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A B S T R A C T   

The canker disease caused by Diplodia corticola is one of the most important emerging pathologies of cork oak 
(Quercus suber) in western Europe. The fungus is dispersed by borer insects, although it is also thought that the 
spores can be dispersed by wind and rain. The aim of this study was to evaluate the presence of airborne 
inoculum of D. corticola in managed cork oak stands during cork harvesting season. Semi-passive spore traps were 
set in eight sampling plots in Catalonia (north-eastern Spain) in summer of 2020. Traps were replaced every week 
and the number of D. corticolas spores per sampling event was estimated based on a specific nested-qPCR pro-
tocol. Spatial-temporal distribution of airborne inoculum accumulation along sampling areas was analyzed using 
generalized additive models (GAMs). The availability of airborne inoculum resulted rather low with noticeable 
accumulation peaks in some of the sampled areas. The fitted GAM revealed a positive effect of high air humidity 
during the sampling period on the availability of spores. This study represents the first attempt to model the 
spore release of this emerging pathogen, and it provides insights for developing D. corticola canker control 
strategies based on the precise timing of cork harvesting operations.   

1. Introduction 

Cork oak (Quercus suber L.) silviculture is considered a paradigmatic 
example of multifunctionality in Mediterranean woodlands. Forest 
management of this species in the western Mediterranean Basin (mainly 
Portugal and Spain) is aimed to optimize cork production for the wine 
tap industry, insulation, synthesis of cork composites, or craft products, 
among others (Gil, 2015). This forest use is compatible with other pro-
ductive activities such as livestock rearing, hunting, firewood harvest-
ing, beekeeping, mushroom hunting, and recreation. Cork oak stands are 
managed both as savanna-like stands in the western Iberian Peninsula (i. 
e.“dehesas” in Spain, “montados” in Portugal) or as middle-density 
monospecific forests (north-eastern Spain, e.g. Catalonia) in order to 
select the most vigorous trees for productive purposes. These trees are 
first debarked when they reach a perimeter of 60–65 cm at 1.30 m of 
height, this initial cork is not useful for the wine stopper industry, and it 
usually gets low market value. Successive stripping occurs in summer 

every 9–14 years depending on climate conditions and cork growth, 
being this regeneration phellem thick enough to reach high market 
prices (especially after the third stripping) (Montero & Cañellas, 1999). 

Quercus suber forests have been facing a challenging situation for the 
last few decades. Reiterative and persistent abiotic stresses (i.e. wildfires 
and droughts) derived from changes in climate regimes (Olivera and 
Colinas, 1994), outbreaks of native pests and diseases (e.g. Lymantria 
dispar L., Coraebus undatus F.), as well as biological invasions (e.g. Phy-
tophthora cinnamomi Rands) (Moricca et al., 2016) dramatically affect 
the health status of Q. suber forests, thus reducing the vigor of the stands 
and their derived revenues (thinner or lower-quality cork planks). 
Consequently, forest owners and cork industries have growing concerns 
about disturbances that threaten the viability of this traditional and 
sustainable forest use in the middle term. 

The disease caused by the ascomycete fungus Diplodia corticola 
Phillips, Alves & Luque, also known as Botryosphaeria canker, is one of 
the most relevant emerging pathologies of Mediterranean oaks [i.e. the 
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disease has been reported in woodlands from Algeria, France, Greece, 
Italy, Morocco, Portugal, Spain and Tunisia (Mahamedi et al., 2020)]. 
This pathology has been reported in Spain since the early XXth century 
(Velaz de Medrano and Ugarte, 1922), but outbreaks of this mycosis are 
gaining attention from forest managers in the last few years. In mature 
cork oaks, the fungus colonizes the subero-phellodermic layer (i.e. 
phellogen and phelloderm) generating sooty areas clearly visible after 
debarking. These lesions develop in dark brown bleeding cankers pre-
venting cork regeneration, reducing the vigor of the tree, and making 
accessible the inner part of the tree to heart rots and wood borers. 
Moreover, this fungus causes chlorosis, wilting, and plant mortality in 
Quercus spp. seedlings (Luque et al., 2008), and has been described as an 
exotic pathogen of oaks in North America (Dreaden et al., 2011). 

