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Abstract

Hymenoscyphus fraxineus is an invasive fungal pathogen responsible for the ash dieback
epidemic, which continues to cause severe mortality of common ash (Fraxinus excelsior L.)
across Europe. Following its likely introduction in northeastern Europe, the pathogen rapidly
colonized most regions where common ash is present. As it spread southward, H. fraxineus
encountered warmer climates and a greater occurrence of Fraxinus ornus L., a species
largely resistant to the disease. Despite this environmental heterogeneity, which probably
imposed adaptive challenges to H. fraxineus at the epidemic front, ash dieback continues to
expand in southern Europe. Aggressiveness is a key life-history trait that is expected to
evolve during epidemics and to exhibit plasticity in response to environmental variation. We
investigated whether the plasticity of aggressiveness in response to temperature and ash
species has evolved in H. fraxineus during its propagation towards southern Europe. Using a
synchronic approach based on leaf inoculations, we characterized individual reaction norms
for aggressiveness in a long-established Lithuanian population and a recently established
Italian population of H. fraxineus. The ltalian H. fraxineus population is exposed to warmer

summers than the Lithuanian population, while F. ornus is present in Italy but absent in
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Lithuania. We observed no difference in the aggressiveness expressed on F. excelsior under
moderate temperature between the two H. fraxineus populations. However, the ability of
Italian isolates to cause severe leaf symptoms was less negatively affected by increasing
temperature and host species change than that of Lithuanian isolates, suggesting local
adaptation of H. fraxineus during its spread toward southern Europe. Our findings highlight
the importance of considering the evolution of adaptive traits and their plasticity in fungal
pathogens when anticipating disease risk. They also suggest that ash trees in southern

Europe may be slightly more vulnerable to ash dieback than previously anticipated.

Keywords : ash dieback, Hymenoscyphus fraxineus, invasive fungal pathogen, plasticity
evolution, Fraxinus excelsior, Fraxinus ornus, thermal adaptation, host adaptation, virulence

evolution, aggressiveness evolution

Introduction

The emergence of forest diseases caused by the accidental introduction of non-native
pathogens has intensified markedly in recent decades (e.g., Desprez-Loustau et al., 2010;
Roy et al., 2014; Santini et al., 2013). These diseases inflict severe biodiversity losses on
forest ecosystems and threaten the wide array of ecosystem services provided by natural
and exploited forests (Freer-Smith & Webber, 2017; Guégan et al., 2020; Keesing et al.,
2010). Effective disease management strategies rely on accurate assessments of disease
risk, which in turn require clear insights into the key drivers of forest epidemics. However,
our understanding of these drivers remains limited, notably because forest disease
management has historically overlooked the evolutionary dynamics shaping interactions

between pathogens and their biotic and abiotic environments (Desprez-Loustau et al., 2016).

Phenotypic plasticity refers to environmentally induced variations in phenotype (Sommer,
2020), typically represented using reaction norms (Ghalambor et al., 2007). In variable
environments, plastic trait expression can give rise to polyphenism, a form of phenotypic

diversity that may combine with genetic polymorphism (Mayr, 1963; West-Eberhard, 2003),
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and may sustain population adaptation to novel environmental conditions (Gomulkiewicz &
Stinchcombe, 2022; Hoffmann & Sgro, 2011; Lande, 2009; Merila & Hendry, 2014; Vinton et
al., 2022). The role of plasticity is especially critical in organisms such as some forest
pathogens which have limited capacity to track favorable environments during the lifetime of
an established genotype (Chevin et al., 2013; de la Mata & Zas, 2023; Forsman, 2015).
Importantly, when phenotypic plasticity is heritable, the shape and diversity of reaction
norms may evolve according to various patterns. Theoretical models predict the evolution of
adaptive reaction norms conferring high fitness to genotypes across environmental variation
provided sufficient initial genetic variation associated with reaction norm shapes (Via &
Lande, 1985) and substantial gene flow (Scheiner et al., 2012) exist. In the case of linear
reaction norms, such evolution is expected to result in steep reaction norms under divergent
selection (i.e., when optimal phenotypes differ between environments) but flat reaction
norms under uniform stabilizing selection across environments (i.e., a single optimal
phenotype across environments). This latter outcome, also called phenotypic buffering, is
likely to arise for traits tightly linked to fitness, such as mycelial growth or the ability to infect
hosts, and is considered a special case of plasticity (Bradshaw, 1965; Eriksson et al., 2023;
Reusch, 2014). Alternatively, evolved reaction norms may be maladaptive when the
environmental variation is highly stochastic (Ghalambor et al., 2007; Leonard & Lancaster,
2020), because of genetic drift following founder events (Price et al., 2003), when genetic
variation associated with adaptive plasticity is lacking (DeWitt et al., 1998), or in the
presence of plasticity costs (Murren et al., 2015; Scheiner, 2013). Understanding the
ecological success of introduced forest pathogens, and anticipating their future
epidemiological dynamics, requires insights into the evolution of plasticity in their life history
traits. Yet, empirical knowledge in this area remains limited (but see Garbelotto et al. 2015),
which is problemactic for forest disease management given the accelerating effects of global
changes on the establishment and range expansion of invasive pathogens (George et al.,
2025). A critical first step is therefore to empirically assess the diversity of individual reaction

norms for adaptive traits in forest tree pathogens across plausible environmental variation.
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Aggressiveness refers to the extent of damage a pathogen causes to its host (Pariaud et al.,

