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ABSTRACT

Beech leaf disease (BLD) is a foliar disease of American beech (Fagus grandifolia) that manifests as gall symptoms in leaves
caused by infestations from Litylenchus crenatae ssp. mccannii, a plant-parasitic nematode. As the disease progresses, infesta-
tions lead to bud abortion, crown deterioration and branch dieback. While BLD is known to impair leaf function, the impacts
of the disease on tree carbon allocation and growth are unresolved. Here, we sampled three forest stands across a gradient of
disease severity to assess how BLD influences the storage of non-structural carbohydrates (NSC) across different tissue pools
(root, bole and twigs), used tree rings to estimate growth declines associated with the onset of BLD infestation and evaluated the
fine root ectomycorrhizal communities. Our data show that BLD can negatively impact NSC storage across tissue pools in stands
exhibiting both low- and high-severity infestation. Diminished starch content with respect to the asymptomatic stand was shown
to precede any reduction in growth, measured via post-infestation basal area increment at the low-severity stand (1-2years of in-
festation). Growth reductions at the high-severity stand (3+ years post infestation) were significant and coincided with low NSC
content, though mortality was not observed among any mature trees. Root-associated fungal community composition differed
significantly among sites, with a trend towards reduced diversity in more severely impacted trees. Our results suggest that BLD
disrupts carbon allocation and storage in beech trees, potentially compromising their resilience to future stressors. The complex
interplay between nematode infestation, fungal community shifts and altered carbohydrate dynamics highlights the multifac-
eted nature of BLD and its potential long-term consequences for beech forests.

leaf disease (BLD) in North America has been attributed to
the foliar parasitic nematode Litylenchus crenatae ssp. mccan-

1 | Introduction

American beech (Fagus grandifolia Ehrl) is a foundational
tree species throughout eastern North America that represents
27.4% of forest understories and midstories throughout Maine,
New Hampshire, New York and Vermont (Bose et al. 2017).
Mature beech also produces a hard mast that is a critical source
of nutrition for many native wildlife species in the eastern re-
gion (McNulty and Masters 2005; Storer et al. 2005). Beech

© 2026 Wiley-VCH GmbH. Published by John Wiley & Sons Ltd.

nii (Lcm), which infests the buds and leaves of trees within
the Fagus genus (Carta et al. 2020; Ewing et al. 2019). BLD is
not endemic to North America; it was first detected in Ohio
in 2012 and has since expanded rapidly across the eastern
United States and southeastern Canada. Established infesta-
tions now occur from Michigan in the west to Maine in the
northeast and as far south as North Carolina, with additional
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spread north into Ontario, Canada. This expanding distribu-
tion has coincided with sapling mortality, progressive can-
opy thinning, and structural changes in long-infested stands
(Reed et al. 2022; Shepherd et al. 2025). Susceptible host spe-
cies include American beech, European beech (F. sylvatica L),
Chinese beech (F. engleriana Seemen ex Diels) and Oriental
beech (F. orientalis Lipsky). The closely related and earlier
described nematode Litylenchus crenatae is known to induce
similar symptoms on Japanese beech (Fagus crenata Blume)
throughout Japan (Kanzaki et al. 2019). While it is clear that
the nematode is a fundamental component of this pathosystem,
there is still active debate regarding the precise mechanism of
BLD symptom development, associated damage, and the po-
tential role of fungal and/or bacterial symbionts in BLD (Burke
et al. 2020; Ewing et al. 2021). Investigations of American

beech buds during the dormant season have documented the
presence of Lem within the secondary interveinal regions of
primordial leaves (Vieira et al. 2023). Nematodes found within
these regions are responsible for a proliferation of cell division,
resulting in marked increases in the layers of spongy and pal-
isade mesophylls, abaxial and adaxial epidermides, and thick-
ening of the tertiary and minor veins (Fletcher et al. 2023;
Vieira et al. 2023). These changes induced within leaf primor-
dia at the cellular level manifest as symptoms that are read-
ily observable immediately following leaf flush in the spring,
notably as discoloured bands of tissue (diffuse galls) within
the interveinal regions of the leaf, stunted and crinkled leaf
morphology, chlorosis and necrosis (Figure 1). The severity of
these symptoms is proportional to the abundance of nematodes
within the bud during the time of leaf development (Vieira

FIGURE1 | Cankering caused by Neonectria fungi associated with beech bark disease expressed at a representative symptom severity across the
three study sites (A). Mild banding symptoms on individual leaves associated with BLD among trees the low-severity site (B). Upward facing view of
the canopy at the low-severity site, note the nonuniform banding symptoms and dense crown cover (C). Advanced crinkling leaf symptoms induced
by BLD at the high-severity site (D). Production of second flush leaves at the high-severity site are easily identified by their shrunken size and light
green appearance (E). Upward facing view of the beech canopy at the high severity site showing significantly reduced leaf are within BLD infested

trees (F).
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et al. 2023). When Lcm abundance reaches a critical threshold,
buds will often fail to produce viable leaves and can abort from
the branch entirely (McIntire and Vieira 2025). The observable
symptoms of BLD also have measurable impacts on leaf func-
tional traits, including elevated leaf water content and reduced
specific leaf area, photosynthetic capacity and instantaneous
water use efficiency (Fletcher et al. 2023; McIntire 2023). A
natural consequence of these anatomical and physiological
changes is an increased demand on carbon resources, and a
reduction in non-structural carbohydrate (NSC) storage would
therefore be expected, although this has not yet been thor-
oughly quantified in mature trees. Changes in carbon storage
and flux due to BLD could also plausibly impact microbial com-
munities associated with beech trees such as ectomycorrhizal
(ECM) fungal communities (Bashian-Victoroff et al. 2023).
Ectomycorrhizal fungi form mutualistic relationships with
trees where trees provide photosynthetically derived carbon to
the fungi in exchange for nutrients scavenged and transferred
to the host tree by fungi (Smith and Read 2010). Different ECM
fungi have varying carbon requirements based on their fungal
traits such as their exploration types (i.e., mycelium production
and foraging strategies) with contact exploration types having
lower carbon requirements compared to long-distance explo-
ration types that produce ample mycelium and forage far from
tree roots (Agerer 2001; Peay et al. 2011). Shifts in the propor-
tion of exploration types have been observed in other stressed
systems (e.g., drought; Castafio et al. 2023). As BLD progresses,
these physiological impacts may interfere with the tree's abil-
ity to allocate carbon effectively to ECM fungi, potentially al-
tering these communities. Once a stand is infested with BLD,
the symptom severity generally increases annually as the Lem
population continues to expand throughout the beech canopy,
resulting in branch dieback and declines in overall crown den-
sity (Reed et al. 2022). Trees exhibiting marked reductions in
crown density often produce a secondary flush of leaves in the
early summer. However, while these second-flush leaves do not
have outward symptoms of BLD and are functional, they are
generally stunted, fewer in number and appear to lack the chlo-
rophyl content of healthy primary leaves, thus only compensat-
ing for a small fraction of the total leaf area and photosynthetic
capacity lost due to bud abortion.

