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Introduction

Pedunculate oak (Quercus robur L.) is a major tree species 
in European forests and one of the few that might benefit 
from climate change (Scharnweber et al. 2011; Dyderski et 
al. 2018; Wessely et al. 2024). Based on species distribu-
tion models, this species is considered a “winner” in Cen-
tral European forests and is likely to gain new growth areas 
(Dyderski et al. 2018; Wessely et al. 2024). Although Q. 
robur is an important forest species in Europe and a model 
tree for genetic studies, surprisingly little is known about the 
disease resistance of this species (Bartholomé et al. 2020).

Quercus robur interacts with a diverse range of organ-
isms, including numerous pests and pathogens (Jakuschkin 
et al. 2016). Among oak species, it is particularly suscepti-
ble to infection by multiple powdery mildew species (Mou-
gou et al. 2008; Bartholomé et al. 2020), with Erysiphe 
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Abstract
Oak powdery mildew, caused by Erysiphe alphitoides, is a widespread disease that affects oaks. We aimed to understand 
the complex interactions between extrinsic (environmental) and intrinsic (provenance) factors that influence the infection 
rate of E. alphitoides on Quercus robur seedlings. In a common garden controlled water experiment, we investigated 
the natural infection rate of E. alphitoides considering factors such as oak provenance, soil moisture availability, and the 
seedlings’ location in the microenvironment. We examined infection rates on first- and second-flush leaves, assessed oak 
gas exchange responses (net photosynthesis, transpiration, and stomatal conductance) to powdery mildew infections, and 
evaluated stomatal size and density as a potential pathway for pathogen entry. Our results showed that different factors 
influence first and second-flush leaf infection rates. First flush infections were milder, primarily depending on provenance 
(an intrinsic factor), with early leaf development correlating with lower infection rates. Second flush leaf infections in 
summer were more severe, driven by extrinsic factors such as the microenvironment and water availability, with spore 
dispersal influenced by prevailing wind direction. We observed a significant effect of E. alphitoides on photosynthesis, 
along with reduction in infection rates under drought. This suggests that stomatal closure—reflected in reduced stomatal 
conductance—under drought stress may prevent pathogen penetration. Moreover, our results suggest that stomatal closure 
itself, rather than the size of the stomatal pore, may play a more critical role in limiting pathogen entry. Further assessment 
of biochemical defenses in drought-stressed seedlings could help clarify if additional mechanisms are involved.
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alphitoides (Griffon & Maubl.) U. Braun & S. Takam. (syn. 
Microspharella alphitoides; Erysiphaceae, Helotiales, Leo-
tiomycetidae, Leotiomycetes, Pezizomycotina, Ascomycota) 
being the prevailing and globally distributed powdery mil-
dew species (Limkaisang et al. 2006). Numerous studies on 
genetic analysis strongly suggest that the pathogen Erysiphe 
alphitoides originated in Asia and has since spread across 
Europe, affecting Q. robur populations (Takamatsu et al. 
2007; Bartholomé et al. 2020).

Oak powdery mildew attacks young, developing leaves 
in spring and summer, making the young regeneration sus-
ceptible (Mougou et al. 2008). The infection process begins 
in early spring when sexual spores, known as chasmothecia, 
are released and infect oak leaves. Throughout the growing 
season, the pathogen produces asexual spores, or conidia, 
leading to multiple generations of the disease. The infec-
tion levels of oak powdery mildew are influenced by the 
leaf flush identity, with the highest infection observed on 
leaves from the second flush (Gaytán et al. 2022). The sus-
ceptibility of leaves to powdery mildew varies with their 
developmental stage. Developing leaves are more suscep-
tible than mature ones, which explains why leaves from the 
first flush often escape infection due to lower spore loads in 
early spring (Gaytán et al. 2022). As the season progresses, 
spore loads increase, leading to higher infection levels on 
the second flush. Infected leaves produce abundant conidia, 
which facilitate the infection of subsequent leaf flushes 
and contribute to pathogen dispersal. Following conidial 
deposition on the leaf surface, the pathogen attaches, pen-
etrates the host cuticle and cell wall, and initiates infection. 
E. alphitoides can penetrate directly or through stomata, 
forming specialized structures known as appressoria, which 
aid in invasion (Hückelhoven 2005). These hook-shaped 
appressoria develop on the epidermal surface, while fungal 
germ tubes use enzymatic and mechanical forces to breach 
the host cell wall (Panstruga and Schulze-Lefert 2003). 
Once inside, the pathogen establishes haustoria—special-
ized feeding structures—that extract nutrients from living 
cells to sustain fungal metabolism (Desprez-Loustau et al. 
2011; Vaštag et al. 2022).

