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Abstract

Ash dieback (ADB) disease, caused by the devastating fungus Hymenoscyphus fraxineus
Baral, Queloz & Hosoya, currently poses a significant threat to forest health by decreasing
the ash population across the UK and Europe. In our study, we evaluated how environ-
mental conditions, silvicultural management, and genetic factors influence the spread and
severity of ash dieback. We combined these factors in a statistical model for susceptibility.
Leaves were collected from twenty-two stands across a large semi-natural woodland in
Southern England, encompassing a range of disease symptoms. We conducted gene expres-
sion assays of tolerance genes previously identified by Associative Transcriptomics and
evaluated how stand structure, tree vigour, and individual tree characteristics affected the
disease progression. Our results demonstrated that the severity of symptoms is significantly
impacted by tree vitality, genetics, and tree size. We identified a diameter at breast height
(DBH) group with the highest explained variation (42%) in the disease susceptibility model,
with the tree vitality and genetic markers emerging as key determinants. Our findings
highlight that lower susceptibility to ash dieback results from a combination of moderate
to high genetic tolerance, good individual tree vitality, and appropriate stand management.

Keywords: Hymenoscyphus fraxineus; tree vitality; Fraxinus excelsior; ADB susceptibility
model; Associative Transcriptomics; tree susceptibility

1. Introduction

The invasive fungal pathogen, Hymenoscyphus fraxineus Baral, Queloz & Hosoya, the
causal agent of ADB disease, poses a critical threat to forest health by decreasing the ash
(Fraxinus excelsior L.) population across the UK [1] and Europe [2,3]. Fraxinus excelsior is
native to Great Britain [4], contributing significantly to ecological function [5] and timber
production [6], comprising approximately 126 million woodland trees and an additional
27-60 million trees in non-woodland habitats [7]. A small proportion of ash trees have
been reported to possess heritable genetic resistance to ADB [8,9]. Reduced susceptibility
to Hymenoscyphus fraxineus is likely to be a complex trait, including host resistance, disease
escape, and tolerance to H. fraxineus [10].

Susceptibility to H. fraxineus has been shown to have a genetic component [11], and
researchers have applied different methods to identify genes associated with low suscepti-
bility [12]. Harper et al. [13] applied Associative Transcriptomics to identify complementary
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DNA-based single nucleotide polymorphisms (cDNA-based SNP or cSNPs) and gene ex-
pression markers (GEMs) associated with ash dieback damage, offering tools to support
future breeding programmes for tolerant trees. In another study, Stocks et al. [14] used a
genome-wide association study (GWAS) to identify 3149 SNPs associated with reduced
damage caused by H. fraxineus. Similarly, research by Meger et al. [15] using a GWAS
approach identified six significant SNPs with the potential to enhance genomic selec-
tion for future breeding programmes. Susceptibility to ADB varies among individuals of
all ages [16,17], outlining smaller trees as very susceptible [18], due to age-related resis-
tance [19]. However, tree size differences might not solely reflect age, but could result from
variations in health status and resource competition, as previously reported by Bruce [20].
Ash dieback tends to develop more rapidly and leads to high mortality in small trees [21],
while disease progression is slower in mature individuals [16]. Timmermann et al. [21]
suggested that higher spore densities and competition between plants close to the forest
floor could expedite the disease in juvenile trees, while Lonsdale [22] suggested that fewer
symptoms on larger trees could be attributed to the fungus requiring more time to navigate
the intricate network of branches and vascular tissues in larger trees but still developing
crown dieback [23,24]. The study by Bengtsson et al. [23] also reported that old ash trees
growing in shading conditions had greater symptoms of ADB disease. In addition, a study
by Madsen et al. [16] reported that old trees had a lower mortality rate, but their health
status gradually deteriorated over time and favoured additional biotic stressors, such as
Armillaria infection, previously found to contribute to the mortality of ash trees [25].

