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ARTICLE INFO ABSTRACT

Keywords: Monitoring diseases within tree canopies is challenging due to their inaccessibility and the complexity of canopy
Ecohydrology ecosystems. Here, we explore the potential of stemflow sampling as a novel, ground-based method for detecting
Stemflow

and monitoring canopy-associated pathogens. In a case study focused on Litylenchus crenatae ssp. mccannii (LCM),
the nematode associated with Beech Leaf Disease (BLD), we collected stemflow samples from 18 Fagus grandifolia
Ehrh. (American beech) trees across 12 storm events. eDNA assays detected LCM presence in 7 of those storms,
with quantitative PCR-derived gene concentrations ranging from 80 to 158,000 copies mL™!. Higher detections
and concentrations coincided with leaf senescence and bud formation periods, and they correlated conditionally
with event rainfall amount and pre-storm changes in relative humidity. Although based on a single site and
season, these findings demonstrate the potential for stemflow sampling to capture a pathogen’s eDNA (ie.,
canopy distress signals) at ground level. This method could complement traditional monitoring, offering another
affordable, non-invasive tool for pathogen detection. Additional validation, particularly regarding live versus
dead organisms and across varied site conditions, will be essential to evaluate the breadth of value stemflow

Foliar nematode
Disease ecology
Pathogen
Method

eDNA offers for canopy disease management and ecological research.

1. Introduction

Monitoring disease-afflicted tree canopies is challenging due to their
physical inaccessibility (Duarte et al., 2022; Fang et al., 2023). Canopies
also host diverse microhabitats, shaped by a unique set of sunlight,
humidity, and other microclimatic variables (Ehbrecht et al., 2019;
Larrieu et al., 2018; Merrick et al., 2021). These microhabitats can serve
as incubators or transport media for diseases, especially when facilitated
by water-related vectors such as rain splash, branchflows, or
storm-associated windiness (Magyar et al., 2021; Van Stan et al., 2021).
Direct study of canopy systems often requires specialized climbing
equipment and expertise at significant temporal and economic costs
(Anderson et al., 2015; Cannon et al., 2021). Remote sensing technol-
ogies can circumvent some needs for physical canopy access, but these
systems also demand financial resources and advanced data analysis
skills (Duarte et al., 2022; Fang et al., 2023; Zhang et al., 2019). These
hurdles impede both disease monitoring and our broader understanding
of canopy disease ecology. How can we more effectively study this
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elevated and intricate world while minimizing the associated costs,
labor, and logistical challenges?

Storms offer a promising solution: as precipitation falls upon a forest,
tree branches intercept a portion and drain it down their stems to the
ground. This “stemflow” process can result in a single tree transporting
hundreds of liters of water during a storm (Van Stan and Gordon, 2018).
We introduce stemflow sampling as a cost-effective method for moni-
toring canopy health. Much like how runoff scours watersheds, col-
lecting information as it flows (Hosen et al., 2021; Sprenger et al., 2019;
Wilkinson et al., 2022), stemflow serves as a sentinel for the canopies
from which it drains (sensu Mabrouk et al., 2022). As stemflow scours
branches and stems (and some leaves), it can capture disease
agents—bacteria, oomycetes, mites, nematodes, etc.—and their pres-
ence or abundance in stemflow may provide insights into disease
prevalence and transmission dynamics. Moreover, pathogen temporal
variability within stemflow can reveal ecological patterns, offering
valuable data on environmental conditions that influence disease dy-
namics. By leveraging this naturally occurring ‘remote sensing’
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mechanism, stemflow presents a promising ground-based tool for
monitoring canopy health without the high costs or technical and
logistical challenges associated with traditional methods.

Although no single stemflow sampler design has yet achieved uni-
versal acceptance (Levia and Germer, 2015; Sadeghi et al., 2020),
available designs share a common minimalistic approach. Typically,
they consist of a simple gutter-like collar, flexible tubing, and a collec-
tion bin. While some designs have relied on nails or staples, there is a
decades-long tradition of approaches that leave the bark surface intact
(Butler and Likens, 1995; Carpenter, 1982; Honda et al., 2015; Likens
and Eaton, 1970; Noren et al., 2023; Schroth et al., 2001). This
streamlined configuration minimizes potential damage while offering
significant flexibility for customization (see photographs in Levia and
Germer 2015 and Sadeghi et al. 2020). Components can be adjusted to
accommodate various stem sizes, site conditions, or aesthetic re-
quirements. Consequently, although no standard stemflow collection
method has emerged, non-invasive systems are recognized as highly
adaptable and suitable for diverse settings—from urban landscape to
natural forests (see brief review of stemflow reviews in Van Stan and
Pinos (2024)—without compromising tree health or appearance.

