who can classify their
greater taxonomic and morphological diversity and heterogeneous
dispersal strategies (Després et al., 2012). Certain taxa act as potent
aeroallergens and exposure to them can provoke respiratory symptoms,
while others release mycotoxins and bioactive compounds with addi-
tional health implications (D'Amato et al., 2007; Straumfors et al.,
2021). Beyond human exposure, many species function as phytopatho-
gens, causing substantial crop losses and ecosystem impacts

(Doehlemann et al., 2017; Martinez-Bracero et al., 2020). In addition,
fungal spores may act as cloud condensation and ice nuclei, potentially
affecting the Earth's radiation balance (Santarpia, 2016). Understanding
the patterns of fungal spore occurrence in the air and the environmental
factors driving high concentrations is therefore essential (Grinn-Gofron
and Bosiacka, 2015), particularly as climate change alters temperature
regimes and atmospheric conditions that influence spore production and
dispersal (Damialis et al., 2015; Williams et al., 2024). Accurate and
timely detection of airborne spores is thus essential for managing bio-
logical air pollution, protecting public health, and reducing crop losses.

Traditionally, airborne fungal spores are monitored using Hirst-type
volumetric samplers (Hirst, 1952) combined with light microscopic
analysis. This standardized approach is robust and widely accepted
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Fig. 1. Localization of sampling site with BAA500 (POMO) and Hirst-type (BURK) samplers, in the garden of Technical University of Munich.

within the aerobiology community, but it is labour-intensive and slow,
with data often available only after several days or weeks
(Maya-Manzano et al., 2023a). Resource limitations typically restrict
reporting to daily averages, thereby reducing temporal resolution.
Moreover, variability in airflow, counting methodology, and operator
experience can influence the accuracy (Oteros et al., 2015; Sikoparija
et al., 2017; Suarez-Suarez et al., 2023; Trivino et al., 2023). Despite
these drawbacks, Hirst-type samplers remain the reference method for
fungal spore quantification (Adamov et al., 2021; Galan et al., 2014;
Lucas and Bunderson, 2024).

Advances in technology have led to the development of automated
pollen monitoring systems that offer near-real-time analysis using
principles such as digital microscopy, light scattering, fluorescence, or
holography (Buters et al., 2024; Martinez-Bracero et al., 2022). Their
rapid data availability, often within minutes to hours (Buters et al.,
2024), is valuable for allergy prevention, early agricultural warnings,
and the development of pollen forecasts. Among the earliest and most
widely deployed automatic systems is the BAA500 (Hund GmbH), a
virtual cascade impactor equipped with automatic image recognition
capable of identifying pollen and spores. Since 2019, a network of the
BAAS500 samplers has been operating in Bavaria, Germany, showing
high agreement with Hirst-type samplers for pollen measurements
(Oteros et al., 2015, 2020; Maya-Manzano et al., 2023). For fungal
spores, the classification algorithm effectively distinguishes Alternaria
from other particles (R? = 0.78; Gonzalez-Alonso et al., 2023), while all
remaining fungal spores are currently grouped under a single class
(“Fungus”). Visual inspection of the BAA500 image data, however, re-
veals substantial morphological diversity among spores, indicating that
the device has the potential to detect a broader spectrum of fungal
spores. Despite this potential, the capture efficiency of the BAA500 for
fungal spore types other than Alternaria has never been systematically
evaluated, and its recognition algorithm has not been trained for
multi-taxon fungal spore classification. Because particle size affects
sampler performance and, consequently, the measured airborne con-
centrations (Miki et al., 2019; Peel et al., 2014), understanding
size-specific differences in detection is crucial. Airborne fungal spores
range in diameter from 1 pm to 60 pm, with approximately 10 pm being
the most common (Després et al., 2012).

Alternaria and Cladosporium are routinely monitored due to their
allergenic importance and their impact on agricultural crops (Schmey
et al., 2024; Zhao et al., 2024). Cladosporium is particularly abundant,
comprising up to 90% of all airborne spores (Kasprzyk and Worek,
2006), making manual counting repetitive, time-consuming, and diffi-
cult to staff. Consequently, although more than 1000 pollen monitoring
stations exist globally, only about 400 also report fungal spore counts
(Buters et al., 2018). Epicoccum and Polythrincium are less frequently

studied but are recognized airborne allergens (Kukreja et al., 2008;
Oliveira et al., 2010) and important phytopathogens of cultivated plants
(Simon et al., 2009; Jin et al., 2023). Ganoderma poses ecological and
economic risks due to severe wood decay in forest and ornamental trees
(Idris et al., 2004). Some Epicoccum species also exhibit biocontrol po-
tential through antagonistic effects against plant pathogens (Taguiam
et al., 2021). Monitoring these representative taxa can therefore yield
valuable information relevant to public health and agriculture
management.

