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Abstract

Beech leaf disease (BLD) is a foliar disease of American Beech (Fagus grandifolia L.)
causally linked to the nematode Litylenchus crenatae mccannii and has rapidly spread
throughout central and northeastern North America. This study aimed to character-
ize the anatomical and physiological differences between asymptomatic and symp-
tomatic leaves to provide evidence for a mechanistic link between abnormal leaf
development associated with BLD and the long-term decline of affected trees. We
found that leaf mass per area (LMA) and leaf thickness were 45% and 249% higher
in symptomatic regions, respectively. The difference in leaf thickness was largely at-
tributable to the spongy mesophyll being 410% thicker in symptomatic as compared
with asymptomatic regions of the leaves, but palisade mesophyll and abaxial epider-
mal tissues were also thicker in symptomatic regions. While major vein density was
not significantly different, minor vein density was significantly lower in symptomatic
regions, suggesting that the effects on leaf development occur after the formation
and initial development of first- and second-order veins. Stomatal density was also
lower in symptomatic leaves. Maximum photosynthetic rates were approximately
61% lower in symptomatic leaves and respiration rate increased as the percentage of
affected leaf tissue increased. Collectively, our data show reduced photosynthetic ca-
pacity, increased respiration rates, and higher leaf construction costs, which will likely

have a negative, long-term impact on the carbon balance of trees affected by BLD.
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United States and Canada (Cleveland Metroparks, 2023; Ewing

Beech leaf disease (BLD) affects leaves of American beech (Fagus
grandifolia L.) and other congeneric species and is causally linked to
the foliar nematode Litylenchus crenatae mccannii (Carta et al., 2020).
Since its first documentation in 2012 in the midwestern United

States, BLD spread rapidly eastward throughout the northeastern

© 2024 Wiley-VCH GmbH. Published by John Wiley & Sons Ltd

et al,, 2019; Marra & LaMondia, 2020; Volk et al., 2019). Recent
evidence suggests that while other foliar pathogens and diseases
may co-occur with BLD symptoms (Carta et al., 2023; Ewing
et al., 2021), the presence of L. c. mccannii in developing leaf buds
is associated with key BLD symptoms, including abnormal leaf de-

velopment, necrotic lesions, and ultimately tree mortality (Carta
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et al., 2023; Department of Environmental Conservation, 2022; Volk
et al., 2019). Typical symptoms of BLD affected trees include the
production of leaves with dark green interveinal banding between
secondary veins, accompanied variably by chlorosis, necrosis, puck-
ering, and crinkling of the leaf (Carta et al., 2020, 2023). Nematodes
can be found in developing leaf buds during late summer, and leaves
emerging from these buds the following spring present BLD symp-
toms (Fearer et al., 2022; Reed et al., 2020; Volk et al., 2019).

To date, no studies have documented the effect of BLD on the
leaf vascular system or the link between physiological performance
and changes in tissue- and cellular-level anatomy due to BLD. Only
one study has investigated the tissue- and cellular-level differences
throughout the development of symptomatic and asymptomatic
leaves (Vieira et al., 2023), and one other investigated the relation-
ship between symptom severity and physiology (Mclintire, 2023).
Thus, establishing how anatomical and mechanistic changes caused
by L. crenatae mccannii result in a decline in tree health is important
for understanding the short- and long-term implications of BLD in
temperate in forests home to F. grandifolia.