The etiology of the disease is not completely known. The fungus has 
been confirmed as carried by some borer insects (i.e. Coleoptera: 
Buprestidae, Curculionidae, and Cerambycidae) but definitely by Cor-
aebus florentinus F. (Pinna et al., 2019), Platypus cylindrus F. (Muñoz- 
Adalia et al., 2022b), and Cerambyx welensii Küster (Panzavolta et al., 
2017), nevertheless its possible role as an endophytic fungus (that is, an 
organism that colonizes plant tissues without causing apparent symp-
toms) has been also suggested (Franceschini et al., 2005). One of the 
most accepted hypotheses about inoculum spreading suggests that 
spores are dispersed by wind and rain drops as reported in other 
Botryosphaeriaceae species (Kuntzmann et al., 2009), although this has 
not been demonstrated yet. In this regard, foresters tend to think that 
wind spore dissemination could be the key factor for infection devel-
opment in summer since bark stripping favors effective contact between 
airborne spores and susceptible plant tissues exposed after debarking. 

This study aimed to evaluate whether D. corticola airborne inoculum 
is present during cork harvesting season (traditionally from mid-June to 
mid-July in north-eastern Spain). In addition, we wanted to study 
whether spores release is a continuous process or if it occurs in bursts 
possibly related to weather events. The results of this study will provide 
information to predict periods of the expected abundance of inoculum, 
which will allow for planning stripping tasks in managed cork oak 
stands. 

2. Materials and Methods: 

2.1. Plot selection and spore trapping 

Eight sampling plots were set up in Catalonia (north-eastern Spain) 

in June 2020 in order to investigate the airborne inoculum of D. corticola 
availability during cork harvesting season. Sampling plots were selected 
for completely covering the distribution range of Q. suber in this region, 
including different locations, microclimate conditions, stand structures, 
and D. corticola canker infection intensities (Table 1). More specifically, 
all sampling plots of The European Network on Forest Health (level 1: 
16 × 16 km surveillance network) set in Q. suber forests in Catalonia 
were included in the study (i.e. three plots; Table 1), three additional 
stands were added according to Spanish Forest Inventory, following the 
criteria of Regional Forest Services for sampling all stand structures and 
climate suitable for Q. suber in Catalonia (i.e. plots I, III, and VIII). In 
addition, two plots (i.e. plots VI and VII; Table 1) were set in the Mu-
nicipality of Tordera (Barcelona) where previous field experiments 
focused on D. corticola etiology had been carried out (Muñoz-Adalia and 
Colinas, 2021). Severity of D. corticola canker in each plot was assessed 
by visual inspection of the plot [i.e. 100 m radius around each spore trap 
(see below)] using a qualitative scale: Low (<20% of cork oaks showing 
any symptoms of D. corticola infection), Medium (20–60% of symp-
tomatic trees), Medium-High (60–80% of symptomatic trees), and High 
(>80% of symptomatic trees)] (Table 1). 

A semi-passive spore trap (Supplementary Material S1) was installed 
in each plot. The traps consisted of a plastic plate (diameter: 14 cm) 
attached to a plastic funnel (external diameter: 25 cm) able to rotate in 
the wind by means of a plastic vane. Each trap was set up in a metal bar 
fixed to the ground (1.23 ± 0.02 m height, mean value, and standard 
error; Table 1). A 12 × 5 cm piece of oilcloth tissue was then placed on 
the plate and fixed using two wooden pegs. The surface of the oilcloth 
was covered with ~ 1 g of odorless petroleum jelly (Fagron Ibérica, 
Spain) as an extractant substance. Traps were sampled weekly (from 
17.06.2020 to 10.09.2020; first collection date in 26.06.2020; Fig. 1) in 
order to increase the probability of inoculum detection by spore accu-
mulation, even in areas with expected low prevalence of the pathogen. 
Accordingly, each oilcloth piece was removed every week and trans-
ferred to a sterile 50 mL plastic tube, then a new piece of oilcloth was 
placed in the trap and covered with petroleum jelly. Samples were stored 
at 4 ◦C until processed. 

Relative air humidity (%) and air temperature (◦C) were recorded 
each hour during the sampling period in the plots using EL-USB-2 Data 
Loggers (Lascar Electronics, UK). Data loggers were located on cork oak 
branches, kept well-ventilated, and covered by a piece of plasticized 
cardboard to avoid direct sun. Maximum, minimum, and mean records 
of air relative humidity and temperature were calculated for each period 

Table 1 
Description of sampling plots.  

