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Abstract: Oak decline presenting symptoms of tracheomycosis have been observed globally over long
periods of time. Since the 1990s, oak decline has been considered to be a multifactorial process where
abiotic predisposing factors play a significant role. Nevertheless, biotic factors, such as subcortical
insects and fungal pathogens, may influence the decline process, as some insect species transmit
spores of tracheomycotic pathogens. We investigated biotic agents (subcortical insects, Ophiostoma spp.
and Phytophthora spp.) in six declining oak stands located within mesophytic and thermophytic zones
in the Czech Republic, where five dry years occurred from 2015 to 2019. The spectrum of insect pests
of oak stands was investigated using two methods: reared from logs from each stand and window
traps. The presence of Ophiostoma fungi was assessed from cultivated woodblocks; Phytophthora
pathogens were isolated from soil samples. In total, 2931 subcortical insect individuals were captured
during the 2021 vegetation period. The most species-rich group of the subcortical insect complex
involved in oak decline consisted of the families Cerambycidae: Xylotrechus antilope; Curculionidae:
Scolytus intricatus, Xyleborus monographus; and Buprestidae: Agrilus biguttatus, A. sulcicollis. The
presence of Ophiostoma was detected in all stands with different intensities between tree parts. Several
important oak pests were positively correlated with the occurrence of Ophiostoma. On the contrary,
from all soil samples, Phytophthora plurivora was found at only one studied oak stand. Based on the
results, a new modified model of biotic and abiotic factors involved in the oak decline is proposed.
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1. Introduction

Since the beginning of the 20th century, oak decline has occurred frequently across
Europe in periodic waves preceded by periods of climatic extremes. Nevertheless, cases of
oak decline have been reported regularly since the 18th century. Decline frequently affects
Quercus robur L. and, to a lesser extent, Q. petraea (Matt.) Liebl., the two dominant species
in Europe, but also other oak species. The phenomenon of oak decline has been studied in
many oak species around the world (America, Asia) [1-8].

Episodes of decline have occurred sporadically, and since the 1980s (due to dry sea-
sons), it has been recorded from many countries across Europe in a wide range of oak
species (both evergreen and deciduous) (see Figure 1 and Figure S1). Decline has occurred
in individual trees, groups, or whole forest stands, and various theories have gradually
emerged to explain the nature of the problem. Research findings have shown, however,
that neither symptoms nor causes may be the same in all cases [1,9-13]. A wide range of
abiotic and biotic factors, including frost, drought, air pollutants, decreased groundwa-
ter levels, silvicultural mismanagement, insect defoliators, bark and woodboring beetles,
fungal species such as Ophiostoma spp. and Ceratocystis spp., bacteria, mycoplasma-like
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organisms and viruses, have been discussed as predisposing and initiating factors of this
phenomenon [1,3,9,10,13-17]. Last but not least, a factor that has also been studied in
relation to oak decline is oak phenology and its changes resulting from climate change. The
phenological variability in oak species has an important adaptive significance to abiotic and
biotic factors, and climate change can cause higher susceptibility to oak decline [18-22].
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Figure 1. Timescale of oak decline episodes in European countries (according to [1-73]).

The first scientific publication on the subject, in 1926, described “vascular mycosis
of oak” in Yugoslavia [23,24]. Between the 1940s and 1960s, research in Romania and
Russia led to the theory that fungi of the genera Ophiostoma and Ceratocystis were the
cause of vascular mycoses, later known as tracheomy-cosis [25]. Frequent isolation of these
pathogens from dying oak trees in other countries supported this theory for a long time.
From the 1990s onwards, however, views emerged that did not accept this theory [10,11,26]
causes were looked for elsewhere, often as a combination of multiple factors [12]. New
theories argued that oak decline is not a single disease but rather a process driven by
several diseases involving site factors, environmental factors, pests, and pathogens [12].
Fungi were most frequently seen as a possible cause, yet only a few of these fungi have
actually been shown to cause tree mortality, and then only in trees already weakened by
other factors [3].

Abiotic stress factors (seasonal dry periods and exposure to severe frost in winter) were
considered critical predisposing factors for oak decline leading to tree mortality through
the action of subcortical insects and root pathogens on weakened trees [12,25,57]. Other
theories suggested that the cause of dieback in European temperate forests was repeated
defoliation by insect larvae, the effect of which was compounded by powdery mildew [13].