In this context, stand conditions and less vital trees were reported as more susceptible
to ADB [26,27]. As reported by Innes [28], tree vitality is a critical factor reflecting forest
stand conditions. Dobbertin [29] defined tree vitality as the ability of a tree to grow and
maintain its physiological processes under the conditions in which it is growing, therefore
reflecting the current stand management, or lack of it. Accumulated stress from pests and
pathogens can severely compromise tree vitality [30]. Indeed, field studies in a natural
woodland reserve in the UK reported tree vigour as an important determinant of ADB pro-
gression [31]. Therefore, maintaining favourable site conditions and implementing suitable
forestry practices are crucial for preserving ash trees with lower ADB susceptibility [32].
Silvicultural strategies should prioritise the retention of ash individuals showing tolerance,
as non-selective felling would risk the loss of valuable tolerant genotypes [27], with a
detrimental impact on forest ecosystems [33]. Thus, retaining ash showing a reasonable
level of tolerance would support the general strategies of developing resilient individuals
across the forest stand [34].

In this context, we explore the hypothesis that trees with greater vigour before exposure
to ADB should be more likely to tolerate and withstand ADB disease, especially if trees are
moderately to highly genetically tolerant, not over-mature and subject to other biotic or
abiotic problems, nor too small.

Thus, our study aimed to (1) identify environmental and tree-level factors significantly
associated with ADB susceptibility; (2) assess the contribution of previously identified
genetic markers of tolerance; (3) evaluate the influence of stand conditions on disease
progression; and (4) construct a statistical model for disease susceptibility.

2. Materials and Methods
2.1. Experimental Plots

Our study was conducted in 2019-2021. Twenty-two experimental plots were selected
from ash-dominated stands at Rushmore Estate (50°56'47.256" N; 2°6/1.008” W) (Southern

England, Figure S1). The Estate covers a total area of 832.6 ha, of which 430.7 ha (51.7%)
contains semi-natural woodland, forming one of the largest surviving blocks of such
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woodland in Southern England. The whole Project Area is within a Site of Special Scientific
Interest. The forest is also unusual in the level and variety of management, which has
produced a particularly high degree of structural and compositional variation across the
Project Area.

2.2. Plot-Level Measures

Our twenty-two experimental plots were located within semi-natural broadleaved
woodland, and stand structure was classified into seven stand types based on the density
of both the canopy and understorey layers, along with the composition of the canopy
with regard to the tree size. These structures are associated with different historic man-
agement regimes. These plots differ based on their location in the woods, stand type
and management systems, understorey characteristics, DBH classes, and density of ash
(Tables S1-S3), covering a wide range of ash population structures and site conditions.
Within plots, tree age was generally similar across the experimental trees, reflecting typical
cohort development.

We also recorded understorey characteristics per plot (Table 53) and collected weather
variables (Table S3) from ten experimental plots, 20 May 2019-20 August 2019, comprising
2701 time points for the individual recordings and 68 days for the daily aggregated data.
Principal component analysis (PCA) was used to analyse the understorey and weather data.

2.3. Tree-Level Measures
2.3.1. Tree Parameters

Fifteen ash trees were selected in each of the twenty-two plots based on visual ob-
servation. The selection criteria included the presence or absence of the fungus, tree and
crown sizes of individual ash trees, and their varying level of susceptibility to ADB, rang-
ing from completely healthy to very significantly damaged on different crown sizes to
represent the natural diversity of tree conditions, capture the spectrum of host response
while maintaining consistency across plots, and avoid bias associated with particular tree
health status. Tree replicates (fifteen per plot) were selected along a spiral transect from the
centre of the nested area, beginning facing north and continuing to evenly cover the four
cardinal directions. In total, 330 trees with different tree sizes and crowns were selected for
analysis of crown damage and genetic markers. Individual tree characteristics are listed in
Table S2. In our study, we refer to “smaller” trees as individuals within the DBH range of
7-27.99 cm. While DBH was used for categorising trees, we did not use DBH as a proxy
for tree vitality. Instead, we used crown cylinder volume (CCV), a volumetric measure
of a tree crown size, calculated using two perpendicular crown diameters-D1, the widest
horizontal extend of the crown projection area (m), and -D2, the crown diameter measured
at a right angle to D1 (m), as a proxy for tree vitality. This approach reflects the rationale
that crown size accurately represents the physiological status, competitive conditions, and
forest tree vitality [35-37], whereas DBH has been used to integrate cumulative growth
and estimates of basal area, tree biomass, and stand growth [38], making it less reflective of
recent physiological conditions, such as stress from pathogens. A recent study investigating
plant-pathogenic fungal communities also assessed tree vitality based on visual evaluations
of crown condition [39]. Three hundred and thirty leaf samples were collected in May 2019
during early morning, aligned with the biology of the timing of H. fraxineus ascospore
release [40]. Crown dieback assessments were conducted visually in August of 2019, 2020,
and 2021 (Table S2) and recorded across seven damage classes (Figure S2).