Plot Location 
(Province) 

UTM coordinates Height 
(m.a.s. 
l.) 

Trap height 
(m) 

Incidence of Diplodia 
corticola** 

Plot description 

I Arbúcies 
(Girona) 

41.80506 / 
2.55770  

364.8  1.12 High Mature mixed stand of cork oaks and Pinus spp. 

II Capmany* 
(Girona) 

42.37313 / 
2.91307  

190.2  1.28 Medium-High Mature mixed stand of cork oaks and Pinus spp. Well-developed 
understory. 

III Fitor 
(Girona) 

41.91067 / 
3.09685  

226.31  1.16 Medium-High Mature cork oak stand with sparse understory 

IV Pals* 
(Girona) 

41.96365 / 
3.15300  

41.9  1.25 Low Pinus spp. stand with the presence of Q. suber of different ages. Well- 
developed understory 

V Sant Feliu de 
Buixalleu* 
(Girona) 

41.78989 / 
2.58350  

375.8  1.26 High Irregular stand of cork oak with well-developed understory 

VI Tordera 1 
(Barcelona) 

41.71646/ 
2.68003  

58.69  1.30 Medium Low density mature cork oak stand (almost savanna-like distribution 
of trees) 

VII Tordera 2 
(Barcelona) 

41.69946/ 
2.65492  

195.5  1.26 Low Mature cork oak stand. Well-developed understory 

VIII Tordera 3 
(Barcelona) 

41.67530 / 
2.65820  

144.6  1.17 Medium Young cork oak stands with well-developed understory  

* Plots included in The European Network on Forest Health (level 1). 
** Severity of D. corticola canker visually assessed according to a qualitative scale [Low (<20% symptomatic cork oaks), Medium (20–60%), Medium-High (60–80%), 

and High (>80%)]. 
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between consecutive sampling events (Hrpmax, Hrpmin, Hrpm, Tpmax, 
Tpmin, and Tpm, respectively), any measurement gap because of data-
logger failure was estimated using records from the nearest meteoro-
logical station (Servei Meteorològic de Catalunya; https://www.meteo. 
cat/). 

2.2. DNA extraction and D. corticola diagnosis 

Total genomic DNA was extracted from 250 mg of each petroleum 
jelly sample using DNeasyPowerSoil Kit (Qiagen, Germany) following 
the manufacturerś instructions and kept at − 20 ◦C until being processed. 
The quality and quantity of extracted DNA were estimated using a 
spectrophotometer (NanoDrop 1000 Thermo Scientific, USA). The 
presence of D. corticola in the samples was assessed following the nested- 
qPCR protocol described by Muñoz-Adalia et al. (2022b). Firstly, a 495 
bp region of mitochondrial DNA helicase gene was amplified by PCR 
using MyTaq DNA Polymerase (meridian Bioscience Inc., USA) [50 µL of 
reaction volume: 0.8 µL of each primer (25 µM; Table 2), 10 µL of 5x 
buffer, 35.4 µL of double sterilized MiliQ water, 1 μL of polymerase, and 
2 µL of template DNA] in an Eppendorf Master cycler nexus X2 
(Eppendorf, Germany). Reaction conditions consisted of 1 min at 95 ◦C 
of denaturation, followed by 35 cycles of 15 s at 95 ◦C, 15 s at 54 ◦C, and 
10 s at 72 ◦C; final elongation: 10 min at 72 ◦C. The second step was 
performed by quantitative real-time PCR (qPCR) using a specific primer 
pair and TaqMan© probe (Table 2) targeting a 71 bp fragment. This 
second step was performed in a StepOnePlus real time PCR thermocycler 
(Applied Biosystems, USA) using TaqMan© universal PCR Master Mix 
(Applied Biosystems, USA). The reaction volume was fixed to 20 μL, 
including 0.2 µL of each primer and probe (25 µM), 10 μL of PCR master 

mix, 2 µL of template DNA (PCR product from step 1 diluted 1:10), and 
7.4 µL double sterilized MiliQ water. The qPCR conditions consisted of 
10 min at 95 ◦C of denaturation, followed by 40 cycles of 15 s at 95 ◦C 
and 1 min at 55 ◦C. 