In addition to BLD, another non-native disease, beech bark
disease (BBD), has plagued American beech in the northeast-
ern US for over a century (Cale et al. 2017). BBD is a disease
complex initiated by the invasive felted beech scale insect,
Cryptococcus fagisuga Lindinger, which feeds on phloem pa-
renchyma of the tree bole and subsequent infestation by one
or both of the putatively native fungal pathogens, Neonectria
faginata (M.L. Lohman, A.M.J. Watson & Ayers) Castlebury
& Rossman and Neonectria ditissima (Tul. & C. Tul.) Samuels
& Rossman. BBD symptoms manifest as bark necrosis, often
localised within cankers on the bole of infested trees, which
have a range of outward presentations. While there is some tol-
erance and even resistance to BBD present in American beech
populations, the majority of beech trees appear to be at least
moderately to highly susceptible such that finding canker-free
trees within New England can be a challenge in some sites
(Calic et al. 2017; Leak 2006; Taylor et al. 2013). While many
BBD-infested trees are in decline, the species has largely
maintained its historical importance, at least in part due to the

aggressive, highly shade tolerant beech regeneration via seed
and vegetative root sprouting (Garnas et al. 2011). Much of the
northeastern region is within the aftermath forest of BBD, yet
beech remains abundant on the landscape (Bose et al. 2017;
Houston 1975). Areas of localised bark necrosis can coalesce,
leading to girdling of the bole and subsequent canopy mor-
tality. More often, however, growth losses due to infestation
lead to canopy decline, reduced carbon uptake, and a general
weakening of the bole due to declines in structural carbon
(sapwood) production and the accumulated bole defects, lead-
ing to higher rates of bole failure under high snow, ice or wind
loads (Papaik et al. 2005). Despite the low vigour among BBD-
infested trees, they can persist under high levels of cankering
and mortality is frequently coupled with other contributing
stressors, such as drought (Kasson and Livingston 2012).

While BLD poses a significant threat to all American beech,
accelerated decline among trees within the BBD aftermath
forests is likely due to the compounding nature of physiolog-
ical stress. As an effective pre-leaf out defoliator, BLD has
no known direct impacts on the structural integrity of beech
trees. Instead, the mechanism leading to mortality is thought
to be rooted in carbon starvation, where the depletion of non-
structural carbohydrates (NSC) following years of chronic
BLD, or combined BLD and BBD infestation, renders trees in-
capable of maintaining growth and the metabolic processes
necessary for survival (Mcdowell and Sevanto 2010; Plotkin
et al. 2021; Wiley et al. 2013).

Based on current understanding of these interacting diseases,
we outline four non-exclusive mechanisms that are expected
to influence NSC dynamics and growth in affected trees.
These mechanisms serve as a conceptual framework for inter-
preting early physiological responses rather than hypotheses
directly tested within the scope of this study. Specifically, we
expect NSC depletion to arise from the following processes:
(1) reduced leaf area due to bud abortion and/or canopy die-
back, which limits net carbon assimilation; (2) reduced photo-
synthetic capacity in residual leaves symptomatic for BLD; (3)
reduced photosynthetic capacity among second-flush leaves
formed after bud abortion; and (4) increased carbon demand
associated with wound responses in trees concurrently in-
fested with BBD and BLD.

To examine how these predicted mechanisms influence tree
physiology under field conditions, we focused on American
beech growing in forests where BLD occurs alongside chronic
BBD infestation, a combination that reflects the typical stress
environment across much of the northeastern range. Within
this setting, our objective was to determine how variation in
BLD severity corresponds to changes in NSC storage, radial
growth, and ECM fungal communities. We measured woody
diameter increment, NSC content across multiple tissue types
(bole, twigs and roots) and ECM communities in three natu-
ral stands of American beech that differed in BLD symptom
severity while maintaining similar levels of bole cankering
associated with BBD. Our work aimed to address the com-
pounded stress imposed by both BLD and BBD, leveraging a
well-documented timeline of BLD invasion to evaluate how
early physiological disruption may contribute to longer term
declines in American beech.
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2 | Materials and Methods
2.1 | Study Sites

Three field sites were selected across a gradient of BLD sever-
ity from a subset of plots within the US Forest Service's long-
term monitoring plot network (Figure 2). These plots have
been measured annually in Maine since 2021, the first year
BLD was detected in the state. A detailed description of the
plot measurement protocol can be found in Reed et al. (2022).
Briefly, all mature trees (>12.7cm diameter at breast height
(DBH), 1.3m above ground level) are measured within a cir-
cular 0.04-ha fixed plot (11.3 m radius). Measurements consist
of tree DBH (cm) and ocular estimates of crown density (%)
and crown dieback (%) according to (Schomaker et al. 2007).
Additionally, ratings of BLD symptoms are segmented into
three categories: percentage of healthy asymptomatic leaves,

BLD-symptomatic leaves exhibiting typical banding associ-
ated with mild infestations (Figure 1B), and BLD-symptomatic
leaves exhibiting advanced crinkling and necrosis associated
with more severe infestations (Figure 1D). As the different
symptom types can occur simultaneously within the crown,
percentages for each category are assigned as a whole-crown
assessment, with the three proportions summing to the total
crown foliage. These symptom observations are subdivided
into five bins corresponding to 0% (1), 1%-25% (2), 25%-50%
(), 50%-75% (4) and 75%-100% (5). An overall BLD severity
index is calculated as the sum of the banded and crinkled leaf
ratings, with site average BLD severity reported in Table 1.
A rating of BBD symptom severity is assessed according to
the density of cankers on the main bole using an index value
ranging from 0 to 5, where 0 corresponds to no observable
symptoms and 5 is a severe infestation (see BLD long-term
monitoring plot protocol in the Supplemental Data).

2021
. S ,
/ ~f \ 71 2022

Year BLD detected

B 2023
W I 2024
Study sites
QO Asymptomatic
O Low-severity
/\ High-severity

01020 40 60 80
SN Kilometers

FIGURE 2 | Map showing the state of Maine with confirmed detections of BLD by municipality for 2021-2024. The locations of asymptomatic,

low-severity and high-severity stands are denoted by shape markers.
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TABLE1 | Stand characteristics. Mean diameter at breast height (DBH; £SD), trees per hectare (TPHA) and total basal area (BA) estimated from
0.04 ha fixed plots. Mean BLD severity is an index value that incorporates the total observed leaf symptoms within the crown, while the mean BBD

severity is an index value of canker symptoms observed on the main bole.