2.3.2. Quantification of Gene Expression Markers (GEMs)

The protocols for the gene expression markers (GEMs) were conducted as described
by Harper et al. [13], except that only GEMs were used for predicting damage scores.
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For the quantitative real-time Polymerase Chain Reaction (QRT-PCR) reaction, we used
the SYBR® Green PCR Master Mix (Applied Biosystems™, Thermo Fisher Scientific Inc.,
Waltham, MA, USA), three technical replicates per sample, and a control sample for
each gene (forward primer_AshRB_23247: GTCGAGGAGGATGGTCAGTCAT, reverse
primer_AshRB_23247_R: AATCTTGCGGAGGACCTATCG,; forward primer_AshRB_19216:
AGGGCAAGGCTTGGAAACAT and reverse primer_AshRB_19216: TAGGCTTTTTTC-
TAGCTGCTTGTCA; Housekeeping gene forward primer_AshRB_GAPDH: CTGGGATCG-
CTCTTAGCAAGA and reverse primer _AshRB_GAPDH: CGATCAAATCAATCACAC-
GAGAA). The total volume of each RT-PCR reaction was 10 puL, with 3 pL from a 2 ng/pL
dilution of cDNA, 5 uL of SYBR Green PCR Master Mix, and 200 nM forward and reverse
primers. The RT-PCR thermocycling conditions were as follows: 2 min at 50 °C and 10 min
at 95 °C, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min, with the final dissocia-
tion at 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. Primer efficiencies were calculated
for the target and reference genes (Figures S3-55). The qRT-PCR data was subsequently
analysed using the Pfaffl method (Table S4) [41]. Finally, the gene expression ratios were
then used for the subsequent calculations in predicting the ash dieback tolerance algorithm.
The GEM prediction values were calculated by standardising and rescaling the Pfaffl-gene
expression ratios according to their mean and standard deviation. Finally, the prediction
values for each gene were ranked and standardised. The mean of these standardised ranks
was then correlated with observed dieback damage scores in the prediction model.

2.3.3. ADB Disease Susceptibility Model

As illustrated in Figure S6, a total of 330 trees and leaf samples were used to conduct
the statistical analyses. The data was separated between tree- and plot-level analysis. The
tree analysis begins with bivariate statistics (Tables S5 and S6), followed by building the
statistical candidate models for generalised linear modelling (GLM) via three approaches
to account for the tree age-related cofounding effect (DBH used as the stratifier), which is
known to influence disease susceptibility and reflect cumulative tree development over time
and historic stand conditions: (1st) non-stratified with DBH classes as an interactive term to
assess the effect of the interaction term in the model (Table S7); (2nd) non-stratified without
the interactive term to assess the significance of the main effect involved in the interaction
term (Table S8); (3rd) stratified by DBH approach providing interpretable insights on
model variation due to age-related cofounding effect under natural setting, where four
candidate models were explored in each DBH category (Tables S9-513). All analyses
were conducted using R version 4.1.1 (R Foundation for Statistical Computing, Vienna,
Austria) and RStudio version 2024.09.0 + 375 (Posit Software, PBC, Boston, MA, USA)
and a model ranking approach; Akaike’s information criterion (AIC) was used to select
the best models with MuMIn package, version 1.48.11 (Barton, K., accessed via CRAN, R
Foundation for Statistical Computing, Vienna, Austria) [42]. Tableau Desktop Professional
Edition version 2024.1.1 (Tableau Software LLC, Seattle, WA, USA), and ggplot2 package,
version 3.5.2 (Wickham, H., accessed via CRAN, R Foundation for Statistical Computing,
Vienna, Austria) [43] were used for data visualisation.