The goals of this study were to make anatomical comparisons
between symptomatic and asymptomatic leaves from trees in the
same population and then to make comparisons with asymptomatic
leaves from an isolated population of F. grandifolia with no reported
BLD-affected trees. We further aimed to characterize the hydraulic
and photosynthetic properties of symptomatic and asymptomatic
leaves, thereby providing insight into the link between abnormal
leaf development and leaf-level physiology. Two sites in Connecticut
were selected for our study, one with a mix of symptomatic and
asymptomatic leaves (West Rock Ridge State Park in New Haven,
CT) with confirmed, PCR-positive tests for the nematode in symp-
tomatic leaves at the same location in 2020 (Dr. Robert Marra, CT
Agricultural Experiment Station, personal communication), and a
population in northeastern Connecticut (Yale Myers Forest, Union,
CT) with only asymptomatic trees (determined by the lack of visual
BLD symptoms as no PCR tests were performed at this site). The
two sites were approximately 120km apart, which presented differ-
ences in site characteristics that undoubtedly affect tree growth and
vigour. To the best of our knowledge, at the time of our sampling, the
Yale Myers site was the closest location with a stand of completely
asymptomatic trees. Symptomatic leaves have been observed at
West Rock Ridge State Park since at least 2020, allowing us to char-
acterize the anatomy and physiology of a stand that has had BLD-
affected trees for at least twoyears and make a direct comparison to

trees from an asymptomatic stand.

2 | MATERIALS AND METHODS
2.1 | Sampling
Leaves used for anatomical and leaf hydraulic conductivity measure-

ments were collected from symptomatic and asymptomatic F.grandi-
folia trees at two different sites. One to two branches, approximately

1 meter in length, were collected from eight individuals with both
symptomatic and asymptomatic leaves on each branch at West Rock
Ridge State Park, New Haven, CT, USA (WR), and from eight asymp-
tomatic trees at Yale Myers Forest, Union, CT, USA (YM) between
June and August 2022. Branches were south-facing and approxi-
mately 2-3m above the forest floor from trees 5-20cm diameter
at breast height (1.3m) at both sites. The collected branches were
placed in plastic bags with the cut ends wrapped in wet paper tow-
els. After all sampling trips, branches were brought to the Greeley
Memorial Laboratory at Yale University (New Haven, CT, USA)
where they were recut under water at least two nodes above the ini-
tial cut, covered in dark plastic bags and allowed to rehydrate over-
night. Photosynthetic gas-exchange measurements were conducted
on trees from the same two sites on leaves from branches still at-
tached to the trees. Traits were divided into four sampling groups:
asymptomatic leaves from Yale Myers (YMa), asymptomatic leaves
from West Rock (WRa), symptomatic leaves from West Rock (WRs),
and for venation traits as described below, asymptomatic sections of

symptomatic leaves from West Rock (WRs-a).

2.2 | Measurement of leaf structural traits

Leaf mass per area (LMA), leaf dry matter content (LDMC) and satu-
rated water content (SWC) were measured on each of five asymp-
tomatic leaves per individual for three YMa individuals, and for one
asymptomatic leaf each from three WRa individuals, and one to two
symptomatic leaves from six WRs individuals. Leaves from both
sites were excised from branches that had been rehydrated over-
night, as described above, prior to measurement of leaf area. Leaves
were then placed in paper envelopes, put in a drying oven at 70°C
for at least 3days, and then weighed (Sartorius PRACTUM224-1S,
Goettingen, Germany). LMA was calculated as leaf dry mass (g) di-
vided by leaf area (m?). LDMC was calculated as leaf dry mass (g)
divided by fresh leaf mass (g). Saturated water content was calcu-
lated as leaf fresh mass (g) minus leaf dry mass (g), all divided by
leaf dry mass (g). For symptomatic leaves, the symptomatic area
was manually traced on the leaf scans using ImageJ (version 1.53k,
National Institutes of Health, Bethesda, Maryland, USA). The leaves
in our study exhibited banded-type symptoms with some curling or
crinkling. We measured the area of all symptomatic regions (banded
or crinkled) visible in the scan that contributed to the total symp-
tomatic area. The percent symptomatic area of each leaf was then
calculated as symptomatic leaf area divided by total leaf area, all
multiplied by 100.