During the 1990s in Czechoslovakia, tracheomycosis—a disease of vascular bundles
caused by fungi—was often studied. This disease has long been considered the main
cause of oak decline [74]. The causal agents are mainly fungi from Ophiostomatales,
which cause damage by secreting toxic metabolites into living vascular bundle tissues [75].
These pathogens were found on both weakened and healthy trees [76]. Other studies,
however, have shown the presence of these fungi only on some symptomatic trees [77].
Recent evidence suggests that these fungi are non-pathogenic or weakly pathogenic to
healthy oaks but may be a significant pathogen when these trees are weakened by water
deficit [9,78,79]. Many studies showed that ophiostomatoid fungi do not have the ability
to invade healthy trees [56,67,80-85]. The occurrence of fungi of the genus Ophiostoma
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seemed to be conditional upon dead or dying tissues [86]. Ophiostomatoid fungi occur
naturally in woody plants, where many of them live in the galleries of bark beetles and
are quite often observed in necrotic bark parts and wood of various species of trees, where
they act as secondary or, more rarely, primary parasites [87]. Thus, they are a rather
endophytic species that can switch to parasitism and cause damage only under suitable
conditions when the tree is weakened [83,86,88]. However, the interaction between fungi
and insects, and especially the order Ophiostomatales and bark beetles, began to receive
more attention in the 1930s in the context of Dutch Elm Disease and the causal agent
Ophiostoma ulmi transmitted by insect vectors. Most Ophiostoma species produce spores in
sticky droplets that can easily attach to the exoskeletons of their insect vectors [89]. The
genus Ophiostoma includes plant-associated species with varying degrees of pathogenicity.
Most species are regarded as non-pathogenic, especially in their endemic range, where
they have co-evolved with their host tree species and are mainly responsible for causing
blue-stain in freshly exposed sapwood [90]. In Czechoslovakia, studies were carried out
on this topic in the 1950s [91]. The transmission of ophiostomatoid fungi was observed in
several subcortical species [92,93]. This view is supported by the fact that members of the
Ophiostomatales exist in symbiosis with bark beetles in Central Europe, as confirmed by
many studies [94-98]. Similar transmission mechanisms could operate in other subcortical
insect—fungal interactions. Some studies suggest that fungi of the genus Ophiostoma are not
common endophytes of oaks and that none of them are closely related to Scolytus intricatus
(Ratzeburg, 1837).

Other fungal pathogens were also considered to be involved in the oak decline phe-
nomenon. Diplodia mutila (Fr.) Mont., Fusarium spp., Fusicoccum quercus Oudem., Phomopsis
quercella (Sacc. and Roum.) Died. and Biscogniauxia mediterranea (De Not.) Kuntze [3,6],
and especially Armillaria spp. pathogens were often studied [3,70,86,99-101]. Interestingly,
infections with Armillaria mostly occur after the trees have been infested by Agrilus spp. [43].
Other wood-decay fungi, such as Stereum sp., Phellinus robustus (P. Karst.) Bourdot and
Galzin, or Fistulina hepatica (Schaeff.) With., have also often been associated with oak
decline as agents attacking frost-damaged trees in particular [102]. Collybia fusipes (Bull.)
Quél. also has been shown to attack weakened trees [3].

In the 1990s, pathogens of the genus Phytophthora were identified as new biotic factors
in oak decline [4,28-32]. Forest stands of Quercus robur (pedunculate oak) and Q. ilex (holm
oak), widespread in temperate and Mediterranean regions of Europe, respectively, are
highly sensitive to the impact of root rot caused by Phytophthora species. These pathogens
cause many major plant disease epidemics and are among the most destructive plant
pathogens in forests worldwide [103,104]. Since the 1990s, several important episodes of
oak decline have occurred where Phytophthora were identified as causal agents. Numerous
surveys in oak stands throughout Europe have uncovered a diverse assemblage of Phy-
tophthora taxa. Several of these Phytophthora species, including P. cambivora (Petri) Buisman,
P. cinnamomi Rands, P. cryptogea Pethybr. and Laff., P. drechsleri Tucker, P. multivora Scott and
Jung, P. plurivora Jung et Burgess, and P. ramorum Werres, de Cock and Man in 't Veld, are
introduced invasive pathogens in Europe, whereas most other species are considered to be
native or of cryptic origin [105]. Phytophthora quercina Jung is an example of an oak pathogen
contributing significantly to oak decline in dry periods [30]. Phytophthora cinnamomi is an
aggressive pathogen that can cause oak decline on its own, apparently therefore without the
contribution of additional factors [4,106]. The results of current scientific studies suggest
that root diseases caused by Phytophthora pathogens in combination with climatic extremes
are causing severe forest dieback across Europe [107].