85 2009). This quantitative trait is typically assessed at the tree level through measurements
such as lesion size (e.g., Kosawang et al., 2020; Lygis et al., 2017) or symptom severity
(e.g., Orton et al., 2019). Aggressiveness, also sometimes called virulence (Shaner et al.,
1992), is a key life-history trait in plant pathogens as it influences their capacity to reproduce,
spread, and persist within host populations (May & Anderson, 1983). It is expected to evolve

90 during the course of epidemics along distinct trajectories shaped by the pathogen life history,
host availability, the spatio-temporal distribution of host resistances, and the time since the
pathogen's establishment (Cressler et al., 2016; Dutt et al., 2022; Tollenaere et al., 2016).
Several models predict that the competition among genotypes for host resource is likely to
increase the aggressiveness level in a pathogen population, especially when a single host

95 can be infected by multiple genotypes of the pathogen species, or by multiple pathogen
species (Bashey, 2015; Tack et al., 2012). Nonetheless, the deleterious effects of
exacerbated pathogenicity on pathogen transmission may drive the evolution of
aggressiveness toward an intermediate level that enables pathogen genotypes to establish

and develop in the presence of other genotypes (of the same or different species), while also

100 maximizing transmission to healthy hosts (the so-called virulence—transmission trade-off;
Alizon et al., 2009; Mideo et al., 2008). Under the assumption of uniform resistance within

the host population, this trade-off suggests that aggressiveness is more likely shaped by
stabilizing selection toward an overall intermediate optimal value, rather than by divergent
selection among geographical sites or by directional selection favoring ever-increasing

105 aggressiveness. In addition, aggressiveness is expected to vary plastically with both
temperature conditions and host resistance (e.g. Laine 2008, Castiblanco et al. 2020,
Fidanoglu et al. 2023, see also the reviews by Pariaud et al. 2009 and Cressler et al. 2016).
Although it strongly determines epidemic severity, the evolution of the relationship between
environmental conditions and the expression of aggressiveness expression remains largely

110 unstudied in forest pathogens.
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Ash dieback is an emblematic example of a forest emerging disease. It is caused by
Hymenoscyphus fraxineus, an ascomycetous fungal pathogen native to Asia, which infects
ash tree leaves during summer through wind-dispersed ascospores. These infections cause
leaf wilting and necrotic lesions that can extend to the petioles and rachises, leading to
115 premature leaf abscission (Lione et al., 2024). Lesions can also spread into and girdle the
twigs and stems, damaging the cambium and inducing cankers on the bark (Gross,
Holdenrieder, et al., 2014). The combined effects of leaf abscission and branch desiccation
gradually lead to crown thinning and dieback, ultimately resulting in overall tree decline
(Lione et al., 2024). In some regions, ash mortality rates have reached up to 85% (Coker et
120 al., 2019). The severity of ash dieback tends to be highest under moderate summer and
autumn temperatures, rather than during particularly warm periods (Grosdidier, loos, &
Marcais, 2018a; Marcgais et al., 2023). Three ash species are predominantly found in
Europe: the common ash (Fraxinus excelsior L.), the most widespread, and the narrow-
leaved ash (Fraxinus angustifolia Vahl) and the manna ash (Fraxinus ornus L.), both largely
125 restricted to southern regions. The disease particularly affects F. excelsior and F.
angustifolia, whereas F. ornus is less susceptible (Adamcikova et al., 2018; Gross & Sieber,

2016; Schwanda & Kirisits, 2016).

The European epidemic of ash dieback likely results from a single introduction event,
followed by the propagation of descendants of two genetically divergent strains of H.
130 fraxineus (Gross, Hosoya, et al., 2014; Mcmullan et al., 2018). The disease was first
reported in Poland in 1992 (Przybyt, 2002; Timmermann et al., 2011) and progressively
reached most of the European ash distribution range (McKinney et al., 2014). Nowadays,
the ash dieback epidemic has reached an endemic state in central Europe (Lygis et al.,
2017; Marcais et al., 2022), but it continues to expand at the periphery of the continent,
135 notably in southern Europe, like in Spain (Stroheker et al., 2021) and ltaly (Migliorini et al.,
2022). This successful invasion may appear paradoxical (Estoup et al., 2016), given the

severe initial bottleneck experienced by the fungus (Mcmullan et al., 2018) and the
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decreasing biotic (host species) and abiotic (temperature) environmental favourability along
the latitudinal gradient it colonized. Indeed, as the fungus spread southward, both
140 temperature (Fick & Hijmans, 2017) and the occurrence of resistant F. ornus increased,
potentially exposing H. fraxineus to adaptive challenges. This context makes it plausible the
plasticity of H. fraxineus’ life-history traits and its evolution contributed to the development of

the ash dieback epidemic.

To our knowledge, the evolution of aggressiveness following H. fraxineus introduction into
145 Europe has been addressed only once, by Lygis et al. (2017), who reported no difference in
aggressiveness between Lithuanian and Swiss populations, the latter located at the
epidemic front at the time. However, this study did not consider the plasticity of
aggressiveness and was conducted during an earlier stage of the epidemic's development.
In H. fraxineus, plastic variation in aggressiveness has so far been investigated only in
150 relation to host species, but the evolution of plasticity in aggressiveness during the range
expansion of H. fraxineus has not yet been investigated. Besides, how aggressiveness in H.
fraxineus varies plastically with temperature remains unstudied, although temperature is a
key determinant of ectothermic fungal distributions (Gerken et al., 2015; McLean et al.,
2005). In H. fraxineus, prior research has already documented thermal plasticity of in vitro
155 mycelial growth (Hauptman et al., 2013; Kowalski & Bartnik, 2012) and viability (Hauptman
et al., 2013), with optimal in vitro growth typically observed between 22 °C and 24 °C. More
recently, Bécans et al. (2025) investigated the evolution of thermal plasticity of the same
traits in five European H. fraxineus populations sampled along a latitudinal gradient. They
found that the northernmost population (Lithuania) showed reduced viability at high
160 temperatures, whereas the southernmost population (northern lItaly), located near the
epidemic front, displayed significantly greater growth than other populations under elevated
temperatures. As mycelial growth and survival may be related to aggressiveness expression

(Blenis et al., 1984; Kowalski & Bartnik, 2012 but see Kosawang et al., 2020), these findings
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suggest that the thermal plasticity of aggressiveness may be evolving during the ongoing

165 range expansion of H. fraxineus, and ultimately promoting further disease spread.