Time
since BLD Total BA Beech BLD BBD
Site infestation DBH (cm) TPHA (m2ha™?) BA (%) severity? severity?
Asymptomatic N/A 19.8+4.6 469 22.5 70.0 0.0 3.4
Low-severity 1-2years 24.7+5.6 593 334 82.7 2.4 3.2
High-severity 3+ years 23.1%6.1 544 36.0 63.2 7.4 3.7

2See Supporting Information for detailed protocol of the BLD long-term monitoring plot measurements.

A low severity site was selected at Mt. Agamenticus (York, ME),
where BLD had been documented on a single tree in 2022, 1year
prior to this study. In 2023, all beech trees within the plot ex-
hibited banded leaves associated with a mild BLD infestation,
in which the average banded leaf symptoms were expressed in
only 1%-10% of the crown in the year of sampling. A plot on
private property in Lincolnville, ME was selected as the high-
severity site, as this site was the first detection of BLD in the state
and is known to have been infested for at least 3years. Average
banded leaf symptoms in the crown were <25%, though heavy
leaf symptoms associated with crinkled and stunted leaves were
in the range of 50%-75% across all mature trees, accompanied by
bud abortion and significantly reduced crown density through-
out the stand. Finally, a control plot was selected at the Highland
Research Forest (Bridgton, ME) where BLD symptoms have not
been documented. Photos of representative stands conditions
and disease expression are shown in Figure 2. While the three
sites had contrasting levels of BLD severity, other site factors
were carefully considered to select plots that had comparable tree
size metrics, stand composition and cankering associated with
BBD (Table 1). A one-way ANOVA showed a modest difference
in DBH among sites (p=0.022), driven by several larger trees at
the low-severity site compared to the control site. Control trees
ranged from 13.0 to 26.2cm, low-severity trees ranged from 17.4
to 39.6cm, and high-severity trees ranged from 13.2 to 35.3cm.
These ranges indicate broadly comparable tree sizes across plots
and thus we do not anticipate size variation to have an outsized
influence on the physiological or growth responses evaluated in
this study.

To ensure that climatic differences did not confound our in-
terpretation of site-level responses, we evaluated the previous
30years of monthly temperature and precipitation data for
each site using climate normals at 4-km resolution (PRISM
Climate Group 2024). Long-term mean annual temperatures
ranged narrowly from 6.6C to 8.8C across sites, and mean
annual precipitation ranged from 1263 to 1316mmyears™,
with similarly comparable growing-season conditions (May-
September). These values indicate that all plots occupy the
same regional climate envelope (Appendix A, Figure Al). We
also calculated annual and growing-season anomalies across
the full 30-year record and found that the sites experienced
coordinated interannual variability, including shared drought
events such as the well-documented 2001 statewide drought
(Kasson and Livingston 2012), and a consistent pattern of
warmer-than-average temperatures during the 4years preced-
ing sampling (Appendix A, Figure A2). No site exhibited unique

or site-specific climatic stressors. These observations validate
that the study plots are climatically comparable and that recent
conditions are unlikely to be primary drivers of observed differ-
ences in our response variables.

2.2 | NSC Tissue Collection and Processing

All three plots were sampled between November 14 and 16, 2023.
A total of 20 mature trees were sampled within each plot, focus-
ing on the larger diameter co-dominant individuals. Two bark
and cambium tissue samples were collected on opposite sides
of the main bole at breast height using a 1.5cm diameter cork
borer. Similarly, a cork borer was used to collect two bark and
cambium tissue samples from coarse primary roots within 1m
of the trunk. Twig samples ranging from 10 to 50cm in length
were collected using a combination of pole pruners, climbing,
and shotgun sampling with 12-gauge steel buckshot. All twigs
were taken from the lower portion of the mature crown from
branches approximately 8-15m above ground level, correspond-
ing to the lower crown zone for American beech within the di-
ameter range sampled. From the twig samples, at least six live
buds were harvested for conducting nematode counts. Each
tissue sample was placed in a separate plastic zip-lock bag and
stored on ice inside a cooler while in the field. Upon returning
from the field, all bud samples were shipped overnight on ice
to the Bartlett Tree Research Laboratories in Charlotte, NC,
USA. There, buds for nematode quantification were stored at
4°C until processing within 1 week, as described in a subsequent
section. The other buds were immediately stored at —20°C for
later processing. For processing, bole, root and twig samples
were removed from the freezer, placed directly into a mortar
and pestle containing liquid N, and hand-ground into a pow-
der. Approximately 20mg tissue (+1mg) were then weighed,
placed into individual 1.5mL microtubes, and stored at —20°C
until shipped. Samples were shipped overnight on dry ice on 8
February 2024 to the Plant Pathology Laboratory at The Morton
Arboretum in Lisle, IL, USA and arrived on 9 February 2024
where tissue was stored at —30°C prior to NSC extraction and
quantification.

2.3 | Dendrochronology
A 5.15mm increment borer was used to extract a single core

at breast height from each tree extending to the pith. Cores
were stored in plastic tubes in the field, then air dried for
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72h prior to mounting. Cores were polished with sandpaper
(120-800-grit), then scanned on a flatbed scanner at 1600
dpi (Epson Expression 12000XL; Seiko Epson Corporation,
Nagano, Japan). Digital core images were used for ring width
measurements to a precision of 0.00lmm in CooRecorder
v9.8.4 (Maxwell and Larsson 2021). Cross dating was per-
formed with the xDateR shiny app within the dplR package
in R (Bunn 2008, 2010). Raw ring width measurements were
converted to basal area increment, where diameter inside bark
was estimated using a generalised hardwood equation (Miles
and Smith 2009).

2.4 | NSC Analysis

The extraction and quantification of NSCs followed the
phenol-sulfuric acid method described by Hill et al. (2012)
and Rigsby et al. (2019) with a few minor adjustments to aid
in throughput. All standards and phenol were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and all solvents and acids
were purchased from Fisher Scientific (Hampton, NH, USA).
Sugars were first quantitatively extracted three times (1mL
each) in 12:5:3 (v:v:v) methanol:chloroform:water and 2.4mL
of the combined 20,000g supernatants were mixed with 1.2mL
water. Tubes containing extracts were then centrifuged at
3000g to aid in phase separation, and 160 uL of the top phase
was removed and diluted in 800 uL water. Sugar extract from
each sample was then pipetted into two separate 1.5 mL tubes,
each containing 300 uL extract to obtain a test and control for
each sample. All control tubes received 10 uL water and all
test tubes received 10 uL 100% phenol and were vortexed. Test
and control tubes for each sample were then pipetted (46 uL)
in duplicate into the wells of a standard microplate, followed
by 154 uL concentrated sulfuric acid. Each plate was incu-
bated at room temperature for approximately 5min and then
the absorbance at 490 nm was recorded on a microplate reader
(Synergy HTX, Biotek, Winooski, VT, USA). A standard
curve of glucose was carried through the entire procedure,
and each plate included a standard curve. The absorbance
of control reactions was subtracted from the absorbance of
test reactions to account for background interference and
sugar content is expressed as mg glucose equivalents per g tis-
sue (mgg™).