2.3 | Measurement of leaf thickness

Leaf sections were cut using a microtome (Reichert Wien, Eric
Sobotka Company) fitted with a freezing stage (BFS-MP Freezing
Stage, Physitemp Instruments LLC, Clifton, NJ, USA), and then
double stained with a 1:1 blend of safranin (1% in water; Safranin
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O 0574-25G, VWR International, LLC, Solon, OH, USA) and astra
blue (0.5% in water with 0.2% acetic acid), and mounted in water
on glass microscope slides. Transverse sections were imaged on
a Canon EOS 6D digital camera connected to an Olympus BX43
(Olympus America) compound light microscope. Leaf thickness,
upper and lower epidermal thickness, palisade and spongy meso-
phyll thickness, and second-order vascular bundle diameter were
measured from the images in the FlJI implementation of Imagel.
Traits were measured three times per leaf using one to three
leaves per tree. Measurements were replicated for three YMa in-
dividuals and for eight WRa and WRs individuals. WR measure-
ments were made on asymptomatic and symptomatic leaves from
the same individual.

2.4 | Quantification of leaf venation

Leaves were preserved in 70% formalin-acetic-acid (FAA; 48% etha-
nol: 10% formalin: 5% glacial acetic acid: 37% water). Three leaves
from YMa and seven leaves each from WRa and WRs were used.
One leaf per individual was then cleared using 5% sodium hydroxide
(NaOH 7708-05, Mallinckrodt, Dublin, Ireland) in water (Scoffoni
et al., 2013). The leaves were then further cleared with sodium hy-
pochlorite bleach. Following the clearing, leaves were brought into
ethanol (EtOH) solution using a series of dilutions, and then stained
with 1% safranin (Safranin O 0574-25G, VWR International, LLC,
Solon, OH, USA) and 1% fast green (Fast Green FCF F99-10, Fisher,
Fair Lawn, NJ, USA). Using reverse dilutions, leaves were brought
back into water and mounted between clear plastic sheets (3M
Transparency Film, Austin, TX, USA) for imaging. Whole leaves were
scanned (CanoScan LiDE220, Canon Inc.) at 300-1200dpi, and then
symptomatic and asymptomatic sections of each leaf were photo-
graphed using a light microscope at the base, middle and tip of the
leaf (Canon EOS 6D digital camera connected to an Olympus BX43
light microscope, Olympus America). If symptomatic or asympto-
matic portions were not present in one of those zones, the image
was taken from another zone.

Scanned images were measured for leaf area, perimeter and
width. The width of the midrib was measured at the base, middle and
tip of the leaf, and the length of the midrib was also measured. The
widths of three secondary veins located at the base, middle and tip
of the leaf were each measured twice, once near the center and once
near the margin of the leaf, for a total of six measurements per leaf.
The lengths of all secondary veins were measured on each leaf and
then summed to obtain total secondary vein length (except in two
cases where one side of the leaf was damaged and would not allow
for accurate measurements, and thus all secondaries on one half
of the leaf were measured instead, and these measurements were
doubled in the calculation of secondary vein length). The length of
all tertiary veins was measured in three 112 mm? areas at the base,
middle and tip of each leaf. In the case of symptomatic leaves, this
technigue was used to measure tertiaries in both asymptomatic and
symptomatic regions of the leaf.

3of11
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The widths of the tertiary and minor veins were measured on the
microscope images, with two measurements being made on images
from each of the base, middle and tip of the leaves (for a total of
six measurements per trait). The length of all the minor veins in a
~3mm? area was measured and summed for regions at the base, mid-
dle and tip of each leaf. For symptomatic leaves, this was repeated
on both asymptomatic and symptomatic portions of each leaf.

The vein length per area (VLA) was then calculated for every vein
order as vein length divided by area of the leaf or measured region.
Additionally, the projected vein area per leaf area (APA) was calcu-
lated as the sum of the width multiplied by the VLA of each vein
order (Sack et al., 2012). The volume of leaf vein per leaf area (VPA)
was calculated as the sum of the VLA multiplied by z and the radius?
of each vein order, where the radius was estimated as vein width
divided by two (Sack et al., 2012). For leaves that showed symptoms,
APA and VPA were calculated twice-once using the lengths and
widths from asymptomatic portions of the leaves, and once using
lengths and widths from symptomatic portions of the leaves in order
to compare what these values would be if all tertiary and minor veins

were either asymptomatic or symptomatic.