Given the ecological, medical, and agricultural importance of these
spores and the need for reliable automated sampling tools, this study
aims to evaluate size-dependent performance the BAA500 for five
environmentally and clinically relevant fungal spore taxa, having the
Hirst-type sampler as a reference.

2. Materials and methods
2.1. Study area

The comparison campaign between the two monitors was conducted
in the garden of the Technical University of Munich (TUM), adjacent to
the Centre of Allergy and Environment (ZAUM) building in Munich,
Germany (48.164588, 11.593196), from 26 April to 15 October 2024
(Fig. 1). The site consists of a grass field surrounded by some Tilia trees
and buildings. The BAA500 (hereinafter POMO) sampler was placed in
the centre of the garden, while a Hirst-type trap (Burkard Manufacturing
Co Ltd; hereinafter BURK) was positioned 5 m away. Although the
POMO location may not represent a larger area, it was considered
suitable for the objectives of this study, as the device is primarily used
for research purposes, here the comparison with a Hirst-type trap
located within 5m. The POMO inlet is approximately 2 m above ground
level, and the BURK inlet was located at about 1.5 m a.g.l.

2.2. Aerobiological sampling methods

Both samplers operate on a similar principle: air is drawn in by a
pump, particles impact on an adhesive surface, and are subsequently
identified - either using microscopy by an expert (BURK) or by an
image-recognition algorithm (POMO).

The BURK trap operated at a mean air flow rate of 10 L/min,
measured resistance-free with a hand-held anemometer (Cavazza Ana
easyFlux® heat-flowmeter, Italy). Particles were collected through a 2
x 14 mm slit on an adhesive tape moving at a rate of 2 mm/h. Sampling
was conducted using a 7-day drum. Once a week, the drum was
replaced, and the Vaseline-coated (Melinex®) tape was cut into seg-
ments, each corresponding to a 24-h exposure period. Microscope slides
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were mounted using glycerogelatin stained with safranin, which selec-
tively stains pollen grains but not fungal spores, to enhance contrast and
improve spore differentiation. Analyses were carried out in cooperation
with the Department of Botany, Comenius University in Bratislava.
Fungal spore identification followed the atlases of Lacey and West
(2006), Li et al. (2023), and Smith (2000), and concentrations were
calculated following the recommendations of the European Aerobiology
Society guidelines (Galan et al., 2014) and the European standard EN
16868:2019, with a 2-h temporal resolution.

The POMO is an image recognition-based virtual cascade impactor
that samples ambient air at a flow rate of 1120 L/min 90% of the inlet
flow is discarded as it only serves to protect pollen from hitting the wall
and sticking there, resulting in a sampled airflow of 100 L/min. As the
sampler has an on/off rhythm of 1 min on and 9 min off, to prevent slide
overload, the effective airflow is approximately 10 L/min (constantly
monitored). The sampler is designed to exclude particles smaller than 5
pm, thereby reducing interference from non-pollen aerosols (Plaza et al.,
2025; Buters et al., 2024). Airborne particles impact an adhesive plate,
which is subsequently heated to allow particles to embed into and
rehydrate within the gelatin substrate. A randomly selected 33% portion
of the slide area is then imaged by a microscope camera every 3 h.
During each cycle, the system captures approximately 144 regions of the
sticky plate, with each region producing a stack of ~180 images along
the z-axis. Each stack is condensed into a single synthetic grayscale
image (1280 x 960 pixels).

Detected particles are automatically classified into pollen taxa,
Alternaria, a general “Fungus” group (all remaining fungal spores com-
bined), or non-pollen particles. All images are stored in an online NoSQL
(MongoDB) database to ensure efficient data handling and retrieval.

2.3. Sample analysis and capture efficiency comparison

To evaluate capture efficiency across the size range of the studied
spores, we compared the total amount of the selected spores sampled by
each sampler, calculated doing the sum of all five types per sampler. For
the study, we selected spores with geometric diameters of 3-11 pm
(Cladosporium, Ganoderma), 15-25 pm (Epicoccum, Polythrincium), and
>20 pm (Alternaria) (Li et al., 2023), representing four Ascomycetes and
one Basidiomycete (Ganoderma).