Although E. alphitoides rarely kills its hosts (Skwarek‐
Fadecka et al. 2022), it significantly impacts tree growth 
and physiology. Infected trees experience nutrient depletion 
(Hewitt and Ayres 1976), stunted growth, and altered gas 
exchange, though reports on the extent of these effects vary 
(Hajji et al. 2009). Hewitt and Ayres (1976), reported a 50% 
reduction in net photosynthesis, whereas Hajji et al. (2009) 
found that E. alphitoides had a relatively minor impact on 
gas exchange, causing only a 20–30% reduction in stomatal 
conductance and minimal effect on whole-plant transpira-
tion. Instead, its most significant consequence was a severe 

reduction in leaf lifespan, potentially leading to decreased 
carbon uptake over the growing season (Hajji et al. 2009).

In addition to uncertainties regarding the physiological 
effects of E. alphitoides, there is also considerable debate 
about the role of moisture in disease development. While 
powdery mildew is generally considered a xerophilic fungal 
parasite (Marçais and Desprez-Loustau 2014), oak powdery 
mildew epidemics are rarely linked to dry years, and some 
studies even suggest that its outbreak in the early twenti-
eth century may have been associated with unusually wet 
conditions (Marçais and Desprez-Loustau 2014). These dis-
crepancies highlight the need for further research into the 
interactions between host susceptibility and environmental 
factors on E. alphitoides infection under natural conditions.

Recent findings by Bartholomé et al. (Bartholomé et al. 
2020) on genomic resistance in half-sibs of Q. robur indi-
cate that resistance to E. alphitoides is likely heritable trait, 
offering potential for breeding disease-resistant Q. robur 
genotypes. However, critical knowledge gaps remain. The 
extent to which provenance-specific resistance, potentially 
driven by differences in leaf phenology and temporal mis-
matches with fungal spore dispersal, contributes to infection 
rates is not well characterized. Furthermore, the interactions 
between intrinsic -provenance specific factors and extrinsic 
-environmental conditions, require further investigation.

Here, we examined both intrinsic factors, such as prov-
enance, and extrinsic factors, including soil moisture 
availability and microenvironmental conditions, to bet-
ter understand their combined influence on E. alphitoides 
infection. Specifically, we assessed the natural infection rate 
in Q. robur seedlings under soil moisture controlled forest 
conditions, focusing on key physiological responses such as 
net photosynthesis, transpiration, and stomatal conductance. 
Given previous reports suggesting that first and second flush 
leaves differ in susceptibility to E. alphitoides, we incor-
porated this aspect into our study. Additionally, we inves-
tigated leaf stomatal morphology (e.g. size) as a potential 
pathway for fungal penetration, exploring its role in infec-
tion susceptibility.

More specifically, we targeted the following questions: 
(1) What is the relative importance of intrinsic and extrinsic 
factors and their interaction on the infection severity of first 
and second flash leaves? (2) To what extent does pathogen 
infection affect photosynthesis, and if so, is E. alphitoides 
infection associated with stomatal conductance (as a proxy 
for stomatal openness), stomatal and pore areas, and soil 
moisture?

By addressing these questions, this study aims to pro-
vide new insights into the complex interactions between 
oak provenances, environmental factors, and physiological 
traits that shape oak resistance to powdery mildew.
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Methods

Plant material

Oak seeds were collected from seven provenances rang-
ing from 44°N latitude to 54°N (from Croatia to northern 
Poland), representing different geographical and natural 
growing conditions (Fig.  1; Supplementary materials Fig. 
S1). The seeds were sown in spring 2021, and the experi-
ment was conducted in 2022. Seedlings were grown in indi-
vidual 5-L pots filled with a substrate consisting of 83–85% 
peat and 12–15% perlite, deacidified with dolomite to 
achieve a pH of 6.5. A slow-release fertilizer (OSMOCOTE 
3 M 12–6-6) was added at a dosage of 1.5 g l−1.

The experiment was established in the edge of forest 
gap (20 × 30 m). The potted seedlings were placed on a flat 
surface covered with a 3 cm high geogrid, allowing water 
drainage but preventing the soil from waterlogging. The 
experimental area was covered with transparent PCV sheets 

to control irrigation and prevent access to rainwater. The 
meteorological conditions including irradiance under PCV 
sheet are provided in the repository (Niemczyk 2025).