2.5 | Quantification of stomatal traits

Fresh leaves were used for the quantification of stomatal traits.
Clear nail polish (Sally Hansen, Coty, NY, USA) was applied to the
abaxial surfaces of the leaves, peeled off and placed onto slides,
which were imaged using a light microscope (as above). Stomatal
density (SD) was measured on 8-13 leaves per group on both the
full image area and on the image area minus the vein area. Guard cell
length and width, and inner and outer pore lengths were measured

on four stomata per image.

2.6 | Gas exchange measurements

To determine the effect of BLD on leaf photosynthetic capac-
ity light response curves were generated using a portable gas-
exchange system on at least six leaves per group (LI-6800, Licor Inc.).
Measurements were made between 9:30am and 3pm on 03 August
2022 for leaves from YM, and on 18 August 2022 for leaves from
WR, both of which were sunny days. Leaves were placed in the gas-
exchange cuvette so that they filled the 3x 3 cm cuvette and were
allowed to acclimate at 500 umoLm™2s™2 PPFD for 5min. Leaves then
progressed through a series of declining light intensity values (1500,
1000, 750, 500, 250, 100, 50, OpmoLm’zs’1 PPFD) after reaching
a stability value of 5% coefficient of variation. Steady conditions
within the cuvette were maintained at 60% relative humidity with
a carbon dioxide concentration of 400pmoLm™ and with tempera-
ture controls matching ambient conditions. The asymptomatic and
symptomatic leaf tissue area within the cuvette was calculated by
scanning and measuring the leaves after the completion of the light

response curves.
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2.7 | Leaf hydraulic measurements

Measurements of leaf hydraulic conductance were made using the
evaporative flux method (Sack & Scoffoni, 2012) using 18 WRa
leaves, 19 WRs leaves, and 13 YMa leaves. Smaller segments con-
taining at least three leaves were cut from the rehydrated branches
and put into plastic bags to equilibrate for at least 20min. The
middle leaf was cut under deionized water, and the petiole was
wrapped in parafilm and connected to tubing. The tubing led to a
water source (degassed Millipore water, Millipore Milli-Q Water
Purification System, Darmstadt, Germany) on a balance (Sartorius
PRACTUM224-1S, Goettingen, Germany), which logged the flow rate
of water into the leaf every 10s (WinWedge v3.4.3 Standard Edition,
TAL Technologies, Philadelphia, PA, USA). The leaf was placed over
a box fan and under a light with an intensity of >1OOOpmoLm_zs'1
(LumiGrow PRO 325, Emeryville, CA, USA, used for light, intensity
measured with Li-Cor Light Meter Model LI-189, Lincoln, NE, USA).
Leaf temperature was maintained below 30°C (monitored with
FLUKE-62 MAX IR Thermometer, Everett, WA, USA). Leaves were
left on the system for at least 20 min or until the flow rate stabilized,
whichever was longer. A stable flow rate was defined by the coeffi-
cient of variation <5% over the course of the 5-min period before the
measurement was recorded. Once a stable flow rate was achieved,
the leaf temperature was recorded and the leaf was removed from
the system and scanned for leaf area (CanoScan LiDE220, Canon
Inc.). The leaf was then placed into a plastic bag into which the ex-
perimenter had previously exhaled, then into another bag containing
wet paper towels, and allowed to sit for at least 30 min for equilibra-
tion to increase relative humidity and ensure stomatal closure. Once
equilibrated, the final leaf water potential (¥, ) was measured using
a pressure chamber (PMS Instrument Co. Model 1505D Pressure
Chamber Instrument, Albany, OR, USA) with the grass compression
gland insert. Immediately after the excision of the middle leaf that
was used for hydraulic measurements, the leaves adjacent on the
branch were also measured for an initial leaf water potential (¥, ;..\)
using the pressure chamber. Only values of K, _. for which the low-
est¥

standardize comparisons across dehydration levels. A Dixon's outlier

leaf

leaf Was between -0.3 and -0.8 were included in the analysis to

goé

test was performed on K,__. data in this range, and one outlier point

leaf
was removed.