Currently, the POMO software automatically identifies only Alter-
naria spores. Therefore, the remaining four taxa were manually labelled
using the digital platform ‘validation.pollenscience.eu” (https://
validation.pollenscience.eu/). The platform enables filtering particle
images by date, visualizing them, and manually assigning classes to
individual particles by experts — a process referred to as labelling.
Labelling and counting were conducted in collaboration with the
Department of Botany at Comenius University in Bratislava. To mini-
mize bias, all BURK samples and all POMO images were analysed by the
same expert throughout the sampling period.

Data normality was assessed using the Shapiro-Wilk test. Since
BURK provides 2-h data and POMO provides 3-h data, both datasets
were aggregated to 6-h intervals for direct comparison. Differences and
agreement between the two devices were evaluated using the Wilcoxon
signed-rank test and Bland-Altman analysis, respectively. Spearman
correlation and redundancy analysis (RDA, including meteorological
variables) were used for further comparisons. Descriptive analyses were
used to investigate temporal patterns of the five spore taxa, and diurnal
patterns were examined to determine whether differences existed be-
tween devices.

All datasets were synchronized to a common time zone and unified to
a single timestamp format. Due to technical or logistical interruptions
from either instrument, data from 32 out of 172 days were excluded (30
May-3 June, 5-6 June, 8-12 June, 14-15 June, 24 June, 30 June, 3 July,
5-6 July, 15 July, 26 July, 21-22 August, 26-29 August, 29-30
September, and 2-4 October)(Fig. S1).
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Table 1

Total number of spores included in the size analysis for each spore type.
Spore type Sample size Sample size Difference  Difference

labelled clean (%)

Alternaria 1888 1090 798 42.3
Cladosporium 7996 7365 632 7.9
Epicoccum 4485 4430 55 1.2
Ganoderma 135 129 6 4.4
Polythrincium 5806 5653 153 2.6

Sample size labelled - total number of spores manually labelled through the web
interface; Sample size clean — number of spores used for size analysis after
removal of segmented or damaged spores; Difference — number of spores
excluded from size analysis; Difference (%) — proportion of spores excluded from
size analysis.

2.4. Spore size analysis

To assess the impact of spore size on POMO's capture efficiency, we
analysed the size distribution of the sampled spores. The POMO software
employs a Mask R-CNN-based image segmentation module to detect and
count particles on synthetic grayscale images, generating bounding
boxes around each particle. The bounding box coordinates (x, y, width,
height) were used to extract regions of interest (ROIs), representing
individual spores, and to derive morphological measurements, such as
width, height, perimeter, and orientation angle.

Binary masks were applied to isolate spores from the background
using pixel-wise segmentation, combined with adaptive thresholding to
remove uniform background noise. When contour detection failed,
alternative thresholds (160-240, or if needed, 0-10) were applied. The
cleaned binary images were then processed to detect contours, from
which rotated minimum-area bounding rectangles were fitted, enabling
the extraction of key morphological features (Fig. S2).

Pixel dimensions were converted to micrometres using calibration
factors based on camera resolution (1280 x 960 pixels) and microscope
magnification (400 x ), resulting in a pixel size of 0.3125 pm (width)
and 0.4167 pm (height).

Morphological data and manual labels were processed in Python
using the Pandas library. Rows with missing key values were excluded to
ensure data robustness. For each fungal spore type, descriptive statistics
were calculated, including sample size, range, percentiles, and Tukey
fences to identify outliers based on the interquartile range (Tukey and
John, 1977). All values represent measurements from spores captured
under environmental conditions.

Size distribution patterns were analysed by fitting log-transformed
measurements to log-normal probability density functions (PDFs)
using maximum likelihood estimation. The resulting curves were over-
laid on histograms to visualize differences among taxa (Fig. S3). In cases
where the segmentation mask captured only part of a spore, images were
manually excluded. This issue was most pronounced in Alternaria, where
~42% of measurements were removed because the mask missed the
characteristic spore tail (Table 1).

2.5. Influence of meteorological variables

The influence of meteorological factors on spore concentrations and
seasonality was assessed using Redundancy analysis (RDA) and
Spearman correlations. Spearman correlations were calculated sepa-
rately for each trap. Since temperature was identified as the most
influential weather variable, we conducted a further analysis comparing
temperature ranges and spore abundances.