In this study, we aimed to characterize the plasticity of aggressiveness at the individual level
in two distinct populations of H. fraxineus: one from Lithuania, where the pathogen is long-
established and located near the historical center of ash dieback emergence in Europe, and
another from northern Italy, representing a recently established peripheral population near
170 the southern edge of the current epidemic front. Assuming that the southward expansion of
ash dieback from its north-eastern centre of origin was continuous (Mcmullan et al., 2018),
the Lithuanian population is composed of genotypes recurrently exposed to the seasonal
temperature regimes characteristic of northern Europe and without prior contact with F.
ornus (Caudullo & De Rigo, 2016). In contrast, the ancestors of the Italian genotypes
175 colonised a latitudinal gradient and were subjected both to summer heatwaves characteristic
of southern Europe (Fick & Hijmans, 2017) and to a host community comprising F. excelsior

and F. ornus (Caudullo & De Rigo, 2016).

We characterized aggressiveness reaction norms through replicated plant inoculation

experiments and specifically tested the following hypotheses:

180 1. There is no significant differences in baseline aggressiveness between Lithuanian and

Italian isolates on F. excelsior under moderate temperature conditions.

2. The aggressiveness of H. fraxineus overall decreases under warm temperature conditions

or on F. ornus, compared to moderate temperatures and F. excelsior.

3. The aggressiveness of Italian isolates is less decreased by temperature increase and host
185 species change than that of Lithuanian isolates, indicating a higher level of phenotypic
buffering. These differences in plasticity likely result in contrasting trait expression under

non-optimal environmental conditions between the two populations.
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Materials and methods

190 H. fraxineus populations

We sampled black infected rachises of F. excelsior between July 8 and the end of July 2020
at two sites: one in Lithuania and the other in Italy. These sites differ in their distance from
Estonia, where the first evidence of H. fraxineus presence in Europe was found (Agan et al.,
2023). These sites also differ in their altitudinal and climatic characteristics: mean annual
195 temperature and mean summer temperature were higher at the Italian site (844 m elevation)
than at the Lithuanian one (62 m), while summer temperature variability was greatest in
Lithuania (Table 1). Moreover, F. ornus coexists with the highly susceptible F. excelsior in

northern Italy, but is absent from Lithuania (Caudullo & De Rigo, 2016).

200 Upon collection, the rachises were stored at 4 °C, and isolations were performed between
September 17 and 19, 2020, following the protocol of Kowalski & Bartnik (2012), with two
modifications: ash leaf malt extract agar (AMEA, Kirisits et al., 2013) was used as the growth
medium, and rachis surfaces were sterilized using 96% ethanol. The isolation yielded a
batch of 15 isolates from each site. The two H. fraxineus populations analyzed in this study

205 comprised the same isolates as those examined by Becans et al. (2025). Fungal isolates
displaying the morphological characteristics of H. fraxineus were maintained on AMEA.
Based on whole-genome sequencing (data not shown), we confirmed that all selected

isolates belonged to H. fraxineus species (using the NCBI database and BLAST

(https://blast.ncbi.nlm.nih.gov), and that they were genetically distinct from one another. H.
210 fraxineus isolates were stored at 4°C in the dark in a cold room and then incubated on a new
AMEA plate three weeks before inoculation experimentations for inoculum production, at
22°C under controlled day/night cycles (16 hours light/8 hours dark). In what follows, the

terms ‘isolate’ and ‘individual’ are used interchangeably.
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215  Plant material

Three hundred ash seedlings of F. excelsior and 100 ash seedlings of F. ornus from the
Plantfor nursery (Uchacq et Parentis, 40090, France), showing no visible symptoms of ash
dieback, were potted in October 2022 in 4L containers and maintained outside until
inoculation. On average, F. excelsior seedlings were 33.60 cm tall, while F. ornus seedlings
220 measured 53.08 cm at the time of inoculation. Stem diameters, measured 10 cm above the
soil surface, ranged from 3 to 6 mm for F. excelsior and from 5 to 8 mm for F. ornus. These
two ash species have been selected based on their distinct susceptibility to the disease;
hereafter F. ornus seedlings were considered resistant, while F. excelsior were considered

susceptible (Schwanda & Kirisits 2016, Nielsen et al. 2017).