3. Results
3.1. Tree-Level Findings

To assess disease susceptibility at the tree level, we examined the correlations between
observed ADB damage and tree-level parameters for all 330 samples. Among the biotic
factors, soil pH (R = —0.22) and soil temperature (R = —0.16) showed weak, but statistically
significant negative correlation with damage, suggesting that subtle differences in soil
properties may influence host response to infection. Stronger associations were observed
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between disease severity and tree parameters. Notably, crown volume (R = —0.46) and
tree height (R = —0.43), were negatively correlated with damage, indicating that larger,
more vigorous trees were generally less affected. These results are consistent with previous
studies linking tree parameters and reduced disease susceptibility (Havrdova et al. [44];
Erfmeier et al. [24]). Additional crown metrics, including crown height (R = —0.39), max-
imum crown diameter (D1; R = —0.46), and its perpendicular diameter (D2; R = —0.44),
were also exhibiting negative correlations with disease severity based on the full dataset
of 330 samples, supporting the hypothesis that increased crown size and leaf area, traits
strongly associated with tree vitality, may contribute to disease escape, while recognising
the underlying influence of age as a confounding factor. Tree girth and DBH showed similar
negative correlations (both (R = —0.36)), reinforcing the trend that larger trees were less
diseased (Figure S7).

3.1.1. Genetic Tolerance and DBH Stratification

Gene expression markers (GEMs) linked to ADB tolerance, as identified by Harper
etal. [13], were scored, standardised, and rescaled into a value between 0 and 100, reflecting
the damage score assessment scale. Across all trees, GEMs showed a significant positive
correlation with damage scores observed in 2019 (R = 0.24), explaining 5.8% of the total
variation (Figure 57). While this relationship supports the role of genetic tolerance, stratify-
ing trees by DBH revealed that the associations were not uniform across DBH categories. A
strong relationship between GEMs and disease score was observed in DBH categories 1
and 2 (7-27.99 cm and 28-47.99 cm, respectively), with no significant association in larger
DBH categories (Figures S8-510; Tables 514 and S15). Within the DBH categories, the DBH
25-31 cm group demonstrated the strongest explanatory power, where GEMs accounted
for 29% of the variation in the observed damage score (Figure S11).

3.1.2. Modelling Tree Susceptibility to ADB

We next developed general linear regression models to quantify the influence of tree
characteristics on ADB susceptibility. The models were built on the premise that more
vigorous trees (as estimated by crown volume) and those with higher genetic tolerance
would be less affected by the disease, containing the following basic parameters: CCV
(the proxy to tree vitality); GEMs as an indicator of genetic tolerance; additional tree
variables and DBH classes as an interactive terms; and the same ten models, excluding one
(Table S8). The optimal model, based on all 330 trees for both, included log-transformed
crown cylinder volume (CCV), GEMs, and DBH class as predictors: damage score 2019
(DS.2019) ~ log (CCV) *** + GEMs *** + DBH classes ***. This model explained 32.8% of the
variation in disease scores (adj. R? = 0.3276; p < 0.001), with a low multicollinearity among
variables as confirmed by Variance Inflation Factor (VIF) analysis (Table S7).

The direction of effects was consistent with hypotheses that GEMs and DBH class
were positively associated with disease tolerance, while CCV was negatively associated
with disease severity, indicating that more vigorous and genetically tolerant trees were
less susceptible.

