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ABSTRACT

Monitoring airborne inoculum of pathogens is important for plant disease surveillance. Here, we evaluate spider webs as passive
environmental DNA (eDNA) samplers for detecting the pathogenic fungus Hymenoscyphus fraxineus, the causal agent of ash
dieback, in a forest environment. In a temperate mixed forest, we compared two types of spider webs (orb and sheet webs) with

a conventional passive sampler (filter paper) over matched day (orb) and week (sheet) deployments. Laboratory validation con-
firmed that webs exposed to airborne spores from apothecia yield positive qPCR signals. Across seven field sampling campaigns,
both a species-specific qPCR (Hfrax) and a broad fungal assay (FQ) detected fungal eDNA on spider webs more reliably and at
higher relative quantities than on filter paper. In daily and weekly pairs, orb and sheet web vs. filters, the median ACq (filter —
web) was above 4 for both qPCR assays (Wilcoxon paired, p <0.05), which corresponds to more than a 10-fold difference in the
amount of target DNA. This study provides proof of concept for using spider webs as scalable, low-cost tools suitable for targeted

(gPCR) surveillance to complement aerobiological networks.

1 | Introduction

Monitoring plant pathogens' airborne inoculum is an important
part of plant disease surveillance frameworks (Van der Heyden
et al. 2021). Spore trapping from the air, combined with molec-
ular diagnostics, enables early detection of plant pathogens be-
fore symptoms appear, thereby supporting disease forecasting
and management strategies (Aguayo et al. 2021; Schweigkofler
et al. 2004).

Aerobiological networks, originally developed for pollen moni-
toring and allergy risk assessment, have been adapted for forest
pathogen surveillance (Aguayo et al. 2021). Passive and active

sampling approaches are used to collect airborne spores, includ-
ing sticky rods from rotary arm spore collectors, glass fiber fil-
ters (Bérubé et al. 2018), filter paper (Schweigkofler et al. 2004),
and Hirst-type volumetric air samplers that collect spores and
pollen on microscope slides (Aguayo et al. 2021). Subsequent tar-
geted and non-targeted molecular analyses of these samples pro-
vide spatial and temporal insights into pathogen presence and
prevalence (Aguayo et al. 2021; Larsson et al. 2025; Nicolaisen
et al. 2017). Importantly, seasonal patterns of specific pathogens
have been shown to correlate with disease incidence reports.

Recent advances in environmental DNA (eDNA) research offer
new opportunities for biodiversity studies, invasive species
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detection, pathogen surveillance, and agroecological applica-
tions (Tulloch et al. 2025). Spider webs have emerged as effi-
cient natural collectors of airborne particles, including pollen
from various trees, shrubs, herbs, pteridophytes, as well as fun-
gal spores (Oraon et al. 2022). Their adhesive and electrostatic
properties facilitate the collection efficiency of bioaerosols, and
viable bacteria and fungi have been recovered from webs in
urban environments (Mattei 2009). eDNA studies confirm that
webs contain amplifiable DNA from multiple domains of life
(Gregoric et al. 2022) and are a promising tool for terrestrial
biodiversity monitoring (Berard et al. 2025). Therefore, using
spider webs as passive eDNA samplers could complement ex-
isting aerobiological networks, especially in habitats where
conventional spore trapping is logistically challenging (Newton
et al. 2025).

In this study we evaluated spider webs in natural forest en-
vironments as a passive, surveillance-oriented substrate for
targeted detection of plant pathogenic fungi. As a proof-of-
concept we focused on Hymenoscyphus fraxineus, a pathogenic
fungus causing ash dieback and known to occur in the exper-
imental area (Baral et al. 2014; Ogris et al. 2009). H. fraxineus
is an ascomycete whose asexual and sexual stages are both
associated with ash trees (Fraxinus spp.), on which it causes
characteristic disease symptoms of leaf loss and crown dieback
(Kowalski 2006). This pathogen spreads via ascospores pro-
duced in apothecia on infected ash rachises in the leaf litter.
Spore release is strongly influenced by humidity, leaf wetness,
and temperature, with diurnal peaks linked to radiation and
moisture conditions (Burns et al. 2022). Sporulation peaks be-
tween June and August in Europe, with the majority of the
inoculum deposited within 50m of infected trees, although
wind dispersal can carry spores up to 50-100km ahead of
the disease front (Grosdidier et al. 2018). These dispersal
characteristics make H. fraxineus an ideal model for testing
passive aerial eDNA surveillance, because collectors within
ash stands will frequently encounter H. fraxineus spores and
eDNA. Demonstrating reliable detection of spider web eDNA
therefore provides a practical proof of concept for a scalable,
low-cost early warning approach that could complement ex-
isting aerobiological monitoring and support forest disease
surveillance.