Oaks are hosts to a wide variety of insect species [108]. Among the bark insects, oak
provides a haven for a wide range of representatives, some of which can cause severe
damage leading to the mortality of entire trees [109]. An attack by a subcortical insect often
is the main cause of tree mortality [110]. Various species of subcortical insects (e.g., Cur-
culionidae: Scolytinae [111,112] or Xiphydria spp. [113]) act as vectors of ophiostomatoid
and other fungal species. Nevertheless, these and other species of cambiophagous and
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subcortical insects also can cause significant damage in oak stands by their direct action.
Soukup (1995) found in his study (1991-1995) that even repeated heavy insect defoliations
did not cause significant deterioration in experimental plots, but monitoring showed locally
high abundance of Scolytus intricatus, Agrilus sulcicollis (Boisduval and Lacordaire, 1835),
Xiphydria species, longhorn beetles of the genera Clytus spp. and Xylotrechus spp. and some
other species [114]. Another important subcortical pest, Agrilus biguttatus (Fabricius, 1776),
occurs as the earliest one in the progression of decline and has a strong impact on tree
vigor [49,115].

The aim of this study was to determine the causes of oak decline in six oak stands in
the Czech Republic. The goal was to find out how the dry seasons during 2015 -2019 [116]
and biotic factors such as insect pests and fungal pathogens contributed to the oak decline.

2. Materials and Methods
2.1. Review Methodology and Data Analyses

A literature review was conducted based primarily on a collection of publications on
the Web of Science database concerning the topic of “oak decline” in Europe (keywords:
“oak decline”, “oak dieback”, “oak wilt”, “acute oak decline”, “sudden oak death”, “tra-
cheomycosis”, “Ophiostoma”). In addition, conference proceedings from the 1990s and early
2000s were used as sources, as well as references from publications and proceedings from
other relevant sources. The review’s aim was to capture the history of decline episodes in
Europe and their causes. We did not consider publications concerning damage caused by
storms, browsing by herbivorous vertebrates, or management practices.

Based on the data obtained from the literature, a database was created to determine the
most common and important causes of oak decline. The results of a multivariate statistical
analysis then show which factors occur together over time. Using CANOCO 5 software,
canonical correspondence analysis (CCA) was used to evaluate the chronology of oak
decline factors.

Also processed were meteorological data available in European databases from 1901 to
2020. These data were examined in the context of oak decline episodes. Because drought is
reported as the main driver of decline in most episodes, we compared oak decline incidence
data with precipitation data. The aim was to reveal whether there is a relationship between
the occurrence of drought and oak decline. The source of the precipitation data was the
data set published by [117]. The dataset consists of gridded month-by-month variations in
climate over the period from 1901 to 2020, with spatial resolution of 0.5° x 0.5°. Monthly
precipitation data were summarized over the hydrological year (1 November to 31 October),
average annual precipitation over the entire period of record was calculated, and the
variations relative to the 1902-2020 mean also were calculated.

2.2. Study Plots

The research on the current oak decline situation in the Czech Republic was conducted
during 2020/2021 and involved six oak stands (Quercus robur and Q. petraea) in various
locations across the country. All the selected stands are managed forests originating from
artificial regeneration. The plots were selected based on different levels of decline symp-
toms that included defoliation in the crown, formation of epicormic shoots, high crown
transparency, and tarry exudates on the bark. Although the stands were characterized by
weakened conditions and contained symptomatic trees, decline symptoms were not uni-
formly observed in all stands. Plot altitudes ranged from 198-530 m a.s.l. (Figure 2, Table 1).
The studied plots are located in the mesophytic (Nizbor, Lasenice) and thermophytic
(Pistecky les, Cesky kras, Tvotihraz, Ceska Skalice) zones.
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Figure 2. Studied oak plots with declining trees: 1 = Pistecky les, 2 = Ceska Skalice, 3 = NiZbor,
4= Cesk}’l kras, 5 = Lasenice, 6 = Tvotihraz.

Table 1. Characteristics of the studied oak plots.

Latitude; Altitude Average Average
Study Plot Longitude (m a.s.l.) Age DBH (cm) Height (m)
. . 50°25'25.3” N
Pistecky les 14°08'2.7" E 198 60 31.4 26.8
o 48°54/27.5” N
Tvotihraz 16°06/'31.6” E 310 38 31 19.6
T . 50°22/55.2” N
Ceska Skalice 16°02/27.2” E 318 40 19 19.5
. 50°00'09.9” N
Nizbor 13°57/50.4” E 351 48 14.4 12.3
‘o 49°56'50.3” N
Cesky kras 14°08'41.0” E 363 42 18.9 18.5
o ! ”
Lasenice 49°0214.2" N 530 110 36 29.2

14°58'54.3” E
a.s.l. = above sea level. DBH = diameter at breast height.