2.3. Inoculum quantification 

Genomic DNA was extracted using E.Z.N.A.® Plant DNA Kit from ~ 
100 mg of lyophilized mycelium of D. corticola strain CAA007-1 (NCBI 
GenBank accession numbers: MW699645/MW699639) powdered in a 
Bead Mill 24 (Fisherbrand, USA) for 20 s at 3.2 m/s. Once DNA was 
extracted and quantified using a nanodrop, serial dilutions were pre-
pared using double sterilized MiliQ water (i.e. 1:1, 1:10, 1:102, and 
1:103). Serial dilutions were amplified as positive controls as previously 
described for spore trap samples. Resulting ct-values of serial dilutions 
and their corresponding DNA concentrations were used for fitting a 
standard curve in the R environment (R core team, 2022) whose equa-
tion was used for estimating the relative biomass of D. corticola (pg 
DNA/trap) in each sampling event and location. The number of spores 
(S) corresponding to the calculated biomass of each sample was esti-
mated using the size of haploid nuclear genome (C-value) provided by 
Muñoz-Adalia et al. (2022b) as a reference for expected DNA quantity in 
a single conidium of D. corticola. 

2.4. Data analysis 

The variation of spore release during the summer was analyzed by 
computing generalized additive models (GAMs) using the package 
“mgcv” (Wood, 2021) in R. These models are useful tools for modelling 

Fig. 1. Airborne inoculum availability (square root of estimated number of spores) per sampling plot in the studied period. Abbreviation: S.F. Buixalleu: Sant Feliu 
de Buixalleu. 

Table 2 
Primer pairs and probe used in nested-qPCR protocol. Source: Muñoz-Adalia et al. (2022b).  

Step Method Primer pair TaqMan© probe 

1 PCR NestDQF1/NestDQR2 (5́-ACGGTGCATGAGAGACTTGT-3́ / 5́- 
TGCTTGATTTCCACGGCTTC-3́) 

– 

2 Quantitative real-time 
PCR 

DcorQ1/DcorQ2 (5́-GATCTGCGAAGCAAGAGGAC-3́ / 5́- 
GTGGGGAGTGGATTGGAGTA-3́) 

QsubHyb (5́ FAM-GCCATCATCTCAAATGGCTT- 
TAMRA 3́)  
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not linear tendencies using smooth functions for predictor variables 
(Pedersen et al., 2019). Each model was fitted for the estimated number 
of spores as response variable (S), while sampling date (i.e. Julian date, 
that is correlative numbering from 17th June as day 1 to 10th September 
as day 86) and plot as explicative variables. Microclimate data (i.e. 
Hrpmax, Hrpmin, Hrpm, Tpmax, Tpmin, and Tpm) were also included as 
explicative variables after evaluating its possible correlation using the 
package “corrplot” in R (Wei and Simko, 2021) (Supplementary material 
S2). A total of 30 GAMS (Gaussian distribution for errors) were 
computed considering Julian date as an explicative smooth variable (i.e. 
low rank isotropic smoother). The sampling plot was considered in 25 of 
these models as an explicative factor. More specifically, 18 GAMs 
considered Julian as a smooth variable separated by plot, whereas the 
rest of the models include the plot as an independent factor. Climate 
variables were included in 28 models as smooth predictors or tensor 
product smooths when the interaction of variables was considered. The 
model included the Julian date by the plot as a unique explicative var-
iable (i.e. Model2) and the four models with lower AIC values (Akaikes 
Information Criteria) were selected for further analysis (Table 3). Se-
lection of the most explicative model was performed using three com-
plementary indicators: (i) AIC value, (ii) percentage of explained 
deviance, and (iii) R2. The two models with lower AIC were compared 
using the χ2 test. The R package “gratia” (Simpson, 2021) was used for 
evaluating model fitness and visualizing predictor functions. 

