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Abstract

Aim of study: Quercus forests are being affected by severe decline and mortality. The oak decline is associated with the soilborne patho-
gen Phytophthora cinnamomi (Pc), among others. This work aims to determine if Quercus ilex growing in Pc-infested soils show mortality
differences according to their provenance in the field. It also evaluates whether the most tolerant provenances are those with the greatest
constitutive chemical defences.

Area of study: Acorns from six Spanish National Parks with natural presence of Q. ilex were collected for sowing in the greenhouse and
later be planted on soils naturally infested by Pc in the surroundings of Plasencia, western Spain.

Materials and methods: Seedlings were planted in four field plots located in two areas with oak decline: 153, 156, 157 and 155 plants
in plot I, II, III and IV, respectively. The presence and infection of Pc was confirmed before their installation and during the experiment.
Symptoms, regrowth, mortality and development was recorded for four years.

Main results: There was a high mortality (56.0-80.5%) with differences among provenances. The most tolerant provenances in the field
coincided with those identified under greenhouse conditions in a previous test. Provenances with higher constitutive condensed tannins bet-
ter tolerate the pathogen under both conditions. In the southern provenances, some families with higher tolerance and, therefore, candidates
for use in reforestation programs in areas infected by Pc, were identified.

Research highlights: The restoration of Pc-affected areas would be possible through the use of Q. ilex plant material with high constitu-
tive defences, more tolerant to the pathogen.

Additional key words: biotic stress; condensed tannins; field susceptibility; geographical variability; tolerance; total phenolics

Abbreviations used: A (Aigiiestortes National Park); C (Cabafieros National Park); Ct (Condensed tannins); HC (Haza de la Concep-
cién Farm); M (Monfragiie National Park); O (Ordesa National Park); P (Picos de Europa National Park); Pc (Phytopthora cinnamomi); S
(Sierra Nevada National Park); SE (San Esteban Farm); Slo (Slope); Tp (Total phenols); Tt (Total tannins); Val (Valley).

Authors’ contributions: Analysed the data and wrote the paper: MRR and FP. All authors conceived, designed and performed the ex-
periments; contributed reagents/materials/analysis tools; read and approved the final manuscript.

Citation: Rodriguez-Romero, M; Cardillo, E; Santiago, R; Pulido, F (2022). Susceptibility to Phytophthora cinnamomi of six holm oak
(Quercus ilex) provenances: are results under controlled vs. natural conditions consistent? Forest Systems, Volume 31, Issue 2, e011. https://
doi.org/10.5424/£5/2022312-17977

Supplementary material (Tables S1-S2; Figs. S1-S4) accompanies the paper on SJAR’s website.

Received: 19 Jan 2021. Accepted: 13 Jun 2022.

Copyright © 2022 CSIC. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0) License.

Funding agencies/institutions Project / Grant

Spanish Ministry of Agriculture, Food and Environment | Project 956 (TANOAK) "Determinants of biotic stress resistance in a
model forest species: A new adaptive management tool in National Parks"

Spanish National Institute for Agriculture and Food Grant FPI-INIA to Manuela Rodriguez-Romero
Research and Technology (INIA)/CICYTEX

Competing interests: The authors have declared that no competing interests exist.
Correspondence should be addressed to Manuela Rodriguez-Romero: manuela.rodriguez@juntaex.es

Introduction plant material against these stressors. The identification
of tolerant species and genotypes is key in breeding pro-

Plants have several mechanisms to deal with biotic ~ grams. In addition, forest managers need this plant ma-
and abiotic factors that cause them stress. In the current  terial to regenerate areas seriously affected by pests and
context of global change, stress is increasing and more  diseases or with difficulties for natural regeneration,
studies are focused on the search for resistant or tolerant ~ among others. The natural selection, genetic drift and
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local adaptation favor intraspecific diversity in tolerance
to stressors (Eguiarte et al., 2013). Therefore, tests of geo-
graphical variation in susceptibility are very useful to find
them. But stressor tolerance experiments are often carried
out under very controlled conditions and even in green-
houses, therefore, very far from the natural environments
affected by various combined stressors.