To illustrate stemflow’s feasibility for detecting ‘distress signals’
from diseased tree canopies, we present a case study focused on Lity-
lenchus crenatae ssp. mccannii (LCM), a foliar nematode associated with
Beech Leaf Disease (BLD). Since 2012, BLD has spread from Lake
County, Ohio to Canada and 12 more U.S. states (Kantor et al., 2022;
Reed et al., 2020; Vieira et al., 2023b). Nematodes infect beech leaves,
diminishing photosynthetic capacity and eventually leading to sub-
stantial canopy decline and tree mortality over successive years (Ewing
et al., 2019; Reed et al., 2022); no known cure exists (Faubert, 2023).
Recent studies further show that LCM’s life cycle is tightly coupled to
bud and leaf phenology, overwintering in buds and resuming feeding
after leaves expand (Vieira et al., 2023a). Evidence also suggests that
humidity, wind, and incidental carriers (e.g., insects) can facilitate local
dispersal, highlighting the complexity of BLD epidemiology and its
threat to North American beech forests (Goraya et al., 2024). Given
Fagus grandifolia’s ecological importance—ranging from soil stabiliza-
tion to wildlife habitat (Leak et al., 2014; Stephanson and Coe, 2017)—
BLD has emerged as a formidable forest disease threatening both native
beech stands and ornamental or urban plantings throughout north-
eastern North America (Ewing et al., 2019; Reed et al., 2022). Early
detection and monitoring are critical to understanding the factors that
contribute to BLD’s spread and to developing effective management
strategies (Reed et al., 2020; Zhao et al., 2023). While the mechanisms of
LCM nematode spread are unknown, nematode activity on canopy sur-
faces (including LCM) is generally facilitated by “free water” (rain, fog,
or dew) (Carta et al., 2023). However, stormy canopies are hard to study
directly. If stemflow sampling can effectively yield insights to LCM’s

Table 1
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spatial and temporal patterns, it may offer a ground-based tool for
canopy disease monitoring.

This study tests whether (1) LCM is detectable in stemflow collected
from trees spanning a range of BLD symptom classes, and (2) LCM gene
concentrations in stemflow vary with meteorological conditions. We
sampled stemflow from 18 F. grandifolia Ehrh. (American beech) trees of
varying BLD symptomology (Table 1), quantified LCM presence using
species-specific primers, and measured gene copy numbers with quan-
titative PCR (qPCR) (Burke et al., 2023). Demonstrating LCM detection
in stemflow would validate it as a cost-effective, ground-based tool for
detecting BLD and potentially other canopy diseases. Linking LCM
stemflow variability in response to environmental conditions could
provide temporal insights into the factors influencing pathogen presence
or abundance within canopy ecosystems. Beyond BLD, we propose
stemflow as a scalable, efficient approach for canopy disease research
and management.

2. Methodological approach
2.1. Study site and tree selection

The study was conducted in a beech plantation established in 2006
and located at the Holden Arboretum in Kirtland, Ohio, USA (Koch et al.,
2015). Located roughly 15 km south of the Lake Erie shoreline in the
western reach of the Allegheny Plateau (Fig. 1), the site experiences a
hot summer continental (Koppen Dfa), with a mean annual temperature
of 10.8 °C and mean annual precipitation of 990 mm year . Rainfall
events occur relatively frequently throughout the year (156 rain days
year 1) and are evenly spread across the non-winter months. Significant
winter snowfall (not monitored in this study) occurs at the site each
year, predominantly during the months of January through April. The
study period spanned July to December 2022 (until all leaves had
fallen), aligning both with the time of year without snowfall, and when
BLD-associated nematodes are believed to be most active.

All 18 study trees had grown from seed in their source locations and
later accessioned as plants at the Holden Arboretum plantation site.
Study trees originated from two provenances (Maine and Michigan),
were planted at the arboretum in 2006, and were similarly sized but
exhibited different levels of BLD symptom severity, as assessed during
September 2020 using the Bashian-Victoroff et al. (2023) classification
system. Trees displaying visible symptoms of BLD in < 10 %, 10-25 %,
26-50 %; 51-75 %; and > 75 % of their leaves were given a rating of 1
through 5, respectively (see Table 1). The sample included six trees each
with severe symptoms (ratings of 3-4), moderate symptoms (rating of
1), and trees treated with TREE-age R10 pesticide (9.7 % emamectin
benzoate, Arborjet Inc., Woburn, MA) which exhibited low-level BLD
symptoms. Meteorological data were sourced from the nearest Goldstar

Tree ID for each study tree and its symptomatology (based on calculated blight scores from September 2020). Trees in symptom classes 3—4 are considered severely

)

infected, class 1 is considered moderately infected, and class ‘P

are the pesticide-treated trees. The 12 sampled rain dates (month/day) are provided, and their

magnitudes (mm) are indicated in brackets. The x’s indicate from which trees stemflow was sample-able during which events. Bold, upper-case X’s indicate samples

where Litylenchus crenatae mccannii genes were detected in agarose gels.