2 | Methods
2.1 | Study Overview

We combined (i) a laboratory exposure validating binding and
detection of H. fraxineus DNA on spider webs and (ii) field
comparisons of spider web versus filter paper samplers in a
temperate mixed forest in Central Europe (Ljubljana Marsh,
Slovenia). Two spider web types were used: orb webs, vertical
wheel-shaped webs made of dry silk threads as well as glue-
coated capture threads, typically rebuilt daily by spiders; and
sheet webs, long-lasting webs consisting exclusively of dry silk,
a horizontal sheet, interconnected with horizontal threads
(Foelix 2025). Sampling was organized during periods without
heavy rain (based on weather forecasts) to avoid wash-off of col-
lected material.

2.2 | Laboratory Exposure of Webs to H. fraxineus
Apothecia and Spores

A laboratory experiment was set up to check if the H. fraxineus
spores that are released from the apothecium can be collected on
spider webs. To obtain the two web types, we housed female her-
mit spiders Nephilingis cruentata in 35X 35X 10 cm polymethyl
methacrylate frames, and female cellar spiders Pholcus phalan-
gioides in plastic boxes with 20X 13X 11 cm metal construction
for web support (Kralj-FiSer and Gregori¢ 2019). H. fraxineus
spores were obtained from infected ash tree (Fraxinus spp.) leaf
rachises collected in a humid forest (Ljubljana Marsh, Slovenia).
Leaf rachises were incubated at room temperature exposed to
natural light conditions on wet paper towels in a 15cm wide
glass petri dish for 2months to obtain fresh apothecia.

The initial laboratory experiment included three groups: (i) in
the experimental group, we placed a petri dish containing two
fresh H. fraxineus apothecia on the bottom of a large plastic con-
tainer, together with a fresh N. cruentata orb web and a fresh P.
phalangioides sheet web. To avoid apothecium desiccation, we
closed the container and kept the relative humidity around 90%
by wetting the petri dish once a day. The daily opening of the
plastic container created air circulation that we expected was
enough to render the H. fraxineus spores airborne. We sampled
the two webs after 7days. (ii) In the negative control group, we
placed a fresh N. cruentata and a fresh P. phalangioides web in a
clean plastic container of the same size and type as in the exper-
imental group, but without any H. fraxineus apothecia. We kept
the closed container next to the experimental group container
for the entire 7 days, when we sampled the webs. (iii) In the pos-
itive control group, we collected a fresh N. cruentata and a fresh
P. phalangioides web. We cut a H. fraxineus apothecium in half
and added one half to each of the web silk samples. From all
collected samples, we extracted DNA and tested it with qPCR as-
says (see below) to confirm successful collection of fungal DNA
on spider webs and proceed with field experiments.

2.3 | Field Sampling Design and Comparative
Analysis of Passive Samplers

Prior to the onset of the field experiment, we surveyed several
localities for H. fraxineus occurrence and habitat suitability. As
the study site, we selected the forest Vrbovci (lat. 45.95070, lon.
14.56387) on Ljubljana Marsh (Slovenia) that was humid enough
and contained abundant H. fraxineus apothecia, where we ran
seven sampling campaigns (early summer to late summer across
2years), starting in June 2023 (sampling dates available in Table 3).