A total of 530 oak seedlings were tested in the trial and 
were equally divided into plots. The trial area was divided 
into six blocks, each with three plots. The seedlings were 
randomly placed within the plot area. Each plot repre-
sented a specific irrigation regime: control, water deficit, 
and drought (no irrigation). In the control treatment, the 
volumetric soil water content (VWC) was maintained at an 
optimal level of approximately 0.25–0.30 m3m−3, serving as 
the reference for the water deficit treatment, which received 
50% of the irrigation amount applied in the control. Each 
seedling (pot) was equipped with an individual drip irriga-
tion system, with irrigation doses programmed separately 
for all three treatments using the Hunter NODE-BT appli-
cation. Soil microclimate monitoring was carried out using 
a network of Decagon Em50 data loggers with 5TE sen-
sors placed approximately 7  cm below the soil surface in 

Fig. 1  Top: Experimental design showing soil water treatments and a 
wind rose indicating the dominant wind direction relative to the geo-
graphical location of the common garden. Seeds locations (map) of the 
tested Q. robur provenances. MŁY – Młynary, OŁA – Oława, BRZ 
– Brzeg, BAR – Bardo, NIE – Niepołomice, OLE – Oleszyce, KOŁ – 

Kołaczyce, HRV – Croatia Bottom left: Soil volumetric water content 
(VWC) under different irrigation regimes: optimal (control), water def-
icit (50% of optimal irrigation), and drought. Bottom right: Overview 
of measurements and observations conducted during the experiment
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block (blocks I, III, and V were used for the measurements). 
These four provenances were selected to represent maxi-
mum geographical distances of seed sources and climatic 
distinctiveness of seed source environments. This selection 
was validated through a priori climatic clustering analysis 
(data not shown).

The gas exchange measurements were carried out on 64 
seedlings per provenance (for KOL, MLY and BRZ) and 
9 for HRV so that a total of 171 seedlings were measured. 
The measurements were carried out between 9:00 and 15:00 
using a portable photosynthesis system (Li-Cor 6800; Li-
Cor Inc.) equipped with an integrated fluorescence chamber 
head of 6 cm2 aperture. The measurements of gas exchange 
were performed on the uppermost expanded leaf. We estab-
lished a saturation light intensity of 1000  µmol m2  s⁻1. 
Photosynthetically active radiation was provided using a 
light spectrum composed of 90% red and 10% blue light. 
In addition to light parameters, the following standardized 
conditions were maintained within the measurement cham-
ber: leaf temperature (Txchg) at 25 °C, CO₂ concentration 
at 400 µmol mol⁻1, relative humidity at 60%, and an airflow 
rate of 400 µmol s⁻1. In addition, leaf-level VPD hereafter 
referred as VPD (Li-Cor 6800; Li-Cor Inc.) was simultane-
ously measured with gas exchange on each seedling. The 
soil VWC during measurements was (on average) 0.08, 
0.16, and 0.26 m3m⁻3 for the drought, water deficit, and con-
trol treatments, respectively. The VPD was 1.42 kPa, and 
the air temperature was 25.04 °C. The detailed gas exchange 
protocol is described in Niemczyk et al. (2024).

Stomatal measurements

After visual observations of the appearance of pathogens, 
leaves from 35 seedlings were sampled to measure sto-
mata characteristics on FF and SF leaves. To maintain the 
long-term research potential of this study, we limited the 
destructive sampling required to nine seedlings per prov-
enance being analyzed across three soil moisture treat-
ments, with one fewer seedling from the HRV provenance, 
ensuring a minimal yet robust sample size. The micro-relief 
method (replicate) was used to assess stomatal density (SD). 
Impressions were taken from the abaxial (lower) epidermis 
using colorless nail polish. All impressions were fixed on 
glass slides and examined and photographed under a light 
microscope (Zeiss microscope Primo Star with internal HD 
camera, Jena, Thuringia, Germany) at 40 × magnification. 
At least three images of each leaf were taken randomly and 
extrapolated to the total number of stomata per 1 mm2. The 
microscope images were analyzed using StomataCounter 
(Fetter et al. 2019). Each microscopic image was analyzed 
individually to avoid errors in stomata identification and 
counting. The stomatal area (including guard cells) and 

randomly selected pots in each block. The soil volumetric 
water content from soil monitoring was provided in the 
Fig. 1.

All pots were watered evenly before the start of the 
trial in the same manner as in control treatment (VWC 
was maintained at 25–30%). The experiment started on 30 
May after the water treatments had been set up accordingly 
(optimal, deficit, and drought). The soil moisture condi-
tions were strictly controlled thought the experiment while 
the seedlings were naturally infected with E. alphitoides 
as many trees in the surrounding stand were diseased, and 
the pressure of the natural inoculum was high, as shown by 
the numerous natural infections in the vicinity of the oaks. 
Observations and measurements were made in the last week 
of July and the first week of August 2022, when VWC 
dropped below 10% in the drought treatment (Fig. 1).

Observation of leaf phenology and the infection 
rate by E. alphitoides

The phenology of leaf development was observed on May 
12, 2022, using a scale from 1 to 5, where 1 indicates dor-
mant winter buds and 5 represents fully expanded leaves 
(Scale values: 1 dormant winter bud; 2 buds expanding; 3 
bud-burst (first green is visible); 4 leaves are flushing; 5 
leaves are fully expanded; according to TREES4FUTURE 
protocol (de Cuyper et al. 2011)).