Tree ID: 57-J 61-P 59-C 60-A 61-B 59-B 56-B 57-0 58-A 61-E 94-L 94-R 57-A 57-F 59-D 60-D 61-T 94-p
Symptom: 4 4 3 3 3 3 1 1 1 1 1 1 P P P P P P
07/22 [7.9] X X X X X X X X X X X X X X

08/04 [15.9] X X X X X X X X X X X X

08/09 [22.8] X X X X X X X X X X X X

08/29 [24.8] X X X X X X X X X X X X
09/11 [18.8] X X X X X X X X X
09/21 [5.9] X X X X X X X X X X X X
10/13 [43.2] X X X X X X X X X X X X X X
10/19 [113.8] X X X X X X X X X X X X X
11/14 [69.5] X X X X X X X X X X X X

11/17 [6.8] X X X X X X X X X X

11/28 [11.1] X X X X X X X X X X X X
12/01 [4.1] X X X X X X X X X
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Fig. 1. Site location mapping and stemflow collar details. (a) Aerial location maps showing Holden Arboretum in northeastern Ohio (USA), (b) the experimental
beech plantation, (c) the 18 trees for which stemflow collars were installed (red, blue, and black indicate pesticide-treated, moderate symptoms of beech leaf disease
(BLD), and severe BLD symptoms, respectively. The stemflow collaring method consisted of (d) weatherproofed foam tape with an adhesive backing as the base of the
collar to drain stemflow to a low point, where a silicon tube could convey the waters to a collection bin and (e) flexible plastic sheeting to prevent stemflow from
flowing off the edge. The inside of the collar was completely sealed with silicone sealant, including the connection areas between the bark surface, foam tape, and the
plastic sheeting.
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Weather Underground station (KOHMENTO112, Ambient Weather
WS-2902 [Ambient, LLC, Chandler, AZ USA], elev. 224 m, 41.66 °N,
81.33 °W), providing 5-minute resolution data for each rainfall event,
including the preceding 24 hours, to assess the influence of pre-event
meteorological conditions on LCM presence or DNA abundance in
stemflow samples.

2.2. Stemflow method, sampling, and processing

Each study tree was equipped with a non-invasive stemflow collector
(Fig. 1) consisting of three components: (1) an adhesive collar that
captures and redirects the stemflow water draining down the outside of
the stem bark toward (2) a flexible tube to direct captured stemflow into
(3) a collection bin from which stemflow may be sampled. The base of
each stemflow collar was constructed from adhesive-backed expandable
waterproofed foam insulation tape: 3.8 cmx 3.8 cm Platinum Expand-
able Foam Weatherseal (M-D Building Products, Inc., Oklahoma City,
OK, USA). Prior to installation, the foam tape was unpackaged and
allowed to expand to its full width and height. Sections of the foam tape
were cut to lengths of a few centimeters smaller than each study tree’s
circumference. This permits the collar base to be installed at a moderate
slope around the stem to facilitate water collection, but leaves a small
opening at the lowest point, where a 2.54-cm (internal diameter, 3.18-
cm outer diameter) flexible silicone tube may be inserted. To guide
the collar placement, the silicone tubing was zip-tied to the tree stem at
the location where it was easiest to place a collection bin. To prevent
stemflow water from flowing off the side edges of the foam tape, it was
wrapped with flexible 8-mm thick plastic sheets (Arrow Home Products
Co., Elk Grove Village, IL, USA) (Fig. 1e). Silicon sealant was applied to
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all connection points (bark-to-foam tape and foam tape-to-plastic
sheeting) and applied to the top of the foam tape. The tubing con-
nected to a 113.5 L HDPE storage tote with snap-locking lid (HDX,
Model #2130-4415707). The entire process was noninvasive and
maintained through weekly inspections and repairs as needed.