Webs of both types were each collected within a fixed 30 min
intense search effort, by one collector, who collected 14-46 orb
webs and 21-71 sheet webs during each sampling campaign
(Table S2, File S1). Webs were sampled within approximately
25m of the passive sampler stands and 0.5 m to 1 m above ground.
Webs were wound on a clean disposable needle and placed in a
microcentrifuge tube that represented one pooled orb or sheet
web sample. In an initial field comparison, we evaluated aerial
fungal eDNA sampling with simple passive samplers: micro-
scope slides covered with petroleum jelly, petri dishes covered
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with petroleum jelly, and cellulose filter paper (File S2) (West
and Kimber 2015). Filter paper (@ 15cm; MN 617, Macherey-
Nagel, Diiren, Germany) was housed in @ 19 cm glass petri dish
and set on a 0.5m tall table. Three visits of the sampling location
were needed for each sampling campaign, for (i) installment of
two filter papers, (ii) collection of one filter paper after 24h of
exposure to match orb web exposure, and (iii) collection of the
second filter paper after 7days of exposure to match sheet web
exposure.

2.4 | Sampling Controls

We tested for possible H. fraxineus contaminations in our sam-
pling process, that is, spider webs, and on fresh filter paper. On
13. September 2023, at the field experiment locality, we collected
two adult female Metellina segmentata and two adult female
Linyphia triangularis spiders. Both species are abundant at the
locality and build orb and sheet webs, respectively. We housed
these spiders in disinfected polyacrylate frames in the labora-
tory to allow web construction (Kralj-FiSer and Gregori¢ 2019).
We then used laboratory webs of these spiders as negative con-
trols. Additionally, we used filter paper directly from the pack-
age as negative control.

2.5 | Sample Handling and DNA Extraction

For DNA extraction, we transferred web silk samples into 2mL
Fast Prep tubes (MP Biomedicals) containing 1g of zirconium
oxide beads (Next Advance) and one ceramic sphere bead (MP
Biomedicals), with added 700uL of CSPL buffer and 20uL of
Proteinase K (Mag-Bind Plant DNA DS 96 Kit, Omega Bio-tek).
Filter paper samples required a larger volume tube for process-
ing. We cut filter paper into four equal parts and put one of the
pieces into a 15mL tube (Corning) containing 3g of zirconium
oxide beads and three ceramic sphere beads, 2100 uL of CSPL
buffer, and 60uL of Proteinase K. All samples were first thor-
oughly vortexed and then homogenized using the FastPrep-24
bead beater (MP Biomedicals) for 1min at 6m/s. Extraction
then followed the manufacturer-provided Mag-Bind Plant DNA
DS Kit Protocol, configured for the KingFisher Apex (Thermo
Fisher Scientific). We eluted DNA in 100puL and stored it at
—20°C until further analysis. We employed negative extraction
control (nuclease-free water only). To monitor for amplification
inhibition, we tested different dilutions of the DNA samples
(undiluted, 3-, 10- or 100-fold diluted), and 3-fold dilutions were
used for comparisons (least inhibition without loss of sensitiv-
ity). Dilutions were prepared in nuclease-free water (Sigma-
Aldrich) and tested in three technical replicates.

2.6 | qPCR Assays and Controls

To test for the presence and relative amount of fungal DNA
in samples, we used specific qPCR assay for detection of H.
fraxineus (Hfrax) (Ioos et al. 2009) and a general FungiQuant
(FQ) assay (Liu et al. 2012). FQ assay was used to control for
successful extraction of DNA and control for the presence of
fungi in general and possible plant DNA (cross-reaction with
FQ assay is not ruled out). The qPCR reaction mixture for