225

Aggressiveness assessment of H. fraxineus isolates through inoculation of ash trees

There is considerable variation in susceptibility to ash dieback among common ash trees,
which has been associated with differences in iridoid glycoside content (Sollars et al., 2017).
230 Because the 30 isolates could not be inoculated on the same ash genotype, variation in host
susceptibility to Hymenoscyphus fraxineus may have biased our assessment of population-
level differences in pathogen aggressiveness and its plasticity. Previous work has shown
that analyses of phenolic bark extracts using Fourier-transform infrared spectrometry,
combined with modeling of the resulting spectral data, can successfully discriminate among
235 ash trees according to their susceptibility to H. fraxineus (Villari et al., 2018). To limit
intraspecific variation in resistance among the F. excelsior (susceptible) and F. ornus
(resistant) seedlings used in this study, we implemented the following strategy. We first
analyzed the near-infrared spectra of the seedlings using an approach adapted from Villari et
al. (2018), relying on leaf-level near-infrared spectrometry and principal component analysis

240 of the spectral data. Two distinct groups corresponding to the two ash species were
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identified, although three F. ornus individuals grouped within the much larger F. excelsior
cluster (Figure S1). These individuals, together with those located at the margins of the
cluster, were excluded from the inoculation experiments. The retained susceptible group
comprised 46 F. excelsior seedlings, while the resistant group included 23 F. ornus
245 seedlings. Second, to further limit the effect or residual variations in host resistance on the
expression of aggressiveness, three distinct trees were inoculated with each isolate under
each environmental condition. Five inoculations were done on each plant: two distinct Italian
isolates, two distinct Lithuanian isolates and one control inoculation with a mycelium-free
AMEA plug. Each tree was inoculated with a unique combination of isolates. Foliar
250 inoculations were carried out from July 19 to 21, 2023, following the protocol by Orton et al.
(2019), except that we used standardized AMEA plugs colonized by H. fraxineus mycelium
instead of mycelium agar mix. A 5 mm AMEA plug of three-week-old mycelium was placed
on the epidermal tissues of a rachis between the second and third pair of leaflets, at a site
that had been preliminary wounded with a standardized 5 mm incision. The inoculum was
255 maintained in place and prevented from drying by wrapping the inoculation site with parafilm,
which was removed seven days after inoculation.
Following the approach of Bécans et al. (2025), we characterized the thermal reaction norm
of aggressiveness for all isolates on F. excelsior seedlings by exposing inoculated plants to
two temperature conditions: 22°C (reference) and 26°C (treatment). The plants were
260 maintained in separate climate chambers set at 22°C or 26°C, with controlled day/night
cycles (16 h light / 8 h dark) and a constant relative humidity of 70%. In addition, we
characterized the reaction norm of aggressiveness as a function of host species for all
isolates, using F. excelsior as the reference host and F. ornus as the treatment host. The
inoculated F. ornus seedlings were incubated in the same climate chambers at 22°C.
265 Overall, a total of 345 foliar inoculations were performed on 69 ash trees. Following
inoculation, isolates were anonymized to prevent bias in the monitoring of the experiments.
We specifically assessed the aggressiveness using three proxies:

(/) lesion length, a continuous variable representing the extent of the necrosis (in cm),
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(if) symptom occurrence, a binary variable indicating whether any symptoms were visible on
270 the inoculated leaf (0: no symptoms, 1: symptoms present),
(iii) symptom severity, a binary variable recorded only for symptomatic leaves, indicating
whether the symptoms became severe (0: no severe wilting, 1: severe wilting or leaf
shedding). We monitored lesion length and leaf symptoms weekly, starting two weeks after
inoculation and continuing until the ninth week. We stopped measuring lesions at week

275 seven because they could no longer be reliably distinguished after leaf fall.

Statistical analysis

The variations of lesion length, symptom occurrence and symptom severity as a function of
temperature or host species were analyzed using generalized and linear mixed models in R
280 software (v4.3.3, R Core Team 2024). The Tidyverse package (v2.0.0, Wickham et al., 2019)
was used for data handling, the Ime4 package (v1.1-35.4, Bates et al., 2015) for model fitting
and the stats package (v4.4.1, R Core Team 2024) for model prediction. The conditional R?
(MuMIn R package, v1.48.4, Bartén & MK, 2023) and visual comparisons of model

predictions against the data were used to assess the goodness of fit of our models.

285 For each monitoring day, we estimated the linear reaction norms of each isolate for lesion
length, symptom occurrence, and symptom severity. Each reaction norm is characterized by
an intercept and slope (Hendry, 2016). The intercept represents the trait value expressed in
the reference environmental conditions, i.e., on F. excelsior at 22°C. The slope reflects the
extent of plasticity, defined as the change in trait value in response to a treatment condition,

290 J.e., temperature increase (26°C) or species change (F. ornus). As advocated by Bolker et
al. (2009) and Arnold et al. (2019), the best-fitting model specified the environmental
condition (i.e., ‘temperature’ or ‘host species’) as a fixed effect, while the interactions

between ‘population’ and the environment, and the ‘isolate’ and the environment were
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specified as random. The 'isolate' effect was nested within 'population' to account for the
295 hierarchical structure of the random effects. Note that adding “tree” as a fixed effect did not
improve model fit according to likelihood ratio test, indicating no significant tree-level
influence on isolate aggressiveness in our experiment. The model retained can be written as

following:

Yijk:.B0+b0j+Y0ij+(B1+b1j+y1ij) etey (1)

300 In this model, Y, corresponds to either the lesion length (in cm), symptom occurrence
(probability) or symptom severity (probability) in replicate k, for isolate i within population j.
When modeling symptom occurrence or symptom severity, the response variable followed a
Bernoulli distribution, and log(7;/ 1 — 1) replaced Y in equation 1, with 7T, representing
the probability that replicate k of isolate i from population j induces a symptom or a severe

305 symptom, depending on the aggressiveness proxy investigated. The parameter B, denotes
the fixed intercept, i.e., the expected value of the response variable when the environmental
covariate e, (e.g., temperature or host species) is set to its reference level. The fixed
slope B, captures the average change in the response per unit change in the environmental
variable (e.g., per °C or when host species changes). The terms b,; and b, ; represent the

310 random intercept and slope for population j, corresponding to deviations from the overall
intercept and slope, respectively. Similarly, y,; and Y,; are the isolate-level random effects

(intercept and slope), nested within populations, capturing isolate-specific deviations from

the corresponding population-level trends.