Stemflow samples were collected within 48 h after the end of a
discrete rain event, defined as (1) any cumulative rainfall over 3 mm (2)
following a 72 h antecedent dry period (Fig. 2). The minimum cumu-
lative rainfall threshold aligns with previous findings indicating that
3 mm of rain initiates stemflow in similarly sized F. grandifolia trees (Van
Stan and Levia, 2010). Despite efforts to collect stemflow samples for
every storm, some were lost due to field logistics, including displaced
bins and disconnected tubing during storms (Table 1). These gaps reflect
common challenges in ground-based storm sampling, but the dataset
remains robust for assessing stemflow across diverse conditions and
symptom classes. Collection involved shaking bins to suspend particu-
lates (which potentially contained BLD nematodes), filling 50 mL vials
with water using gloves to prevent contamination, discarding excess
water, and cleaning bins with deionized water. Vials were placed in a
cooler and the samples were filtered immediately upon arrival at the
Holden lab using a vacuum filtration apparatus (Fristaden Lab, Reno NV,
USA), consisting of a 500 mL filtering glass flask and joined 300 mL
graduated glass funnel, connected to a vacuum pump. A 47 mm diam-
eter, 0.45 pm pore size, sterile mixed cellulose esters membrane gridded
filter (Membrane Solutions, LLC, Auburn WA, USA) was placed in the
funnel. The filter and its retained materials were stored in sterile bags at
—80 °C until analysis. Between each sample, the entire apparatus was
triple rinsed with deionized water.
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Fig. 2. Seasonal trends in weather variables over the study period. (a) Daily mean air temperature (°C, red line) and relative humidity (% RH, blue line) with
shaded regions indicating daily min-max ranges. (b) Daily rainfall (mm day~?, blue bars) and mean wind speed (m s™*, black line, right axis). Red bars in (b) highlight

rainfall events.
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2.3. Quantification of BLD nematode genes (qPCR)

DNA was extracted from half of each sample’s filter using a protocol
where the filter was transferred into a 1.5-mL bead beating tube con-
taining glass beads and CTAB (cetyltrimethylammonium bromide)
buffer, and then phenol-chloroform was used to purify DNA (see Burke
et al., 2020). Extracted DNA from each sample was suspended in 100 pl
Tris EDTA buffer and stored at -80 °C in 1.5-mL low retention centrifuge
tubes (Fisher Scientific, Pittsburgh PA, USA). This study applied a
quantitative PCR (qPCR) method developed by Burke et al. (2023) to
DNA extracted from stemflow water samples for the identification and
quantification of LCM. This method employed two newly developed ITS
primers: 33 F and 234 R, designed to amplify the ITS1 region of the
rRNA gene of LCM specifically (Burke et al., 2023). These primers
showed high specificity for LCM and no amplification of non-target
nematode species (Burke et al., 2023). In serial dilution tests, the
assay consistently detected LCM DNA from solutions containing as little
as 1.5 nematodes, indicative of robust sensitivity and reproducibility
(Burke et al., 2023). Thus, the method can detect very small amounts of
LCM DNA, making it well suited for diagnostic or monitoring efforts.

Standard PCR was used for addressing question 1 (presence or
absence of LCM in stemflow). Each 25 pl PCR mixture comprised 0.25
units of FastStart Taq DNA polymerase (Roche Diagnostics Corporation,
Indianapolis, IN, USA), 10X buffer with 2 mM MgCl,, 0.8 mM dNTPs,
0.5 pg/ul BSA, 0.2 uM of each primer, and 1 pl of the extracted DNA
derived from stemflow filtered water samples. The PCR thermocycling
protocol included an initial denaturation step of 94 °C for 5 min, fol-
lowed by 35 cycles of 94 °C for 30 sec for DNA denaturation, 56 °C for
45 sec for primer annealing, and 72 °C for 1 min for product extension,
and concluded with a final extension phase of 72 °C for 5 min (Burke
et al., 2023). The presence of PCR product was visualized using 1 %
agarose gels stained with ethidium bromide and were compared to the
Invitrogen™ Low DNA Mass ladder (ThermoFisher Scientific, Waltham
MA, USA) alongside a positive control for LCM. Samples that contained
PCR product of the correct size (approximately 200 base pairs) without
non-specific amplification were scored as positive for the presence of
LCM.