In this field study, the holm oak (Quercus ilex) has
been chosen as a model species due to its wide genetic
diversity and distribution (Roda et al., 2009). The holm
oak is an evergreen oak well adapted to drought and dis-
tributed throughout the Mediterranean basin. This is the
dominant species in “dehesas”, an Iberian oak rangeland
that constitutes the economic base of much of the Iberian
Western rural world (Campos, 2004). In fact, they are a
good example of "grazed wood pastures", common in the
Mediterranean region (Den Herder et al., 2017), and the
main agrosilvopastoral system in Europe, with more than
4.5 million hectares in the Iberian Peninsula (Moreno &
Pulido, 2009). But this ecosystem of high natural and so-
ciocultural value has experienced a generalized decline in
the last decades due to the oomycete Phytophthora cin-
namomi (Pc) (Brasier, 1992, 1996; Sanchez et al., 2006;
Corcobado et al., 2014). This soil-borne pathogen known
from more than 5000 species in the world (Hardham &
Blackman, 2018) causes root rots on holm oak tree, re-
sulting in tree death, although there are recent studies
showing that the diversity of Phytophthora species linked
to oak decline is higher than previously thought (Corco-
bado et al., 2017; Mora- Sala et al., 2019; Ruiz-Gomez
et al., 2019). Previous works with Q. ilex and also Quer-
cus suber under greenhouse conditions have yielded high
mortality rates but also have revealed the existence of
more tolerant provenances and genotypes (Leon, 2013;
Cuenca et al., 2018; Moreira AC et al., 2018; Rodri-
guez-Romero et al., 2022). Leon (2013) and Cuenca et al.
(2018) found a high variability in the genotype response
to Pc infection. Cuenca et al. (2018) also demonstrated
that the tolerance of holm oak to infection by Pc and water
stress is genetically controlled and, therefore, susceptible
to improvement. However, these results are always un-
der controlled greenhouse conditions and with short-term
experiments, so they should be treated with caution. In
another previous greenhouse study of holm oaks from va-
rious Iberian provenances inoculated with Pc, significant
differences were obtained in the tolerance shown accor-
ding to their origin and genotype (Rodriguez-Romero et
al., 2022). The analysis of their phenolic defences yielded
higher constitutive values (those that are relatively stable
or whose variation in the plant depends on internal fac-
tors) in southern provenances, which were also the most
tolerant to infection by the root pathogen. Under more na-
tural conditions, Rodriguez-Molina et al. (2002) carried
out these susceptibility tests on soils naturally infected by
Pc in an environmentally controlled chamber under a 16:8
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light/dark photocycle at 28-22°C during the light-dark pe-
riod. They demonstrated the high susceptibility of holm
oak to the pathogen in the aforementioned conditions, in-
dependent of acorn provenance and soil origin. However,
that test also addressed mortality in Q. suber, which was
significantly different depending on the acorn origin and
soil treatment, and on their interactions. Besides this, they
concluded that the susceptibility may be also related to
plant age and/or growth stage. In fact, later studies carried
out in the field with cork oak (Moreira AC et al., 2018)
determined the existence of some genotypes tolerant to
the disease and capable of growing in infected areas ten
years after planting. However, no published results of to-
lerant holm oaks from different provenances to the patho-
gen in the field are known.

The main goal of this work is to confirm whether re-
sults on holm oak tolerance obtained in greenhouse tests
according to provenances are also maintained in more
natural conditions in the field. If results in both scenarios
were consistent, this approach would facilitate the iden-
tification and selection of disease-tolerant plant mate-
rial. To achieve it, an experiment was established in four
field plots located on active decline areas with plants
previously born in the greenhouse from six Iberian pro-
venances. Subsequently, the plantation was monitored
for four years, recording symptoms, mortality and grow-
th in order to answer the following questions: (i) which
provenance is the most tolerant to the P. cinnamomi oak
decline? (ii) does this tolerance correspond to that ob-
tained in common garden conditions in a greenhouse?
and (iii) do constitutive defences predict tolerance under
field conditions?