The infection rate of E. alphitoides on Q. robur seed-
lings was assessed in late July by separately evaluating 
spring leaves from the first budding phase (first flush, FF) 
and summer leaves from the proleptic second phase (sec-
ond flush, SF). For each flush, the percentage of leaf area 
infected was visually estimated across all leaves within the 
flush, using a scale from 0% (no visible infection) to 100% 
(complete leaf surface coverage). Evaluation was conducted 
at the flush level to enable comparative analysis of infection 
patterns between older (FF) and younger (SF) foliage. To 
avoid biases, the same person (TW) made observations all 
530 seedlings.

Gas exchange

Gas exchange measurements, including photosynthesis, 
transpiration and stomata conductance, were recorded in the 
last week of July when soil moisture dropped below 10% 
VWC in the drought treatment compared to 20—30% in 
the water deficit and control treatments (30–35%). To opti-
mize the time and ensure the stability of the measurement 
conditions, while maintaining representativeness of both 
microenvironmental conditions and variability of prov-
enances, we decided to carry out the measurements on four 
provenances in only three blocks and to omit every other 
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sum of squares of type III (orthogonal) to determine the sig-
nificance of these effects. The coefficient of determination 
(R2) was used to measure the model’s goodness of fit (Nak-
agawa and Schielzeth 2013), while the partial Eta squared 
(η2) was used to describe the effect sizes (Richardson 2011). 
Post-hoc comparisons within factors were analyzed using 
the Tukey’s honestly significant difference (HSD) test 
(Kramer 1956).

All statistical analyses were performed using the Statis-
tica 13.0 statistical package (“TIBCO Software Inc. 2017).

Results

Infection rate as a function of extrinsic and intrinsic 
factors

The GLM for infection rates of E. alphitoides on Q. robur 
FF leaves found significant effects from provenance, block, 
and a block × soil moisture treatment interaction (Table 1). 
The GLM for SF leaves demonstrated significant effects 
for all factors (Table 1). The only interaction between the 
provenance and treatment showed no significant effect. It 
is also worth noting that in FF leaves, the highest effect 
size, expressed as partial eta-squared, was observed for 
the intrinsic factor of provenance (5.0%) and the extrinsic 
block effect (8.6%). In contrast, in SF leaves, extrinsic fac-
tors such as block (16.9%) and treatment (18.6%) had a 
greater influence on infections than the intrinsic factor of 
provenance (3.1%).

The Bardo (BAR; S-W mountain provenance) had the 
lowest infection rate in FF leaves at 7.1%, while Kołaczyce 
(KOŁ; S-E mountain provenance) had the highest at 16.3% 
(Fig. 2). The non-parametric correlation between the pheno-
logical phase of leaf development and infection rate showed 
a strong, negative correlation, suggesting that provenances 
that develop earlier in spring are less infected by E. alphitoi-
des (Kendall’s tau, p = 0.041).

The infection rate on the SF leaves clearly exceeded that 
of the FF leaves, with the different provenances showing 
significant susceptibility to E. alphitoides. Oława (OŁA; 
56.33%), Brzeg (BRZ 59.20%), and Niepołomice (NIE 
60.51%), which grow naturally under the mildest climatic 
conditions among tested provenances in Poland, had the 
lowest infection rates, while Bardo (BAR; 71.30%) had the 
highest infection rate, which contrasts with the spring infec-
tion rate on this provenance, however the Tukey HSD test 
did not show significant differences between provenances in 
SF leaves (Tukey test; p < 0.05) (Fig. 2).

The arrangement of blocks in relation to wind direction 
revealed a trend of increasing infection rates from west to 
east, which was minor for FF leaves but more pronounced 

stomatal pore area were measured using StoManager1 soft-
ware developed by Wang et al. (2023). StoManager1 uses 
convolutional neural networks to identify and count sto-
mata, separating the guard cell from the pore while measur-
ing length, width, and area (Wang et al. 2023).

Statistical analysis

A General Linear Model (GLM) was used to analyze the 
differences in infection rates as a function of intrinsic and 
extrinsic factors. The models were constructed separately 
for leaf infections at the first flush in spring (FF) and the 
second flush in summer (SF), with provenance, treatment, 
blocks, and the interaction between factors as fixed effects. 
Blocks were treated as fixed effects to account for micro-
environmental differences and their specific locations along 
the west–east gradient. Additionally, the non-parametric 
correlation between the phenological phase of leaf develop-
ment and infection rate was analyzed using Kendall’s tau 
test.