2.3. Insect Trapping

The spectrum of insect species in oak stands was investigated using two methods: (A)
by rearing from trees (logs/branches) collected at each site, and (B) by capture with window
traps placed on trees with visible symptoms of decline. Tree samples were collected from
all sites during 5-12 March 2021. At each location, the tree showing the most significant
evidence of wood-boring insects’ infestation was felled. From such a tree, 2 m were cut
from the basal, middle, and crown portions of each tree. Heights for each section were
relative to each tree’s absolute height (see Table 1: Average Height—the absolute height of
the sampled tree corresponds to the average height of the studied oak plot). These samples
were placed in rearing cages separately and all reared insects were collected regularly until
September 2021. The reared insects were counted and are reported herein as their numbers
per 1 m of tree stem within the three stem sections (basal, middle, crown) for each site.
(Thus, results from rearing cages will be stated decimally, as opposed to in whole numbers.)

Two window traps were installed on three trees per site showing symptoms of decline
(at heights 2 and 7 m). Five collections were made at regular monthly intervals, the last one
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during 13-15 September 2021. All Coleoptera (except Staphylinidae) and Hymenoptera:
Xiphydriidae insects were determined to species level. Among the beetles, only primary
wood-boring species directly associated with oak were selected and presented in the results
section. All the insects were identified by the second author.

In this study, two methods for insect trapping were also compared. Correlation
between numbers of reared specimens and captured specimens to the window traps was
tested by correlation method from transformed data by function y = In(x + 1) (software
Statistica 14.0).

2.4. Sampling, Isolation, and Identification of Ophiostoma and Phytophthora

Tree samples were used to study the presence of Ophiostoma species. The modified
isolation and identification methodology was performed according to [118]. Woodblocks
1-3 cm thick were cut from the tree’s basal, middle, and crown parts and incubated in moist
chambers for 8 weeks at 23 °C. After fructification, the presence of perithecia growing from
the wood was assessed according to [76]. Intensity of the perithecia presence was assessed
by observing them under a binocular microscope (Olympus SZ61) on a scale of 0-3 (0 = no
occurrence, 1 = weak occurrence, 2 = medium occurrence, 3 = strong occurrence).

A sampling of rhizosphere soil was used to determine presence of Phytophthora species
in the oak stands. The methodology was performed according to [30]. Three to four soil
monoliths (size about 20 - 30 - 30 cm) were taken from the rhizosphere of 10 trees per plot at
distance 50-150 cm from the stem bases. Both symptomatic and asymptomatic trees were
sampled. Each soil sample was thoroughly mixed and a subsample of ca 200 mL was taken
for isolation testing that used young leaves of Quercus suber L. and Fagus sylvatica L. as baits.
The leaflet baiting test was performed at 20 °C in natural light. After the appearance of the
first necrotic spots, baiting leaves were examined for the presence of Phytophthora sporangia
under a light microscope. Small pieces from the necroses were then plated onto selective
PARPNH agar [119]. The first hyphae from plated leaves were subcultured onto V8-agar
and carrot juice agar (800 mL distilled water, 200 mL carrot or vegetable juice), 18 g agar
(Sigma-Aldrich, St. Louis, MO, USA), and 3 g CaCOj3 [120], then stored at 20 °C for further
examination. Three- to four-week-old colonies were observed at 400 x magnification for
the presence of typical Phytophthora sexual and asexual structures using a light microscope
(Olympus BX41). The Phytophthora cultures were grouped according to morphological
characters and compared with species descriptions in the literature [120,121]. Molecular
identification of the isolates was performed according to [122] using specific primers ITS4
and ITS6. The nucleotide Basic Local Alignment Search Tool (blastn) was used to compare
obtained sequences with those in the National Center for Biotechnology Information (NCBI)
database (http:/ /www.ncbinlm.nih.gov, accessed on 15 February 2022).

2.5. A New Modified Model of Factors Involved in Oak Decline

The new model was based on the publication by [13] and the “Conceptual model
of the interaction of significant abiotic and biotic factors in the onset of the decline of
oaks in Central Europe” model included there [13]. We elaborate more in the section
regarding insect pests based on the results of this case study. Based on the literature search,
we concluded that changes in crown transparency due to defoliation or inappropriate
cultivation interventions can lead to different light and microclimatic conditions in the
remaining forest vegetation and, therefore, that new insect pests, such as the wood-boring
insect Agrilus biguttatus, can suddenly be attracted to that vegetation [123].