Material and methods
Plant material and sowing in the greenhouse

In winter 2015, holm oak acorns of seven genotypes (28
acorns/genotype) were collected in each of the six sampled
Spanish National Parks (ordered from highest to lowest
latitude): Picos de Europa (P) (UTM 30 X: 357338, Y:
4784442); Ordesa (O) (UTM 31 X: 257277,Y: 4728450);
Aigiiestortes (A) (UTM 31 X:331157,Y: 4713657); Mon-
fragiie (M) (UTM 30 X: 247904, Y: 4410162); Cabaiieros
(C; UTM 30 X: 374709, Y: 4357164) and Sierra Neva-
da (S) (UTM 30 X: 478055, Y: 4112818). Sowing took
place under a common environment at the greenhouse on
the School of Forestry of the University of Extremadura
(Plasencia, UTM Zone 29N X: 748862; Y: 4435709, 395
meters above sea level). Seedlings grew in 28-well plastic
trays, 450 ml in volume, filled with a soil substrate con-
sisting of mixed peat and sand (1: 2, pH: 5.5). Pots were
placed on metal trays with a 2-cm deep water line to keep
the substrate at field capacity, thus avoiding water stress.
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Acorn germination and seedling mortality during the
first year in the greenhouse was uneven according to pro-
venance. So, the number of holm oak seedlings at the end
of the first year that could be planted in the field was di-
fferent with a relative importance of: P (94 plants), O (41
plants), A (29 plants), M (116 plants), C (122 plants), S
(124 plants).

Experimental field design and symptom
monitoring

In March 2017, four plots were delimited on two
decline areas with a negative evolution in the tree den-
sity during the last 60 years (Fig. 1). The affected areas
were located on two farms in the central western Ibe-
rian Peninsula (Malpartida de Plasencia, Extremadura)
and close to the greenhouses of the University of Ex-
tremadura. The chosen farms were San Esteban (SE)
and Haza de la Concepcion (HC) which are typical
“dehesas” with a Mediterranean climate and gentle slo-
pes (< 7%). Within each farm, one plot was located on
a slope (Slo) and the other on a valley (Val). The plots
were fenced to avoid cattle and wild fauna interference.

Each plot occupied a surface of 200 m?, leaving a symp-
tomatic (chlorotic, wilted or dead foliage) adult holm oak
inside to favor the infection of new seedlings and another
100 m? free of vegetation for the planting of holm oaks
from different provenances.

The land was plowed before planting in March. Top-
soil was removed to place an anti-weed mesh and thus
reduce the early competition of a year-old seedlings with
grasses in the plot. Subsequently, planting holes of 30 cm
in diameter and 40 cm in depth were made. The holes
were spaced 60 cm and 1 meter between planting lines.
Provenances and families were randomly distributed and
2-6 seedlings were used for each family (4 families/pro-
venance). The total number of georeferenced seedlings
per plot was 153 plants in SEVal, 156 plants in SESlo,
157 plants in HCVal and 155 plants in HCSlo. Finally, 40
cm high protective tubes with 25% shading were placed
to protect the stem from rodents.