To test Hypothesis 1, we evaluated whether populations differed in the three aggressiveness
315 proxies on F. excelsior under reference conditions (F. excelsior, 22°C), which represent the

intercept of the reaction norm for each trait. For this purpose, we repeatedly fitted model 1 to
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bootstrapped datasets (boot package (v1.3-30; Davison & Hinkley, 1997). For each isolate,
day, and trait, we averaged estimated trait value under reference conditions over 1,000
bootstrap iterations, then averaged these isolate-level estimates within each population and
320 computed 95% confidence interval of the resulting means. We estimated the confidence
intervals using a t-distribution, which has heavier tails than the Gaussian distribution and
therefore reduces the risk of underestimating standard deviations in small datasets. We
applied a stringent criterion across all tests: differences among populations were considered
statistically significant when the confidence intervals of the estimates did not cross, that is,
325 when their ranges were non-overlapping or just contiguous. We used a similar approach to
test Hypothesis 2, which was considered supported when either (i) the mean slope of the
estimated reaction norms was significantly negative, or (i) the estimated difference in trait
expression between the reference and treatment environments was significant. Hypothesis 3
addressed between-population differences in the isolates reaction norms. It was tested from
330 the same bootstrap procedure and the same rationale as Hypothesis 1. Tables 2, S1, S2
and S3 summarize the results of our estimations and details on model performance at each

monitoring day.

Results

335 The Lithuanian and ltalian H. fraxineus populations express similar aggressiveness in the

reference environment (hypothesis 1)

Eleven ltalian and 13 Lithuanian H. fraxineus isolates populations induced lesions and
symptoms following F. excelsior inoculation at 22°C (Figure S2). No lesions or symptoms
developed after control inoculations. None of the rachis inoculations we performed extended

340 inlesions on the trunks of the inoculated ash seedlings during the experiment.
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The lesion length, symptom occurrence, and symptom severity estimated under reference
conditions were highly variable depending on the isolate used for the inoculation (Figure 1
thin points at 22°C in panels a, ¢, and e, Figures S3 and S4 panels a, d, g). This variability
remained similar between the two H. fraxineus populations throughout the monitoring period
345 (see the overlapping confidence intervals in panels a, d, g of Figures S3 and S4). Lesion
length showed moderate to strong positive correlations with both symptom occurrence and

symptom severity (Table S4).

A non significant increase in the estimated mean lesion length was observed during the first
six weeks of the experiment in both populations, as indicated by overlapping confidence
350 intervals across days in each population (Figure 2a). On day 42 after inoculation, the mean
estimated lesion length reached 3.43 cm (confidence interval (Cl): 1.86; 5.02)) in the
Lithuanian population, a value close to the 3.81 cm (Cl: 1.99, 6.63) estimated for the lItalian
population. After day 42 the lesion lengths decreased sharply, as a consequence of leaf
abscission occurring at this stage of the experiment (see the decrease in lesion
355 measurements between days 42 and 49 in Figure 2a), which removed the largest lesions

from the dataset.

Under reference conditions, there was no difference in the ability of the two H. fraxineus
populations to cause symptoms, which overall remained largely stable throughout the
monitoring period (Figure 2d). At 63 days post-inoculation, the estimated probability of
360 symptom occurrence averaged 0.71 (Cl: 0.48; 0.93) in rachises inoculated with Italian
isolates and 0.82 (CI: 0.64; 1.00) in rachises inoculated with Lithuanian isolates. The
probability of symptoms becoming severe increased over time following inoculation with
isolates from both H. fraxineus populations, reaching 0.92 (Cl: 0.76; 1.08) and 0.69 (CI:
0.49; 0.88) in rachises inoculated with the Italian and Lithuanian isolates, respectively, at 63

365 days post-inoculation (Figure 2g).
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Temperature increase and F. ornus reduce aggressiveness in Lithuanian and ltalian H.

fraxineus populations (hypothesis 2)

370 Symptom occurrence in inoculated rachises was consistent across the two temperature
levels considered throughout the monitoring period. Hence, the mean slopes of the
estimated thermal reaction norms for symptom induction remained consistently non-
significant in both H. fraxineus populations (Figure 2f). Likewise, the probability of symptom

induction at 22 and at 26 °C remained similar (Figure 2 panel d vs e).

375 In contrast, the lesion length and probability of severe symptom were significantly decreased
by temperature increase on several observation days (Figure 2c, i). From day 14 to day 42,
the estimated slope of the thermal reaction norms for lesion length ranged from from —0.43
cm/°C to —1.48 cm/°C (Figure 2c). The probability of severe symptom was also mostly
negatively impacted by temperature increase in the Lithuanian population, reaching a
380 maximum decrease of —0.32/°C on day 21, whereas it was significantly negative only on day
28 in the Italian population (-0.27/°C) (Figure 2i). These significant negative levels of
thermal plasticity resulted in a lower probability of severe symptom induction at 26°C than at
22°C on days 21 and 28, in Lithuanian isolates only. In all other cases, no significant
differences in trait expression was detected between the reference environment (22°C) and

385 the treatment environments (26°C) (compare panels a vs b, d vs e, and g vs h in Figure 2).