3. Results 

The spore-trap survey performed in this study revealed air-borne 
inoculum availability during summer including cork harvesting season 
(Fig. 1). Specifically, we found 44.44% of positive amplifications (N =
90 samples for an 86-days sampling period). Otherwise, 23.33% of total 
samples resulted in ct values < 17, the calculated ct threshold for a 
theoretical sample load with a single conidium, according to the stan-
dard curve (R2: 0.614; p-value < 0.01; Fig. 2) and C-value. The biomass 
of D. corticola estimated per sample (complete dataset) was 46.79 ±
29.10 pg DNA/sample, which corresponds to 1245.57 ± 774.76 esti-
mated spores/sample. Accordingly, the biomass for the subset of posi-
tive samples was 105.29 ± 64.75 pg DNA/sample (2802.54 ± 1723.42 
estimated spores/sample), and 200.56 ± 120.90 pg DNA/sample 
(5338.14 ± 3217.97 estimated spores/sample) for the subset of samples 
with ct < 17. 

Spore availability was not constant during the sampling period thus 
describing a peak-based pattern throughout sampling areas (Fig. 1). This 
observation was supported by the GAM Model2y, which showed the 
highest fitting indicators and significantly differed from the following 
model with lower AIC (Model2z4; p-value <0.01) (Table 3). Specifically, 
four of the analyzed plots (i.e. Arbúcies, Fitor, Tordera 1, and Tordera 2; 
Fig. 1) showed scarce airborne inoculum availability throughout the 

sampling period that did not significantly vary by date (Table 4). Spore 
availability in Pals did not significantly change by date, although two 
narrow peaks (three sampling events) of less than 1050 estimated 
spores/samples were recorded (Fig. 1). Julian date was significantly 
related to spore availability in Capmany, Sant Feliu de Buixalleu, and 
Tordera 3 (Table 4), where 1–3 sharp peaks were detected per plot 
(Fig. 1). The unique noticeable record of spores in the cork oak stand of 
Capmany corresponded to a marked peak between 17th and 24th July 
(32600 spores/sample approx.). A later peak was detected in Tordera 3 
(60540 spores/sample approximately between 27th August and 4th 
September), whereas Sant Feliu de Buixalleu exhibited a higher avail-
ability of inoculum in general terms with moderate-long periods with 
100–200 estimated spores/sample in July and September. An earlier 
accumulation peak was recorded in this latter plot between 2nd-10th 
July when the estimated inoculum load reached 14754 spores/sample. 

The relative air humidity between sampling dates (maximum re-
cords; Hrpmax) recorded in the sampling plots resulted in a significant 
explicative variable for inoculum availability according to Model2y 
(Table 3). Accordingly, the predictor smooth function highlights a pos-
itive response in the estimated number of spores for Hprmax comprised 
between 81% and 91% (Fig. 3). 

4. Discussion 

The canker disease caused by D. corticola is the main concern for cork 
oak forest owners in north-eastern Spain since it threats sustainable and 
profitable management of cork oak stands in the middle term. One of the 
most intriguing aspects of its infection procedure is the way the fungus 
propagates in the forest as well as how it colonizes mature oaks. 

This study confirmed the presence of airborne inoculum of 
D. corticola during the summer using a highly specific molecular method. 
The availability of spores described a peak-based pattern that seems to 
be the most common dissemination strategy among forest pathogens 
(Iturritxa et al., 2007; Wyka et al., 2018), although some exceptions of 
this pattern have been described [e.g. almost permanent spore spreading 
with periods of high sporulation, as reported for Fusarium circinatum 
Nirenberg & O’Donnell (Dvořák et al., 2017)]. Inoculum detection re-
ported in our eight sampling plots supports that D. corticola airborne 
spores are released in bursts. In parallel, the spore load of D. corticola 
estimated in subcortical carrier insects (i.e. P. cylindrus) using the same 
molecular protocol also resulted quite variable throughout the summer 
(Muñoz-Adalia et al., 2022b). This suggests that D. corticola takes 
advantage of specific environmental conditions for spore dissemination 
(see below) at least during the driest season when weather could be less 
favorable for pycnidia formation or/and spore survival. Similar patterns 
have been reported in other Botryosphaeriaceae members. Kuntzmann 
et al. (2009) performed a long-period monitoring program of spore 
release in vineyards. These authors found that 90% of Diplodia seriata De 
Not. and Diplodia mutila (Fr.) Mont. spores were released during the 
growing season (i.e. April-October) with some noticeable spore accu-
mulation peaks throughout the year. More specifically, D. mutila 
exhibited more narrow peaks than D. seriata with an accumulation of 
released spores during the summer. This tendency completely agrees 
with the results provided here for D. corticola; besides, Kuntzmann et al. 
(2009) found a positive effect of rainy days on the increase of spore 
availability recorded by passive jelly traps (see below). The maximal 
records of accumulated spores in the aforementioned study were 
1800–3300 propagules, which is similar to the average estimated 
number of spores per sample we found for D. corticola and represents 
<23% of total spores estimated for the peaks reported in Capmany, 
Tordera 3, and Sant Feliu de Buixalleu (Fig. 1). 