In addition to the holm oak seedlings, one-year-old
Fraxinus angustifolia seedlings and one-year-old Quer-
cus faginea seedlings were planted in each plot. Quercus
faginea is another Iberian oak susceptible to Pc, although
more tolerant than holm oak (Moralejo et al., 2009; Pérez
Sierra et al., 2013; Moreira AC et al., 2018). Fraxinus

Figure 1. Evolution of the areas affected by the oak decline in the last 60
years. Orthophotos AMS 1956-1957 (a and e), Interministerial flight 1973-
1986 (b and f), PNOA 2006 (c and g), and PNOA 2019 (d and h) over SE and
HC, respectively. White dots in the orthophotos are plots within each farm.
Taken from the Download Center of the National Geographic Information
Center (http://centrodedescargas.cnig.es/CentroDescargas/index.jsp).
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angustifolia has been described as a Pc resistant species
(Moralejo et al., 2009). Both species are more demanding
in soil moisture than holm oak, so a good development
of these species would had not indicated that water stress
was the limiting factor for holm oaks growth in the plots.
The viability of these species will help to confirm that the
main cause of holm oak mortality is the infection by Pc.

The plant development in the plots was measured wee-
kly the first year and monthly during the following three
years, recording at each visit the number of plants with
symptoms (chlorotic, wilted or dead foliage), the number
of dead plants or with regrowth and some observations as
the possible incidence of other damages (occasional de-
foliation, presence of ants and voles in some seedlings).
At the end of each year, the growth of the plants was also
measured to estimate annual increments.

Pc isolation

Pc presence was confirmed in all plots and under all
provenances before planting by isolating the pathogen
from roots and soils following the procedure described
by Jung et al. (1996) and sowing these samples in selec-
tive PARPH medium (Jeffers & Martin, 1986). A mo-
lecular analysis of soil samples from the four plots also
allowed the identification of other species of the same
genus, as Phytophthora gonapodyides (Corcobado et al.,
2010) among others. However, Corcobado et al. (2017)
show that Pc is the most virulent Phytophthora species
under Mediterranean conditions exposed also to summer
drought, so it was selected only this species for the detec-
tion and annual confirmation of its presence during the
follow-up of the test. During the following years, twice
a year, five soil and root samples from Q. ilex seedlings
were randomly selected per plot to confirm the activity of
the pathogen each spring. The process of isolation of the
pathogen was also performed on roots and soil of control
species. All the samples were taken in the first 20 cm of
depth. The pathogen isolation was carried out following
the same initial protocol and Q. suber leaves were used as
baits. Root and soil samples were plated on PARPH selec-
tive medium, at a rate of 3 Petri dishes for each soil and
root sample collected in each plot (30 Petri dishes/plot
twice a year). The identification of the Pc colonies in the
selective medium was carried out with a microscope after
2-3 days of incubation in the dark at 25°C. In addition, the
evolution of tree condition was verified weekly the first
year and monthly during the following three years.

Plot soil characterization

Soil plays a fundamental role in the disease impact.
Characterizing the spatial variability in detail is key to
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later analyzing the results obtained in a field experiment.
Before planting, soil samples were taken from the four
plots for their physical-chemical description. The cha-
racteristic data of the soil for each plot were provided
by the Agrarian Laboratory of the Junta de Extremadura.
The main edafic components and their differences among
plots are shown in Table S1 [suppl]. Despite certain diffe-
rences among soils in the four plots, all of them presented
similar and frequent basic characteristics in this type of
agrosilvopastoral systems. However, the effects associa-
ted with the differences between valley and slope, and
between farms were included in the statistical model for a
better representation of the found variability.

Statistical analysis

To analyze the plant survival time in the field, the
Kaplan-Meier estimate was used. Gehan's Wilcoxon test
was used to assess differences among provenances in sur-
vival. Survival was analyzed with the "Survival Analysis"
module from Statistica software. The effect of plot and
provenance on mortality, symptoms, healthy development
and relative height increment (difference of the final-ini-
tial plant height divided by initial height) were analyzed
on a factorial design using a generalized linear mixed mo-
del (GLMM). Dependent variables were mortality (plant
dead/alive), presence of symptoms (plant with symptoms/
without symptoms), healthy development (plant alive
without symptoms/with symptoms or dead) and height
increment (cm). Data were statistically analysed using
Tukey-Kramer’s test (p<0.05) for significant differences
of means.