2.8 | Statistical analyses

All statistical analyses were performed in the R Statistics environ-
ment (R version 4.0.5). Analyses of variance (ANOVAs) were per-
formed to test for variation among groups—asymptomatic leaves
from YM site (YMa), asymptomatic leaves from WR site (WRa),
symptomatic leaves from WR site (WRs), and when appropriate,
asymptomatic sections of symptomatic leaves from WR site (WRs-
a)—using the aov and anova functions in the stats package. For traits
for which the ANOVA results were significant, the Tukey's Honest
Significant Difference post-hoc method was performed using the
TukeyHSD function in the stats package to determine which specific
groups were significantly different from each other. Linear correla-
tions between several traits and the percent of symptomatic leaf

area were tested using the Im function in the stats package.

3 | RESULTS
3.1 | Leaf anatomical trait variation

We observed a range of symptom severity at the WR site (Figure 1),
including both symptomatic and asymptomatic leaves on the same
branches, and symptomatic leaves with varying degrees of affected
leaf area (10%-93% of the leaf area showing symptoms, with mean
of 49% in our samples). There were statistically significant differ-
ences in anatomy between asymptomatic and symptomatic leaf tis-
sue, and there was limited variation between asymptomatic leaves
at the two study sites (Table 1). LMA and SWC were 45% and 25%
higher in symptomatic leaves, respectively, while LDMC was 12%
lower in symptomatic leaves than in asymptomatic leaves (Table 1;
Table S1). We found a positive, linear relationship between the
percentage of symptomatic leaf area and LMA (r=0.78, p<.001;
Figure 2a; Table S2).

FIGURE 1 Representative Fagus
grandifolia leaves from West Rock Ridge
State Park with increasing percentage of
symptomatic area. Leaves span the range
from asymptomatic to almost completely
affected by banded or crinkled-type
beech leaf disease (BLD) symptoms.
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FIGURE 2 Relationships of (a) leaf mass per area and (b) dark
respiration rate with the percentage of symptomatic leaf area for
leaves from Fagus grandifolia sampled from two sites and different
leaf conditions; asymptomatic leaves from Yale Myers Forest
(dark blue); asymptomatic leaves from West Rock (light blue);
symptomatic leaves from West Rock (yellow). The r-value with
significance is from linear regression, *p <.05; ***p<.001.

Transverse cross sections through leaves revealed that total leaf
thickness was significantly higher in symptomatic regions as com-
pared to asymptomatic regions (Figure 3a,b). Differences in total
leaf thickness were primarily due to a 410% higher spongy meso-
phyll thickness, but we also found that the symptomatic regions
had a 72% thicker palisade layer and 178% thicker abaxial epidermis
(Figure 3b, Table 1; Table S3). Asymptomatic cell layers from both
the isolated YM population and the WR site were not significantly
different (Table 1, Figure 3c).

We found striking differences in leaf vein density (mm vein
length/mm? leaf area) and vein width between adjacent symptom-
atic and asymptomatic regions of BLD-affected leaves (Figure 4a),
but the differences were vein order-dependent. First- (midvein), sec-
ond- and third-order VLA were not significantly different, but minor
VLA was 29% lower in symptomatic regions (Table 1, Figure 4a,b;
Table S4). Minor VLA did not differ significantly between asymptom-
atic groups, but was significantly lower in WRs leaves as compared

with WRa and WRs-a leaves. However, minor VLA in WRs leaves
was lower, but not significantly different from that of leaves in the
YM site despite the confidence intervals of those groups not over-
lapping (p=.058; Table 1, Figure 4b). Tertiary and minor veins were
51 and 96% wider in symptomatic regions (Figure 4b, Table S4),
but there were no significant differences in the widths of first- and
second-order veins between symptomatic and asymptomatic leaves.
APA and VPA were 54 and 82% higher in symptomatic tissue, re-
spectively (Table 1).