Since there was no weather station at the sampling site, meteoro-
logical parameters were obtained from the nearest station (Helene
Weber Allee, Munich; 48.1635°N, 11.5437°E) of the German Weather
Service (DWD), which is located 7 km apart. Data were obtained from
the DWD Open Data Center (https://opendata.dwd.de/climat
e_environment/CDC/observations_germany/). Hourly data of air
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Table 2

Descriptive statistics of meteorological parameters during the study period.
Statistic AT RH R AP GT WS WD SD
Minimum 0.5 17 0 931.4 5 0.4 0 0
Median 16 76.5 0 954.6 18.4 2.2 220 3
Maximum 33.3 100 18 971.6 36.7 9.6 360 60
Mean 16.2 72.6 0.2 954.6 18.7 2.5 191.3 21.7

AT - air temperature (°C); RH - relative humidity (%); R - rainfall (mm); AP — air
pressure (hPa); GT — ground temperature (°C); WS — wind speed (m/s); WD —
wind direction (°); SD - sunshine duration (hourly sum, in minutes).

temperature (°C), relative humidity (%), rainfall (mm), air pressure
(hPa), ground temperature (°C), wind speed (m/s), wind direction (°),
and sunshine duration (hourly sum, in minutes) were collected at a
height of 2 m. Summary statistics of the meteorological parameters are
presented in Table 2.

2.6. Software

Data analysis and visualization were performed using R (R Core
Team, 2024) and Python (Python Software Foundation, 2024). In R, the
following packages were used: blandr, vegan, corrplot, ggpubr, and
ggplot2. Python analyses employed NumPy, Pandas, SciPy, Seaborn, and
Matplotlib.

The fungal spore data and the code used for processing and statistical
analyses are available in the Zenodo repository at 10.5281/
zenodo.17985095.

3. Results
3.1. Comparison of capture efficiency

Total fungal spores recorded by POMO during the campaign ranged
from 495 for Ganoderma (0.6%) to 27,519 for Cladosporium (35.1%). In
the BURK sampler, total spore counts ranged from 2923 for Poly-
thrincium (1.7%) to 138,636 for Cladosporium (79.5%) (Table 3). The
mean daily concentrations were highest for Cladosporium in both sam-
plers, while the lowest values were observed for Ganoderma in POMO
and Polythrincium in BURK. Three of the five taxa reached their seasonal
maximum on the same day, whereas Cladosporium and Ganoderma
differed markedly in peak timing.

Diurnal variation was analysed in 6-h intervals to ensure compara-
bility between devices. Most taxa showed higher concentrations be-
tween 06:00 and 18:00 in both samplers, except for Ganoderma, which
exhibited a clear nocturnal maximum, peaking between 18:00-00:00 in
POMO and 00:00-06:00 in BURK (Fig. 2). No significant differences in
the timing of diurnal peaks between samplers were detected.
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Comparison of total 6-hourly spore concentrations using the Wil-
coxon test revealed significant differences for all taxa (p < 0.001),
except for Alternaria (p = 0.077). Bland-Altman analysis showed strong
agreement between devices for Alternaria, moderate agreement for
Epicoccum and Polythrincium, and low agreement for Cladosporium and
Ganoderma. Overall, spore concentrations were significantly higher in
the BURK sampler, mainly due to elevated counts of small-sized spores
such as Cladosporium and Ganoderma (Fig. 3). In contrast, POMO
recorded higher abundances of medium-sized spores (Epicoccum, Poly-
thrincium), while Alternaria exhibited comparable concentrations with
slightly higher values in POMO.

Spearman correlation analysis between devices at 6-h resolution
showed strong associations for Alternaria (p = 0.67), Epicoccum (p =
0.68), and Polythrincium (p = 0.68), moderate associations for Clado-
sporium (p = 0.49) and total spore counts (p = 0.61), and a weak asso-
ciation for Ganoderma (p = 0.17) (Fig. S4). Aggregation to daily
resolution improved correlations by an average of 0.15 across taxa, with
the largest increases observed for Ganoderma (+0.29) and Alternaria
(4+0.17). At daily resolution, correlations were highest for Alternaria (p
= 0.84), Polythrincium (p = 0.79), Epicoccum (p = 0.74), and total
(summed) spore counts (p = 0.73), while Cladosporium remained mod-
erate (p = 0.59) (Fig. 4).