Infection rate was analyzed using a generalized additive 
model (GAM), with stomatal conductance and soil volumet-
ric water content (VWC) as predictor variables. Block and 
provenance effects were included as quantitative variables. 
GAMs are particularly well-suited for modeling complex 
ecological processes, as they do not assume a priori any spe-
cific form of a relationship between the dependent variable 
and covariates, and apply non-parametric smoothers to each 
predictor independently, providing a more nuanced under-
standing of environmental influences (Guisan and Zimmer-
mann 2000) on infection rates. For the normally distributed 
response data, we applied a logarithmic link function and 
evaluated model performance using the coefficient of deter-
mination (R2).

Gas exchange characteristics were also subjected to 
GLMs. These models used quantitative data from vapour 
pressure deficit (VPD) and infection rates as covariates. 
Stomatal traits were also analyzed with general GLMs to 
compare morphometric traits in FF and SF leaves between 
different provenances, treatments, and blocks. We used the 

Table  1  Results of GLM of E. alphitoides infection rate for spring 
(first) flush (FF) and summer (second) flush (SF) leaves depending 
on oak provenance, block and soil moisture treatment [drought, water 
deficit, and control (optimal irrigation)]

FF SF
Variable Df P-value η2

p
P-value η2

p

Provenance 7 0.001 5.0 0.031 3.1
Block 5  < 0.001 8.6  < 0.001 16.9
Treatment 2 0.304 0.5  < 0.001 18.6
Provenance × Treatment 14 0.690 2.2 0.565 2.5
Block × Treatment 10  < 0.001 8.6  < 0.001 6.5
Bolded values denote statistically significant results at α ≤ 0.05

1 3

Page 5 of 13      1 



European Journal of Forest Research           (2026) 145:1 

effect on SF leaf infection rates. Specifically, the drought 
treatment resulted in a significantly lower infection rate in 
oak leaves, whereas in the control and water deficit treat-
ments oak’s leaves showed similar, higher infection rates 
(Tukey test; p < 0.05) (Fig. 3).

for SF leaves (Fig. 3). Seedlings in block 6, located at the 
westernmost end, showed the lowest infection rate (44.52%), 
while seedlings in block 1, the easternmost, exhibited the 
highest (72.28%). This pattern was statistically supported 
by the Tukey HSD test (p < 0.05), which indicated signifi-
cantly lower infection rates in the western blocks (5–6) 
compared to the more easterly blocks (1–4) (Fig. 3).

However, this spatial pattern was influenced by the soil 
water treatments. Soil moisture levels had a significant 

Fig. 3  Effects of block location and soil moisture treatment on infec-
tion rates — Mean infection rates (± standard errors) of E. alphitoides 
in blocks for first flush (FF, left) and second flush (SF, right) leaves. 
The horizontal E–W line indicates the dominant wind direction at the 

study site. Different capital letters indicate statistically significant dif-
ferences between soil moisture treatments, while lowercase letters 
denote significant differences between blocks (Tukey test; p < 0.05)

 

Fig. 2  Provenance effect upon the E. alphitoides Infection rate – mean values ± standard errors of E. alphitoides in blocks for first (left) and second 
(right) flush leaves across all blocks (study sites). Different letters denote statistically significant differences (Tukey test; p < 0.05)
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responses was also observed for stomatal conductance. The 
transpiration rate was also treatment-dependent. The high-
est transpiration rate was recorded in the control treatment. 
In contrast, the lowest transpiration was observed in drought 
conditions, indicating that the seedlings close their stomata 
(Fig. 5).

Stomatal characteristics

The GLM demonstrated statistically significant differences 
in stomata density for all factors (Table 3). The higher sto-
mata density was stated for SF leaves than for FF leaves. 
Regarding intraspecific variation, the highest stomata den-
sity for both FF and SF leaves was stated for Kołaczyce 
(KOŁ) while the lowest for Croatian provenance (HRV) 
(Fig.  6). Also soil moisture treatment influenced stomata 
density indicating differences between drought treatment 
and the remaining treatments in FF leaves, while for SF 

Photosynthesis, transpiration, and stomatal 
conductance on infected leaves in different water 
regimes

GAM explained 53.2% of the variation in powdery mildew 
infection rates (R2 = 0.532) and showed a significant influ-
ence of both soil moisture (p = 0.041) and stomatal con-
ductance (p < 0.001) on the severity of infections (Fig. 4). 
Consequently, in the GLMs for gas exchange parameters, 
infection rate was included as a covariate. The soil moisture 
treatment was the main factor affecting the photosynthetic 

rate in the GLMs (η2
p ≈ 36%). Both covariates, it means, 

infection rate and VPD also showed significant effect on 
seedling photosynthesis (Table 2).

