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Beech Leaf Disease (BLD), caused by the foliar nematode Litylenchus crenatae,
has emerged as a swiftly spreading forest disease across North America. This
previously unknown nematode and the disease it causes have been devastating
for North American beech forests, posing serious threats to biodiversity and
ecosystem stability. The rapid spread of BLD and other recent forest pests
serves as cautionary examples, illustrating how quickly a pathogen can establish
itself in new non-native regions, leading to significant ecological and economic
consequences. The destruction brought by this nematode in just a decade
highlights the potentially disastrous effects of BLD if it spreads to other
vital beech forest areas, particularly in European countries and China, where
beech trees are essential for industries and markets that depend on such
hardwood species. The loss of beech forests could compel industries to depend
more on alternative raw materials that are significantly less sustainable and
environmentally friendly, leading to supply chain instability and major price
fluctuations. Urgent actions, such as implementing quarantine regulations for the
BLD nematode, international research collaboration in areas such as breeding
BLD-resistant beech trees, developing economically feasible large-scale tree
treatments, and enhancing BLD screening through Artificial Intelligence—driven
image—based diagnosis tools and geospatial surveillance approaches, are
essential to prevent BLD from escalating into a global forest crisis.

KEYWORDS

beech leaf disease, nematodes, Litylenchus crenatae, Europe, ecology, management,
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1 Introduction- growing nematode threats to
forests

Nematodes are the most abundant and widespread multicellular animals on Earth,
inhabiting nearly every environment from oceans and deserts to Arctic soils, where they
play vital ecological roles (Van Den Hoogen et al., 2019; Bongers and Ferris, 1999; Gardner,
2001). With an estimated over twenty thousand species and staggering population densities
reaching billions per acre in some soils, these microscopic worms impact everything from
nutrient cycling to environmental monitoring (Gardner, 2001; Yeates, 2007; Kantor et al.,
2025). Yet, despite their ecological and economic importance, nematodes remain largely
unknown outside of scientific circles. Their diversity, adaptability, and global presence
make them critical to understanding ecosystem health in a changing climate.
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Plant-parasitic nematodes in particular can be highly
destructive, threatening food security, environmental ecosystems,
and economic stability. Their resilience and ability to multiply
rapidly make it extremely difficult, if not impossible, to mitigate
their effects once they become established and widespread.
Compounding the challenge is the fact that nematology remains
a relatively under—researched field (Khan, 2012). In forestry,
the subtle, late-emerging symptoms of nematode infestations,
combined with the difficulty of accessing forest sites for timely
damage assessment, often allow these pests to cause extensive
and largely undetected destruction (Khan, 2012; Kantor et al,
2025). Considering that global forest cover has already declined
by approximately 40% since the advent of agriculture over 11,000
years ago (Khan, 2012), largely due to land clearing for farming,
fuel, and urban expansion, the emergence of nematodes as an
additional threat to forest health adds a troubling new dimension
to an already concerning trend.

One in particular, the pinewood nematode (Bursaphelenchus
xylophilus), has wreaked havoc on global forestry with significant
consequences for pine forests and global pinewood-related trade.
The pinewood nematode is considered the causal agent of Pine Wilt
Disease (PWD), which affects several species of conifers (Bergdahl,
1988). This nematode was first introduced from North America to
Asia in the early twenteeth century and subsequently to Europe
(Portugal), demonstrating a highly destructive capability against
pine trees. In Japan, it was confirmed as the causal agent for PWD
in 1971. The Japanese government started investing in control
programs in 1980, but by 1984, the pinewood nematode had already
inflicted severe damage, affecting about 25% of the country’s pine
forests, especially in coastal areas where it became an epidemic
(Bergdahl, 1988). Europe followed with Finland first placing an
embargo on all raw softwood shipments from North America,
Japan, Canada, and other countries known to have the disease. By
1988, multiple countries had imposed or considered restrictions on
the importation of coniferous wood known to have PWD, including
Sweden, Norway, South Korea, (imposed) and UK, Australia. As a
result, millions of dollars worth of wood trade have been lost by U.S.
chipwood industries (Bergdahl, 1988).

Today, the pinewood nematode is widely distributed and
its presence has been confirmed in eastern Asia (Japan, Korea,
Taiwan, and China), Europe (Portugal and Spain), and North
America (U.S., Canada, Mexico) (Back et al., 2024). According to
the European and Mediterranean Plant Protection Organization
(EPPO), the pinewood nematode is classified as a top-priority
quarantine organism due to its severe pathogenic impact.
Symptoms such as yellowing and reddish browning of the pine
needles are visible around 3 weeks after infection by the nematode,
but it can also show signs of infection after a few months (Back
et al., 2024). PWD can cause tree mortality within a relatively
short period (1-3 months), leading to significant economic losses,
including an estimated 2 million m? of forest being lost each year
in Japan alone (Mota and Vieira, 2004; Back et al., 2024). In Korea,
where pine is the dominant tree species, yearly disease management
costs have varied between $6.9 and 9.5 million per year (Shin,
2008). In Portugal (Europe), the costs of trying to eradicate this
disease have amounted to a staggering €80 million from 1999-
—2009, without accounting for direct losses from tree mortality
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(Forestry Commission, 2017). North America has faced significant
economic losses as well due to the Europe-imposed import ban
of 1993, with estimated impacts reaching up to $150 million in
the U.S. and as much as $700 million in Canada (Carnegie et al.,
2018).