To analyze whether results obtained in the field were
consistent with those obtained in the greenhouse test, the
Pearson’s linear correlation was calculated between the
variables mortality at 5 months in the field and mortality at
5 months in the greenhouse (being the term of the green-
house test the limiting period). Besides, the relationship
between mortality at 4 years in the field and mortality in
the greenhouse at the five-month duration of this test was
also estimated for the same provenances. Finally, the re-
lationship between mortality in the field at 4 years and
levels of constitutive chemical defences measured in the
greenhouse (data from Rodriguez-Romero et al., 2022)
was also evaluated by Pearson's linear correlation. Statis-
tical analyses were performed in Statistica v10 software.

Results
Statistical analysis

Holm oaks from all provenances and in all plots drasti-
cally reduced their survival probabilities in the Pc infected
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Table 1. GLMM to detect the effects of plot, provenance and their interaction on the number of dead plants, plants with
symptoms, plants with healthy development (alive without symptoms), and effects on the relative increase in the plant

height after four years of follow-up (difference between final and initial height divided by initial plant height).

Effect df Mortality Symptoms dexliizgrl:l);n ¢ Rel?;iii:se:ght
Provenance 2.95%** 2.56* 0.91 1.58%*
Plot 25.54%%%* 14.45%** 451 18.93 %%
Provenance x plot 15 1.24 0.91 1.02 1.17

F-values are shown along with statistical significance: *p < 0.05; **p <0.01; ***» <0.001; ns: p > 0.05.

fields after four years of follow-up (»<0.001). Plant prove-
nance had a significant effect on the mortality of the seed-
lings (Gehan's Wilcoxon test p<0.001, Table 1, Fig. 2 and
Fig. 3). Mortality associated with Pc infection during the
four years of follow-up according to provenance ranged
between 56.0% and 80.5% and symptoms of Pc infection
ranged between 13.8% and 34.0% in the remaining seed-
lings, according to provenance in holm oak (Fig. 4). The
relative height increases of the holm oak plants during the
four years of monitoring also varied among provenances
and was minimum in provenance A (0.19) and maximum
in provenance C (0.58, Fig. 4). The development of these
variables by plot and provenance is graphically shown in
the supplementary material (Figs. S1-S4 [suppl]).

Control species showed very low mortality and Pc
symptoms in F. angustifolia (14% and 0% respectively)
but Q. faginea was relatively susceptibility to Pc (30%
and 52.5% respectively). In addition, these control species
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showed high relative growth during the experimental pe-
riod (0.8 in Q. faginea, 1.69 in F. angustifolia). These re-
sults, especially for F. angustifolia, confirm that the main
cause of mortality in holm oak was Pc infection.

Tolerance, evaluated from the percentage of living
plants without Pc symptoms, was higher in southern pro-
venances (S, C and M; Tukey-Kramer's test p<0.05; Table
1 and Fig. 4, “healthy development plants”’). Among the
northern regions, P provenance showed a similar morta-
lity than the southern regions, but a higher percentage of
plants with symptoms. The regions with the lowest morta-
lity also experienced the highest growth rates (C, M and S
provenances in the south, and P provenance in the north).
The provenance with the highest percentage of healthy
plants was S (13.71% of living plants without infection
symptoms).

The plot and its position on the slope or valley also had
a significant effect on tolerance to the pathogen (Figs. S1-
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Figure 2. Kaplan-Meier survival curves of Quercus ilex seedlings grown in soil naturally
infected by Phytophthora cinnamomi according to provenance after four years of follow-up
(time in months). Plots: ) SEVal, IT) SESlo, III) HCVal, IV) HCSlo. Provenance: P (Picos
de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C (Cabaieros), and S (Sierra
Nevada). Different letters denote statistically significant differences from Gehan's Wilco-
xon test (p< 0.05).