To test question 2 (relative abundance of gene copies per sample),
qPCR was performed on a Bio-Rad CFX Connect Real-Time System (Bio
Rad Laboratories, Inc. Hercules, CA) on stemflow samples where LCM
was detected with standard PCR. qPCR reactions used iTaq Universal
SYBR Green Supermix (Bio-Rad) and the 33 F and 234 R primers as
previously described (Burke et al., 2023). Briefly, the thermal cycling
conditions for the qPCR were as follows: an initial denaturation at 95 °C
for 5 minutes, followed by 35 cycles of 95 °C for 30 seconds (denatur-
ation), 59 °C for 60 seconds (annealing), and 72 °C for 60 seconds
(extension). Plate reads were conducted after every extension phase and
melt curves were generated at the end of the run by increasing the
temperature from 65 °C to 95 °C and conducting a plate read at every 0.5
°C interval. The Bio-Rad CFX Maestro Software (version 4.1.2433.1219)
was used first to examine melt curves and assure specificity of the gPCR
reactions. In addition, this software was used to quantify the starting
quantity of ITS1 genes in each stemflow sample. For quantification, the
threshold cycle (Cq) of each sample was compared to the Cq values of
qPCR reactions that made up a standard curve. The multi-point standard
curve was generated using a transformed plasmid containing the ITS1
region of LCM and included 100, 1000, 10,000, 100,000, and 1000,000
copies (Burke et al., 2023). Cq values were determined manually with
the CFX Maestro Software (Bio-Rad) to ensure optimized reaction effi-
ciency and the r of the standard curve. The qPCR runs had efficiencies
that ranged from 88.8 % to 93.4 % and standard curve r? values that
ranged from 0.993 to 0.997.

2.4. Data analysis

Data analysis began with the computation of descriptive statistics for
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each BLD symptom class, accompanied by visualizations (boxplots and
scatterplots) to illustrate the distribution of nematode gene concentra-
tions. To evaluate significant differences in LCM gene concentrations
among the symptom classes, ANOVAs were employed. Additionally,
possible correlations between LCM gene presence/absence or qPCR
concentrations with weather variables across the sampled storm events
were assessed.

To identify which storm and pre-storm variables best predict the
presence or absence of nematodes in stemflow samples, we coded
nematode presence (1) or absence (0) and considered ten predictors (see
variable columns in Table 2). We first used Recursive Feature Elimina-
tion (RFE) with a logistic regression model (LogisticRegression and RFE
functions from scikit-learn in Python) to systematically rank predictors,
removing the least informative ones and checking for cross-correlation
among the top-ranked variables (using pearsonr from scipy.stats) to
avoid multicollinearity. This procedure retained two predictors—rain
amount (R) and pre-storm change in relative humidity (ARH)—which
showed low and insignificant correlation with each other. These pre-
dictors were then fit via a ridge (L2-regularized) logistic regression
(using LogisticRegression with penalty="12" from scikit-learn) to mitigate
overfitting (Pedregosa et al., 2011), especially given our modest dataset
of 12 storms. Finally, we used bootstrapping (numpy for resampling,
accuracy score from sklearn.metrics) to assess the robustness of the
model, drawing 1000 random samples (with replacement) from the
original dataset. In each iteration, we recorded the model coefficients,
accuracy, and their 95 % confidence intervals (using numpy.percentile).
This approach—a simple RFE, ridge logistic regression, and boot-
strapping—allowed us to identify which storm variables most reliably
predict nematode presence in stemflow samples for our data.

3. Results and discussion

3.1. Detection of Litylenchus crenatae mccannii (LCM) in stemflow
samples

Litylenchus crenatae mccannii (LCM) eDNA was detected in stemflow
from across multiple rainfall events (Tables 1-2) and symptom classes
(Fig. 3), thereby rejecting the null hypothesis that LCM would not be
detectable in stemflow. This suggests that stemflow sampling for eDNA
may be useful as a ground-based and inexpensive tool for detecting BLD
nematodes in individual trees. Daily weather data of the study period are
presented in Fig. 2, where the 12 sampled rainfall events are highlighted
in red. Seven of the 12 events resulted in positive detections in stemflow
samples from at least one tree (Table 2). The majority of detections
occurred from late September to mid-November 2022 (Fig. 4). Storms
with positive detections varied widely in magnitude, with rainfall
amounts ranging from 4 mm to 114 mm and durations spanning from 1
to 82 h (Table 2). This range encompasses a broad spectrum of typical
storm conditions for northeastern Ohio. Rainfall intensity ranged from
0.1 to 4.4 mm h™!, while pre-storm atmospheric conditions included
relative humidity (RH) changes from 11 % to 51 %, and pressure
changes (AP) from 2.5 to 19.3 hPa (Table 2). LCM presence was
observed under both moderate and severe storm conditions, indicating
that nematode eDNA mobilization via stemflow is feasible across varied
meteorological scenarios.