Finally, stomatal density (SD) was 46%-50% lower in symptom-
atic tissue when excluding or including vein area in the calculations,
respectively (Table S5). SD was also highly variable in symptomatic
tissue. In some symptomatic regions we found SD to be over 69%
lower than asymptomatic regions of the same leaf, while in other
symptomatic leaves SD was as high as 378 mm™2 (Figure 5c¢). Similarly,
guard cell length was 33% higher in symptomatic regions, while
guard cell width varied between groups and sites (Table 1; Table S5).

3.2 | Physiological variation

Maximum photosynthetic rate and stomatal conductance were
61% and 67% lower in symptomatic leaves (Figure 5a,b), while the
asymptomatic leaves at the two sites were not significantly different
(Table S6). WR leaves had less negative dark respiration rates than
both WRs and YMa leaves (Table 1). However, WRs leaves still had
the most negative dark respiration rates. Dark respiration rate also
became more negative with a higher percentage of symptomatic leaf
area (r=0.72, p<.05; Figure 2b; Table S2). Leaf hydraulic conduct-
ance (K, did not differ based on leaf condition or collection site
(Table 1; Figure 5d; Table S7). Maximum photosynthetic rate and
stomatal conductance did not show a significant trend with percent-

age of symptomatic leaf area, nor did K,__, (Table S2).

leaf

4 | DISCUSSION
4.1 | Anatomical impacts of BLD

Our anatomical characterization of BLD-affected leaves is con-
sistent with previous reports of spatially explicit symptoms in
American beech leaves in response to the foliar nematode L. cre-
natae mccannii (Carta et al., 2023; Cleveland Metroparks, 2023;
Ewing et al., 2019; Marra & LaMondia, 2020; Vieira et al., 2023;
Volk etal.,2019). Notably, the dark green banding between second-
order veins can now be attributed to increased leaf thickness
resulting from additional chlorophyll-containing mesophyll cell
layers and abnormal development of the spongy mesophyll. This
is consistent with previous work showing that nitrogen content
increases with symptom severity (Mclntire, 2023), and that chloro-
plast content is higher in symptomatic leaves (Vieira et al., 2023).

Leaf clearing revealed the reduced density of third-order veins,
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FIGURE 3 Anatomical traits measured from transverse sections of the leaf lamina for Fagus grandifolia sampled from two sites and different
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Letters above the boxes indicate significant differences between groups from a Tukey's Honest Significant Differences test.

thicker veins in general, and an effective absence of higher order cellular divisions at the later stages of leaf development where
veins. Because the first- (midvein) and second-order veins appear there may be coordination between higher order vein develop-
to develop normally, we conclude that the disease may disrupt ment and stomatal patterning (Zhang et al., 2022).
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Honest Significant Differences test.

4.2 | Relationships between anatomical,
hydraulic and photosynthetic traits

Regarding leaf physiology, we observed reduced photosynthetic
rates in BLD-affected leaves without a significant decline in leaf
hydraulic conductance. This was surprising, given water availability
is crucial for optimizing photosynthetic productivity, where water
lost during transpiration must be replaced by the leaf vein network
(Boyce et al., 2009; Brodribb et al., 2005, 2007; Sack et al., 2003,
2013; Sack & Scoffoni, 2013; Sack & Tyree, 2005). Our results point
to several possible explanations. First, we expected that the reduced