Hfrax consisted of TagMan Environmental master mix 2.0
(Applied Biosystems), 300nM of each primer and 150nM
TagMan probe. The qPCR reaction mixture for FQ consisted of
PerfeCTa qPCR ToughMix Low ROX master mix (QuantaBio,
95114) and 900nM of each primer and 250nM TagMan probe.
Two pl of DNA were tested in a final reaction mixture volume
of 10uL. The reactions were incubated for 2min at 50°C, fol-
lowed by 10min at 95°C, and 45cycles at 95°C for 15s and at
65°C for 1 min, on 7900HT Fast or Viia7 Real-time PCR System
(Applied Biosystems). In each qPCR run, we included a neg-
ative control of amplification (nuclease-free water instead of
sample). For the positive control of amplification, we used DNA
extracted from 100 H. fraxineus spores (Brittain 2017). The gen-
erated data were analyzed using SDS software (version 2.4.1.,
Applied Biosystems) or QuantStudio Real-Time PCR Software
(version 1.6.1, Applied Biosystems). Same threshold was set for
all qPCR runs on the same device, positive and negative con-
trols and the appearance of sigmoid amplification curves were
checked for each analysis. We evaluated performance of both
gqPCR assays to meet MIQE guidelines: dilution series of pos-
itive control was tested in up to 10 sequential dilutions (each
in 5 technical replicates) to determine linearity of the assays
(Bustin et al. 2025). Number of target copies in the positive
control was determined by droplet digital PCR using the Hfrax
assay (Ioos et al. 2009) and reaction conditions as previously
described (Dobnik et al. 2019). Three consecutive 10-fold di-
lutions of DNA were tested in duplicate, and average number
of copies was determined from them. Acceptance criteria were
>10,000 positive droplets, NTC <3 positives, coefficient of
variation between replicates <25%. We report eDNA sampling,
controls, metadata, and sample processing following the eDNA
reporting guidance (Gagné et al. 2021). All qPCR raw data and
data on qPCR assay performance are available on are openly
available in Zenodo repository at https://doi.org/10.5281/ze-
nodo.20285349 and (Kogovsek et al. 2026).

2.7 | Data Analysis

The obtained Cq values were further analyzed in MS Excel
(Microsoft, WA, USA): we calculated the average Cq value and
standard deviation of the three technical replicates. A standard
curve was prepared from the Cq values obtained by testing dilu-
tion series of positive control, plotted against the logarithmic value
of the number of copies of the target sequence per reaction. Slope,
intercept, and efficiency of amplification (E) were calculated from
the standard curve. The limit of detection (LOD) of the assays was
determined at the dilution when at least two of the replicates were
positive (out of five tested), and the limit of quantification (LOQ)
was determined at the lowest dilution within the linear range of
the standard curve (regression line R?>>0.99, SD (Cq)<0.8). All
data on qPCR assay performance are openly available in Zenodo
repository at https://doi.og/10.5281/zenodo.20285349 (Kogovsek
et al. 2026). We used the Wilcoxon signed-rank test (Statistics
Kingdom 2017) across seven sampling events to evaluate the
statistical significance of the difference in Cq between web and
filter paper samples and between orb and sheet webs. For field
comparisons, we computed ACq= Cq(filter) — Cq(web), separately
for daily (orb) and weekly (sheet) pairs and for both assays. For
easier interpretation, Cq values that were out of the linear range
of the assays were included in the calculations. Median ACq was
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calculated from all seven paired sampling dates and converted to
fold-difference using the standard-curve slope.

3 | Results
3.1 | qPCR Assay Evaluation

Before testing the samples, the performance of both qPCR as-
says was evaluated by testing dilution series of positive con-
trol with approximately 250.000 copies of target DNA per
reaction (https://doi.og/10.5281/zenodo.20285349; Kogovsek
et al. 2026). The Hfrax assay showed broad linearity over six
orders of magnitude (Table 1). The limit of quantification for the
Hfrax assay was determined to be 2.5 copies/reaction (Cq 34.5),
and the limit of detection was 0.25 copies/reaction (Cq 35.1).
The FQ assay showed narrower linear response (four orders of
magnitude), with a limit of quantification at 250 copies/reaction
(Cq 36.9) and a limit of detection at 25 copies/reaction (Cq 39.4).
Later signals observed with FQ assay in samples with lower
copy numbers were considered stochastic or artifacts and were
ignored, as the assay is known to react with DNA originating

TABLE1 | Performanceof Hfraxassay (Ioosetal. 2009) and FQ assay
(Liu et al. 2012) determined by testing a 10-fold serial dilution prepared
from DNA extracted from 100 Hymenoscyphus fraxineus spores.