Drought caused a significant decrease in seedling net 
assimilation compared to the control and water deficit treat-
ments (Tukey test, p < 0.05). A similar pattern of seedling 

Table 2  Results of GLM for net assimilation (A), transpiration (E), and stomatal conductance (gs) in relation to intrinsic and extrinsic predictors
Variable Df A E gs

p η2
p

p η2
p

p η2
p

Block 2 0.837 0.2 0.090 2.9 0.06 3.4
Provenance 3 0.486 1.5 0.600 1.1 0.597 1.1
Soil moisture treatment 2  < 0.001 36.8  < 0.001 36.5  < 0.001 34.8
Provenance × soil moisture treatment 6 0.289 4.4 0.741 2.1 0.683 2.4
VPD leaf 1 0.006 4.6 0.310 0.6 0.002 5.7
E. alphitoides 1 0.001 7.0 0.001 6.2 0.002 5.8
VPD and infection rate of E. alphitoides were included as covariates in the analysis. Bolded values denote statistically significant results at α 
≤ 0.05

Fig.  4  Spline curves from the generalized additive model (GAM) 
showing the partial effects of stomatal conductance (gs; representing 
stomatal openness) and soil volumetric water content (VWC) on the 
infection rate of E. alphitoides on the leaves where gas exchange was 

measured. The solid lines represent the estimated smooth effect of 
each predictor on infection rate after adjusting for the other variable. 
The points represent the corresponding partial residuals (i.e., observed 
infection rates adjusted for other predictor)
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Table 3  Results of the GLMs for stomatal traits: stomatal density and stomatal pore area
Variable Df Stomatal density Stomatal pore area

p-value η2
p

p-value η2
p

p-value η2
p

p-value η2
p

FF SF FF SF
Block 2  < 0.001 55.7  < 0.001 68.2 0.025 17.3 0.035 17.7
Provenance 3  < 0.001 38.6  < 0.001 58.7 0.214 6.5 0.002 21.4
Soil moisture treatment 2  < 0.001 40.6  < 0.001 27.8 0.004 15.7 0.070 8.5
Provenance × Soil moisture treatment 6  < 0.001 62.2  < 0.001 31.9 0.122 13.8 0.943 2.7
Idnividual(bxpxt) 17  < 0.001 67.6  < 0.001 82.8 0.015 35.4 0.008 38.9
Bolded values denote statistically significant results at α ≤ 0.05

Fig.  6  Stomatal density, represented by a subset of the provenances 
and the soil moisture treatment (drought, deficit, control) for FF—first 
flush and SF—second flush. Different capital letters denote significant 

difference between soil moisture treatments, while lower case letters 
denote differences between provenances in Tukey HSD test (p < 0.05)

 

Fig. 5  The mean values ± standard errors of gas exchange parameters. From the left: net assimilation (A), transpiration (E), stomata conductance 
(gs) in relation to provenance and treatment. Different capital letters denote significant difference between blocks in Tukey HSD test (p < 0.05)
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which pathogen infection affects photosynthesis and how E. 
alphitoides may enter the host plant.

Importance of intrinsic and extrinsic factors and 
their interaction on the infection severity of first 
and second flash leaves

Results of GLMs revealed that different factors contribute 
to the infection rates of first and second flush leaves. First 
flush leaf infections in spring were less severe and primarily 
dependent on provenance (an intrinsic factor). In contrast, 
second flush leaf infections in summer were more severe 
and strongly influenced by extrinsic factors such as the 
microenvironment (spatially influenced by location in the 
study area—block) and soil water availability (treatment), 
with intrinsic factors playing a minor role. This pattern 
may arise from the pathogen timing of ascospore produc-
tion from chasmothecia, which serve as the primary inocu-
lum for annual epidemics (Faticov et al. 2020; Gaytán et 
al. 2022). Ascospore production usually occurs 30–50 days 
after the budburst of the first oak flush, allowing the first 
flush to escape infection. Indeed, intraspecific variation in 
bud flush development played a role in infection rates. A sta-
tistically significant non-parametric correlation, indicated 
that provenances with faster bud development in spring had 
lower infection rates (FF leaves), which suggests that faster-
developing leaves of provenances escaped peak ascospore 
abundance and avoided heavy infections. This is supported 
by previous studies that older leaves are more resistant to E. 
alphitoides infections (Marçais and Desprez-Loustau 2014). 

leaves the stomata under drought and water deficit were 
more densely distributed in comparison to the stomata den-
sity on oak’s leaves in control treatment. The statistically 
significant differences between soil moisture treatments, 
and provenance are presented in Fig. 6, while for blocks in 
Fig. S2 (supplementary materials).