Stemflow samples from storms with rainfall amounts as low as
5.9 mm successfully flushed nematode eDNA from six different beech
trees, encompassing all BLD symptom classes (Tables 1-2). This rainfall
threshold aligns closely with the minimum rainfall needed to exceed the
bark water storage capacity of Fagus species, which triggers the onset of
stemflow. Bark water storage capacity for Fagus species ranges from
approximately 1.5 mm to 6 mm of precipitation, depending on tree
characteristics and bark roughness (Berger et al., 2009; Dezhban et al.,
2020; Staelens et al., 2007; Van Stan et al., 2014). Conversely, stemflow
samples from a 4.1 mm storm, which were collected at the minimum
sample volume (~100 mL), did not yield detectable levels of LCM eDNA
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Table 2
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Summary of storm and 24-h pre-storm conditions. Storms in bold are those for which the eDNA from Litylenchus crenatae mccannii was detected in stemflow samples
collected from Fagus grandifolia trees. Storm conditions include rainfall amount (R), duration (D), intensity (I), mean wind speed and max sustained gust (Wavg and
Wagst, respectively). Pre-storm conditions include the following values estimated from the 24-h period preceding the first recorded rainfall: mean relative humidity
(RH), change from min-to-max RH (ARH), change from min-to-max atmospheric pressure (AP), and the mean and standard deviation of solar radiation (S,vg and Sy,

respectively).
Storm conditions 24-h pre-storm conditions
Date R D I Wavg Wgst RH ARH AP Savg Sstd
[mm] [h] (mmh™'] ms™] [ms™] [%] [%! [hPa] (Wm?] [Wm™?]
07-22 7.9 1.0 7.9 0.4 1.7 69.3 36.0 8.2 254.7 311.8
08-04 15.9 16.0 1.0 0.1 1.4 69.8 38.0 4.9 216.5 276.2
08-09 22.8 23.6 1.0 0.3 2.4 80.1 33.0 4.8 207.6 291.9
08-29 24.8 11.5 2.2 0.4 2.8 68.1 38.0 4.1 161.8 244.6
09-11 18.8 16.5 1.1 0.0 0.6 69.6 34.0 2.5 144.8 213.6
09-21 5.9 7.1 0.8 0.2 1.2 73.5 44.0 5.8 113.3 194.6
10-13 43.2 9.8 4.4 0.4 1.9 68.8 20.0 15.2 52.1 76.5
10-19 113.8 50.3 2.3 1.0 3.3 73.7 43.0 7.6 72.9 125.7
11-14 69.5 82.0 0.8 0.9 3.9 50.6 41.0 11.2 42.6 78.5
11-17 6.8 51.3 0.1 1.4 4.7 66.8 11.0 6.3 20.2 32.0
11-28 11.1 26.9 0.4 1.2 3.6 52.2 51.0 17.8 28.4 52.9
12-01 4.1 2.4 1.7 2.9 6.7 74.1 29.0 19.3 33.2 57.5
Turner, 2016). Consequently, a positive detection confirms the presence
(s} of nematode DNA in stemflow but does not necessarily indicate actively
~ 10° 4 o) o infecting, viable nematodes. Such limitations are common to
:E} eDNA-based methods, given that DNA can be released from excreted,
Q{Z) —I— sloughed, or decomposing tissue, and can persist or be transported in the
'g. T environment long after the nematode, in this case, dies (Bass et al., 2023;
° I Rees et al., 2014). A potential explanation for elevated gene concen-
5 10* 5 trations in pesticide-treated trees (Fig. 3) could be that the treatments
2 induce nematode lysis, thereby releasing additional DNA. However, our
% field observations suggest that the infestation itself was not suppressed
E by pesticide application as symptoms continued to spread, indicating
% active or persistent infection. This pesticide (Emamectin benzoate)
£ 10°9 works by disrupting the insects nervous system, and can kill insects in
§ i i 2-4 days following exposure. Trees were treated in 2018-2019, ~1.5
% years prior to stemflow sampling. Although the pesticide could have had
S effects on tree health, it is unlikely to have resulted in insect death and
~N lysis that could have impacted our eDNA work. While stemflow eDNA
10° 5 1 detections are encouraging for cost-effective and ground-based disease

T
Low
(pesticide treated)

Severity Class

Moderate High

Fig. 3. Boxplots presenting gene copies per mL~" of stemflow for the BLD-
associated nematode, Litylenchus crenatae mccannii. Samples from Fagus
grandifolia trees with differing symptom severities (n = 6 trees class'). Sym-
bols show median (line), interquartile range (box), non-outlier range (whiskers)
and outliers (open dots).