vein density of symptomatic leaves would lead to reduced K, __., as

leaf’
water would have to travel greater distances from the vein endings
to the points of evaporation inside the leaf. Reduced stomatal den-
sity would further compound this effect, thereby significantly in-
creasing the total hydraulic resistance of the leaf. Such a relationship
would then logically lead to the observed reduced photosynthetic

rates (Figure 5a). However, K,__. was not significantly lower in symp-

leaf
tomatic leaves. One possible explanation is that lower minor vein

density was offset by increased vein width in symptomatic leaves,
where increased conduit number or increased conduit radius would
lead to higher transport rates (Tyree & Ewers, 1991). Another expla-
nation could be linked to increased projected vein area per leaf area
(APA). Symptomatic leaves from WR had higher APA than asymp-
tomatic leaves from either site, with wider veins occupying a larger
fraction of the overall leaf surface (Table 1). Thus, wider veins re-
duce the total leaf area that can be occupied by photosynthetic cells.
Another explanation may arise from differences in the anatomical
structure of symptomatic leaves. While symptomatic regions were
thicker, spongy mesophyll porosity also appeared to be much higher.
The increased airspace volume would increase the diffusive pathway
for both water vapour and CO, inside the leaf. Thus, the greater dis-
tance that CO, must travel from the stomatal openings in the abaxial
epidermis to the palisade layer may reduce overall mesophyll con-
ductance, thereby limiting maximum photosynthetic rates in symp-
tomatic leaves (Gago et al., 2020).

Our data suggest that while there may be some non-stomatal
limitations to maximum photosynthetic rates, stomatal limitations
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may be more or equally influential. Symptomatic regions had lower
stomatal density, in some cases up to 69% lower, thereby reducing
the overall conductance of the leaf surface to H,0 and CO,. We at-
tribute the reduced stomatal conductance to the reduced stomatal
density in these leaves, which ultimately influences the maximum
photosynthetic rate. Recent work by Carta et al. (2023) suggests
that stomata in infected leaves are deformed, potentially limiting
stomatal control, which could also contribute to the reduced sto-
matal conductance in symptomatic leaves, although we could not
determine this from our stomatal peels. Among symptomatic leaves
we found that along with LMA, respiration rate per unit leaf area in-
creased with increasing proportion of diseased leaf area, suggesting
that the additional cell layers in symptomatic regions, primarily in
the spongy mesophyll, increase the overall operating costs of these
leaves from a respiration standpoint. This conclusion is consistent
with the findings of Mclntire (2023), which found that both LMA
(expressed as its inverse, specific leaf area, in that study) and dark

respiration rate increased with severity of BLD symptom type.

4.3 | Implications for carbon assimilation capacity

Our findings suggest that BLD has the potential to reduce carbon
assimilation capacity in American beech trees. Decreased photosyn-
thetic rates in symptomatic leaves in combination with the increased
mass allocation to symptomatic leaf tissue would lead to reduced
net carbon gain in the short term, and may cause depletion of the
trees' stored carbon and an inability to sustain growth in the long

Group Group

term. Another symptom of BLD is increased bud abortion leading
to canopy thinning (Fearer et al., 2022), which in combination with
the low photosynthetic rates of the remaining leaves would sub-
stantially limit the trees' net carbon gain. This combination may ulti-
mately provide a mechanistic explanation for the observed decline
in tree vigour post-infection. Our work affirms and extends another
recent finding that photosynthetic rates were lower in symptomatic
than asymptomatic leaves of understory beech trees in central
Connecticut (Mclntire, 2023), thereby suggesting that the physi-
ological effects of BLD are comparable across at least two sites in
New England. Additional measurements of reduced photosynthetic
rates at more sites will ultimately provide critical information for
long-term monitoring and modelling of forest carbon dynamics.