Starch was extracted from the dried (at 50°C for 48h) tissue
remaining from the sugar extraction by incubating tissue with
1mL 35% perchloric acid at room temperature for 1h. After in-
cubation, 80 uL of the 20,000g supernatants were recovered and
diluted in 800uL water. These extracts were then subjected to
the same phenol-sulfuric acid quantification procedure as the
sugar extracts. A sample was transferred to two separate tubes
containing 300 L for tests (10uL phenol) and controls (10uL
water), vortexed and transferred (46 uL) to the wells of a micro-
plate in duplicate, followed by the addition of 154 uL sulfuric
acid, and then recording of the absorbance at 4990nm after a 5-
min incubation at room temperature. As with sugars, a standard
curve (using rice starch) was carried through the entire proce-
dure for each plate. Background absorbance was accounted for
as before, and starch content is expressed as mg starch equiva-
lents per g tissue (mgg™).

2.5 | Quantification of Nematode Populations

For each tree (N=60, 20 per site) six buds from each twig
sample were placed in a 15mL conical tube in the field and
shipped with ice packs overnight to a diagnostic lab. From
each sample, buds were first weighed and then bud sheaths
were opened with forceps. Opened buds were submerged in
10mL of distilled water in 60 mm diameter petri dishes and
held in the dark for 24 h. Nematodes were then counted under
a dissecting microscope using a mounted light below the petri
dish. Counts were separated based on vermiform or worm
stage (immatures and adults) and eggs extracted from buds.
The extracted nematodes in each stage and total (vermiform
+ eggs) counts were standardised by mass of buds used in the
extraction.

2.6 | Analysis of Fine Roots

Fine roots were collected approximately 10 cm deep and paral-
lel to therandomly selected, coarse lateral root sampled for NSC
analyses using a hand trowel and hand rake. Approximately
one clean quart-sized Ziploc bag (~950cm?) was filled with
roots and all adhering soil. Roots were rinsed several times in
running tap water to remove adhering soil in the lab prior to
further processing. Using a stereomicroscope, ectomycorrhi-
zal (ECM) root tips were separated by morphotype based on
colour, shape and branching patterns (Agerer 2006). Briefly,
for each individual tree, one representative per morphotype
was blotted dry and placed in 25 uL of extraction buffer from
an Extract-N-Amp buffer (Vandepol et al. 2020). Molecular
methods were as follows: according to (Karlsen-Ayala
et al. 2023) with minor modifications to the PCR master mix
solution. The master mix contained 3 uL GoTaq MDx buffer
(Promega, Madison, WI, USA), 1 uL MgCl,, 0.3 uL dNTPs, 0.3
uL ITSIF primer (Gardes and Bruns 1993) and 0.3 pL ITS4
primer (Vilgalys and Hester 1990), 0.1 L taq polymerase,
0.12uL BSA, 2uL DNA and 7.88 uL of molecular grade water.
Roots tips were Sanger sequenced at Yale University Keck
DNA Sequencing Core in New Haven, CT, USA.

2.7 | Statistical Analyses

While each BLD severity class is represented by a single forest
plot, our experimental design prioritised a high degree of within-
stand replication (n =20 trees per site) coupled with a rigorous
assessment of plots within the BLD long-term monitoring net-
work (218 total plots) to mitigate issues of spatial replication and
ensure similar structural characteristics but contrasting disease
duration and severity. Through this approach we assert that our
response metrics are predominantly driven by BLD but recog-
nise that underlying environmental heterogeneity can also in-
fluence tree response between sites. Given logistical constraints
(i.e., the high cost of NSC analysis and the need to include rea-
sonably large number of replicate trees within each site, to ade-
quately create site-level reference chronologies) our design only
includes tree and not site level replication across severity cate-
gories. While not ideal, we were able to compare growth rates
prior to the arrival BLD and did not detect any site-level patterns
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in growth, strengthening our interpretation that among-site
differences in our response variables are primarily attributable
to BLD.

NSC contents were analysed via a two-way ANOVA with NSC
(sugar, starch or total) as the response variable and site-level
BLD severity and tissue type (root, twig and bole) as predictor
variables. Post hoc Tukey tests were used to separate BLD se-
verity X tissue type means. Statistical analysis of NSCs was per-
formed in R (R Core Team 2025).

To assess the influence of BLD infestation on tree growth we
defined a pre- and post-outbreak period for our sites based on
the initial observation of disease symptoms within the long-
term monitoring plots. For the low-severity site, symptoms were
first observed in 2022; therefore, the post-outbreak period in-
cluded 2years of growth (2022 and 2023). For the high-severity
sites, symptoms were first observed in 2021; therefore, the post-
outbreak period included 3years of growth (2021, 2022 and
2023). In order to establish a breakpoint for comparison within
the asymptomatic site, we elected to use the same 3-year period
as the high-severity site (2021, 2022 and 2023). The pre-outbreak
period across all sites was defined as the 10years immediately
prior to BLD infestation, such that the low-severity site consid-
ered 2012-2021, while the other two sites considered the period
of 2011-2022. The mean basal area increment (BAI) was cal-
culated for each tree with respect to the defined pre- and post-
outbreak periods; then the percent change was expressed as:

[BAI

ABAL = [ Tpost — BAT

BAI

pre

o] ey

where ABALI is the change in basal area increment, BAIpost is
the mean post-outbreak basal area increment, and BAIpre is the
mean pre-outbreak basal area increment. Differences in site
level ABAI were assessed using one-way ANOVA, followed by
a Post hoc Tukey test to evaluate any significant differences be-

tween sites (¢ =0.05).

For nematode quantification, the abundance of vermiform, egg
and total Lem g™ of bud tissue were each log(x+ 1) transformed
to normalise variance prior to conducting an analysis of vari-
ance where Lem g™! was the response variable and site BLD
severity condition (i.e., site) was the fixed effect. Means were
separated with a Tukey's HSD post hoc test (¢ =0.05).

ECM sequence quality and trimming was performed using
Geneious v. 2022.0.1. Sequences were grouped into contigs
using de novo assembly tool in align/assemble. Non-fungal
reads were removed prior to community analyses. Fungal
community analyses were performed using the vegan package
in R version 2023.03.0. To visualise fungal community compo-
sition based on BLD severity, we converted the matrix to pres-
ence/absence and used vegdist function with the Bray-Curtis
dissimilarity matrix. Fungal community composition was
visualised using a principal coordinate analysis (PCoA). To
assess if differences in the ECM community were attributed
to BLD severity, we used a nonparametric permutational mul-
tivariate analysis (PERMANOVA) with the adonis2 function
and then used the betadisper function to test for differences in
multivariate dispersion. Alpha diversity measurements were

assessed using the alphaDiversity function in the otuSum-
mary package.