The GLM for stomatal pore area showed statistical sig-
nificance for treatment and provenance and block. However, 
it is important to note that we stated large variation within 
individual seedling (large η2

p=35–39%) in stomatal pore 
area. The other factors had smaller effect sizes (denoted as 
η2

p) (Table  3). The southernmost provenance, HRV, had a 
significantly larger stomatal pore area on SF leaves com-
pared to the northernmost provenance, Młynary (MŁY). In 
contrast, no clear pattern in stomatal pore area was observed 
in relation to soil moisture treatments (Fig. 7) or block loca-
tion (Fig. S3 Supplementary materials).

Discussion

Our study provided insights into how intrinsic factors, such 
as the provenance of Quercus robur, and extrinsic fac-
tors, including soil moisture content and the location of 
seedlings relative to wind direction (block), influence the 
extent of E. alphitoides infection on one-year-old seedlings. 
By examining stomatal and pore areas and gas exchange, 
particularly stomatal conductance—which may serve as a 
proxy for stomatal openness—we shed light on the extent to 

Fig. 7  Stomatal pore area as a function of provenance (FF – first flush; 
SF – second flush) and soil moisture treatment (drought, deficit, con-
trol). Different capital letters denote significant difference between 

soil moisture treatments, while lower case letters denote differences 
between provenances in Tukey HSD test (p < 0.05)
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the role of environmental stress in modulating host–patho-
gen interactions.

Effects of E. alphitoides infection on photosynthesis: 
Associations with stomatal conductance, stomatal 
and pore areas, and soil moisture

Changes in gas exchange and stomatal characteristics could 
at least partially explain the observed relationship between 
soil water availability and second flush infection rates. 
Notably, we found a significant dependence of powdery 
mildew infection rate and soil moisture, and stomatal con-
ductance. Furthermore, consistent with Hajji et al. (2009), 
our results confirmed that E. alphitoides negatively impacts 
host gas exchange, leading to reduced carbon assimilation 
and stomatal conductance. It is also well documented that 
drought-stressed plants close their stomata in response to 
water limitation (Farquhar and Sharkey 2003; Koller et al. 
2013; Pirasteh-Anosheh et al. 2016; Martin-StPaul et al. 
2017; Tominaga et al. 2018; Buckley 2019; Salmon et al. 
2020; Wang et al. 2022). While drought had the dominant 
effect on photosynthesis, stomatal conductance, and tran-
spiration, it remains unclear whether these physiological 
changes directly contribute to reduced infection rates or 
if other factors are involved. Two non-mutually exclusive 
mechanisms could potentially explain the observed decrease 
in infection rates under drought conditions: (1) Stomatal 
Closure as a Physical Barrier: Given that E. alphitoides may 
invade throuxsgh the stomata, it is plausible that drought-
induced stomatal closure restricts pathogen entry, thereby 
reducing infection rates. However, the extent to which this 
mechanism alone accounts for the observed pattern requires 
further investigation. (2) Carbohydrate Redistribution and 
Metabolic Shifts: Mild drought stress is known to alter car-
bohydrate metabolism, often leading to reductions in starch 
and sucrose concentrations while increasing glucose and 
fructose levels (Épron and Dreyer 1996). These shifts con-
tribute to osmotic adjustment. However, under prolonged 
and severe drought, carbon starvation could occur (McDow-
ell et al. 2008, 2022; Dai et al. 2018; He et al. 2020; Li et 
al. 2020; Chuste et al. 2020; Barker Plotkin et al. 2021), 
which might have consequences similar to E. alphitoides 
infection—both processes depleting carbohydrates in the 
growing points of seedlings. Additionally, in oak mildew, 
fructose and glucose are transferred from the host to fun-
gal cells, where they are converted into polyols and treha-
lose (Hewitt and Ayres 1976). If drought-stressed seedlings 
have altered carbohydrate profiles, they might represent a 
less favorable resource for the pathogen, but this remains 
speculative.

As our study showed, stomatal density was higher in sec-
ond flush (SF) leaves than in first flush (FF) leaves, which 