A century later, we face a new invasive forest nematode threat
to North America’s native beech forests, the Beech Leaf Disease
(BLD) causing nematode, potentially originating from Asia. While
different nematode species cause BLD and PWD affecting different
tree species, the rapid spread and severe consequences observed
with PWD highlight how quickly a nematode-tree interaction can
escalate once established.

2 Background on beech leaf disease
and its causal agent

About 15% of approximately 27,000 species of described
nematodes are Plant-Parasitic Nematodes (PPNs) (Decraemer and
Hunt, 2006; Kantor et al, 2025). In the fall of 2017, nematodes
collected from diseased American beech (Fagus grandifolia) leaves
and submitted by the Ohio Department of Agriculture to the
USDA in Beltsville, Maryland, led to the identification of a foliar
nematode, Litylenchus crenatae (L. crenatae), a species originally
described in Japan (Kanzaki et al., 2019). In 2018, Ewing et al.
acknowledged BLD’s “rapid spread and variability in environmental
conditions” and that it was unlikely that “BLD is an abiotic
disorder” but “rather a disease caused by a microbe” (Ewing
et al, 2018). Carta et al. (2020) were the first to provide a
detailed overview of L. crenatae and connect it to BLD. Since then,
multiple articles have been published (Supplementary Table ST)
connecting the disease with the nematode as the causal agent
(Marra and LaMondia, 2020; Kantor et al., 2022a; Vieira et al.,
2023; Burke et al, 2025). Today, L. crenatae is widely viewed
as the causal agent for BLD. Supplementary Table SI outlines
what we consider relevant BLD publications since Ewing’s 2018
review to date (June 2025). Earlier publications focused on
providing a general overview of BLD and its causal agent,
L. crenatae, followed by the first reports of the disease, BLD
identifications, and species descriptions. The most recent BLD
research has been expanding into transmission vectors and
disease distribution, plant-nematode interactions, microbiome,
and management approaches (Supplementary Table S1).

While the first reports by state/country (Connecticut, Virginia,
Michigan, Ohio, Canada, New York, Maine etc.) provide the known
geography of this disease and its spread, the narrative is currently
incomplete as most of these reports (and other publications) tend
to use data collected from nearby areas where nematology experts
studying L. crenatae exist. Despite this limitation, data collected
from these states, coupled with data from experimental plots (see
Figure 1), provide sufficient evidence to conclude that BLD is an
emerging forest crisis spreading rapidly across North America
(Ewing et al., 2018; Kantor et al., 2022b). From Ohio, BLD has since
expanded (Figure 1) to fifteen additional U.S. states and Ontario,
Canada (Ewing et al., 2018; Zhao et al., 2023).

The fast spread of this disease (much faster than the
PWD) is both unsettling and unprecedented. Based on current
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FIGURE 1
BLD distribution map in the U.S. Credit: USDA Forest Service.

literature, its rapid progression can happen through multiple
transmission channels, such as import of live plant or tree
materials, windborne rain, humidity, or carried by insects,
spiderwebs, beetles, caterpillars, birds, river streams, etc. (Carta
et al., 2020; Goraya et al., 2024; Fitza et al, 2024). Unlike
its co-evolved interaction with the Japanese beech, L. crenatae
can induce disease in other core beech species native to
Europe (F. sylvatica) and other parts of Asia (F. engleriana
and F. orientalis) (Burke et al, 2025; Colbert-Pitts et al,
2025), thereby reinforcing its potential as a serious threat to
global forests.

Once symptoms appear, BLD can be easily identified with the
naked eye by examining the leaves (Figure 2A). Depending on
the disease severity, the symptoms include interveinal darkening
and swelling, crinkling, tissue necrosis, leaf curling, and irregularly
thickened leaves. Diseased trees exhibit thinned crowns and branch
dieback (Figure 2B) (Carta et al., 2020; Reed et al., 2020).

Given this nematode’s rapid spread and severe impact in
North America, its potential establishment in Europe and other
parts of Asia could have catastrophic effects on the worldwide
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forest ecosystems and the beech wood-dependent economy. The
following two sections explore potential ecological and economic
consequences of BLD.

3 Ecological value of beech and
potential impact of beech leaf disease

The diversity of species within an ecosystem often depends
on the foundation species, such as dominant trees, which play
a defining role (Cale et al, 2013). Beech trees, known for their
longevity (up to 400 years), are vital components of old-growth
forests, which harbor some of the richest biodiversity. Although
the biodiversity of American beech is not widely documented, a
substantial body of research on biodiversity in European beech
forests is available (Brunet et al, 2010). Therefore, this paper
will primarily highlight the ecological importance of beech and
briefly explore key areas where beech species contribute to
forest ecosystems.