The change in ash species had few effects on the ability of the H. fraxineus isolates to
induce symptoms. The estimated reaction norms mostly showed non significant slopes,
except in Lithuanian isolates (-0.15) on days 49, 56, and 63 (Figure 3f). The probability of

symptom occurrence was also similar on the two ash species, regardless of the H. fraxineus
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390 population used for inoculation (compare panels d vs e in Figure 3). By contrast, we
observed a pronounced negative effect of host shift on the ability of both H. fraxineus
populations to cause lesions and severe symptoms. The estimated reaction norms showed
predominantly negative slope (Figure 3c, I) ranging from —2.28 to —0.67 cm/°C for lesion
length and from —0.37 to —0.05/°C for the probability of severe symptoms induction. In line

395 with these negative plastic responses, both H. fraxineus populations generated shorter
lesions and showed a reduced ability of severe symptom induction on F. ornus than on F.

excelsior (compare panels a vs b and g vs h in Figure 3).

The response of H. fraxineus populations’ aggressiveness to increasing temperature differed

400 (hypothesis 3)

The thermal plasticity of lesion length and probability of symptom induction did not differ
between the H. fraxineus populations throughout the experiment (Figure 2c). For instance, at
21 days post-inoculation, the estimated reaction norms slopes were -1.01 cm/°C (ClI: -1.65; -
0.38) for the ltalian population and -0.98 cm/°C (Cl: -1.42; -0.55) for the Lithuanian
405 population. Likewise, the lesion length and probability of symptom production estimated at

26 °C did not differ between populations (Figure 2b and 2c).

Interestingly, the probability of severe symptom induction was less negatively affected by
temperature increase in Italian than in Lithuanian isolates on days 21, 28 and 35 (Figure 2i).
In particular, on days 21 and 35 post-inoculation, a non significant slope was estimated for
410 the ltalian mean reaction norm (0.04 (Cl: -0.12; 0.20) on day 21, -0.08 (Cl: -0.17; 001) on
day 35), whereas the Lithuanian reaction exhibited a clearly negative slope (-0.32 (ClI: -0.44,
-0.19) on day 21, -0.27 (Cl: -0.36, -0.18) on day 35). From day 42 onward, slope estimates

no longer differed significantly between populations, although it remained negative in the
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Lithuanian population but non-significant in the Italian population. In addition, the probability
415 of symptoms becoming severe at 26°C was significantly higher on days 42 and 49 in
seedlings inoculated with Italian isolates than in those inoculated with Lithuanian isolates
(Figure 2h). For example, at 42 days post-inoculation, the estimated probability of symptoms
becoming severe was 0.79 (Cl: 0.72; 0.85) in seedlings inoculated with ltalian isolates,

compared to 0.51 (CI: 0.37; 0.65) in those inoculated with Lithuanian isolates.

420

The aggressiveness of the Lithuanian and Italian H. fraxineus populations differed on F.

ornus (hypothesis 3)

The estimated reaction norms for the three aggressiveness components as a function of
host species showed similar mean negative slopes in the two H. fraxineus populations
425 (Figure 3 panels c, f, i). For instance, on day 21 after inoculation, the slopes of the reaction
norms for the probability of symptom and severe symptom induction were estimated at -0.11
(Cl: -0.28; 0.06) and -0.41 (Cl: -0.59; -0.24) for the Italian population, and 0.10 (Cl: -0.24;
0.04) and -0.54 (CI: -0.70; -0.37) for the Lithuanian population, respectively. Interestingly,
despite these similar plasticity levels, the estimated probability of severe symptom induction
430 was higher on day 63 in Italian (0.67 (Cl: 0.54; 0.81)) than in Lithuanian isolates (0.41 (ClI:

0.27; 0.54)) (Figure 3h).

Discussion

We characterized reaction norms for aggressiveness in a Lithuanian and an lItalian

435 population of H. fraxineus, an invasive fungal pathogen responsible for the ash dieback
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epidemics currently developing in Europe. The Lithuanian population is located near the site
of the initial emergence of the disease in Europe, whereas the Italian population is more
recently established and close to the southern edge of the epidemic front. Using leaf
inoculations, we assessed variation in the plasticity of three aggressiveness proxies: lesion
440 length, symptom induction, and severe symptom induction. The environmental variables
were temperature and ash species. Under reference conditions (F. excelsior, 22 °C), we
detected no difference in aggressiveness between the two H. fraxineus populations, and
thus no differentiation in the intercepts of their estimated reaction norms. The
aggressiveness of the Lithuanian and Italian isolates was generally reduced at high
445 temperature (26 °C) and on F. ornus, relative to reference conditions. The negative effect of
host species shift was mostly comparable across populations for all three traits, except on
the last day of the experiment when the of foliar symptoms induced by Italian were more
severe than those induced by Lithuanian isolates. In addition, the negative effect of
increasing temperature on foliar symptom severity was less pronounced in Italian than in
450 Lithuanian isolates at different time points of the experiment, as indicated by (/) the shallower
slopes of their estimated reaction norms, (ii) their higher ability to induce severe symptoms

at 26°C, or (iii) both.