Temperature and humidity drive fungal growth and sporulation, and 
they should be therefore considered as key factors in the etiology of 
forest diseases. The results reported here link peak-based spore release 
patterns with microclimatic conditions. So, our GAM revealed maximal 
relative air humidity as a triggering factor for D. corticola spore 

Table 3 
Generalized additive model (GAM) selection. Selected model in bold. S, esti-
mated spore load per trap; Hrp/Tp, relative air humidity / temperature recorded 
between sampling events in each plot (m = mean; min = minimum; max =
maximum), respectively; s, Low rank isotropic smoother. Abbreviation: AIC, 
Akaike’s information criteria.  

Model 
name 

Description AIC Explained 
deviance 

R2 

Model2 S ~ s(Julian, by plot)  1738.630  84.8%  0.793 
Model2d S ~ s(Julian, by plot) + s 

(Tpm)  
1737.288  85.5%  0.798 

Model2x S ~ s(Julian, by plot) + s 
(Hrpmin)  

1730.048  88.5%  0.821 

Model2y S ~ s(Julian, by plot) þ s 
(Hrpmax)  

1572.441  98.4%  0.970 

Model2z4 S ~ s(Julian, by plot) + s 
(Hrpmin, by plot)  

1602.166  97.3%  0.957  
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availability. Similarly, spore peaks were reported for D. seriata, Spen-
cermartinsia viticola (Phillips & Luque) Phillips, Alves & Crous, and 
Neofusicoccum sp. in Chilean vineyards in a two-year long monitoring 
program (Valencia et al., 2015). In that study, the spore abundance in 
passive traps revealed accumulation peaks during the rainiest period of 
the year without spore records during summer (semiarid Mediterranean 
climate). A similar weather-spore release association was found by 

Úrbez-Torres et al. (2010) who reported sporulation peaks of Botryos-
phaeriaceae members [e.g. D. seriata, Neofusicoccum parvum (Pennycook 
& Samuels) Crous, Slippers & Phillips, and Botryosphaeria dothidea 
(Moug.) Ces. & De Not., among other taxa] coinciding with rainy and 
overhead irrigation events. Duration of wet conditions seems to be 
another crucial factor in the sporulation process, Shutong et al. (2012) 
found maximal spore accumulation of Botryosphaeria berengeriana f.sp. 
piricola Kogan. & Sakuma infecting the trunk of Malus domestica Borkh. 
when rain events extended >2 h. These authors experimentally evalu-
ated how moisture retention on the surface of infected plant tissue could 
affect spore release thus reporting a minimal 2 h-period of high moisture 
for initiating sporulation (high level of spore release within 12 h of high 
moisture maintenance). Otherwise, the local temperature did not show 
any significant effect on the occurrence of spore peaks according to the 
results provided here (Table 3). In this regard, Botryosphaeriaceae 
members tend to exhibit rather wide ranges of suitable temperatures for 
sporulation and spores germination (Copes and Hendrix, 2004; Liu et al., 
2022). Regarding vegetative growth, a previous study estimated opti-
mum growth rates in vitro between 21-27 ◦C (lower growth inhibition 
threshold: ≤5 ◦C; upper: ≥30 ◦C) for D. mutila, B. dothidea, and 
Dothiorella sarmentorum (Fr.) Phillips, Alves & Luque (Sánchez et al., 
2003). Suitable temperature for in planta growth seems to be also wide 
for this taxonomic group since Sánchez et al. (2003) reported the three 

Fig. 2. Standard curve fitted for concentration of Diplodia corticola DNA and ct values from nested qPCR.  