3.2. Spore size distribution

Measurements of spore width, height, and perimeter revealed the
greatest variability for Alternaria and the lowest for Ganoderma. This
likely reflects the smaller sample size of Ganoderma (129 spores) and the
broad morphological variability within Alternaria (1090 spores) (Fig. 5,
Table S1).

The mean width was 9.2 pm for Ganoderma, 13 pm for Cladosporium,
15.4 pm for Polythrincium, 19.2 pm for Alternaria, and 20.4 pm for Epi-
coccum (Fig. 5).

Median spore height ranged from 11.3 pm in Ganoderma up to 27 pm
in Epicoccum. The maximum height (81.8 pm) was recorded in Epi-
coccum, although its 95th percentile (34.6 pm) was substantially lower,
suggesting that approximately 21 extreme values likely represent spore
clumps that escaped the cleaning step. Height ranges spanned from 15.7
pm in Ganoderma to 70 pm in Alternaria.

Ganoderma and Cladosporium displayed the most similar width-to-
height ratios, indicating that they have more circular spores. Alter-
naria exhibited the largest perimeter values across all metrics (median,
95th percentile, maximum), whereas Ganoderma consistently had the
smallest. Cladosporium showed the highest number of upper-fence out-
liers (150), while Polythrincium had the lowest-fence outliers (224)
(Fig. 5). A nearly twofold increase between the 95th percentile and
maximum perimeter values in Cladosporium and Epicoccum likely reflects

Table 3
Spore season characteristics of individual fungal spore types during the study year, based on data collected with the POMO and BURK samplers.
Sampler Spore type ASIn_all ASIn_ com % of total Ratio Daily mean Peak value Peak date High days
POMO Alternaria 11,059 4539 14.1 1.21 64 742 201 32
Cladosporium 27,519 11,521 35.1 0.09 160 1306 176 1
Epicoccum 17,162 7053 21.9 2.12 100 864 282 58
Ganoderma 495 204 0.6 0.01 3 17 227 0
Polythrincium 22,112 9022 28.2 3.43 129 603 236 76
Total 78,347 32,340 0.21 167
BURK Alternaria 4050 3742 2.3 0.82 24 267 201 11
Cladosporium 138,636 124,592 79.5 10.81 806 3212 263 48
Epicoccum 3817 3330 2.2 0.47 22 216 282 4
Ganoderma 25,026 22,281 14.4 109.22 146 565 243 94
Polythrincium 2923 2627 1.7 0.29 17 86 236 0
Total 174,452 156,571 4.84 157

ASIn — Annual Spore Integral (spore*day/m®), _all — all days available, ASIn _com — days with samples from both monitors; total — summed concentration of the 5
selected spore types, Ratio — capture ratio between POMO and BURK on common days; Daily mean — mean daily spore concentration (spores/m>); Peak value —
maximum daily spore concentration (spores/m?>); Peak date (DOY) — day of the year from 1 January; High days — the number of days when spore concentration reached
or exceeded the threshold value (1000 spores/m?® for Cladosporium, and 100 spores/m? for all other spore types).
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Fig. 2. Diurnal variation (%) in individual fungal spore types and total (summed) concentrations recorded by the POMO and BURK samplers.
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Fig. 3. Relative abundance of fungal spores (%) shown as (a) total concentration and (b) individual concentrations of each spore type (Alt — Alternaria, Cla —
Cladosporium, Epi — Epicoccum, Gan — Ganoderma, Pol — Polythrincium) collected with the BURK and POMO samplers.

instances where two or more spores were adjacent.
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Fig. 4. Spearman correlation plots comparing spore concentrations measured by the POMO (x-axis) and BURK (y-axis) samplers, expressed as spores/m°, for five

fungal spore types and total (summed) daily concentrations.

3.3. Influence of meteorological parameters on fungal spore
concentrations and monitors’ capture efficiency

Redundancy analysis (RDA) revealed that meteorological variables
significantly influenced the variation in spore concentrations captured
by the two samplers. Air temperature was the primary factor associated
with inter-sampler differences (partial R = 0.199), followed by relative
humidity (0.086) and rainfall (0.036), while air pressure and wind speed
contributed only marginally (Fig. S5). The direction and length of vec-
tors in the RDA biplot indicate positive relationships between individual
meteorological parameters and variation in spore concentrations.