August 2022 « Volume 31 ¢ Issue 2 » e011



6 Manuela Rodriguez-Romero, Enrique Cardillo, Ramoén Santiago et al.
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Figure 3. Survival rates during the four years of Quercus ilex monitoring in the field. The colored dots indicate the
provenance location of the seedlings. Experimental plots: HCVal, Haza de la Concepcion valley; HCSlo, Haza de la
Concepcion slope; SEVal, San Esteban valley; SESlo, San Esteban slope. Provenances/species: Quercus ilex plants of
P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C (Cabaieros), and S (Sierra Nevada); F: Fraxinus

angustifolia, Q. Quercus faginea.

S4 [suppl]). Mortality was higher in HC farm than in SE
farm (survival 32.55% and 55.62% respectively, Tukey's
test p<0.05). The position also showed a significant effect
on mortality in the SE farm and mortality was higher in
the valley than on the slope (survival in the valley 40.54%
and 74.19% on the slope (Tukey's test p<0.05). In HC
there were no significant differences according to position
(Tukey's test p>0.05). In the slope position, the highest
tolerance was reached by plants from the S provenance
(25.8% of the seedlings had a healthy development) and
the lowest by the P provenance plants (6% of the seedlings
with healthy development, alive and free of symptoms).
In the valley position, the most tolerant provenance was
C (9.58% of the plants showed healthy development)
and the least tolerant were the O and A provenances (all
their plants died in this position). The provenances most
affected by the pathogen in both positions were again the
northerners (P, O and A).

Growth also differed among plots (Figs. S1-S4 [su-
ppl]). The mean relative height increase of holm oaks du-
ring the four years was also higher in SE (0.55 £ 0.06)
than in HC (0.30 & 0.06) and differences between them
were significant (Tukey's test p< 0.05). Relative high in-
crease in SE was 0.15 £ 0.08 in the valley and 0.96 +
0.08 on the slope. In HC it was 0.2 & 0.08 in the valley
and 0.39 + 0.08 on the slope. However, only SES differed
significantly from the rest (Tukey's test p<0.05).

Forest Systems

Consistency of tolerance to Pc under greenhouse
and field conditions

From the six provenances evaluated in the field, five
provenances had been previously Pc-inoculated in a
greenhouse in a 5-month study (Rodriguez-Romero et
al., 2022). In the aforementioned study, mortality by Pc
infection increased with latitude (N = 5 provenances, r
=0.94, p = 0.02). Provenances with the lowest mortality
in the greenhouse experiment were M, C and S (located
in the southern Iberian Peninsula). The increasing trend
in mortality with latitude in the greenhouse experiment
was maintained in the field experiment and the lowest
mortality was also achieved in the southern provenances.
The relationship between latitude and mortality of holm
oaks from these five provenances in the naturally Pc-
infected field at five months was also significant (r = 0.91,
p = 0.03). However, this mortality/latitude relationship
in the field was not significant (r = 0.58, p = 0.3) four
years later, probably because the northern P provenance
showed mortality similar to that of southern provenances,
as already highlighted above. However, living plants from
this provenance showed severe infection symptoms (Fig.
4, Table S2 [suppl] at the end of the experiment, which
would have predictably been recorded as dead plant in a
longer-term test. The relationship between mortality at 5
months in the greenhouse and mortality at 5 months in the
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Figure 4. Average evolution of the plantation in the four experimental plots at the
end of the four years of follow-up according to provenance. Mean and standard de-
viations are represented: a) mortality (percentage of dead seedlings), b) percentage
of symptomatic live plants, c¢) percentage of live and symptom-free plants with
healthy development, and d) relative height increase (final height minus initial divi-
ded by initial height after four years after planting). Provenances/species: Quercus
ilex plants of P (Picos de Europa), O (Ordesa), A (Aigiiestortes), M (Monfragiie), C
(Cabafieros), and S (Sierra Nevada); F: Fraxinus angustifolia, Q: Quercus faginea.
Different letters denote statistically significant differences.