3. Results
3.1. Insect Pests

During the study, a total of 2931 subcortical insect individuals were captured. Of
these, 1476 subcortical insects were reared from the infested logs and branches using the
rearing cages (RC) and 1455 subcortical insects were captured in window traps (WT). A
total of 55 subcortical insect species belonging to two orders were recorded: Coleoptera
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Figure 3. Subcortical insects reared from rearing cages.
families. The y-axis represents the logarithmic number of records of each species. Boxes with arrows

The individual species are grouped into

represent the positive correlation between Ophiostoma presence and subcortical insects (with p-values).
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Figure 4. Subcortical insects captured in window traps. Individual species are grouped by family. The
y-axis represents the logarithmic number of records for each species. Pie chart represents percentages
for the number of species captured in each trapping method and by both methods together.

From these 2931 individuals, 93% of all insect species were captured in the window
traps. The use of rearing cages to rear imagoes from the infested trees thus increased the
total number of species captured by only 7%. In contrast, had rearing been the main collec-
tion method, the addition of window traps would have increased the species contribution
by 53%. The use of traps appears to be a significantly more effective method of studying
the spectrum of subcortical forest insect when six traps (hung on three trees at two height
levels) are used compared to rearing from 6 m of logs (taken from a single tree at three
height levels) (see pie chart in Figure 4).

Within the window traps, Xylotrechus antilope (Schonherr, 1817) (Cerambycidae) was
the most abundant species (604 individuals captured in all plots) and could therefore be
considered the most damaging longhorn beetle species. The common bark beetle species
Scolytus intricatus was captured in the highest numbers both in WT (186) and RC (214.1 in
three 1 m sections from basal + middle + crown parts (see Section 2.3 in Materials and
Methods)). The second most abundant species of Curculionidae was Xyleborus monographus
(Fabricius, 1792), which was found in all the plots (154 from WT, 48.4 from RC). Another
important curculionid beetle, Gasterocercus depressirostris (Fabricius, 1792), was captured
mainly at “Cesky kras” and “Tvofihraz” (83/25 in WT) and, interestingly, at “Lasenice”
only in RC (46.8). Agrilus biguttatus (56) and A. sulcicollis (52) from the Buprestidae family
were captured in the highest numbers in WT mostly in Cesky kras and Nizbor. These were
very dry locations with the highest numbers of declining and dead trees (Figures 3 and 4).

The other species were represented by fewer than 50 trapped specimens in WT per
plot. The majority (73.4%) of all subcortical insect individuals (1068) were captured in WT
at Cesky kras (Table A1).

The correlation between Ophiostoma presence and subcortical insects is shown in
Figure 3. Statistically significant correlation was found for Buprestidae (Agrilus graminis, A.
angustulus, A. laticornis), Curculionidae (Scolytus intricatus), and for several Cerambycidae
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species. Notably, significant correlation between presence of Ophiostoma and the insects
(both on species and family levels) was observed only in crown samples.

3.2. Presence of Ophiostoma and Phytophthora

The presence of Ophiostoma fungi in sexual stages was detected in samples from all
oak stands. Differences were found among individual stands and among different parts of
the trees (see Table 2).

Table 2. Intensity of Ophiostoma spp. presence identified at individual forest stands (Locality) and in
different tree parts.

Locality Tree Part Intensity (0-3)

o

basal
Pistecky les middle
crown

basal
Tvotihraz middle
crown

basal

Ceska Skalice middle
crown

basal
Nizbor middle
crown

basal
Cesky kras middle

crown

basal
Léasenice middle
crown

— W WO | O, W R LN R QWR| k-

Phytophthora species were isolated from a total of 24 soil samples collected at all six
stands (four mixed samples per stand near two declining and two healthy trees). The
isolation was performed in autumn 2020 using the leaf-baiting method. Positive isolation
was made at only one stand out of six (Pistecky les), even though the oak stand there
showed the least signs of decline. In total, 12 isolates were obtained and identified as
Phytophthora plurivora based on morphological characteristics [120] and internal transcribed
spacer (ITS) sequence. Phytophthora plurivora was isolated from rhizosphere soil samples at
both declining (8 isolates) and healthy (4) trees.

3.3. A New Modified Model of Abiotic and Biotic Factors Involved in Oak Decline

Our results suggest a new model summarizing oak decline’s predisposing and trigger-
ing factors (Figure 5). This model considers the influence of abiotic factors that weaken oak
trees and the impact of biotic agents that weaken oak stands secondarily. These include
defoliators, which cause light penetration of stands and thus affect microclimatic conditions
in the habitat. Moreover, weakening of the trees also occurs with inappropriate cultivation
interventions. When many trees are removed, the stand may become significantly thinned,
and crown transparency changes. The trunks of the remaining trees are suddenly more
exposed to sunlight, which attracts subcortical insect such as A. biguttatus or S. intricatus.
Especially bark beetles act as vectors of ophiostomatoid fungi, which further contribute to
the oak decline.
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Figure 5. A conceptual model of abiotic and biotic factors involved in oak decline (modified from
Thomas et al., 2002 [13]).