3.1.3. Stratified Modelling by Tree Size

To refine the effect of genetics and investigate how disease susceptibility varies across
the developmental stages, we constructed four DBH stratified models. For DBH cat. 1
(7-27.99 cm), the best performing model included CCV and GEMs (model c2), explaining
32.5% of the variation (adj R? = 0.3252), with GEMs emerging as a significant predictor,
whereas DBH recognised as a non-significant predictor contributing to the explanatory
power (Table S9). In DBH class 2, the best model also included CCV and GEMs, with CCV
showing strong predictive power (adj R? = 0.25; Table 1; Table S10). For DBH categories 3
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and 4 (larger trees), no significant predictors were identified (Tables S11, S12 and §15), which
could indicate that, while genetic factors may still play a role, their influence is potentially
less detectible in mature trees compared to earlier developmental stages. However, within
the narrower DBH range of 25-31 cm, the combined model incorporating CCV and GEMs
explained 42% of the variation in the disease score, which is the highest explanatory power
observed in the study (Table 1; Table S13).

Table 1. Summary table demonstrating AIC models, adjusted R?, p-values, and AIC values between
the explanatory variables and response variable (DS 2019) for different DBH categories.

DBH Cats

Adjusted AICs

AIC Model R2 Values

Delta Weight

cat.1
(7-27.99 cm)

DS.2019 ~ log (CCV, 10) *** + log (DBH, 10) +

GEMs *** 0.3252 1187.3 0.00 0.448

cat.2
(28—-47.99 cm)

DS.2019 ~ log (CCV, 10) *** + GEMs 0.251 1119.2 0.00 0.532

DBH
25-31 cm

DS.2019 ~ log(CCV, 10) * + GEMs * 0.4239 266.1 0.00 0.770

Significance codes: “***' p < 0.001, *' p < 0.05, p < 0.1 = not significant.

3.2. Plot-Level Results
3.2.1. Stand Types and Management Practices

Plot-level parameters varied across our experimental plots (Table S16; Figures 512
and S13). While stand types and past management appeared to influence disease sever-
ity, no significant relationship was observed between stand density and disease damage
(Tables S16 and S17) Our results demonstrated that the Plantation Pole Stage (C, D, L)
exhibited the highest average damage score (63%), followed by the Semi-Natural Pole
Stage (E, G, F) (56%), with small size DBH consistently showing severe symptoms (Table 2;
Figure S14). In contrast, the lower ADB severity was observed at Semi-Natural Irregular
Stands (31%). Among management practices, stands that were thinned and fenced in
2003, with understorey cut 2016/2017 exhibited the lowest observed damage (17.83%) (P
and Q), which might reflect improved growing conditions, such as reduced competition
and herbivore pressure, enhancing physiological function and, in turn, supporting greater
tree vitality. Conversely, plots of Plantation origin, particularly C, D, and L, recorded the
highest damage (63%) and an average DBH of 15 cm (Figure 1; Table 518). Our analysis of
management practices indicates that Irregular High Forest Management is related to lower
ADB damage, likely through identifying tolerant trees, implementing appropriate thinning,
and removing highly damaged individuals. Collectively, these practices contribute to
improved individual tree growing conditions. Although our results show that sites vary in
the degree of observed disease severity), we recognise that management may be influenced
by factors such as DBH.

Table 2. Stand Type Distribution across the experimental plots at Rushmore Estate and summary data.

Stand Types

Associated Historic Plots Ave DS. 2019 (%) Ave DBH per AVE.und/str.comp
Management per Stand Type Stand Type per Stand Type

Semi-natural
Closed

Limited Intervention S, T, U 36 40 0.499560

Semi-natural
Closed + Large
Trees.