Overall correlations between spore concentrations and meteorolog-
ical parameters were stronger for the BURK dataset (2-h resolution) than

for the POMO dataset (3-h resolution), with an average difference of
0.136 in correlation strength. The taxa most affected by meteorological
conditions were Alternaria, Cladosporium, and Polythrincium, all showing
consistently higher correlations in BURK. Among all variables, air
temperature exhibited the strongest positive correlations for both sam-
plers, followed by ground temperature and sunshine duration. Relative
humidity and rainfall were negatively associated with spore concen-
trations in nearly all taxa. Ganoderma was an exception, showing weak
positive correlations with humidity and rainfall but a pronounced
negative association with wind speed in BURK (Table 4).

Analysis of temperature ranges revealed a general increase in spore
concentrations with rising temperatures, extending into the 30-35 °C
range (Fig. 6). Below 15 °C, concentrations were generally low, but
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Fig. 5. Comparative summary of spore (a) width, (b) height, and (c) perimeter across five fungal spore types, captured by POMO.

Cladosporium (both devices), Epicoccum (POMO), and Ganoderma
(BURK) still exhibited notable abundances even under <10 °C condi-
tions. Both samplers displayed the most linear temperature-dependent
increase for Alternaria and Polythrincium.

The Shapiro-Wilk test revealed significant non-normality for all

spore types (W = 0.358-0.793, p < 0.001). Distributions were highly
right-skewed (y; = 10-1032).

Seasonal patterns differed among taxa. Alternaria exhibited the most
pronounced seasonality, with a major peak in early August and a minor
one in late September. Polythrincium showed a similar pattern with a
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Table 4
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Spearman's correlation coefficients between fungal spore concentrations collected with the POMO and BURK samplers and meteorological parameters. Significant

trends are in bold.

Spore/Variable AT RH R AP GT WS WD SD

POMO

Alternaria 0.454%%* —0.250% —0.211% 0.162 0.400%** —-0.018 —0.053 0.354%%*
Cladosporium 0.196* —0.159 —-0.156 0.175 0.140 —0.005 -0.077 0.321**
Epicoccum 0.200* -0.119 —0.156 0.077 0.111 0.000 —0.001 0.239*
Ganoderma 0.072 0.033 0.000 0.020 0.103 —0.068 —0.061 0.007
Polythrincium 0.324** -0.178 —0.241* 0.107 0.219* —-0.101 —0.053 0.386***
BURK

Alternaria 0.587%*%* —0.437%** —0.282%* 0.178 0.062 —0.088 0.421%%*
Cladosporium 0.553%*** —0.455%** —0.313%* 0.164 0.457*** 0.054 —-0.189 0.456%**
Epicoccum 0.359%%* —0.336%** —0.235% 0.107 0.267** 0.090 -0.114 0.376%***
Ganoderma 0.247* 0.098 —0.313** 0.142 0.317** —0.469*** —0.194* —0.083
Polythrincium 0.460%** —0.420%** —0.285%* 0.109 0.338%** 0.038 —-0.078 0.483%%*

AT-air temperature (°C); RH - relative humidity (%); R — rainfall (mm); AP - air pressure (hPa); GT - ground temperature (°C).
WS - wind speed (m/s); WD - wind direction (°); SD - sunshine duration (h); *p < 0.05; **p < 0.01; ***p < 0.001.

gradual rise from June to September. Cladosporium occurred throughout
the entire sampling period with several moderate peaks, Epicoccum
increased in late summer, and Ganoderma maintained moderate con-
centrations with occasional short-term peaks (Fig. S6).

4. Discussion
4.1. Fungal spore abundances

This study evaluated the capture efficiency of the POMO automatic
monitor in comparison with the reference Hirst-type trap (BURK).
Across the season (6 April-14 October 2024), 78,347 spores were
recorded by POMO and 174,452 by BURK. The selected taxa represented
a broad spectrum of particle sizes to test the performance of the POMO
cascade impactor on environmentally and clinically important outdoor
fungal pollution.

Cladosporium was the dominant spore type, consistent with reports
from many sampled regions worldwide (Jiménez-Uribe et al., 2026;
Martinez-Bracero et al., 2022; Scevkova et al., 2023; Simovi¢ et al.,
2023) reaching levels capable of triggering allergy responses
(Katotomichelakis et al., 2016). However, its dominance was substan-
tially higher in BURK (79.5%) than in POMO (35.1%), reflecting more
effective capture of small particles by Hirst-type traps. By contrast,
POMO recorded much higher concentrations of Epicoccum and Poly-
thrincium, whose size and morphology resemble pollen grains — the
primary target for which the instrument was designed (Buters et al.,
2024).