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1606260
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Kantor et al.

10.3389/ffgc.2025.1606260

FIGURE 2

branch dieback (B).

Close look at BLD-infected leaves (A). BLD-infected tree- image from under the canopy of a highly infected tree with severe leaf loss and partial

B

In northeastern North America, the American beech (Fagus
grandifolia Ehrh.) is a dominant canopy species in sugar maple-
beech-yellow birch and beech-sugar maple forests (Tubbs and
Houston, 1990; Cale et al., 2013; Myers et al., 2023; Shepherd et al,,
2025). Less prized from an economic standpoint, the American
beech trees play a critical ecological role in the northeastern
forests of North America, where they are essential for maintaining
ecosystem health and sustaining a wide range of species (Myers
et al, 2023). Beech is a primary source of hard mast, sustaining
wildlife populations. It provides crucial resources for wildlife,
including food sources for pollinators and other insects, beech
nuts for mammals and birds, and nesting sites (shelter) for various
species. American beech masts alone support over forty wildlife
species, including black bears, deer, birds, and small mammals
(Jakubas et al., 2004; Storer et al., 2005).

Beech trees grow in mixed forests alongside hardwood species
like sugar maple, red maple, yellow birch, black cherry, white
ash, green ash, tulip poplar, and northern red oak, as well as
evergreen softwood species like white pine or hemlock. These
forests are home to a biodiversity of species adapted to historically
old forests. Overall, beech forests are estimated to harbor as many
as 10,000 species of animals [United Nations Educational Scientific
and Cultural Organization (UNESCO), 2025], having a significant
ecological impact. In Europe, beech (mostly Fagus sylvatica) trees
(including pure beech forests and mixed stands) dominate forest
ecosystems (Brunet et al, 2010) and are celebrated for their
ecological and cultural significance. According to the UNESCO
World Heritage, the “Ancient and Primeval Beech Forests of the
Carpathians and Other Regions of Europe,” a World Heritage
property spanning ninety four beech forests in eighteen countries,
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is on par with other global landmarks such as “the Great Barrier
Reef, the Galapagos Islands, or the Grand Canyon, and cultural sites
like the Taj Mahal, Machu Picchu, or Stonehenge.” Despite their
dominance by a single species (i.e., F. sylvatica), these beech forests
serve as critical habitats for thousands of species of flora, fauna, and
fungi in Europe. By enriching soil quality and preventing erosion,
these trees also contribute significantly to forest stability.

The literature primarily focuses on the European beech due to
its value as a dominant species (Cesarz et al., 2013; Cerevkové et al.,
2021; Van Den Hoogen et al., 2019) and its economic importance
as a source of timber, wood pulp, firewood, and a recreational
area. As an example, Griess and Knoke (2013) demonstrated F.
sylvatica’s ecological value in increasing spruce’s survivability when
used in mixed-species stands, offering significant environmental
and financial advantages even when a small amount of admixed
broadleaves (below 10 % points) is used.

Beech also has a role in forest flammability, which indirectly
impacts biodiversity. It is not a naturally fire-resistant tree and
has a low tolerance to fire. However, beech forests rarely burn
thanks to their typical forest structure. They are large, old, form a
uniform stand, have a compact litter layer with low oxygen content,
and minimal understory vegetation. In addition, beech is a shade-
tolerant hardwood with traits such as thin leaves to maximize
light capture in low-light environments (Evans and Poorter, 2001),
remaining a significant component of the canopy by capturing
single-tree openings formed by a fallen tree (Wiggins et al., 2004;
Barden, 1980). The shade tolerance of beech trees and their ability
to form dense, moisture-retaining fuel beds may help mitigate the
spread of wildfires, even as abiotic change exacerbates drought
conditions and fire risk.
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The dense beech canopies and high shade tolerance provide
the uniqueness of this specific ecosystem. Beech forests are
cornerstone ecosystems that support extensive biodiversity, yet
the full implications of BLD are not well understood. Very
little has been published on nematode-related forest biodiversity.
The existing literature primarily focuses on the positive role of
nematodes in breaking down organic matter and regulating soil
microbial communities, as well as their role in managing carbon
and nutrient cycling across ecosystems, and serving as reliable
indicators of biological activity in soils (Van Den Hoogen et al,
2019).

Because nematodes possess an extraordinary ability to adapt to
a wide range of environments, they have an evolutionary advantage
for the survival and development of their species. Their feeding
in particular has negative impacts on forest health. As PPNs feed
mainly on plant roots, they cause damage that impairs the plants
ability to absorb water and nutrients from the soil (Bernard et al.,
2018; Kantor et al., 2024).

As the primary organism linked to BLD (Carta et al., 2020),
L. crenatae’s devastating impact on North American beech forests
combined with the apparent absence of natural resistance in F.
grandifolia has raised significant concerns about its potential to
spread to other regions worldwide (Vieira et al., 2023; Kantor et al.,
2024). Most recently, Colbert-Pitts et al. (2025) demonstrated the
high reproductivity of L. crenatae in F. sylvatica by showing its
ability to impair leaf function and reduce overall tree performance
and forest health. These recent findings elevate the risk of
BLD as a global forest threat from a theoretical concern to a
tangible, emerging global threat to European forest ecosystems. If
inadvertently spread to the native regions of F. sylvatica, BLD will
threaten this intricate web of biodiversity associated with abiotic
variables, and it is likely to extend its range further and exacerbate
infection rates. The resulting ecological impacts could be profound
and widespread.