field was not significant (N =5, r = 0.76, p = 0.14). Nor
was the relationship between mortality at 5 months in the
greenhouse and mortality at four years in the field (N =5,
r=0.41, p = 0.49). However, since the P provenance had
very few plants with healthy development, the mortality
relationship in the greenhouse test was also analyzed
with the number of dead plants and plants with severe
symptoms of the disease in the field at four years of the
experiment (mortality (%)+symptoms (%)), obtaining a

Q

100

Nel
W

el
(=]

4-year mortality and plants
with Pc symptoms (%)

85

15 30 45

5-month greenhouse mortality (%)

high and significant correlation (N =5, r=0.88, p = 0.04;
Fig. 5).

Regarding chemical defence levels, from the three
phenolic groups measured in the previous test (Tp, total
phenols; Ct, condensed tannins; and Tt, total tannins),
provenances with the highest survival in the field four
years later were also those with the highest constitutive
phenolic defences (measured in the greenhouse test). The
higher the constitutive phenolic defences, the greater the

Constitutive Ct (PBE/g dw)

60 70 80
4-year field mortality (%)

Figure 5. a) Pearson’s correlation between five provenances holm oak mortality plus
plants with severe symptoms of Phytophthora cinnamomi (Pc) infection in naturally Pc
infected soils after four years planting and mortality after 5 months of inoculation with
Pc in the greenhouse (r = 0.88, p = 0.04), and b) Pearson’s correlation between mortality
after four years on areas affected by Pc and the constitutive condensed tannins of these
provenances (PBE/g dw) measured in greenhouse (r =-0.99, p = 0.001). Greenhouse data
are available at Rodriguez-Romero ef al. (2022).
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survival to the pathogen's presence both in the greenhouse
and in the field (Table S2 [suppl]). But only the constitu-
tive Ct showed a statistically significant and strong corre-
lation with the mortality of holm oaks registered in the
naturally Pc-infected area (Pearson's correlation r =-0.99,
p =0.001; Fig. 6).

Discussion

To our knowledge, this work constitutes the first
field test on the susceptibility of holm oaks of different
provenances in oak decline affected areas infected by the
Pc pathogen. In addition, the four years of follow-up of
its effects greatly exceeds the usual test times for suscep-
tibility to the pathogen. Our results confirmed the high
mortality of the species in the presence of Pc, but also the
existence of holm oak genotypes tolerant to the disease.
Survival differed significantly according to their prove-
nances, being those from the south more tolerant. In ad-
dition, these provenances with better health status were
the most tolerant in a previous greenhouse experiment
(Rodriguez-Romero et al., 2022) and their tolerance was
related to higher constitutive chemical defences.

Pc-tolerance in the field depends on the
provenances

The mortality of holm oak plants was very high, accor-
ding to other susceptibility tests of the same species against
Pc (Robin et al., 1998; Rodriguez-Molina et al., 2002,
2005; Serrano et al., 2012). The high mortality of holm
oak in the field during the first years after reforestation
in decline areas could make regeneration very difficult
in the most affected foci. However, this work shows that
after four years of follow-up, some holm oaks survived,
despite the Pc presence in the soil. The survival of some
plants evidences Pc tolerance. These findings are in agree-
ment with Ledn (2013) and Cuenca et al. (2018), who also
found tolerance in this species in some families. Further-
more, Cuenca et al. (2018) showed that the tolerance of
Pc-infected holm oaks is genetically controlled, being sus-
ceptible to improvement. Our study in the field and longer
follow-up time also showed that the plant provenance has
an effect on tolerance, which facilitates the identification
of the holm oak families with greatest interest for possi-
ble plant breeding programs. In general, tolerance in the
southern provenances was higher than in the north, which
also resulted in higher plant growth.