Principal component analysis (PCA) was used to evaluate the
association between health metrics collected on individual trees
within the long-term monitoring plots with the NSC, BAI, and
ECM data products described above. We identified health met-
rics with anticipated influences on tree carbon balance; specifi-
cally, these included estimates of crown density, crown dieback,
and two levels of BLD symptom expression: banded leaves
(mild/moderate condition) and crinkled leaves (severe condi-
tion). We incorporated total NSC values for each measured tis-
sue type, along with ABATI and estimates of ECM richness. Data
were standardised using a z-score transformation, and PCA was
conducted using the prcomp function within the ggfortify R
package (Tang et al. 2016).

3 | Results
3.1 | Non-Structural Carbohydrates

Sugar content of beech trees was significantly impacted by
site-level symptom severity (F, ,, =6.2, p=0.002) but not by
tissue type (F2,171 =1.5, p=0.223). However, there was a signif-
icant symptom severity X tissue type interaction (F4’171 =27,
p=0.032) on sugar content. Generally, the sugar content of
the root and trunk tissue of asymptomatic trees was greatest
and sugar content of the roots from trees at the low-severity
site was lowest. The remaining tissue types from trees across
the symptom spectrum were not statistically distinguishable
(Figure 3A). For starch contents, there was also a significant
effect of site-level symptom severity (F, ,; =93.1, p<0.001)
and tissue type (F, ,; =3.7, p=0.027), but there was no inter-
active effect between these predictors (F, ,,; =2.0, p=0.098).
Regardless of tissue type, starch content was always highest
in asymptomatic trees and statistically distinguishable from
trees symptomatic of BLD regardless of symptom severity
(Figure 3B). Total NSC content (sugars + starch) was signifi-
cantly impacted by site-level severity (F, ,,, =65.6, p<0.001)
and tissue type (F, ,;,, =4.258, p=0.016) and there was a sig-
nificant site X tissue interactive effect (¥, ,, =2.7, p=0.033).
As with starch, total NSC content was always statistically
greatest in beech tissues from the asymptomatic site, and this
was always distinguishable from the sites with visual BLD
symptoms. Full statistical results of the NSC data are shown
in Appendix Tables Al and A2.

3.2 | Dendrochronology

A tree ring master chronology was generated for each of the three
sites (Figure 4). Crossdating yielded interseries correlation val-
ues of 0.322, 0.372 and 0.365 for the asymptomatic, low-severity
and high-severity stands, respectively. Despite our effort to stan-
dardise sampling across trees of a similar diameter (Table 1), we
noted considerable differences in the estimated age and year of
establishment for each site. The average series length of cores
sampled within the asymptomatic site was 64 years, with the ear-
liest measurement dating to 1948, making it the youngest stand
among those sampled in the study. The low-severity stand was
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FIGURE3 | Boxplots of sugar (A) and starch (B) content (mgg™) of twig, root and trunk tissue of beech trees at sites with low and high beech leaf
disease symptom severity as well as at the site with asymptomatic beech. Boxplots represent the median of the data and the lower and upper quartiles
(25% and 75%); whiskers extend to 1.5 times the interquartile range. The shaded region is the continuous density distribution and open circles denote
individual tree replicates. Statistical differences are indicated by different letters between symptom categories (Tukey post hoc analysis, p <0.05).

determined to be our oldest site, with an average series length of
118years and an estimated establishment dating to 1875. Finally,
the high-severity site had an average series length of 77years
with an estimated establishment of 1934. All sites exhibited
similar rates of growth prior to BLD arrival: mean 10-year pre-
disease BAI was 5.0cm? (SD + 1.3) the asymptomatic site, 5.9 cm?
(SD+1.2) at the low-severity site and 5.6cm? (SD+1.3) at the
high-severity site, with no significant differences among stands
(ANOVA p=0.286). BAI differed significantly between sites in
the time following the arrival of BLD symptoms (F, ;,=18.6,
p <0.001) (Figure 5). Comparison of post-outbreak BAI relative to
the previous 10years indicated that growth declined at the high-
severity site 47.6% (SE x 4.2). Interestingly, BAI slightly increased
at the low-severity site by 5.9% (SE+7.9), though it should also
be noted that growth at this site was the most variable, with nine
out of the 20 trees exhibiting negative growth rates with respect
to the pre-outbreak period. BAI within the asymptomatic site
had a relative decline of 26.0% (SE +5.6) when comparing the
most recent 3years of growth to the previous 10years, though
this decline cannot be attributable to BLD. Full statistical results
of the tree ring data is shown in Appendix Tables A3 and A4.

3.3 | Nematode Abundance

We detected significant differences in nematode populations
between sites with respect to vermiform Lem, Lem eggs, and

total Lem (Table 2). The vermiform and total amount of Lem
did not statistically differ (Tukey post hoc analysis, p>0.05)
between the low-severity (17,935.9g™!) and high-severity sites
(17,682.8 g1). However, the low-severity site was found to have
119% more Lcm eggs than the high-severity site (Tukey post
hoc analysis, p<0.05). We detected low levels of vermiform
Lem (0.3g7) and Lem eggs (0.2g7Y) within the asymptomatic
site. Notably, this corresponded to a single bud measured to
have 5.4 vermiform Lem g=! and one other bud with 4.7 Lem
eggs g1, while the other 18 measured buds did not present
nematodes. Alternatively, 100% of the buds within the low-
and high-severity sites contained Lecm. Mean bud mass was
measured at 0.498g (+0.183), 0.429g (+£0.190) and 0.3521¢g
(£0.131) at the asymptomatic, low-severity and high-severity
stand, respectively.