4 Economic importance of beech and
potential impact of beech leaf disease

The decline of beech forests can also have far-reaching
economic implications. This paper considers three parameters for
beech trees’ monetary value, namely: hardwood industry, carbon
sequestration, and a less common parameter in the economy of
beech- its value to the textiles industry.

As the number of infected trees increases, the hardwood
products industry could face significant financial losses. In Europe,
particularly in central, eastern, and southeastern regions, beech
wood holds substantial commercial value, and it is one of the most
important commercial hardwood species, valued for its physical
and mechanical properties. Beech wood has around 250 known
uses and is one of Europe’s most diversely utilized tree species
(Durrant et al, 2016). However, since feudal times, many of
these ancient European beech forests have been converted into
agricultural land for anthropogenic purposes. The Carpathian
Mountains are the second-largest mountain range and home
to Europe’s most extensive old-growth and virgin temperate
forests, primarily composed of beech and mixed beech forests
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(Kholiavchuk et al., 2023). The European beech dominates the
Carpathian forests, occupying over 53%, followed by Norway
spruce (30%), oak 15% and silver fir 2.4% (Kholiavchuk et al.,
2023).

In the U.S., beech wood is considered to have low but not
insignificant economic value. It is used for fuel and as a building
material (e.g., flooring, furniture) (Shepherd et al, 2025). The
estimated economic and environmental cost of the loss of beech
in Ohio alone is $225 million. Beech constitutes more than 25% of
the forests in Vermont. Sugar maple/beech/yellow birch is the most
significant single forest type in Pennsylvania, at 3.1 million acres,
accounting for 59% of the area in the maple/beech/birch forest-
type group and 18% of forest land overall (USDA Forest Service
Cleveland Metroparks, 2024).

Since BLD research has been rapidly expanding over the past
decade, several reports of BLD-related beech mortality have been
published based on localized plot assessments in the U.S. and
Canada (Shepherd et al., 2025; Reed et al., 2022). Recently, Reed
etal. (2022) surveyed 646 live American beech trees from seventeen
locations in Ontario, Canada, and two hundred and forty eight
live American beech trees from the U.S. BLD was identified in
fourteen of these seventeen Canada locations, with twenty five
of the thirty four plots having trees with symptoms in seventeen
of the thirty U.S. plots. Interestingly, the authors remark that
BLD symptoms were already more widely distributed than another
beech pest, the Beech Bark Disease (BBD), that has been first
detected decades before BLD (VicLaughlin and Greifenhagen, 20125
Cale et al, 2017; Shepherd et al., 2025). Comparatively, BBD
is caused by a non-native scale insect and a fungal pathogen
(Witter et al., 2004), and has been documented to kill up to
50% of trees within 10 years, with higher rates recorded in
certain areas (Kibbe and Bonello, 2023). Long-term monitoring
at these sites near the origin of BLD showed a substantial rise in
American beech mortality over the 9 years following the disease’s
arrival, compared to pre-BLD conditions. While direct causation
could not be conclusively established in this 2022 study, the
analysis revealed a strong correlation between the emergence of
BLD and rising mortality rates. Notably, beech death increased
exponentially after the disease appeared, with saplings being the
most susceptible. In addition, tree growth rates within the study
plots declined significantly after BLD was first detected (Reed et al.,
2022).

In a recent study (Shepherd et al., 2025), the sharp increase
in American beech mortality in Ohio study sites, especially from
2021 to 2023, coincides with a noticeable decline in tree growth.
Of the 263 trees tracked between 2011 and 2023, 29.6% died, with
most (96%) after BLD was first reported in 2014, with mortality
accelerating exponentially. Growth, measured by percent change in
Diameter At Breast Height (DBH), also declined significantly. From
2011 to 2016, before BLD became widespread, the average growth
rate was 1.77%, but dropped to just 0.46% between 2017 and 2022
(p < 0.01) (Shepherd et al., 2025).

This reduction in growth, combined with high mortality rates,
signals a serious threat to the ecological and commercial value of
beech trees. During the pre-BLD period, soil treatments influenced
growth, with control and TSP plots showing higher rates than those
treated with lime. However, once BLD symptoms became prevalent,
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soil amendments no longer had a meaningful effect (Shepherd et al.,
2025). This suggests that BLD overrides typical soil-related growth
dynamics, posing long-term risks for forest productivity.