The most common chronology and important causes of oak decline were studied
based on the oak decline episodes database. Multivariate statistical analysis showed that
factors involved in oak decline changed over time (Figure 6). In the oldest records, usually
there was a single factor, or a couple of factors occurred together (e.g., frost, drought,
Microsphaera alphitoides Griffon and Maubl. + defoliators). Gradually, more factors began to
be cited as acting together, some of which (usually drought) were presented as the main
factor and others as secondary factors. In the 1990s, also new biotic factors appeared, such
as Phytophthora or bacteria. The results showed a significant relationship between factors
and the timescale of oak decline records.

<
— a
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Bacteria
A
A
Othrinsc
- ‘Othr/lbia .
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Ophiospp & | ‘
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Figure 6. Chronology of cited factors in oak decline episodes over time (1739-2020), (pF = 35.4
p <0.002). CCA = canonical correspondence analysis (CANOCO 5).
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4. Discussion

Numerous studies showed that abiotic stresses are among the most important factors
in oak decline and include summer droughts, changes in precipitation, excess precipitation
and summer droughts, cold winters, as well as winter and / or spring frosts [13,42,57,124,125].
All these factors are becoming more important as the oak phenology is shifted due to global
warming. Climate change causes the initiation of cambial activity and leaf development
earlier than several decades ago. This results, for example, in higher risk exposure to spring
defoliation caused by late spring frost in the case of early oaks [19,20]. In the conceptual
model for the interaction of abiotic and biotic factors crucial in the emergence of oak decline
by [13], the three factors considered to be decisive causal factors for oak decline are insect
defoliation, summer drought, as well as winter and/or spring frost. Normally, at least
two of these factors (always including defoliation) have to occur simultaneously to trigger
decline. Our results show that abiotic factors (especially drought) cause weakening of
individual trees or groups of trees, but mainly it is the reaction to the subsequently occur-
ring biotic agents that can cause severe dieback and mortality of the tree. First, defoliators
cause lightening of the stand and thus change microclimatic conditions, which together
with inappropriate cultivation interventions [70,126], make the remaining weakened trees
attractive to attack by bark beetles [127]. This process was particularly evident at dry
sites (Cesky kras), where the largest numbers of important wood borers were captured
(589 Xylotrechus antilope, 140 Scolytus intricatus). Especially in very dry years, this scenario
has been prone to occur, for example in Slovakia or Hungary, since the late 1970s [72,128].

The oak decline phenomenon has always existed, just not exactly in the range where it
began to appear in the 1980s and still appears to this day. Probably factors that formerly
acted individually have accumulated and begun to act in synergy. Therefore, oak decline is
considered a dynamic process with a complexity of interrelationships between the host and
its environment [3,85] and a synergistic complex of abiotic, biotic, and anthropogenic factors
acting together [12,25,56,57]. The oak decline episodes database showed that different
factors occurred together over time (Figure 6). The analyses revealed that the first records
usually showed single factors involved in oak decline. Then, gradually, more factors began
to act together. Drought is nonetheless reported as one of the most critical factors, and
more recent studies consider extreme climatic events [129], especially high temperature
stress and summer droughts, to constitute the main factor triggering oak decline in many
places within Europe [39,58]. Recognizing this, the relationship between the oak decline
incidence and years with below-average total precipitation was evaluated for Central
Europe (see Figures S2 and S3). The results show that the duration of below-average
annual precipitation is what matters. When approximately five of these dry years occur in
succession, oak decline follows quite regularly. In northern Germany, droughts between
1976 and 1983 predisposed sessile and pedunculate oaks to subsequent frost damage in
the winters of 1984-1987 [43]. Likewise, in former Czechoslovakia, the first very dry year
occurred in 1976 and since then the precipitation deficit has gradually increased in the
following years. Consequently, severe oak decline appeared gradually across the whole
country [73,130]. Later, in the late 1980s, this scenario repeated, as in other European
countries [5].