Range of  Dynamic
detection range
(copies/ (copies/ E
Assay  reaction) reaction) k (%) R?
Hfrax 0.25- 2.5- -3.44 95 0.998
250,000 250,000
FQ 25-250,000 250- -3.37 98 0.999
250,000

Note: Range of detection (between lowest and highest detected copy number)
and dynamic range (linear part of detection range, with lowest to highest
quantifiable copy number) are given as range of number of copies of target gene
in qPCR reaction that can be detected with each of the assays. k—slope of the
linear regression line in the plot of Cq against log [copy number]; E (%) efficiency
of amplification; R>—mean square regression coefficient.

from the environment and laboratory procedures, and can give
positive signals in negative controls. Even though the assays al-
lowed for quantification, the results of the testing of samples
from webs and filters were not quantified, since the Cq values
from the samples were or on the limit of quantification or de-
tection (filter paper samples tested with Hfrax assay) and gave
stochastic Cq values, or were out of the range of the standard
curve (FQ assay).

3.2 | H. fraxineus DNA Can Be Detected on
Laboratory Exposed Spider Webs

With the preliminary laboratory experiment we tested whether
airborne H. fraxinues spores can be detected on two different
types of spider webs. A low amount of H. fraxineus DNA (high
Cq values) was detected in the experimental group (Table 2),
where webs were not in contact with the apothecium but ex-
posed to airborne spores. No H. fraxineus DNA was detected
in the negative control. The high amount of H. fraxineus DNA
(low Cq values) detected in positive control samples con-
firmed that H. fraxineus DNA can be detected in the spider
web sample using the qPCR method. Comparing the collection
efficiency between the web types, orb webs captured higher
quantities of both H. fraxineus and general fungal DNA than
sheet webs (Table 2). The general FQ assay gave higher values
in the experimental group in comparison to the positive con-
trol, likely a consequence of the daily opening of the container
and high humidity increasing the exposure of webs to environ-
mental fungi.

3.3 | Initial Comparison and Selection of Filter
Paper for Passive Sampler of eDNA

Established passive samplers were evaluated in the initial
field comparison. Petri dishes with petroleum jelly gave the
strongest signal with FQ assay, but filter paper recovered com-
parable H. fraxineus DNA and offered simpler processing; we
therefore selected filter paper as the conventional sampler for
subsequent web comparisons (detailed values summarized in
File S2).

TABLE 2 | gPCRresults of the initial laboratory experiment of H. fraxineus detection from spider webs (orb and sheet), when exposed to airborne

spores (experimental group) and the apothecium (positive control) for 7 days.

Web type FQ (Cq) Hfrax (Cq)
Experimental group Orb 18.06+0.14 30.97+0.17
Sheet 28.95+0.04 36.61 £0.20%
Negative control Orb 28.32+0.13 Neg
Sheet 38.06" Neg
Positive control Orb 26.44+0.29 16.95+0.08
Sheet 31.95+0.21 20.43+0.03

Note: Average Cq values (calculated from three technical replicates, with corresponding standard deviations (SD) obtained with FQ and Hfrax assays) are reported. SD
is not given when less than two technical replicates yielded a Cq. Lower Cq values correspond to higher amounts of target DNA.

Abbreviation: Neg, negative.
aTwo out of three replicates positive.
bOne out of three replicates positive.
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3.4 | Spider Webs Outperform Conventional Filter
Paper in Collection Efficiency of H. fraxineus DNA
in Forest Environment

We got a positive signal with the general FQ assay across all 28
field collected samples, confirming successful collection and
amplification of fungal and/or plant DNA (Table 3, Table S1).
Control samples (laboratory webs, unused filter paper) yielded