3.4 | Fine Roots

After quality filtering, a total of 159 sequences grouped into
44 contigs. A range of 1-6 operational taxonomic units (OTU)
was recovered from each tree, with an average of 2.69 OTUs per
sample. A total of 15 ectomycorrhizal lineages were found from
root tips (Appendix Table AS5). There were 12 lineages recov-
ered from asymptomatic trees, 11 from low-severity trees, and
10 from high-severity trees. Overall, the more frequent OTU
lineages recovered from trees across all symptom groups were
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the/russula-lactarius/tomentella-thelephora, and/cortinarius
lineages (Appendix Figure A3). The root tip fungal community
was significantly different among site-level symptom severity
(adonis2 R?=0.05, F, =16, p=0.02), and the multivariate
dispersion was not significantly different between site-level
symptom severity (p =0.84). Proportion of long-distance versus
short-distance exploration types and alpha diversity measure-
ments were not significantly different between site-level symp-

tom severity.
3.5 | Multivariate Analyses
Using PCA incorporating health metrics measured within

the BLD long-term monitoring plots with tree-level NSC and
BAI data yielded a biplot that explained 64.3% of the total

variation within the first two principal components, with PC1
accounting for 43.7% and PC2 accounting for 20.7% (Figure 6).
Examination of the scatterplot for PC1 and PC2 shows dis-
crete clustering of trees with respect to disease severity and
the different sites. ECM richness had the weakest association
of any variable and was approximately parallel along PC1
positive loading. Negative loadings along PC1 corresponded
to elevated values of crown dieback and were strongly asso-
ciated with observed foliar symptoms of BLD, with cluster-
ing of trees experiencing a high severity of infection. Positive
loadings within both PC1 and PC2 included metrics of total
NSC (sugar + starch) within all tissue types (bole, root and
twig) and were most strongly associated with the clustering
of asymptomatic trees. The proportion of healthy leaves was
positively associated with elevated crown density along PC1
and approximately inverse to metrics of crown density and
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crinkled leaf symptomology. The clustering of trees within
the low-severity site occupies an intermediate space on the bi-
plot with respect to BLD symptom expression, associated with
higher levels of growth but reduced levels of total NSCs, with
some overlap among asymptomatic trees.

4 | Discussion

Interpreting the physiological and ecological consequences of
beech leaf disease requires consideration of both disease se-
verity and the broader environmental context in which infes-
tations occur. Although BLD symptom development is strongly
associated with nematode abundance within developing buds
(MclIntire and Vieira 2025), additional environmental and his-
torical factors may influence the severity and progression of
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FIGURE 5 | Proportional change in post-BLD infestation basal
area increment with respect to the previous 10years of growth (ABAI).
Boxplots represent the median of the data and the lower and upper quar-
tiles (25% and 75%), whiskers extend to 1.5 times the interquartile range.
The shaded region is the continuous density distribution and open cir-
cles denote individual tree replicates (n=20). Statistical differences are
indicated by different letters between symptom categories (Tukey post
hoc analysis, p <0.05).

disease impacts. Climatic legacies such as seasonal moisture
deficits or temperature extremes can alter host carbon balance
and may affect susceptibility to foliar pathogens. Soil properties,
including moisture availability and nutrient status, may also in-
teract with BLD by influencing host vigour and belowground
carbon allocation. As the colonisation history of Lem varies
across the region, differences in the timing or rate of pathogen
establishment may contribute to variation in symptom expres-
sion among sites. These factors were not the primary focus of
this study, but acknowledging their potential influence pro-
vides important context for interpreting site level differences in
growth, NSC storage and ECM community composition. Within
this broader framework, the patterns we observed across stands
of differing BLD severity offer insight into how early physio-
logical disruption may precede longer term declines in carbon
balance and forest health. We recognise that the absence of site-
level replication limits the generality of these findings, and our
interpretations therefore focus on the physiological patterns ex-
pressed within the sampled stands.

We detected significantly lower NSC content, particularly
in the starch component, in both the low- and high-severity
BLD-infested stands with respect to the asymptomatic stand
(Figure 3). This finding was consistent across all three tissue
pools (root, bole and twig) measured at the beginning of the
winter dormancy period. Previous work has documented sea-
sonal dynamics of NSC within the bole tissue of hardwood tree
species in the northeastern US, including American beech,
which has shown to maintain higher levels of sugar in the dor-
mant season relative to starch across multiple years (Richardson
et al. 2012). This relationship was consistent for our symptom-
atic sites, where bole sugar was measured to be 16.5% and 17.4%
higher than starch among the low-severity and high-severity
trees, respectively. Interestingly, while bole sugar content was
not statistically significant between our three study sites, starch
content in the asymptomatic stand was 74.1% higher than sugar
content. The drivers of starch, and in turn total NSC, depletion
among the BLD-infested stands may be influenced by multiple
factors resulting from disease. Trees within the low- and high-
severity sites possess a carbon sink that is not present within the
asymptomatic stand via an investment into symptomatic leaves.
Through nematode-induced cellular division which results in a
thickening of the mesophyll and epidermis (Fletcher et al. 2023;
Vieira et al. 2023), the production of symptomatic leaves comes
at an energetic cost to the tree. Though symptomatic leaves do
photosynthesize they are much less efficient (McIntire 2023).
Depending on infestation severity and timing on early

TABLE 2 | Average number of extracted Lcm nematodes per gram of bud tissue from each of the three sampling locations. Vermiform nematodes

were motile juveniles and adult Lem. Total Lem g=! of bud tissue included all motile and egg staged counts. Prior to ANOVA analysis, counts were

log (x+1) transformed to normalise the variance. Differences in letters within Lem groups were found to be significantly different between stands

(Tukey's HSD post hoc means separation test).

Site N Lcem (vermiform) gt Lem (eggs) g1 Total Lecm g1
Asymptomatic 20 0.3(0.3)b 0.2(0.2)c 0.5(0.3)b
Low-severity 20 11,669.2 (2262.1) a 6266.6 (1375.1) a 17,935.9 (2930.6) a
High-severity 20 14,816.8 (2130.9) a 2866.1(1108.4) b 17,682.8 (2556.5) a
p-value <0.0001 <0.0001 0.0001
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abscission, these leaves may even represent a net negative car-
bon investment, though calculating the precise quantity of that
NSC investment is beyond the scope of this study. There were
two additional factors unique to the high-severity site: a marked
reduction in overall leaf density and the production of second
flush foliage. Though second flush foliage was not directly
quantified in this study, it has been shown to be the prevailing
leaf type in stands with late stage BLD infestation (McIntire and
Vieira 2025). The bud abortion associated with BLD mimics
conditions that are representative of defoliated stands, which
puts infested trees at a disadvantage in terms of photosynthetic
capacity. The impacts of leaf loss have been modelled in forested
ecosystems subjected to insect defoliation, indicating reductions
of net canopy assimilation, net primary production, and tree
carbon storage pools (Medvigy et al. 2012; Schaefer et al. 2010).
Furthermore, the production of second-flush leaves act as a sink
for mobile carbon that may otherwise be allocated to growth,
defence, or storage. The degree to which beech trees depend on
stored carbon to produce second-flush leaves warrants inves-
tigation, though at least one study has suggested that re-flush
leaves of aspen (Populus tremuloides) draw little from root NSC
polls but rely more heavily on current-year photosynthate for
re-flush (Hart et al. 2024). The evident NSC depletion among
BLD-infested trees may have long-term consequences for vege-
tative reproduction, as American beech is known to aggressively
sprout via adventitious root buds. The propensity to resprout is
a key factor facilitating the maintenance of beech relative abun-
dance on the landscape despite the decades of dieback associ-
ated with BBD in the northeastern US (Garnas et al. 2011). Mast

production is also crucial, both for beech regeneration and as
a high protein food for wildlife (Jakubas et al. 2005), and will
also likely be negatively affected. The degree to which carbon
depletion due to BLD will negatively impact vegetative and/or
seed production is not yet known, though declines in one or
both seem likely. Federal assistance for chemical suppression
(i.e., herbicide application) of American beech has recently been
curtailed by the Natural Resources Conservation Service in the
state of New Hampshire, citing the high degree of uncertainty
regarding how BLD will influence future regeneration.