Increased leaf symptom severity may lead to higher mortality rates in infected ashes

455 Among the three proxies of aggressiveness we assessed, only the occurrence of severe
foliar symptoms (pronounced wilting or premature abscission) allowed us to discriminate
between the two H. fraxineus populations, even though lesion length was substantially
correlated with both symptom induction and severe symptom induction. From a
methodological point of view, this result supports the use of multiple, closely related proxies

460 at biologically relevant scale when quantifying variation in aggressiveness (Bock et al. 2010),

as recommended for H. fraxineus by Orton et al. (2019).
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Ash dieback severity has often been linked to the capacity of H. fraxineus to extend
infections from leaves into woody tissues, but this ability has also been regarded as an
epidemiological dead end for the fungus because stem infections do not contribute to
465 apothecia formation and onward transmission (Gross et al. 2014; Margais et al. 2023).
Conversely, accelerated leaf abscission induced by foliar infections may facilitate a more
rapid transition into the saprotrophic phase in the litter, thereby reducing exposure to the
high canopy temperatures typical of sunny periods of southern Europe, and potentially

improving strain viability (Hauptman et al. 2011; Becans et al. 2025).

470 Severe and recurrent defoliation caused by H. fraxineus weakens infected ashes (Combes
et al. 2024), increasing their susceptibility to secondary fungal pathogens that further
accelerate decline (Chandelier et al. 2016; Benigno et al. 2023; Peters et al. 2023; Spiegel et
al. 2025). Necrotic leaf lesions can also impair photosynthetic efficiency and reduce
carbohydrate storage, which in turn further constrains photosynthesis, radial growth and

475 hydraulic function, thereby increasing the likelihood of mortality in infected trees (Klesse et
al. 2020). Consequently, the induction of strong foliar symptoms under high temperatures or
on F. ornus by the Italian isolates suggests that the evolution of phenotypic plasticity could
provide H. fraxineus with the potential to inflict damages in southern Europe comparable to
those already documented in central Europe, despite high summer temperature conditions,

480 and F. ornus presence.

Abundance of naive hosts may have prevented differentiation in aggressiveness on F.

excelsior at 22 °C between the studied H. fraxineus populations

Lygis et al. (2017) investigated the evolution of H. fraxineus aggressiveness in Europe and
485 reported high variability among isolates (also reported by Orton et al. (2019) and Kosawang
et al. (2020)), but no difference in aggressiveness between a long-established Lithuanian
population and a recently established Swiss population, the latter located at the epidemic

front at the time. Although our analysis was based on a relatively small number of isolates,
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the absence of differentiation in aggressiveness between the lItalian and Lithuanian H.
490 fraxineus populations under reference conditions (F. excelsior, 22 °C) tends to support their
findings. Under the aggressiveness—transmission trade-off hypothesis (Anderson & May,
1982), aggressiveness (also commonly referred to as virulence in the literature) is predicted
to evolve during the course of epidemics according to complex, and sometimes antagonistic
patterns (Cressler et al., 2016; Pariaud et al., 2009). A widely used conceptual framework
495 posits that high aggressiveness may be favored during the early epidemic stages, when host
availability relative to inoculum pressure is high, followed by a decline in aggressiveness as
the pathogen populations approach endemic equilibrium ((Berngruber et al., 2013; Griette et
al., 2015; Ngrgaard et al., 2019). Although this prediction has received empirical support in
various pathosystems (e.g., Berngruber et al., 2013; Fenner & Ratcliffe, 1965; Fraser et al.,

500 2014), it does not align with the findings of Lygis et al. (2017) or with ours.

The strong bottleneck undergone by H. fraxineus during its introduction in Europe, likely
coincided with a decrease in its aggressiveness against F. excelsior, in comparison with
isolates from the native range of the fungus in Japan (Gross & Sieber, 2016; Mcmullan et al.,
2018). It is plausible that the large availability of naive hosts in the introduction area rapidly
505 selected H. fraxineus isolates (Buschbom 2022) with an optimal, limited level of
aggressiveness. During its subsequent spread toward southern Europe, the average
aggressiveness of the fungus did not change, even though resistant F. ornus and
susceptible F. excelsior coexisted. Such coexistence could have favored increased
aggressiveness on susceptible hosts if resistance in F. ornus had imposed a directional
510 selective pressure on pathogen aggressiveness (Gandon & Michalakis, 2000; Soularue et
al., 2025). Nonetheless, the weak initial genetic variation in the founding H. fraxineus
population, coupled with repeated founder effects and strong genetic drift, may have further
hindered the fixation of alleles enabling the evolution of aggressiveness in such situation.
Moreover, the number of H. fraxineus genotypes infecting F. ornus trees likely remained too

515 low (Kirisits 2017) to influence the evolution of aggressiveness at a regional scale in ltaly,
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particularly given the extensive gene flow connecting European H. fraxineus populations
over large distances (Burokiene et al., 2015; Grosdidier, loos, Husson, et al., 2018b; Gross,
Hosoya, et al., 2014), and the recent establishment of H. fraxineus in this area (Luchi et al.

2016).

520 Interestingly, the higher ability of Italian isolates to induce severe symptoms on F. ornus on
the last day of the experiment may represent an early sign of H. fraxineus adaptation to this
host in northern Italy. Such H. fraxineus adaptation to F. ornus should be further investigated
in future experiments. These experiments should allow investigation of the reaction norms
for aggressiveness in relation to ash species, to determine whether (i) H. fraxineus

525 adaptation to F. ornus is confirmed and (ii) this adaptation is associated with increased
aggressiveness on F. excelsior. If confirmed, such result would mean that the co-existence
of these two ash species exerts divergent selection on H. fraxineus aggressiveness in

southern Europe, potentially leading to more severe ash dieback damage in this region.