Limited Intervention R, I 36 66 1.281481
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Table 2. Cont.
Associated Historic Ave DS. 2019 (%) Ave DBH per AVE.und/str.comp
Stand Types Management Plots per Stand Type Stand Type per Stand Type
Semi-natural Irregular High
“rregular Forest: later A/BJKPQV 31 40 1.409683
& development stage
. Irregular High
Semi-natural ;
Irregular on Slope devz?gginte?’ctesiage N 52 44 0.481481
Semi-natural Irregular High
Transition Pole Forest: earlier M,H, W 41 36 0.737654
Stage Dominated development stage
Semi-natural Even-aged naturally
%I:)llle_réiau];a regenerated E G,F 56 14 0.187531
& 35-40 yrs old
. Even-aged
Plantation. Pole plantation: C,D,L 63 15 0.449250

Stage

30-35 yrs old

AVE.und/str.comp: average understorey composition per stand type.

Average understorey composition (m) per plot for each “"E-DS-ZMQ(%}PE”’”&
; : |
management practice from 2016—2026 with ave. DS 2019 0.0 " 100.0
2.0
17.83%
Pl
@ :
s 1.8
2
'
a 1
E 1.6
3
@
A 1A
w 14
]
=
ES .,
e
B4
SE 10
w0
£e
= 8
] 0.8 —_—
=
] |
© X |
c 0.6 §
a
E ‘ 62.89%
<
[ 0. L
2 |
>
s |
J.C l‘ _ .
Former Nointerv. Norecent Plantation Polestage, Thinnedand U/stcut Natural Thinned
wood since90s, manage- origin thinned ufstcut 2015-2018  Regen. and ufst
pasture  windblow, ment and fenced 2013-2015 Thinned cut
thinning 2003,.. 1718 2007/2008
2019/2020

Figure 1. Average understorey composition for each management practice colour-coded with average
DS 2019 showing the variation in understorey vegetation measured at three experimental heights
(0.5m, 1.0 m, and 2.0 m), at each cardinal direction in each experimental plot, covering a minimum
of 50% of the plot with measurement points per management practices: Former wood pasture; No
intervention since 90 s, windblow, Thinning 2019/2020; No recent management; Plantation origin;
Pole stage, thinned and fenced in 2003, selection felling, Understorey cut in 2016/2017; Thinned and
understorey cut 2013-2015; Understorey cut in 2015-2018; Natural Regenerated P86+, Thinned 1718;
Thinned and understorey cut in 2007/2008. The ellipsis (“...”) under the fifth column indicates that
pole stage, thinned and fenced in 2003, selection felling, understorey cut in 2016/2017.

3.2.2. Understorey and Weather Analysis

To further explore the ecological context of ADB expression, we performed a principal
component analysis (PCA) on the understorey vegetation (Figure S15). The first two
components explained 29.2% of the total variation (PC1: 15%; PC2: 14.2%; Figure S15). PC1
was positively associated with high levels of silver birch, dead ivy, hazel, and St John's
wort and negatively with grasses, such as false brome, tufted hair grass, figwort, and
thistle (Figures S16 and S17; Table S19). High damage scores were strongly associated
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with low PC1 values (R = —0.71, p = 0.0002; Figure 518; Table 520), suggesting that grass
dominated understoreys may coincide with poorer disease outcome, particularly in pole-
stage plantation (C, D, E) and naturally regenerated pole-stage plots (F, G) (Figure 517).
The PC2 explained 14.2% of the variation and was correlated with high levels of nettle,
maple, dead silver birch, hawthorn, and buckthorn and low levels of dead ivy, St John's
wort, hazel, and silver birch.

Conversely, plots with low disease damage (e.g., P and Q) were characterised by taller
understorey vegetation (>2.5 m) and a dominance of species such as silver birch and hazel.
These vegetation assemblages may reflect more favourable microclimatic or competitive
conditions. No significant relationships were detected between weather variables and
disease damage (Table S21; Figure 519)