We also report contrasting responses to growth with respect
to the duration of BLD infestation, such that the low-severity
stand maintained a stable BAI compared to pre-infestation
growth, while the high-severity stand experienced a decline in
BAI associated with the onset of BLD that was unprecedented
in this stand's chronology (Figures 4 and 5). The sustained BAI
accretion within the low-severity stand may be attributed to
the crown condition of BLD-infested trees, where at the time of
sampling overall leaf density was similar to pre-infestation esti-
mates and symptoms were primarily composed of mild banding.
Interestingly, the low-severity trees appeared to be prioritising
radial growth over NSC storage in the early stages of BLD in-
festation. This pattern suggests that the reduction in NSC at
the low-severity site reflects disease-related carbon sinks rather
than carbon limitation, since radial growth remains unaffected.
Nematode-induced cell division within developing leaves likely
contributes to this early draw on stored carbohydrates, and
additional sinks such as the formation of second-flush leaves
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following bud abortion may further increase carbon demand as
symptoms progress. Although such proliferative tissue could, in
principle, represent a host attempt to compartmentalise nem-
atode activity, current evidence suggests that this response is
largely nematode-driven and functions as an additional carbon
sink rather than an effective defence (Vieira et al. 2023). Because
American beech shows little evidence of natural resistance to
BLD, induced defences may be weak or nonexistent, limiting
the tree's ability to constrain these accumulating carbon costs in
later stages of disease. Growth data from the high-severity stand
supports a lagged response between the onset of BLD infesta-
tion and BAI reduction, where moderate BLD symptoms were
first documented in 2021 and significant declines in BAI did not
occur until 2022 and 2023, corresponding to a relative decline
of 43.5% and 72.8%, respectively. While the asymptomatic stand
offers a reference point for NSC storage pools, a time series of
pre- and post-infestation NSC within sites experiencing BLD
could further elucidate the coordination between carbon storage
and growth. Due to the chronic nature of BLD, it is not antici-
pated that growth within declining beech stands will naturally
recover to pre-infestation levels and ongoing long-term monitor-
ing should be used to record the incidence of future mortality.

In addition to these growth patterns, we also observed differ-
ences in tree age among the three stands, despite their broadly
comparable diameters. Part of this variation reflects sample
depth, as a small number of older individuals extended the
length of the chronology in the low-severity stand. Additionally,
age-diameter decoupling is well documented for Fagus gran-
difolia, a highly shade-tolerant species capable of persisting
for decades in the understory before canopy release and accel-
erated radial growth (Canham 1990). Although differences in
site quality could also contribute to age variation, we did not
evaluate site productivity directly, and the observed patterns are
consistent with species-typical suppression and release dynam-
ics rather than clear differences in site conditions. Consistent
with this interpretation, mean basal area increment during the
10years preceding BLD arrival did not differ among stands,
indicating comparable recent growth histories prior to infesta-
tion. Moreover, current evidence indicates that susceptibility to
BLD is more strongly associated with local nematode inoculum
pressure than with tree age alone, suggesting that the age struc-
ture of our sampled trees is unlikely to drive the decline pat-
terns documented in this study. Our observation of elevated BAI
in the low-severity stand suggests that trees retain substantial
functional leaf area and do not experience immediate growth
suppression in early stage BLD infections.

A multivariate analysis using PCA reduced variables into fewer
dimensions, allowing for the identification of patterns associ-
ated with BLD symptom expression and among the measured
impact metrics (Figure 6). Interpretation of PC1 and PC2 re-
vealed discrete clustering of trees associated with BLD symp-
tom types (asymptomatic, low-severity, high-severity), such that
trees subjected to low-severity infection (1-2years) shared some
characteristics of asymptomatic trees, as BLD can linger for
several years before more damaging impacts are realised. The
tight clustering of the high-severity trees suggests that symp-
tom expression may reach an equilibrium at the later stages
of BLD infection, where observable impacts of disease (foliar
disease symptoms, crown deterioration) begin to coincide with

physiological impairment (reductions in growth and NSC pools).
Hence, knowledge obtained from long-term plot monitoring,
such as BLD symptom onset and severity, may prove to be a use-
ful tool for estimating the rate of stand decline if the impacts we
have documented on carbon storage and allocation are broadly
applicable. While we intentionally attempted to account for BBD
between stands using a priori information of cankering symp-
toms, a spectrum of BBD severity, and host tolerance, may be an
important covariate when assessing beech decline in the context
of BLD at a regional scale.

Bud dissection provided additional insight into Lcm popu-
lations at the time of sampling. First, it should be noted that
migration of Lem from infested leaves into buds is presumed
to begin in the late summer and continue through leaf senes-
cence (Goraya et al. 2024; Reed et al. 2020), though beech are
known to retain some foliage throughout the winter (Heberling
and Muzika 2023). Therefore, nematode populations mea-
sured within the cohort of buds in November are indicative of
symptoms that will present the following growing season. The
mean number of vermiform Lcm exceeded 10,000 individu-
als g7! within both low- and high-severity stands. This corre-
sponded to a total abundance of vermiform Lcm that ranged
from 340 to 16,750 individuals per bud at the low-severity stand
and 743-11,698 individuals per bud at the high-severity stand.
Comparing these vermiform Lem counts to those conducted
by Vieira et al. (2023) suggests an infestation level indicative
of severe BLD that would be expected to produce leaf necrosis
and bud abortion. Interestingly, we found a significantly higher
abundance of Lem eggs within the low-severity site relative to
the high-severity stand. This could be attributed to a develop-
mental lag induced by a difference in climate between the two
sites, such that the low-severity site within the southern posi-
tion of Maine may experience warmer average temperatures
and more cumulative growing degree days which delayed egg
hatching. The life cycle of Lem is not entirely resolved and abi-
otic factors which influence reproduction and eclosion merit
additional study. The minimal presence of Lem found within
the asymptomatic stand suggests a recent invasion of the nema-
tode, which was not unexpected given the proximity to known
BLD infestations and the rate of spread throughout Maine in
recent years. To provide additional insight, we observed how
the Lem bud counts manifested symptoms while conducting
remeasurements of the long-term monitoring plots in 2024. The
asymptomatic stand did not exhibit any symptoms of BLD the
following growing season, suggesting that the small nematode
populations we measured (on only two individual trees) were
not sufficient to present visible symptoms. The low-severity
stand experienced a dramatic increase in symptom severity in
2024, where all trees were documented to have crowns domi-
nated by second-flush leaves with clear signs of bud abortion
and marked reductions in overall canopy density. Though this
was anticipated on the basis of our nematode counts in the pre-
vious year, the magnitude of the change was extraordinary and
illustrated the speed at which BLD can progress from year to
year. The high-severity stand exhibited a similar proportion of
symptomatic and second-flush leaves in 2024 compared to the
previous year; however, no mortality has yet to be documented.
While the year-to-year abundance of Lem within infested stands
is anticipated to amplify as the established population contin-
ues to reproduce within leaves and buds, nematodes can also
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travel to susceptible trees from nearby inoculum sources. Thus,
it is not possible to know what proportion of Lem we measured
within buds comes from within the host tree as opposed to vec-
tored from elsewhere, while the mechanism of transmission and
dispersal is still an active area of research.