Most recently, Canada has been making efforts to highlight
the economic potential of beech as a more affordable alternative
to birch in the wood flooring market, compelling the hardwood
flooring industry to adapt by incorporating American beech into
wood supplies for sawmills in western Quebec (Bernard et al,
2018; Myers et al, 2023). The introduction and spread of L.
crenatae pose a growing threat to the beech supply chain in Canada,
particularly in Ontario. Between 2010 and 2019, approximately
47% of all beech products imported into Canada were live
trees intended for propagation, a known high-risk pathway for
nematode transmission. Notably, over 90% of all beech imports
originated from the United States, with the remainder coming from
European countries including Italy, Germany, the Netherlands,
and Poland. Of the live beech tree imports, 88.63% came from
the U.S., while 11.36% originated from the Netherlands, with
Ontario receiving imports from both sources. Within Ontario,
nursery surveys revealed that most beech seedlings are sourced
from western North America, primarily Oregon, British Columbia,
and Washington, before being cultivated and sold locally. Genetic
analyses confirmed the presence of a genetically uniform nematode
population across sampled locations, consistent with a recent,
single-source introduction. The distribution of BLD symptoms in
Ontario, concentrated around early detection sites and decreasing
radially, suggests a temporal and spatial gradient of spread, likely
exacerbated by nursery trade routes and environmental conditions
favorable to nematode development (Fitza et al., 2024). This pattern
highlights the urgent need for coordinated monitoring of nursery
stock movements and nematode populations to prevent further
disruption to the beech supply chain and to limit economic and
ecological losses.

Carbon sequestration

While beech trees are not the most efficient carbon assimilators
when compared to other deciduous trees, they have long lifespans,
large biomass, and they grow very tall (up to 130 feet tall and
5 feet wide), making them significant carbon sinks during their
lifetime (Fraser et al., 2023). According to information from the
Forest Ecology Network, maple/beech/birch stands have the highest
carbon density per acre, storing approximately 550 million metric
tons. In terms of carbon sequestration function, the average value of
a pure beech stand is about $320/ha/year (Badeban et al., 2015).

Recent studies (Fletcher et al., 2024) have shown that BLD
can lower the carbon assimilation rate, with trees exhibiting a
progressive increase in carbon allocation to symptomatic leaves.
This response, coupled with decreased leaf gas exchange essential
for photosynthesis, depletes stored carbon, compromising the tree’s
long-term growth potential and, as a result, carbon sequestration.

Beech trees also play a vital role in the textile industry,
serving as a primary source of cellulose for producing viscose
fibers. Beech trees contain around 40-50% cellulose (Fengel
and Wegener, 2011). The high cellulose content and specific
wood structure of beech trees make them an ideal raw
material for manufacturing strong, soft, and durable viscose
fibers. The viscose industry relies heavily on beech trees as
a sustainable and renewable source of cellulose, providing
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employment opportunities and generating significant revenue for
the textile industry.

The global textile market remains dominated by cotton (25%)
and polyester (55%), both of which have significant drawbacks
(Figure 3). Cotton requires vast amounts of water, leading to aquifer
depletion and limited new land, which suggests its market share
may drop to 23-24% in the next decade (Chapagain et al., 2006).
Polyester, being an oil-based material, consumes high energy and
contributes to plastic pollution, with microfibers released during
washing contaminating oceans and land. The remaining 20% of
the market comprises various materials, with Man-Made Cellulosic
Fibers (MMCF) experiencing rapid growth (8%). Derived from
dissolving wood pulp (DWP) from hardwoods like Eucalyptus,
Birch, Aspen, Acacia, Maple, and Beech, or softwoods such as Pine,
Spruce, Fir, Hemlock, and Larch, these fibers are processed into
viscose, modal, lyocell, or acetate, offering softness, breathability,
and moisture-wicking properties. MMCFs are biodegradable,
renewable, and require less water and energy than other fibers.

Cellulose is primarily derived from wood pulp and cotton,
making its production costs highly sensitive to the availability and
pricing of these raw materials. Disruptions in timber supply can
cause sharp increases in cellulose prices. In Europe and Asia, beech
trees are integral to the production of high-quality viscose fibers,
a more sustainable alternative to cotton and polyester. Beech tree-
derived viscose fibers are used to produce a wide range of textiles,
including clothing, upholstery, and industrial fabrics. The decline
of beech trees could disrupt cellulose supply chains, leading to price
volatility and increased reliance on less sustainable materials such
as petroleum-based fibers.

Trade policies, tariffs, and political instability in countries
that produce cellulose can further contribute to price volatility.
Moreover, changes in global oil prices and inflation can affect
both the cost of manufacturing and transporting cellulose. The
U.S. is a net importer of wood pulp, making it vulnerable to
any disruptions to the supply chain. All of North Americas
manufacturing contribution is 15% while the manufacturing of
cellulosic products is primarily concentrated in Asia. Any supply
chain and trade disruptions may lead to a reduction in cellulose
production. Over the past few decades, the prices of dissolving
wood pulp (DWP) have consistently risen; however, the global
market experiences significant fluctuations due to major events.
For instance, a cotton harvest failure propelled the price to $1900/t
in the 2010s, while COVID-19 caused it to plummet to $600/t in
2020. Assuming the current price of $1000/t for 0.425 Mt/yr of
North American DWP, which represents approximately 6% of the
global production of 7 million tons, the market is valued at $425
million annually. Its global market value in 2025 is $8,328 million,
and is projected to experience further growth [Bulk Chemicals
Dissolving Wood Pulp (DWP) Analysis Report, 2025]. The price
may be influenced in the future by the decline of beech trees caused
by BLD; however, it is almost impossible to forecast the level of
such impact because the market remains highly complex with an
integrated global supply chain. While beech trees serve purposes
in timber and pulp production, the price of timber is set at $20-
40/t, which is significantly less than that of DWP. Assessing the
actual economic impact presents significant challenges, warranting
a separate review of this subject.
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experiencing significant growth as well.