no H. fraxineus detection, demonstrating the absence of contam-
ination and cross-reactivity with the Hfrax assay.
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The relative amount of collected H. fraxineus DNA is expressed
as average Cq values obtained with Hfrax assay (Table 3,
Figure 1). A considerably higher amount of H. fraxineus DNA
was detected in all spider web samples than on filter paper, ex-
cept in June 2023, when the amount was similar between sam-
ple types. This pattern was observed for both web types (orb,
sheet), exposure durations (daily, weekly), and with both assays
(general FQ, specific Hfrax). The difference in Cq values be-
tween sample pairs (spider webs vs. filter paper) was statistically
significant (Wilcoxon test, p<0.05) for both types of samples
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FIGURE1 | Schematic presentation of results of forest-collected filter paper (circle) and spider webs (square with pattern) tested with general FQ
assay (upper panel) and for presence of H. fraxineus (Hfrax assay, lower panel) DNA using qPCR. For each sampling campaign (1-7), orb webs and
daily filter paper (gray) or sheet webs and weekly filter paper (black) were collected. Average Cq values are presented, calculated from three technical

replicates.

tested with both assays (Table 3). The median difference in Cq
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between all seven sample pairs (ACq) is above 4 (Table 3), in
favor of spider webs. Taking into account the standard curve
slopes, ACq >4 corresponds to more than a 10-fold difference
in the amount of H. fraxineus and total fungal and/or plant
DNA in spider webs compared to filter paper. As expected, sig-
nificantly higher total and H. fraxineus DNA amounts were
detected in samples exposed for longer durations, that is, sheet
webs and weekly exposed filter paper, compared to daily sam-
ples (Wilcoxon test, p=0.0223 for FQ assay, p=0.0313 for Hfrax
assay). In three daily exposed filter paper samples, H. fraxineus
DNA was not detected and in one sample detection was positive
in only one out of three replicates (Table 3, Table S1), indicating
collection of a low amount of target DNA, which leads to unre-
liable detection.

4 | Discussion

This study demonstrates that spider webs are effective passive
collectors of fungal spores that can be used for molecular sur-
veillance of plant pathogens. In a forest with high incidence
of Hymenoscyphus fraxineus, we evaluated the collection ef-
ficiency of H. fraxineus in terms of detectable DNA using a
species-specific qPCR assay (Ioos et al. 2009). In parallel, a
broad control assay targeting diverse fungi (Liu et al. 2012) was
used to prove successful extraction of fungal and/or plant DNA
from all samples. The strong qPCR signals obtained from spider
web samples (low Cq values) indicate that high amounts of DNA
accumulate on webs and that eDNA from spider webs is useful
for detecting various fungal taxa.

Spider webs occur in high abundances across most terrestrial
environments. The molecular structure of their glue droplets
assures maintained adhesiveness across wide ranges of rela-
tive humidity, including those common in forests and agro-
ecosystems (Jain et al. 2018). Additionally, spider webs display
electrostatic behavior, actively attracting charged particles
and even deforming towards them, which increases intercep-
tion efficiency (Ortega-Jimenez and Dudley 2013; Vollrath and
Edmonds 2013). These characteristics, combined with long ex-
posure times of certain web types, likely contribute to the col-
lection efficiency of spider webs for pollen (Oraon et al. 2022),
bacteria, and fungi (Gregori¢ et al. 2022; Mattei 2009). In our
field comparison, spider webs, both orb and sheet types, out-
performed filter paper in collection efficiency of H. fraxineus
and total fungal and/or plant DNA for more than 10 times. In
a study investigating diverse eDNA substrates to target ver-
tebrate genetic remains, collecting only two to three spider
webs proved more efficient in obtaining vertebrate eDNA than
swabbing leaves with a combined surface area of 100 cm? (one
to three leaves), while both decisively outperformed the sam-
pling of topsoil, highlighting the utility of passive samples of
airborne eDNA (Berard et al. 2025). A key advantage of spi-
der webs is their positioning and orientation within the envi-
ronment, allowing them to collect airborne material from all
directions as it is carried by wind currents, while passive sam-
pling with filter paper relies solely on gravitational deposition
of particles.