Although no other studies are known about the effect
of geographical variability on the response of holm oak to
the pathogen in the field, there is a previous study in cork
oak (Moreira AC et al., 2018). The aforementioned work
also obtained variability in the response and identified

Forest Systems

some tolerant families to the disease after ten years of
follow-up. This work also used Q. faginea in the planta-
tion, obtaining high tolerance to the pathogen, as also oc-
curs in our work, and proposed it as a possible rootstock
of Q. ilex in the most affected areas. In addition, the other
species used as a control of water stress, F. angustifo-
lia, showed low mortality and resistance to the pathogen
mentioned in other works (Moralejo et al., 2009). The
plant survival of these species and their different degrees
of tolerance reinforce what has been described by other
authors such as Jactel et al. (2017) about the greater re-
sistance of mixed forests to natural disturbances that are
relatively small-scale and selective in their effect. And
they highlight the importance of specific functional di-
versity in the stand, that is, “trees with different levels of
susceptibility to different hazards should be intermixed in
order to reduce the amount of exposed resources and to
generate barriers against contagion” (Jactel et al., 2017).

The provenances with high constitutive chemical
defences are also more tolerant to the disease in
the field

This analysis was performed in comparison with the
previous analysis of susceptibility to the pathogen under
greenhouse conditions for the same holm oak provenances.
Provenances from the south of the Iberian Peninsula
were more tolerant in the field. This result agrees with
that obtained in the greenhouse (Rodriguez-Romero et
al., 2022). Furthermore, in the greenhouse study a strong
relationship was detected between these more tolerant
provenances and the Ct constitutive levels. Our present
study shows that this relationship is maintained in the
field. The provenances with higher Ct constitutive levels
were more tolerant to the disease both in the greenhouse
and in the field. The highest levels of defences were found
at low latitudes, following a classic paradigm in ecolo-
gy that argues that defense production and biotic stress
increase at low latitudes (Rasmann & Agrawal, 2011;
Pearse & Hipp, 2012; Moreira et al., 2014; Anstett et al.,
2016). This trend could be also linked to underlying fac-
tors associated with latitudinal variation such as climate
and soil (Moreira X et al., 2018). However, it is notewor-
thy among the northern provenances that P showed simi-
lar mortality to the southern provenances, but a high per-
centage of severe symptoms, despite its high Ct content.
On the other hand, in previous studies it was shown that
these defensive traits are genetically controlled (Solla et
al., 2016; Cuenca et al., 2018; Rodriguez-Romero et al.,
2022). Therefore, the Ct would be a parameter of interest
in future genetic improvement programs, but also the lati-
tude of the genetic material sources.

The disease-tolerant families identified in this study
should be followed in the long-term to test if such
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tolerance is maintained over time. If after a longer ex-
periment period, tolerance continues to be kept, these
families should be part of the source of genetic material
in breeding programs. In addition, the existence of Q. fa-
ginea as a species more tolerant to the disease suggests
the revision of the specific composition of oaks in these
affected areas, being able to use Q. faginea as a substitute
species in the most affected areas by the pathogen and
even as rootstocks, as some studies already point out (Mo-
reira AC et al., 2018).

However, in a field test like this one, results should
be viewed with caution, as several environmental factors
also condition the plant survival, and among them, the
combined action of several species of Phytophthora pre-
sent in the oak decline foci such as this study area (Corco-
bado et al.,, 2014, 2017; Ruiz-Gomez et al., 2018; San-Eu-
frasio et al., 2021). In fact, it would be very interesting in
future larger field experiments to deepen the knowledge
of the effects of several factors on tolerance according to
provenances, such as exposure, water stress, shade and
distance to the infected adult tree or the competition be-
tween oak plants and herbaceous plants during the first
years in oligotrophic soils like these.

Notwithstanding all these factors, the existence of
tolerant holm oak families to the pathogen in some
provenances suggests that the restoration of the diseased
areas could be possible if tolerant or resistant plant ma-
terial is used.
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