Since ectomycorrhizal (ECM) fungi require photosynthetically
derived carbon as an energy source (Smith and Read 2010), we
hypothesized that disease severity might impact the commu-
nity structure, diversity and richness of the ECM communities.
Overall, the ECM communities between symptom class were
significantly different (p =0.02) and overall ECM lineage diver-
sity was lowest in the high-severity symptom class (Figure S1),
yet there were no significant differences in alpha diversity, or
proportion of exploration types. This pattern is consistent with
Bashian-Victoroff et al. (2023) where site location, not disease
severity, had the strongest effects on ECM community compo-
sition. Since beech trees are obligately associated with ECM
fungi, carbon is allocated to fungal partners even during peri-
ods of carbon limitation (i.e., fungal sporocarp before spring leaf
out; Smith et al. 2007), potentially at the expense of growth and
reproduction (Pringle 2016). Conversely, large carbon demand
events like seedling masts can be accompanied by reductions
in ECM fruiting sporocarps (Michaud et al. 2024). Mature trees
support high diversity ECM communities (Bruns 1995), experi-
ence high ECM community turnover throughout the growing
season (Taylor and Bruns 1999) and exhibit high inter-site vari-
ability. These factors make it difficult to detect changes in the
ECM community structure directly related to BLD, at least in
the short term (Druebert et al. 2009) or early in disease progres-
sion. Many experiments demonstrating negative consequences
of carbon depletion on ECM community structure and function
include seedling or young trees which are lower carbon dynamic
systems with less ECM diversity and more sensitive to changes
especially in the context of drought (Sapes et al. 2021) or defo-
liation (Saravesi et al. 2008). Nonetheless, prolonged BLD in-
festation coupled with increased tree mortality may shift this
dynamic (Pec et al. 2020). Therefore, additional long-term stud-
ies using high-throughput sequencing across multiple sites and
throughout the growing season are needed to monitor disease
impact on ECM communities.

A decline or cessation of radial growth preceding NSC depletion
induced by stress associated with drought and defoliation has
been well documented in other field studies (Chuste et al. 2020;
Oswald and Aubrey 2024; Piper et al. 2015; Puri et al. 2015).
Global meta-analyses of defoliators indicate that canopy loss
can lead to short-term growth declines, while reduction in car-
bon storage pools over the long-term can also lead to sustained
growth reductions, indicating that NSC pools and growth are
coordinated (Wang et al. 2021). Though it appears that NSC
depletion is occurring within the BLD-infested stands mea-
sured here, neither stand has started to exhibit mortality and
therefore total carbon starvation has yet to occur. BLD pres-
ents as a chronic infestation, where infested canopies progres-
sively degrade year after year with no documented recovery to
date. As crown density tends to decline annually as a function
of BLD severity, it is not yet clear how long infested beech can
perpetually re-flush foliage each spring before carbon reserves
are exhausted and mortality occurs. As a highly shade tolerant
species, beech is well-adapted to persist through long periods of

low carbon assimilation. Observations of BLD within areas of
the oldest-known infestations report that mature overstory trees
succumb to disease within a period of 7years, while reports of
mortality among smaller diameter understory trees has been
more common (Reed et al. 2022; Shepherd et al. 2025). Although
BLD-associated mortality often emerges first in smaller diame-
ter trees, presumably due to their limited carbon reserves and
reduced buffering capacity, current evidence does not indicate
that mature beech differ in their susceptibility to infection or
in the expression of foliar symptoms. All size classes appear
broadly vulnerable to BLD, and symptom severity in mature
trees does not show a consistent relationship with DBH. Given
this, and because our analyses focused on a relatively narrow
size range of mature individuals, we do not expect size-related
variation to bias the physiological or growth patterns reported
here. Though it is also important to note that the incidence and
severity of BBD in the western portion of the beech growing
range is low (e.g., Ohio), such that areas initially infested with
BLD do not experience the same level of compounding BLD/
BBD pressure as in Maine. While the interaction between BLD
and BBD is not presumed to be direct, we may expect that beech
trees subjected to both diseases within aftermath forests to de-
cline at an accelerated rate.

Our findings have direct management implications, as the ob-
served lag between infection onset and mortality highlights a
crucial window for intervention, offering important insights
into disease progression and the timing of silvicultural or chem-
ical control interventions. Coupling assessments of NSC with
different management techniques may be useful for identifying
a tipping point for the efficacy of treatments, such that infested
trees may be unable to recover from disease after a threshold of
carbohydrate depletion has been reached. Although our study
focused exclusively on American beech, other species of beech
(e.g., F. sylvatica) are known to be highly susceptible to BLD.
European forests have not yet documented a BLD infestation,
though European beech planted throughout North America
represents an opportunity to further study disease impacts on
growth and carbohydrate storage across different species.

5 | Conclusion

We leveraged a BLD long-term monitoring plot network to es-
timate impacts of disease severity on tree carbon storage and
allocation towards radial growth. We found that BLD infesta-
tion can significantly reduce NSC content, particularly starch,
in both low- and high-severity stands. This reduction is likely
driven by a combination of factors, including increased carbon
demand for symptomatic leaf production, reduced photosyn-
thetic capacity due to leaf loss, the energetic cost of producing
second-flush foliage and investment into wound response due to
BBD co-infestations. Additionally, our findings suggest a com-
plex relationship between BLD infestation, growth and NSC
storage. While low-severity stands may temporarily maintain
growth by prioritising radial growth over NSC storage, high-
severity stands subjected to longer-term stress (3+ years) expe-
rience significant declines in both growth and NSC content. A
continued depletion in carbon reserves is not metabolically sus-
tainable, though we have yet to observe widespread mortality of
trees in Maine attributable to BLD. These results highlight the
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detrimental effects of BLD on tree health and the potential long-
term consequences for forest ecosystems where American beech
is a major component.
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