Due to unfavorable climatic conditions (dry seasons) from 2015 to 2019 [116], it could
be assumed that abiotic factors played a significant role in the weakening of the studied
oak stands. The subsequent development of the stands could have been influenced by the
intensive development of biotic agents, including insect pests. At two studied locations
(Tvorihraz, Nizbor), weakening of oaks has been exacerbated by defoliators attack. The
subcortical insect species seem to favor such damaged trees, as was observed in Tvofihraz
(a thermophytic area in South Moravia), which had the richest complex of subcortical
species (29 species). Nevertheless, drought is the initializing factor that induces changes
in the ability of oak to resist wood-boring insects, such as by decreasing its production
of callus tissue [131,132] and also by increasing the sensitivity to drought by changes in
phenology [19,21]. Severe droughts that lead to weakening of oak trees benefit pathogens
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and pests, and especially buprestids of genus Agrilus. Old oak stands have traditionally
been regarded as being susceptible to Agrilus infestation [49], but also much younger trees
(about 3040 years old) have suffered in Poland from severe attacks due to weakening by
drought [133]. That finding is consistent with our results showing the greatest occurrence
of Agrilus sp. at Cesky kras and Nizbor (oak stands 42 and 48 years old, respectively).
However, as some studies suggest, episodes of drought can affect the health of oaks with
delay of several years, making it very difficult to determine the causes of dieback [27,134].

Subcortical insects have been demonstrated to participate frequently in the final
phase of the causative chain that leads to mortality of oaks [12,115]. The results of our
study show an important significance of these pests in oak decline. The most abundant
species included S. intricatus, A. biguttatus, X. antilope, and X. monographus. In all the study
plots, we found the smaller black exudates that were associated with A. biguttatus. These
symptoms on the bark, together with entry or exit holes, usually indicate the presence of
various insect species of which the most common are subcortical beetles, such as buprestids
and cerambycids [135,136]. Nevertheless, the dark-colored leaking exudates on the bark
surface—often without under-bark insect galleries—were also present in all six study oak
stands. However, the origin of the dark exudations remains unclear. They might originate
from necrotizing tunneled tissues as a result of larval activity or from colonization by
opportunist saprophytes or pathogenic bacteria [123,137].

Some oak pest species that have been considered insignificant or even endangered in
the past may be gaining in importance in response to climate change and declining oak
stands. Scolytus intricatus was once thought to be of a little significance in forestry [138],
but its impact increased considerably in the early 1980s when this species was found to be
the most abundant insect pest in a 3-year survey in Slovakia during the most extensive oak
decline episode known there [139]. Scolytus intricatus causes damage not only directly by
feeding but also as a vector of ophiostomatoid fungi [112,140]. According to our results,
S. intricatus was the most abundant species at all the studied sites. Correlation between the
occurrence of S. intricatus and Ophiostoma spp. was also confirmed. Xyleborus monographus,
too, was recorded on tree samples where Ophiostoma spp. were also identified. This could
suggest that both species can act as important vectors of Ophiostoma fungi when attacking
the moist wood: S. intricatus during the maturation feeding and X. monographus during the
boring of maternal galleries.

The weevil Gasterocercus depressirostris was found to be relatively abundant at 4 out
of 6 studied plots. It was both captured in window traps and reared in rearing cages.
Interestingly, in the Czech Republic this species was in 2005 included in the Red List of
Invertebrates with the status of “Vulnerable species” [141], as well as in 2017 [142]. In
Poland it is listed as an “Endangered species” [143] and in Germany as “Critically endan-
gered” [144]. Similarly, the longhorn beetle Clytus tropicus is considered “Near Threatened”
in the Czech Republic [142] and “Endangered” in Germany [144]. Other red-listed species,
such as Trichoferus pallidus (Cerambycidae) or Agrilus hastulifer (Buprestidae), have been
recorded to a lesser extent [142]. The common species A. biguttatus was likely overlooked
in the past and was once considered a rare species deserving of protection [42,49], but
today it is considered one of the most dangerous pests of oak stands, especially on trees
weakened by drought stress [133]. It is the first secondary insect to arrive and one of the
most important among the final contributors to oak mortality [129]. Moreover, A. biguttatus
appears to be a major player in a new type of oak decline in Great Britain (termed acute
oak decline) that appeared in 2008 [145]. Symptoms of the infested trees included bleeding
lesions from longitudinal cracks on the trunks with necrotic underlying tissues and a pres-
ence of A. biguttatus larval galleries. Bacteria of the Enterobacteriaceae family have been
isolated from the infected tissue [146,147]. Another pest, X. antilope (Cerambycidae), was
the most abundant species in the present research (604 individuals captured in all window
traps) and can be considered an important pest, as mentioned in other studies [148,149].