Table 4 
Predictors summary of GAM fitted for spore production (Model2y). S, estimated 
spore load per trap; Hrpmax, Maximum relative air humidity recorded between 
sampling events in each plot; s, Low rank isotropic smoother. Abbreviation: edf, 
effective degrees of freedom.  

Response variable Smooth term edf p-value 

S (n = 90) Hrpmax  8.97 < 0.01 
Julian (Arbúcies)  1.00 0.38 
Julian (Capmany)  9.89 < 0.01 
Julian (Fitor)  1.00 0.39 
Julian (Pals)  1.00 0.98 
Julian (Sant Feliu de Buixalleu)  8.94 < 0.01 
Julian (Tordera 1)  1.00 0.96 
Julian (Tordera 2)  1.00 0.73 
Julian (Tordera 3)  8.99 < 0.01  

Fig. 3. Estimated effect of smooth coefficient function of maximum relative air humidity per sampling period (Hrpmax), and Julian date by experimental plot. Grey 
shaded areas represent 95% confidence intervals. Positive values of predictor effect indicate positive effects of the corresponding smooth variable in the estimated 
number of spores of Diplodia corticola per sampling period. Julian date: 20 (06.07.2020), 40 (26.07.2020), 60 (15.08.2020), and 80 (04.09.2020). 
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mentioned fungal species being able to colonize plant tissues at >25 ◦C, 
whereas Luque et al. (2002) reported not clear growth inhibition of 
D. mutila at 5–12 ◦C infecting cork oak seedlings. Accordingly, humidity 
could act as a more limiting factor for fungal development and spore 
release than the temperature for D. corticola, although a positive corre-
lation between air temperature and spore peak occurrence has been 
found for instance for Diplodia sapinea (Fr.) Fuckel in northern Spain 
(Iturritxa et al., 2007). In consequence, we consider that spore release of 
D. corticola could be considered as humidity-dependent during the 
summer since sporulation peaks tend to take place when relative air 
humidity becomes high (in some noticeable cases when maximal air 
humidity reached high values after dry periods, see for instance the peak 
of Capmany or the two last peaks of Tordera 3; Fig. 1). Future long-term 
studies should investigate sporulation patterns also outside of the sum-
mer season as well as the effect of wetness duration on the host’s surface 
to completely characterize the infective microclimatic window suitable 
for D. corticola in cork oak stands. 

In a previous study, we evaluated symptoms development of 
D. corticola cankers in mature Q. suber after stripping (Muñoz-Adalia and 
Colinas, 2021). In that study, we found that cork oaks are susceptible at 
least within the first 35 days after peeling being air humidity an asso-
ciated factor to canker appearance. Serrano et al. (2015) also reported 
more intense damage caused by D. corticola in cork oaks in more humid 
areas, supporting the idea of air humidity as a predisposing factor of this 
disease. The results provided here show a positive effect of wet periods 
on airborne inoculum availability as mentioned above. This phenome-
non could take place in parallel with carrier insects’ dissemination since 
a previous study showed higher captures of P. cylindrus related to 
middle-high humidity periods (Muñoz-Adalia et al., 2022a). Altogether, 
summer wet episodes emerge as plausible crucial events in disease 
development since they take place in a favorable period of the year that 
provides suitable conditions for the co-occurrence of the three main 
elements in the pathosystem: susceptible hosts (debarked trees), vector 
insects sensu lato performing dissemination flight (that is, colonizing 
new hosts for breeding), and airborne inoculum of the pathogen. 

5. Conclusions 

This study investigated for the first time the airborne inoculum 
availability of D. corticola during the summer. According to our results, 
D. corticola’s spore availability seems to be low during this season, with 
some intense and local events of spore abundance triggered by wet ep-
isodes. Consequently, a higher density of airborne inoculum seems to be 
concentrated in meteorologically predictable peaks. This is very 
important for cork oak stand managers since stripping after high- 
humidity/rainy days could severely increase the risk of effective con-
tact between spores and susceptible hosts. This information makes it 
possible to issue guidelines for cork harvest planning. 
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E. Jordán Muñoz-Adalia: Conceptualization, Metodology, Investi-
gation, Data curation, Formal analysis, Visualization, Supervision, 
Original draft writing, Review and editing. Anand B. Uppara: Data 
curation, Investigation, Writing, Review and editing. Dalmau Albó: 
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