Alternaria accounted for 14.1% of POMO and 2.3% of BURK counts,
with more than twice as many high days in POMO. This difference likely
stems from POMO's detection algorithm and the characteristic
morphology of Alternaria, which facilitates automated recognition.
BURK may underrepresent large spores due to differences in inlet design
and airflow. Conversely, Ganoderma was strongly underestimated by
POMO (0.6% vs. 14.4% in BURK), as its small basidiospores (<5 pm) fall
below the effective capture range of the POMO cascade impactor.

4.2. Comparison of capture efficiency

POMO accurately separated fungal spores into “Fungus” and “Alter-
naria” categories, although genus-level identification still requires
additional labelling. When comparing POMO to other automatic de-
vices, WIBS effectively detects fluorescent fungal particles (Cheng et al.,
2020; Markey et al., 2022). Additionally, Swisens Poleno performs well
for Alternaria (Maya-Manzano et al., 2023b) and was laboratory tested,
along with Plair Rapid-E+, for 10 other fungal genera (Bruffaerts et al.,
2025).

Capture efficiency differed markedly by spore size. BURK was more
effective for small spores (Cladosporium, Ganoderma), while POMO

captured mid-sized spores (Epicoccum, Polythrincium) more efficiently.
These findings align with known performance characteristics of Hirst-
type traps (Frenz, 1999; Peel et al., 2014) and with previous observa-
tions that POMO and Poleno correlate best with particles >5 pm
(Sauvageat et al., 2020). The cascade impactor design of POMO discards
the smallest particles (Buters et al., 2024), which was confirmed by our
size analysis and the large discrepancy between POMO and BURK for
Cladosporium and Ganoderma. Algorithmic thresholds may further
contribute to under-detection of small particles, a problem also reported
for fluorescence-based instruments (Saari et al., 2014). Algorithm ad-
justments or size-specific scaling factors may improve compatibility
with Hirst data. However, because Hirst traps have well-known biases
and lack an official calibration standard, defining the “true” airborne
concentration remains a challenge. Ongoing development of calibration
protocols within the EU project BioAirMet may provide future solutions.

Correlation values obtained for Alternaria (p = 0.84) were compa-
rable to previous POMO-Hirst pollen comparisons (Maya-Manzano et al.
2023). Nevertheless, both POMO and BURK may underestimate large
Alternaria spores (>100 pm; Simon et al., 2009) that exceed their
detection ranges. Lower correlations for Polythrincium and Epicoccum
may reflect sampler airflow dynamics, especially during periods of
extremely low or high concentrations when BURK measurement un-
certainty increases (Adamov et al., 2021). Similar discrepancies were
reported during the 2021 EUMETNET Autopollen campaign, where
POMO captured more Poaceae pollen than Hirst traps (Maya-Manzano
et al. 2023).

Both devices showed similar diurnal patterns. Alternaria and Clado-
sporium peaked between 12:00 and 18:00, coinciding with rising tem-
perature, decreasing relative humidity, and increased turbulence, well-
documented drivers of conidial release (Grinn-Gofron and Strzelczak,
2009; O'Connor et al., 2014; Olsen et al., 2020). The negative relation-
ship with relative humidity is consistent with easier detachment and
suspension of spores on conidiophores, resulting in higher spore con-
centrations during the drier parts of the day (Abel Fernandez et al.,
2023). Ganoderma displayed the expected nocturnal pattern, with peaks
around midnight, consistent with moisture-independent basidiospore
release and UV avoidance (Ho and Nawawi, 1986; Lopez-Vasquez et al.,
2024).

4.3. Spore size distribution

Size variability was highest in Alternaria due to its diverse morpho-
types and appendages, which influence shape and optical segmentation.
Environmental humidity further affects spore swelling or desiccation,
contributing to the wide range of observed values.

Cladosporium exhibited unexpectedly broad size distribution, likely
due to frequent clumping despite rigorous cleaning prior to analysis.
Many particles exceeded plausible dimensions for single spores. This is
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consistent with the high morphological variability typical of ascomy-
cetous conidia (Jadhav et al., 2011; Hafizi et al., 2013; Mugao, 2023).