(Tables 1-2). This may be due to insufficient rainfall to generate enough
stemflow to mobilize nematode genes from the canopy or bark surfaces,
or unfavorable pre-storm or seasonal conditions. These findings suggest
that stemflow sampling may detect LCM eDNA in storms that exceed the
canopy’s minimum water storage capacity (i.e., >6 mm). Under condi-
tions where pathogens are available to be mobilized by rain, stemflow
sampling may serve as an effective, ground-based, and cost-efficient
method for monitoring canopy-dwelling pathogens. By capturing
eDNA during natural precipitation events, this method complements,
and in some cases may circumvent, the logistical and financial barriers
associated with direct canopy access and traditional remote sensing
technologies. However, the variability in detection underscores that
further research is needed to clarify the environmental conditions that
optimize LCM detection.

Of note, eDNA assays, like the method employed here, amplify target
genetic materials as long as it remains sufficiently intact, regardless of
whether it originates from live or nonviable individuals (Barnes and

monitoring, further research is needed to clarify how well eDNA con-
centrations correlate with active nematode infections and canopy-level
disease severity.

3.2. Influence of meteorological conditions on LCM presence in stemflow

Recursive Feature Elimination (RFE) analysis using logistic regres-
sion identified the top five predictors for LCM detection as R, pre-storm
ARH, storm duration, pre-storm mean RH, and mean windspeed. Both R
and pre-storm ARH were ranked highest (rank = 1) and correlation tests
identified them as the most significant and uncorrelated predictors of
LCM presence in stemflow. A Ridge Logistic Regression model using R
and ARH as predictors estimated coefficients of 0.448 and 0.691,
respectively, indicating that increases in both storm rain amount and
pre-storm humidity changes are associated with a higher likelihood of
nematode presence in stemflow samples (Table 3). The model achieved
an overall classification accuracy of 91.67 % in predicting nematode
presence based on the 12 sampled storms (Table 3); yet, cross-validation
revealed large variability in accuracy scores (0.50-1.00), suggesting
potential overfitting. Thus, bootstrapping was performed with 1000 it-
erations, yielding mean coefficients of 0.389 (95% CI: [0.0011,
0.7169]) for R, and 0.756 (95 % CL [0.3239, 1.1761]) for ARH
(Table 3), confirming that these variables may increase the likelihood of
nematode presence in stemflow. The mean classification accuracy after
bootstrapping was also high, with a mean of 95.39 % and a 95 % con-
fidence interval ranging from 75 % to 100 % (Table 3). These results
confirmed robust coefficients and high accuracy, suggesting that larger
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Fig. 4. Presence (per PCR detection) and qPCR concentrations of Litylenchus crenatae mccannii gene copies in stemflow from beech trees over the study
period (July through December 2022). (Left axis) Each circular point represents nematode gene concentrations (QPCR) from individual storm-tree samples
(colored by tree). (Right axis) Each bar represents how many stemflow samples (out of all collected samples from each storm) yielded positive PCR detections. Note
that some storms have fewer collected samples (see Table 1). The majority of gene copies and PCR-based detections occurred during or near leaf senescence and bud
production, approximately October 6-28, 2022 (dark orange shading). Lighter orange and lightest orange shading represent the two-week, then three-week periods,
respectively, before and after that window (based on Fagus grandifolia phenological observations reported by the USA National Phenology Network at the nearest site,

Talawanda Natural Areas [site #34167] in Ohio).

Table 3

Ridge Logistic Regression and Bootstrapping Results. The coefficients (p) for
storm rain amount and pre-storm changes in relative humidity (ARH) are pre-
sented for the overall (ridge) model and their descriptive statistics are presented
for a bootstrapped model performed with 1000 iterations.

Ridge Bootstrapped

overall mean 95 % CI
Rain p 0.448 0.389 0.001-0.717
ARH B 0.691 0.756 0.324-1.176
Accuracy: 0.917 0.954 0.750-1.000

rainfall and greater pre-storm ARH enhance nematode mobilization by
stemflow.

Nematodes requiring free water for movement (Yeates, 2010) are
likely sensitive to rapid changes in relative humidity, which often signal
approaching storms and may increase the opportunity for nematode
dispersal through rain-related water films. Similarly, greater rainfall
amounts can enhance the availability of free water sources, such as
branchflows and stemflow (Van Stan et al., 2021, 2020), facilitating
nematode transport across canopy surfaces. This hypothesis is consistent
with prior observations that the BLD-associated nematodes likely move
via rain films to spread and locate new host buds (Reed et al., 2020;
Walker, 2020). Nevertheless, these correlations are based on a dataset
limited to one case study. Further research is needed to confirm whether
changes in humidity specifically trigger LCM nematode movement and
whether rainfall consistently ensures their transport. Despite these
limitations, our findings illustrate the potential of stemflow monitoring
to serve as a complementary tool in detecting plant disease within
canopy environments.