4. Discussion
4.1. Factors Affecting Ash Dieback Disease Damage

Our findings support the hypothesis that ADB disease could be influenced by a
combination of tree vitality (CCV), genetic tolerance (GEMs), and tree size (DBH), along
with site-specific factors such as understorey composition and stand type. Our predictive
modelling provides a framework for understanding key parameters influencing ADB sus-
ceptibility within its complex dynamics under natural conditions and across different age
groups. The strong and significant association between tree vitality (CCV) and ADB sever-
ity was in agreement with Cracknell et al. [31], highlighting the importance of tree vitality
as a critical factor in modulating disease impact. That said, this association may suggest the
possibility of a bidirectional relationship, where tree vitality may assist in compensating for
the impact of H. fraxineus on ash trees [27,31], possibly reflecting the influence of favourable
growing conditions and effective management practices [28]. Conversely, the infection of
H. fraxineus could potentially contribute to reduced tree vitality by acting as a stressor and
facilitating secondary infections [45]. Thus, recognising these interconnected pathways
highlights the important role of a robust framework that can effectively support strategies
to mitigate the impact of ADB disease.

In field conditions, our gene expression marker (GEM) previously linked to ADB
tolerance [13] showed a significant correlation with disease damage across the full dataset
of 330 trees, explaining 5.8% of the total variation in disease susceptibility. This relatively
low explanatory power likely reflects interactions with tree size, as genetic effects appear to
be modulated by the development stage. Similar size-related susceptibility was researched
by Klesse et al. [46] and Madsen et al. [16] confirming that tree size and growth dynamics
play a significant role in susceptibility to ash dieback progression. Our findings showed
that when trees were stratified by DBH categories, the predictive role of GEMs became
more apparent. In small trees (DBH 7-27.99 cm), GEMs explained 5.5% of the variation in
damage score (Figure S8), increasing to 6.4% in medium trees (DBH 28-47.99 c¢m; Figure S9).
Notably, within the narrower DBH range of 25-31 cm, GEMs explained up to 29% of the
variation in the observed damage score (Figure S11), indicating that the influence of genetic
tolerance (GEMs) on disease severity may vary across DBH classes, potentially reflecting
differences in developmental stage. This aligns with findings by Madsen et al. [16], whose
study observed ADB disease progression and mortality in both young and mature ash trees,
suggesting that genetic factors influence disease outcomes across age classes. A similar
trend was observed with the DBH analysis, where the negative relationship with disease
susceptibility outlined that smaller trees were more susceptible than the other DBH classes
(Table S7), which is in agreement with a study published by Grosdidier et al. [47] and
Klesse et al. [18]. In addition, our analysis showed that all tree parameters significantly
correlated with disease susceptibility (Table S5), which is consistent with previous studies
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showing an increased susceptibility of trees under stress conditions [27,44], outlining CCV
(proxy to tree vitality) as the strongest individual predictor of disease severity (R = —0.46).
The latter could be explained by the ability of tree vitality to encapsulate both intrinsic
resilience and the cumulative effects of environmental stressors and changing conditions
and still reproduce [35].

At the plot level, our results indicated the critical roles of stand structure and under-
storey composition in modulating infection pressure and disease progression. The most
severely affected plots were dominated by Semi-Natural and Plantation Pole Stage Stand
Types, with an average DBH of just 15 cm (plots C, D, E, F, G, and L). These stands were
also associated with dense understorey communities (vegetation height < 0.5 m) and high
ash density, both of which are conducive to increased local humidity, greater spore reten-
tion, and intensified pathogen spread, factors known to increase infection pressure [27].
Additionally, these conditions have previously been associated with favourable conditions
for apothecium development [48] and increased inter-tree competition [49,50], ultimately
reducing tree vigour and increasing the mortality rate [18].

In contrast, the least damaged plots (P and Q) were characterised by Semi-Natural
Irregular Stand Types, broader DBH sizes including mature trees, and more diverse under-
storey vegetation dominated by hazel, silver birch, and bracken.

These plots also had lower stand densities of ash, potentially reducing inoculum load
and promoting better airflow and light penetration, both of which may inhibit fungal
establishment and growth [27]. Collectively, these stand characteristics illustrate that
structural heterogeneity and appropriate stand management may enhance stand-level
resilience to ADB.