Global textile production for major fibers over the last century shows the dominance of cotton and polyester, while man-made cellulosic fibers are

5 Current gaps and potential solutions
for managing BLD

5.1 Economic feasibility of existing
treatments

Research into the early detection, mitigation, and management
of BLD is advancing rapidly in response to its swift spread. Recent
studies in laboratory and private field-grown beech nurseries from
Ohio have shown promising results on BLD control. For example,
foliar applications of fluopyram reduced live nematode counts by
over 90% in European beech trees (Loyd et al., 2024). In addition,
drawing on previous success with chemical injectable treatments
for other tree diseases, such as Dutch elm disease and sycamore
anthracnose, researchers have successfully tested thiabendazole and
other benzimidazole compounds on symptomatic BLD beech as
root flare injections (Loyd et al., 2024, 2025). These compounds
offer new modes of action and application techniques to reduce
nematode infection, particularly for large or tall beech trees,
where foliar treatments may be impractical or where minimizing
environmental exposure is crucial (Loyd et al., 2024).

However, both types of treatments for BLD present significant
challenges for large-scale forest management due to high costs,
logistical constraints, and potentially adverse effects on the forest
environment and associated biodiversity. For example, Arbotect
20-S is the current industry standard fungicide used to treat
individual trees. However, its large-scale application is not currently
economically feasible. The macroinjection treatment with Arbotect
20-S used to provide therapy to beech with BLD requires specialized
equipment (~$730 for a kit), significant time to uptake solution (on
average 45-120 m per tree), and trained personnel to administer the
treatment. This product must be diluted in high-quality deionized
or distilled water to avoid precipitation and inactivity of the active
ingredient. The uptake time depends on the evapotranspiration
rates of the tree since the injection solution volume is significant
(i.e., 50 oz/in DBH). For example, a 20 “DBH tree would require
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about 8 gallons of solution to be taken up and translocated
throughout the canopy. The cost of this treatment can vary
based on several factors, including the condition of the tree,
environmental conditions that affect uptake time, the region of
the country, and the number of trees being treated, among others.
Anecdotally, the cost of treating an individual tree could range
anywhere from $15 to $35/per DBH, so a 20” tree would range
in price from $300 to $700 according to sources within the
arboriculture industry.

In time, these treatments may become more economically
feasible and could form the foundation for efficient nematode
management. However, at present, they are not a viable solution
for addressing BLD on a large scale.

5.2 Lessons learned from the past

Lessons from the management of another beech forest disease,
the Beech Bark Disease (BBD), could offer valuable insights for
BLD management. BBD, which was caused by an introduced
insect-disease complex involving the soft-bodied scale Cryptococcus
fagisuga and species of Neonectria fungi, led to severe degradation
of beech forests, transforming them into stunted stands with
diminished commercial and ecological value (Loo et al., 2005).
Despite extensive research and development efforts, the eradication
of BBD proved unfeasible in large natural areas because Neonectria
cannot functionally be removed, scale insects disperse widely after
arrival, can hide in the bark crevices, and reproduce clonally
(Myers et al, 2023). There are also other labor, financial, and
environmental constraints (Wiggins et al., 2004). Management
strategies focused on biological, chemical, physical, and even
cultural controls proved successful only on a small scale, requiring
repeated treatments (Dracup and MacLean, 2018; Myers et al,
2023). Initial cultural efforts focused on reducing beech thickets
by removing understory beech trees to support other healthy
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tree species’ development or completely removing overstory BBD-
susceptible F. grandifolia, followed by herbicide applications
(Ostrofsky and McCormack, 1986), were replaced with efforts
to collect genetic material from BLD-resistant beech from larger
geographic areas and breeding genetically diverse BLD-resistant
beech (Reed et al., 2022).

The regenerative capacity of beech trees, which can reproduce
both asexually (via root or stump sprouts) and sexually, supports
the potential for breeding programs aimed at developing resistance
to pests (Loo et al, 2005). So far, conventional vegetative
propagation techniques have not been very successful with
American beech. Although this species commonly exhibits root
sprouting after disturbance, efforts to root cuttings and employ
micropropagation have achieved only limited success, with
challenges in subsequent plant development, particularly during
overwintering (Loo et al., 2005) and reliable transfer to soil
(Hazubska-Przybyl et al., 2015).