530 Transient differentiation in thermal reaction norm of aggressiveness suggests thermal
adaptation in H. fraxineus at the southern epidemic front
This is the second report of differentiation for a life-history trait among European H. fraxineus
populations. Bécans et al. (2025) found that Italian isolates had a twice higher in vitro growth
rate at 26 °C than Lithuanian isolates, as well as greater viability at temperatures above 30
535 °C. Hence, our results align with these observations. Taken together, the findings of the two
studies suggest that in vitro viability and mycelial growth are correlated with pathogen
aggressiveness, as previously proposed by Blenis et al. (1984) and reported for H. fraxineus
by Orton et al. (2019) based on leaf inoculations, although Kosawang et al. (2020) found no
relationship between in vitro growth and the lesion length caused on ash seedling stems by
540 Danish H. fraxineus genotypes.
The Italian isolates and their close ancestors have largely been exposed to warm summer

conditions, coinciding with the onset of new leaf infections (Landolt et al., 2016), than the
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Lithuanian isolates. This suggests that the lowest thermal plasticity of their aggressiveness
could result from an adaptive response of the pathogen, that has led to the selection of
545 reaction norms buffering aggressiveness under warm conditions (Eriksson et al., 2023).
Considered together, our results and those of Becans et al. (2025) strengthen the hypothesis
of thermal adaptation in H. fraxineus subsequent to the severe initial bottleneck experienced
by the European H. fraxineus population (Gross, Hosoya, et al.,, 2014; Mcmullan et al.,
2018), and potentially strong asymmetric gene flow from core populations to newly founded
550 ones. Similar patterns of differentiation consistent with thermal adaptation have been
reported in plant pathogens in recent years (e.g., Robin et al., 2017). Nonetheless,
determining the extent to which the differences between the Italian and Lithuanian reaction
norms observed here arise from selection rather than genetic drift will require genomic
analyses to quantify neutral divergence and identify trait-associated loci through genome-

555 wide association studies.

Conclusion
Our study suggests that epidemic severity and development in relation to temperature may
be slightly higher than anticipated under the warm summer conditions of southern Europe, or
560 despite the presence of F. ornus. These findings highlight the importance of precisely
accounting for the evolution of pathogens response to environmental variation when
assessing disease risk. Future experiments including more extensive sampling within each
site would allow the characterization of additional individual reaction norms for each H.
fraxineus population, thereby increasing statistical power. Future research should also
565 investigate the evolution of plasticity in aggressiveness components across a broader
environmental range incorporating other environmental factors, such as humidity, that may

interact with temperature and host resistance (Sturrock et al., 2011).
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605 Table 1: Characteristics of sampling sites of the two studied Hymenoscyphus fraxineus
populations. Temperature conditions were estimated by Wordclim for 2010-2019 (v2, Fick &
Hijmans, 2017). For each sampling site, values correspond to the spatial mean across all
raster grid cells located within a 20-km radius around the focal coordinates. MAT: mean
annual temperature, Mean ST: mean summer temperature, Var ST: variance of summer

610 temperature at each sampling site. The black cursor indicates Estonia, where the first
evidence of H. fraxineus presence in Europe was found (Agan et al., 2023). The blue star
represents the Lithuanian site, and the red star represents the lItalian site.

Lithuanian site Italian site
Coordinates 54.8284 N; 44.0514 N; .
241013 E 10.8430 E Q
Elevation 62m 844m ¥ :
MAT 6.56 10.05 : *
Mean ST 15.3 17.3
Var ST 5.24 3.86 o
Presence of No Yes *
Fraxinus ornus
Year of first ash 1996 2016

dieback report
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Figure 1. Reaction norm estimates for lesion length (cm) (a, b), symptom occurrence (c, d), and
symptom severity (e, f) for two Hymenoscyphus fraxineus populations in response to temperature
(left column) and host species (right column), on day 42 after inoculation. Thin lines represent
individual reaction norms, estimated from three replicates per isolate and modality. Thick lines
represent the mean reaction norm for each population. Large dots represent the mean estimate value
for each population. Error bars indicate 95% confidence intervals of the mean.
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Figure 2. Estimated trait values and plasticity in relation to temperature for lesion length (cm) (a, b,
¢), symptom probability (d, e, f), and severe symptom probability (g, h, i), from day 14 to day 63
post-inoculation, in two Hymenoscyphus fraxineus populations (red: Italy, blue: Lithuania). The first
column (a, d, g) shows the temporal variation of estimated trait values under the reference condition
(22°C), these values correspond to the intercept estimates of the reaction norms. The second column
(b, e, h) shows the temporal variation of estimated trait values under the treatment condition (26°C),
and the third column (c, f, i) shows the temporal variation of the estimated slopes of the reaction
norms. Each point represents the mean of isolate-level estimates, based on 15 fungal isolates per
population, with three replicates per isolate and condition. Error bars indicate 95% confidence
intervals.
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Figure 3. Estimated trait values and plasticity in relation to ash species for lesion length (cm) (a, b,
¢), symptom probability (d, e, f), and severe symptom probability (g, h, i), from day 14 to day 63
post-inoculation, in two Hymenoscyphus fraxineus populations (red: Italy, blue: Lithuania). The first
column (a, d, g) shows the temporal evolution of estimated trait values under the reference
condition (Fraxinus excelsior), these values correspond to the intercept estimates of the reaction
norms. The second column (b, e, h) shows the evolution of estimated trait values under the
treatment condition (Fraxinus ornus), and the third column (c, f, i) shows the evolution of the
estimated slopes of the reaction norms. Each point represents the mean of isolate-level estimates,
based on 15 fungal isolates per population, with three replicates per isolate and condition. Error bars
indicate 95% confidence intervals.
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