3.3. Gene concentrations of LCM in stemflow

LCM gene copy concentrations in stemflow samples spanned four
orders of magnitude (80-158,000 copies mL': Fig. 3) but showed no
strong link to BLD symptom severity (F = 1.6, p = 0.2), nor any signif-
icant correlation with specific weather variables (p > 0.1 for all vari-
ables in Table 2). This suggests that while LCM presence in stemflow
may be influenced by pre-storm changes in relative humidity and storm
size, concentration may not be strongly influenced by meteorological
conditions included here. Using USA-NPN phenological data (site
#34167), leaf senescence (falling leaves, color change) and bud

production by F. grandifolia in southwestern Ohio spanned ~6-28
October 2022. At Holden Arboretum, bud formation typically occurs in
August, while leaf senescence in 2022 extended from late October to
early December (unpublished data). Most LCM gene copies and PCR-
positive amplifications in stemflow coincided with these phenophases
(Fig. 4). To account for climatic variation, we shifted the USA-NPN
window in Fig. 4 by two- and three-week intervals. Regardless of BLD
symptom severity, LCM peaked during this period, indicating a strong
temporal association with canopy phenology, though further research is
needed for statistical confirmation. The peak in LCM gene concentra-
tions in our case study aligns with what little is known about the bio-
logical lifecycle of this nematode, which overwinters in buds and
detached leaves (Reed et al., 2020). This temporal association indicates
that stemflow may capture LCM’s migratory behavior as it exits sen-
escing leaves to colonize new buds for overwintering. Although the
temporal pattern (Fig. 4) and bootstrapped logistic regression model
results (Table 3) support the idea that live nematode emergence might
drive the observed eDNA signals in stemflow, these findings are not
conclusive. Alternative explanations for these temporal and statistically
significant meteorological associations include (a) leaf decomposition
releasing dead nematode DNA into stemflow, (b) other organisms
consuming nematodes or nematode-carrying leaf materials and
excreting their DNA, or (c) possible vectors delivering nematodes to the
canopy. Hence, while our data highlight a strong temporal and meteo-
rological association with nematode eDNA, further research is necessary
to confirm if it fully represents live nematode activity.

4. Conclusions and future directions: harnessing ‘distress
signals’ in stemflow

In this study eDNA of the nematode associate with beech leaf disease,
Litylenchus crenatae ssp. mccannii (LCM), was detected in stemflow
samples. It was more frequently detected in samples from storms
exceeding ~6 mm (an amount consistent with the estimated canopy
water storage capacity of similarly-sized Fagus grandifolia trees); how-
ever, this threshold can differ among individual trees due to variations in
bark and canopy structure. While canopy water storage thresholds offer
a practical guideline for scheduling stemflow sampling, we stress that
6 mm is not a universal cutoff. For those using canopy water storage
capacity to guide sampling efforts, local site-specific values should be
measured or otherwise assessed. Stemflow monitoring also yielded
possible insights into the target nematode’s ecology, where a
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bootstrapped logistic regression suggested that pre-storm relative hu-
midity changes and higher rainfall amounts correlate with an increased
likelihood of LCM presence during key phenological periods (i.e., leaf
senescence and bud formation). These factors may largely reflect the
mobilization and transport of nematodes within the canopy rather than
confirming that LCM is consistently present or active. Further data,
including direct viability assays, will be necessary to confirm the true
predictive value of these weather variables in estimating actual nema-
tode activity. Future research should focus on refining the conditions
under which stemflow carries biological signals. Importantly, the po-
tential to detect other pathogens in stemflow eDNA opens exciting av-
enues for diagnosing and monitoring canopy diseases. Traditional
methods for monitoring canopy pests like the hemlock woolly adelgid
(Adelges tsugae)—including sticky traps, remote sensing with machine
learning, and velcro-covered racquetballs (Fidgen et al., 2021; Kantola
et al., 2016)—remain valuable but can be constrained by precision and
spatial resolution. Stemflow sampling can complement existing tech-
niques, leveraging natural canopy hydrological processes to provide
organism-specific eDNA signals drained directly from individual trees.
Additionally, stemflow eDNA can offer broader spatial coverage than
some standard eDNA protocols (Natural Resources Canada, 2022),
making it a versatile addition to the diagnosing and monitoring toolkit
for canopy diseases.
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