4.2. Ash Dieback Susceptibility Models
4.2.1. Non-Stratified Model

We used linear regression modelling to examine individual tree determinants found
to significantly impact the disease progression within one framework. Across all 330 trees,
the most informative model included crown cylinder volume (CCV), GEMs, and DBH
class, explaining 33% of the total variation in disease damage. VIF scores indicated low
collinearity among predictors (Tables S7 and S8) [51]. Some collinearity was expected due to
the known positive correlation between DBH and tree crown [52]. This model supports the
hypothesis that the combination of trees with large crown volumes (a proxy for tree vitality),
that are neither over-mature nor have a small DBH size, combined with favourable genetic
profiles, are more likely to be less susceptible to ADB. These findings align with previous
research indicating that both physiological conditions and genetic tolerance contribute
to mitigating ADB disease, highlighting the importance of integrating multiple tree-level
parameters when evaluating risk or selecting management strategies [27,46,53].

4.2.2. Stratified Models by DBH

When trees were stratified by DBH, the most robust model in DBH category 1 ex-
plained 33% of the total variation in disease damage, with CCV and GEMs emerging as
significant predictors, while DBH itself was non-significant but contributed to the overall
predictive power. DBH category 2 and the 25-31 cm subset followed a similar pattern, with
models explaining 22% and 42% of the variation, respectively. The enhanced explanatory
power in the latter might suggest a developmental stage at which trees are particularly
responsive to both genetic and physiological differences. These patterns support the hy-
pothesis that smaller trees, which are in a process of crown development, might be more
susceptible to ADB not solely due to their foliage being closer to the forest floor, known
to facilitate spore deposition and infection [21], but also due to the compound effect from
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site-specific stressors, such as competition and stand management. In such cases, trees
might be more reliant on inherent genetic tolerance and vitality to mitigate ADB progres-
sion. In contrast, larger or older trees might benefit from structural traits that facilitate
faster regeneration and recovery of crown portions [16].

5. Conclusions

Our study demonstrated significant associations between all tree parameters and ADB
damage. Furthermore, our GLM model predicted that the combination of trees exhibiting
higher vitality (CCV), moderate to high genetic tolerance (GEMs), appropriate age (not
too small, or over-mature), and favourable environmental conditions could modulate
the impact of ADB severity. Furthermore, the stratified GLM model revealed that in the
DBH 25-31 cm category, a robust predictive relationship exists between CCV (proxy for
tree vitality) and genetic (GEMs), collectively explaining 42% of the variation in the ADB
susceptibility model within this group.

Our results demonstrated the importance of promoting and preserving ash trees that
show some genetic tolerance, which will provide a seed source for improved stand tolerance
in the future. It should be recognised, however, that trees with very low genetic tolerance,
even if they have good vitality and have a benign environment, could succumb to the
disease. It is also important to note that while tree vitality can influence ADB severity, the
primary cause of the disease is the presence of H. fraxineus.

The creation of benign stand conditions can be achieved by the application of silvicul-
tural management strategies aimed at promoting individual tree vitality and maintaining
overall stand densities that favour airflow, thus minimising high humidity levels. A key
feature of the associated silvicultural practice is selection, both in terms of identifying
individuals that have tolerance and favouring them using appropriate thinning, and by
the removal of individuals that show higher degrees of damage. Irregular High Forest
Management is well suited to delivering these desirable stand characteristics, both in terms
of the stand structures produced and the central role of selective harvesting. As a corollary
to this, the development of dense pole-stage stands dominated by small ash trees subject to
high lateral competition should be avoided.
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/ /www.mdpi.com/article/10.3390/f16071033/s1, Figure S1: The research study areas at Rushmore
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Abbreviations

The following abbreviations are used in this manuscript:

ADB Ash dieback (disease)
DBH Diameter at breast height
GEMs  Gene expression markers
CCvV Crown cylinder volume

PCA Principal component analysis
AIC Akaike information criterion
VIF Variance inflation factor
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