As spider webs accumulate genetic material over days or
weeks (and in some species, months; Foelix 2025) and act as

natural collectors of transient inoculum events, they can sup-
port monitoring of episodic or weather-driven sporulation and
dispersal. In our experimental setup near ash (Fraxinus) trees,
a significantly higher amount of H. fraxineus and total fungal
and/or plant eDNA was collected on long-lasting sheet webs
that likely reflects their longer exposure time. Those webs are
permanent installations and spiders maintain and repair them
(Foelix 2025). On the contrary, orb webs are rebuilt by spiders
daily in the evening or in the morning, meaning that the ex-
posure time of those webs is much lower, which is reflected
in less reliable detection of H. fraxineus DNA. Nevertheless,
orb webs can be collected daily and used to fine-scale the tem-
poral resolution of spore presence and amount. In terms of
sampling effort needed to collect passive samplers, a consider-
ably lower sampling effort was needed to collect daily orb and
weekly sheet webs (30 min for each) in contrast to 3 visits to
the site for filter setup and collection on two sampling events
(day, week).

Several filter-paper samples yielded Hfrax Cq values close to
the assay’s LOQ or LOD, and some daily filter-paper samples
were negative, consistent with increased stochasticity and
higher replicate-to-replicate variability at low target copy
numbers. Under such near-limit conditions, converting Cq
values into absolute copy numbers using the standard curve
would be associated with substantial uncertainty (and, for
non-detects, would not be possible), thereby reducing the re-
liability of absolute quantification and potentially obscuring
differences between sampling substrates. On the other side,
a presence/absence approach would discard the consistent
shifts in signal strength across paired samples and would
underestimate the differences between substrates. We there-
fore used Cq values as a consistent, assay-internal measure
of signal strength and compared paired web and filter sam-
ples using ACq. Interpreting ACq as a fold-difference assumes
comparable amplification efficiency and log-linear behavior
across samples. Even though near the LOQ these assumptions
weaken, making ACq-based fold-change approximate, we ob-
served that spider webs consistently produced earlier signals
than filter paper across all seven paired campaigns (median
ACq > 4 for both assays). Our observations thus support a ro-
bust qualitative conclusion that webs outperform filter paper
for passive interception of airborne fungal eDNA under the
tested conditions.

In conclusion, spider webs represent a simple, low-cost, and lo-
gistically flexible tool for passive collection of airborne biological
material. Because they are ubiquitous in most habitats, sampling
can be opportunistic, without prior installation of equipment
and detailed site planning. Previous work has demonstrated
that webs capture eDNA from bacteria, plants, fungi, and in-
vertebrate and vertebrate animals (Gregoric et al. 2022; Newton
et al. 2024; Oraon et al. 2022) and can even yield higher detec-
tion probabilities compared to other passive substrates (Berard
et al. 2025). Our results extend these findings to plant patho-
genic fungi, showing that spider webs can outperform conven-
tional passive samplers such as filter paper. While air sampling
as a method for plant pathogen detection is a vivid field with
numerous recent innovations (Van der Heyden et al. 2021), the
web eDNA approach could potentially complement it or make it
more accessible under certain conditions. Because this approach
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relies on the same mechanism by which spores disperse, that is,
via air currents that carry particles from a few metres to hun-
dreds or even thousands of kilometers, depending on turbulence,
wind speed, and spore characteristics (Golan and Pringle 2017).
Detecting fungal and other organismal DNA from spider webs
thus offers a simple yet powerful approach for biodiversity mon-
itoring, documentation of pathogen presence, and supporting
early-warning systems for prediction of emerging plant diseases.
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Additional supporting information can be found online in the
Supporting Information section. File S1: Photographs of field experi-
ment set-up and types of spider webs collected in the forest. Figure S1:
Field sampling. Cellulose filter paper (@ 15cm) housed in @ 19 cm glass
petri dish, set on 0.5m tall table, deployed in the forest. Petri dish cov-
ered with petroleum jelly was set on side during comparative analysis of
passive samplers. Figure S2: Representative photo of sheet spider web
collected in the forest. Figure S3: Representative photo of orb spider

web collected in the forest. File S2: Initial passive sampler comparison.
Table S1: Results of filter paper and spider webs tested with general
fungal (FQ) assay and for presence of H. fraxineus (Hfrax) DNA using
qPCR. Mean Cq value and its standard deviation (SD) and number of
positive replicates (No P.), out of three tested, are shown. Neg, no aplifi-
cation, negative result.
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