However, this early development does not guarantee success 
for the subsequent buds regarding E. alphitoides infections. 
Marçais & Desprez-Loustau (Marçais and Desprez-Loustau 
2014) observed that seedlings that produce multiple shoot 
flushes are more susceptible to infection if their foliage 
emerges under conditions of high inoculum availability, 
which can lead to severe powdery mildew infection. Indeed, 
we did not find any single provenance with a significantly 
lower infection rate (more resilient) to E. alphitoides on 
both first and second flush leaves. Increased spore availabil-
ity in the mid-season made the second flush more suscepti-
ble, consistent with research by Marçais & Desprez-Loustau 
(Marçais and Desprez-Loustau 2014). The synchronization 
of spore release by Erysiphales fungi with the abundance 
of host leaf tissue following spring highlights the impor-
tance of both leaf age and season on infection rates (Mar-
çais and Desprez-Loustau 2014; Bartholomé et al. 2020) 
(Desprez-Loustau et al. 2011; Hajji et al. 2009; Marçais & 
Desprez-Loustau 2014; Mougou-Hamdane et al., 2010). 
Provenance-dependent bud development plays a significant 
role in the infection of first flush leaves, as it is synchronized 
with the release of the pathogen’s sexual spores. However, 
this factor has a minor influence on infection rates when 
abundant asexual spores are present in mid-season. These 
findings broaden the context of powdery mildew infec-
tions and suggest that, although the genetic background of 
provenances is important, its impact is somewhat limited 
by extrinsic factors. Nevertheless, a study by Bartholomé 
et al. (2020) indicates a strong genetic basis and heritability 
in powdery mildew resistance, identifying candidate genes 
coding for pseudo-response regulators (PRRs). Similarly, a 
recent study by (Barrès et al. 2024) points to a few candidate 
genes for several fitness-related traits.

The environmental conditions considerably influenced 
the infection rate of second flush leaves. Notably, the loca-
tion of the seedlings with respect to the wind direction 
played an important role. The lowest infection rates were 
observed in the westerly blocks (blocks 5–6), gradually 
increasing towards the easterly blocks (4, 3, 2, 1). This 
pattern is consistent with the prevailing wind direction in 
Poland. Similarly, a study by Augustin et al. (Augustin et 
al. 2005) on beech provenance trials in Germany found 
that disease incidence by Nectria canker was primarily 
influenced by proximity to diseased shelterwood and wind 
dispersal zone, while the influence of provenance was neg-
ligible. Our results suggest that wind (movement of the air) 
can influence the spore load and subsequent infection level.

Soil water availability also significantly affected second 
flush infection rates. Seedlings experiencing drought exhib-
ited substantially lower infection rates (SF) than those under 
water-deficit and control treatments. This finding highlights 
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alter host–pathogen interactions and influence the future 
epidemiology of E. alphitoides in oak populations. There-
fore, further research is needed to better understand the role 
of stomatal closure under soil drought stress in preventing 
E. alphitoides infections despite high inoculum pressure. 
Additionally, exploring the biochemical changes in drought-
stressed plants, particularly metabolic shifts, could provide 
valuable insights into the metabolic mechanisms underly-
ing altered susceptibility of oaks to E. alphitoides infections 
under drought conditions.
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may suggest a greater number of potential entry points for 
E. alphitoides to the host plant in SF leaves. However, the 
stomatal pore area was slightly smaller in SF leaves than 
in FF leaves which raises the question of whether stomatal 
size alone might play a limiting role in pathogen entry. Our 
findings suggest that stomatal closure, rather than stomatal 
pore area, may be a more critical factor in limiting pathogen 
entry. If drought-induced stomatal closure limits fungal pen-
etration, this could partially explain the lower infection rates 
observed under drought conditions. However, the relative 
contributions of stomatal density, pore size, and dynamic 
stomatal responses to E. alphitoides infection remain 
unclear and warrant further investigation.

Future studies could explore whether stomatal behavior 
under varying environmental conditions influences infec-
tion success, particularly by examining real-time stoma-
tal responses to fungal presence. Additionally, assessing 
whether other structural or biochemical changes occur in 
drought-stressed seedlings could help clarify whether the 
reduced infection rates under drought result from stomatal 
closure or other/ additional mechanisms are involved.

Conclusions

Our study highlights the complex interplay between intrin-
sic and extrinsic factors in shaping the susceptibility of 
Quercus robur to E. alphitoides. We found that different sets 
of factors influenced infection rates in FF and SF leaves. 
FF leaf infections were generally less severe and primarily 
governed by provenance (an intrinsic factor), which corre-
lated with bud development timing. A significant negative 
correlation between early leaf development in spring and 
infection rates suggests that faster-developing provenances 
may escape peak ascospore abundance, thereby avoiding 
heavy infections. In contrast, SF leaf infections were more 
pronounced and largely driven by extrinsic factors. Spatial 
variation in infection severity aligned with prevailing wind 
direction (block effects) and water availability (treatment), 
while the role of intrinsic factors appeared limited.

Although our findings suggest a potential relationship 
between drought stress and reduced infection rates, the 
underlying mechanisms remain uncertain. We propose two 
possible explanations: (1) drought-induced stomatal clo-
sure may act as a physical barrier to pathogen entry, and (2) 
drought-driven shifts in carbohydrate allocation and metab-
olism may influence host–pathogen interactions. However, it 
is still unclear whether these physiological changes directly 
limit E. alphitoides infection or if other environmental and 
host-related factors contribute.

With the increasing frequency of drought events due 
to climate change, shifts in water availability are likely to 
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