Advanced biotechnological

methods  offer

alternatives for conservation, particularly for tree species that

promising

suffer from poor seed sets, low germination rates, recalcitrant
seeds, and a reliance on vegetative propagation. Techniques for the
in vitro medium-to-long-term storage of plant embryonic axes,
pollen, and propagules are increasingly applied in tree species
conservation (Yadav et al., 2024). In this context, developing
BLD-resistant germplasm through biotechnology holds potential
for future management efforts. The overall success of plant
biotechnology projects largely depends on the ability to regenerate
whole plants from in vitro cultures (Benson, 2000). Benson (2000)
defines in vitro recalcitrance as the general inability of plant cells,
tissues, and organs to respond to tissue culture manipulations.
Although this concept is broadly applicable, beech trees are
particularly challenging because of their slow growth and the
inherent difficulties in initiating and maintaining tissue cultures.
This recalcitrance complicates the development of reliable in
vitro propagation protocols for beech, thereby lengthening the
process of breeding and restoration programs. For comparison,
early efforts by Koch and Carey (2014) to survey for BBD-resistant
beech candidates and produce resistant—cross seed are promising
but take a significant amount of time. As a result, while an up-and-
coming future solution, breeding for BLD resistance is still not a
viable option for this disease’s short to medium-term management.

6 Future directions in BLD research
and management

6.1 Early detection and research priorities

The rapid spread of BLD in North America signals the
potential for similar outbreaks in other beech-growing regions
of the world, including Europe and parts of Asia such as
China. Large-scale management remains challenging due to
the absence of effective forest—wide treatments. Until practical
biological, chemical, physical, and cultural solutions become
available, early detection, diagnostics, prevention, and continued
investment in research and expertise (especially nematology, plant
pathology, biotechnology, and geospatial sciences) remain the most
viable approaches for managing the disease. Priorities include
identifying susceptible tree populations, conducting field surveys,
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and investigating host-pathogen interactions, disease progression,
and biotic and abiotic factors. These foundational insights will
inform science-based strategies to mitigate beech-related ecological
and economic damage.

6.2 Advancing genomic tools and
resistance breeding

Traditional forest tree breeding has improved growth and
resistance in tree species, but its progress is constrained by the low
pace of natural selection and the limits of existing genetic diversity
(Naidoo et al., 2019). Advances in genomic technologies, especially
CRISPR and host-induced RNA interference (RNAi), may offer
precise tools to introduce targeted genetic changes, overcoming
these inherent constraints. Recent efforts to sequence the genome
of L.crenatae mark a promising step toward understanding its
biology, though annotations and full release are still pending. Wolf
and Vieira (2024) characterized for the first time the bud scale
morphology of two different cultivars of F. sylvatica infected with L.
crenatae. Their work provided insight into the dynamic processes
occurring during L. crenatae infection (Wolf and Vieira, 2024).
Comparative insights from nematodes like B. xylophilus (pine wood
nematode), whose genome has been available since 2011 (Kikuchi
et al, 2011), show how genomic tools can facilitate studies of
parasitism, population structure, and virulence (Palomares-Rius
etal, 2015). In agriculture, technologies such as CRISPR/Cas-based
genome editing have already shown success in creating nematode-
resistant crops by targeting susceptibility genes—for example,
OsHPPO04 in rice (Huang et al., 2023) and GmSNAPO2 in soybeans
(Usovsky et al, 2023). In addition to CRISPR/Cas, additional
studies reported the successful use of RNAi-based approaches to
control nematode infections by targeting various classes of genes
(Joshi et al., 2022). In forestry, Cao et al. (2024) provides a detailed
overview of CRISPR applications and its potential to enhance
disease resistance (Cao et al., 2024). These developments highlight
the potential for similar strategies in forest species.

For BLD specifically, researchers are exploring genetic
resistance in F. grandifolia aided by molecular markers and
observations of “lingering” beech trees that remain relatively
healthy in areas heavily affected by BLD Holden Forests and
Gardens.Beech Leaf Disease. Marker-assisted selection (MAS)
could accelerate the development of resistant germplasm (Collard
and Mackill, 2008). This approach has been effective in other tree
species. Additional lessons can be learned from the management
of the BBD, where clusters of disease—free American beech have
been observed in areas heavily impacted by BBD, suggesting the
existence of heritable resistance traits (Koch et al., 2007). When
resistant tree clusters lack sufficient variation for long-term success
(Duval et al, 2025), planting disease—resistant trees with high
genetic diversity may help overcome inbreeding limitations.