Epicoccum and Polythrincium showed comparatively narrow size
ranges, reflecting their regular, mostly spherical shape. Interpretation of
Ganoderma size patterns remains limited due to the small sample size
(129 spores), although basidiospores are generally more uniform.
Segmented image measurements may underestimate true dimensions;
therefore, fences were applied to filter abnormal values.

4.4. Influence of meteorological parameters on fungal spore
concentrations

Correlation strengths were generally higher for BURK than for
POMO, because POMO is temperature-controlled and has a much higher
intake volume, making it less sensitive to external fluctuations. Similar
findings were reported by Gonzalez-Alonso et al. (2023).

RDA indicated that meteorological factors explained over 30% of the
variation between the two devices. Air temperature and relative hu-
midity were the primary drivers, closely matching findings from the
EUMETNET Autopollen campaign. Temperature and sunshine were
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positively associated with spore concentrations, whereas humidity and
rainfall showed negative correlations, consistent with the dry-spore
release strategy of most analysed taxa (Grinn-Gofron et al., 2018;
lanovici, 2016). Only Ganoderma showed weak correlations in POMO
and a pronounced negative association with wind speed in BURK, likely
due to displacement of small basidiospores at higher wind velocities.
Spore concentrations increased with temperature across all taxa,
including 30-35 °C range, except for Cladosporium, which peaked
around 25-30 °C. Temperature is considered as a strong positive factor
influencing airborne fungal pollution (Grinn-Gofron et al., 2011),
although its effects on sporulation may vary across regions and taxa.
While several studies report reduced sporulation above 27 °C (Damialis
et al., 2015; Grinn-Gofron et al., 2018; Martinez-Bracero et al., 2020),
others show increases up to >31 °C (Sanchez Espinosa et al., 2024).
Considering that sporulation enhances resilience to environmental
stress, increased airborne spore loads during more frequent heat events
may be expected, highlighting the need to account for heat-driven
changes in bioaerosol exposure under future climate scenarios.

4.5. Fungal spore temporal patterns

Both devices showed comparable seasonal dynamics, with low
counts in spring and maxima during late summer and early autumn
(August-September). Although only one year of measurements is
available, the timing broadly agrees with patterns from Central Euro-
pean regions such as Rzeszow, Warsaw, and Bratislava (Anees-Hill et al.,
2022) showing the monitoring potential of POMO for fungal spores.
However, our ground-level setup surrounded by buildings likely
amplified local signals and reduced comparability with rooftop moni-
toring, which may explain the less pronounced seasonal pattern.

Polythrincium reached exceptionally high levels, far exceeding pre-
viously reported values. This strongly suggests a local infection source at
the sampling site, consistent with its role as a pathogen of Trifolium
prantense (red clover) (Simon et al., 2009).

Epicoccum concentrations peaked late in the season, consistent with
findings from Slovakia (Zilka et al., 2024), England (Sadys et al., 2016),
and Poland (Grinn-Gofron and Mika, 2008). Alternaria dynamics should
be interpreted in the context of local microclimate, sampler height, and
nearby vegetation or pollution sources, as highlighted by Plaza et al.
(2025).

5. Conclusions

The aim of this study was to test the potential to use the POMO as an
airborne fungal spore monitor. Overall, the device demonstrated satis-
factory performance. The findings suggest that automatic POMO devices
can effectively detect environmentally relevant airborne fungal spores,
particularly medium- and large-sized particles such as Alternaria, Epi-
coccum and Polythrinicum. This shows strong potential for agricultural,
medical, and forestry applications, as it can detect even low spore
concentrations that may still initiate plant disease or contribute to al-
lergy development. The near real-time availability of data represents an
additional major advantage, supporting the development of early
warning systems and enabling rapid responses during the critical first
hours to days after disease onset.

However, compared with the Hirst-type reference, POMO showed
lower efficiency in detecting small spores, likely due to both sampling
mechanics and classification constraints. As Ganoderma and Cladospo-
rium are important indicators of plant- or wood-related diseases, their
underestimation highlights the continued need for Hirst-type moni-
toring until the determination and application of type-specific correc-
tion factors for small spores.

Sampling efficiency is likely to vary among bioaerosols with differing
physical and optical properties; thus, further technological refinement
and broader validation across the full particle-size spectrum are needed.

Finally, although the influence of meteorological parameters on
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airborne spores is well established, the observed increase in spore con-
centrations even at temperatures between 30 °C and 35 °C suggests
possible thermal adaptation. Such shifts may increase the risk of fungal
plant diseases and allergic responses under future climatic conditions.
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