Our results show that the more severely symptomatic an individual
leaf is, the more carbon the plant allocates to that leaf. The positive re-
lationship between LMA and the percentage of symptomatic leaf area
indicates that the increased leaf thickness in symptomatic tissue is not
driven solely by an increase in airspace or water mass, but by a greater
biomass investment. This is further supported by the cross-sectional
anatomy of the thick, symptomatic leaves, which shows many layers of
spongy mesophyll cells and at least two layers of palisade cells. While
we did not observe nematodes in our leaf cross-sections, recent scan-
ning electron microscopy has shown that nematodes can be present
in symptomatic leaves (Carta et al., 2023), indicating that the greater
mass in infected leaves may in part come from nematodes in addition
to thicker leaf tissue. However, another recent study found that dark-
green banded tissue, which was common in our study, often does not
contain nematodes (Vieira et al., 2023).
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Based on our observations in the field and previous work (Fearer
etal., 2022; Volk et al., 2019), the most severely symptomatic leaves
senesce early, meaning that these are shed in favour of growing new
leaves. The trigger of this is not known, but with high levels of ab-
scisic acid (ABA) associated with leaf death in diverse land plants
(McAdametal., 2022), the role of hormones such as ABA in triggering
early leaf death as a result of BLD should be investigated. In addition
to producing more costly high-LMA leaves with low photosynthetic
capacity, symptomatic trees may also be investing in at least two leaf
cohorts per season (personal observations, personal communication
with Dr. Robert Marra, CT Agricultural Experiment Station, Fearer
et al.,, 2022; Volk et al., 2019), which could further contribute to the
reduction of their non-structural carbohydrate reserves, eventually
leading to mortality. Future work should analyse the non-structural
carbohydrate concentrations in symptomatic beech to fully validate
this hypothesis. The reduction in carbon has been suggested to limit
the ability of ectomycorrhizal fungi to form symbioses with symp-
tomatic beech trees due to the inability of these trees to provide the
fungi with sugars in exchange for nutrients, which may further affect
the health of infected beech trees (Bashian-Victoroff et al., 2023).
BLD may also impact the composition of plant communities and
animals reliant on beech leaves and beechnuts, but the ecosystem-
level implications of the disease are not yet known (Cale et al., 2017;
DeGraaf & Rudis, 1986; Garnas et al., 2011; Jakubas et al., 2005;
Jones & Raynal, 1987; Klots & Dospassos, 1981; Lovett et al., 2006,
2010; Martin et al., 1951; Tsai & Manos, 2010).

4.4 | Conclusion

We conclude that BLD, likely in combination with other foliar patho-
gens and canopy thinning (Fearer et al., 2022), causes a reduction in
carbon assimilation capacity, which can potentially lead to tree mortal-
ity by depleting the trees' stored carbon. This shortage of resources
may arise from the combination of lower photosynthetic rates in symp-
tomatic tissue and higher carbon investment those tissues. A combi-
nation of reduced leaf area for photosynthetic tissues, and stomatal
limitation due to reduced stomatal density and stomatal deformation
likely lead to the reduced photosynthetic rates observed in sympto-
matic leaves (Carta et al., 2023). While the mechanisms through which
the presence of the nematodes leads to abnormal leaf development
are unknown, the nematodes' influence appears to be localized both in
space and time. First- and second-order veins develop normally, likely
while the bud develops in the previous growing season. However,
subsequent leaf development is locally affected, reducing minor vein
and stomatal densities, and increasing vein width and stomatal size.
Interestingly, this only occurs within domains bounded by second-
order veins, since asymptomatic tissue in adjacent domains can be
observed within the same leaf (Figure 4a). We propose that the pres-
ence of the nematode therefore influences the physical or hormonal
regulation of leaf development after the development of primary and
secondary order veins, within regions bounded by second-order veins.
Further investigation of the hormonal signalling that may be disrupted

by the nematode during leaf development is therefore of high priority
for future work. This study furthers our understanding of how beech
trees may decline due to BLD and provides opportunities to use physi-
ological data to predict the large-scale impacts of the disease on the
North American deciduous forest ecosystem.
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