6.3 Geospatial technologies for BLD
monitoring and modeling

When sufficient manpower and expertise are not available,
geospatial technologies offer scalable solutions for early monitoring

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1606260
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Kantor et al.

and BLD modeling. Geospatial methodologies, tools, and solutions
have been successfully applied in forestry for monitoring tree
growth, forest health, disease progression, and pest severity (Das
et al, 2024). Remote Sensing (RS), which involves detecting
and monitoring an areas physical characteristics by measuring
its reflected and emitted radiation from satellite or aircraft, has
already proven effective in differentiating nematode infestation
from drought stress at different time intervals, allowing for
early disease detection and predictive modeling of nematode
infestations (Kantor et al., 2025; Susi¢ et al,, 2018). Since BLD
triggers characteristic anatomical and physiological differences
between asymptomatic and symptomatic leaves (Ewing etal., 2018),
these differences can lead to distinct spectral signatures, such
as changes in color (dark green interveinal banding) and shape
(crinkling). Hyperspectral Imaging (HSI), a method of detection
from a distance that captures data across numerous spectral
bands, can provide a detailed analysis of plant health based on
these parameters (Kantor et al, 2025). Multispectral imaging,
although less detailed than HIS (uses fewer spectral bands), can also
effectively identify stress responses in plants (Kuska et al., 2022).
In the United States, the U.S. Department of Agriculture
(USDA)
spread of BLD through systematic field surveys conducted

Forest Service actively monitors and maps the
at monitoring plots. These observations, analyzed through
Geographic Information Systems (GIS) platforms, support early
detection, change detection, and development of spatial risk
models (Das et al., 2024; Zhao et al., 2023; Fearer et al., 2022;
Goraya et al., 2024). In addition to identifying infection spots,
forest service specialists assess key parameters such as Live Crown
Ratio (LCR), Diameter at Breast Height (DBH), canopy density,
discoloration, defoliation, dieback, branch breakage, tree mortality,
etc. This integrated monitoring system provides a replicable
framework for other regions at risk.

6.4 Community engagement and public
surveillance

Given that BLD symptoms are relatively easy to identify because
of their unique characteristics (i.e., dark interveinal banding on
their leaves), efforts to increase awareness at the community level
could further aid in early disease detection. Incorporating BLD
identification into youth camps, school curricula, and other forestry
education programs could empower volunteers to participate in
surveillance and data collection. Public engagement not only
facilitates data ground truthing but also strengthens early warning
systems and fosters broader community awareness of forest
health threats.

6.5 Artificial intelligence (Al) and machine
learning (ML) for BLD diagnostics

As more data becomes available, the implementation of
artificial intelligence (AI)-based methods such as Machine Learning
(ML), Deep Learning (DL), and Convolutional Neural Networks
(CNNs) will offer scalable solutions for rapid, image-based disease
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identification, and outbreak prediction. These technologies can
detect subtle visual cues in symptomatic trees and integrate
sensor-based and historical data for predictive modeling of
BLD outbreaks. AI offers speed, scalability, early detection, and
reduced chemical reliance (Tammina et al., 2024), advantages over
traditional visual or microscopic diagnostic methods. However,
current limitations include the lack of high-quality, labeled datasets
for training models, insufficient computational infrastructure, and
gaps in cross-disciplinary collaboration between nematologists and
computer scientists. Addressing these challenges will be essential to
unlocking the full potential of AI/ML in nematode diagnostics.

7 International research collaboration
to prevent BLD global spread

The rapid spread of BLD in North America emphasizes the
need for international research and biosecurity cooperation to
prevent its introduction elsewhere. Although BLD is currently
listed on the European and Mediterranean Plant Protection
Organization (EPPO) Alert List, it has not yet been added
to the quarantine list, leaving European forests vulnerable to
inadvertent transmission. Europe has taken some precautionary
steps, including the Plant health status of Fagus spp. (FAGUSTAT)
project undertaken as part of the Euphresco initiative, which
surveyed the health status of Fagus spp. across six countries
in 2021(Belgium, the Netherlands, Romania, Slovenia, the
United Kingdom, and Ireland). While the surveys found no
evidence of L. crenatae, they highlighted both the effectiveness
of early surveillance and the practical challenges of international
research collaborations, such as the inability to acquire viable
inoculum or culture the nematode under laboratory conditions
(Viaene et al., 2022). These limitations hinder the study of BLD’s
pathogenicity and life cycle in European contexts. Furthermore,
climate similarities between countries like Ireland and affected
areas in the U.S. and Canada (Bourkea and McGeea, 2024)
heighten the risk of BLD establishment if the disease were
introduced. Although EU regulations restrict the import of Fagus
plants from non-EU countries, the nematode’s ability to overwinter
in dormant buds and the possibility of a broader, unidentified host
range pose residual risks, particularly if asymptomatic infections
go undetected. These concerns make international research and
policy-making collaborations essential for understanding BLD’s
phytopathology and mitigating its transmission potential. Ongoing
meetings and research collaborations between North American
and European researchers can foster timely knowledge exchange,
ensuring coordinated responses to such emerging threats (Viaene
et al., 2022). Future inclusion of BLD on the EPPO quarantine
list could help standardize surveillance, improve early detection
systems, and support stronger containment protocols. As shown
in Figure 4, the consequences of inaction are significant: BLD
threatens biodiversity, disrupts ecosystems, and impacts key
economic sectors. Given limited large-scale treatment options and
low natural resistance in beech trees, investments in advanced
diagnostic tools such as genomics, Al-based imaging, and
geospatial modeling alongside breeding programs for resistant
cultivars are crucial. Ultimately, a unified international strategy
combining regulatory, scientific, and technological efforts is
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necessary to safeguard global beech forests from destructive threats
such as BLD.
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