Sampling of oak rhizospheres for Phytophthora species showed positive results only at
one locality (Pistecky les), where P. plurivora was identified. This oak stand is located in the
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thermophytic zone and is characterized by balanced soil moisture. The oaks there showed
relatively less severe symptoms of decline. Moreover, the lowest number of subcortical
insects were captured at this oak plot. In the other studied oak plots, the conditions are
probably too dry to be suitable for Phytophthora to survive. Phytophthora plurivora was first
identified in the Czech Republic in 2010, but it is very likely that this species was introduced
much earlier, and it is now considered to be domesticated in many habitat types [150]. In
neighboring countries, there are records of the association between oak decline and the
presence of Phytophthora spp. pathogens from earlier times (e.g., in Germany [31] and
Austria [28]). Phytophthora plurivora is the most widespread alien representative of the
Phytophthora spp. in natural forest stands in the Czech Republic [151-153]. This species
was isolated quite recently from oak stands in other central European countries, such as
Poland [154] and Slovakia [155], where symptoms of sampled oaks included crown trans-
parency, as in our case. Pathogenicity tests using artificial inoculations have demonstrated
aggressiveness of P. plurivora in different hosts to occur at different levels [155,156], but
the pathogen is generally considered to represent a serious threat to the health of oak
forests [152,155].

The role of pathogens of the genus Ophistoma has been unclear for a long time, and
in the 1990s this topic was often studied because of their possible transmission by sub-
cortical insects [157,158]. Our results showed positive correlation between the presence
of ophiostomatoid fungi and some insect species. Specifically, it was confirmed in three
species of buprestid beetles, five of longhorn beetles, and two species of weevils. Never-
theless, the intensity of Ophiostoma spp. presence varied significantly among the localities
and also among the trunk parts (basal, middle, crown). This can be explained by possi-
ble vectors that transmit the spores to different tree parts, such as S. intricatus in small
branches [66]. However, some studies suggested that fungi of the genus Ophiostoma are not
common endophytes of oaks and that none of them are closely related to the oak bark beetle
(S. intricatus). This microscopic fungus acts as a non-pathogenic or weakly pathogenic
species against healthy oaks, but, in the case of these trees being weakened by water deficit,
it can manifest itself as a stronger pathogen [3,78,79,88,114]. On the other hand, some
studies confirmed the transmission of ophiostomatoid fungal spores by insects, such as by
Scolytinae [111,112] or Xiphydria species [73,113]. Physiologically weakened broadleaved
trees are often the primary target of wood wasps (Hymenoptera: Xiphydriidae). In Ukraine,
the wood wasp Xiphydria longicollis caused mass dieback of oak stands [159]. In the present
study, this species was found at three localities but in very low numbers. Only at a very
dry site—NiZbor—were a higher number of individuals (11) found, and these were reared
from the logs.

5. Conclusions

Several synergistic factors are usually involved in oak decline, as indicated by Figure 5.
These factors cyclically cause gradual dieback of additional tree parts and then the whole
stand. Abiotic factors (mainly drought) and defoliators are considered to act as stress-
inducing factors, whereas others, such as oak powdery mildew, Armillaria spp., bark beetles
and borers, are mostly regarded as secondary agents killing already weakened trees. Based
on our research data, the individual causes of dieback may not act with the same intensity
throughout the decline period. In the case of subcortical insects, fewer species are active in
the initial phase of decline than in the phase of severely damaged stands, where species
normally classified as rare and even in the highest categories of red lists may be involved
to a large extent in the final phase of oak stand decline (e.g., Gasterocercus depressirostris). In
this study, the most abundant species of subcortical insect were Xylotrechus antilope, Scolytus
intricatus, Xyleborus monographus, Agrilus biguttatus, and A. sulcicollis. Most individuals
were captured in window traps at very dry sites.

The presence of Ophiostoma species was confirmed in all six oak stands with different
levels of intensity both among stands and among tree parts (basal/middle/crown). Cor-
relation between Ophiostoma presence and subcortical insects was found in three families:
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Buprestidae, Curculionidae, and Cerambycidae, from which S. intricatus and X. monogra-
phus seem to be the most important vectors of these pathogens. Noteworthy is that this
correlation was observed only in the crown parts. Another pathogen, P. plurivora, was
detected from rhizosphere samples in only one oak stand, indicating a humid environment
suitable for this pathogen to survive. Other oak stands, by contrast, are probably too dry or
else the pathogen has not yet been introduced there. In this single plot, and despite showing
symptoms of decline (crown transparency), the lowest intensity of Ophiostoma presence
was recorded as well as the lowest number of subcortical insects. Therefore, P. plurivora
might be the cause of the oak decline there.

Climate extremes such as precipitation deficit and high temperatures seem to play
a crucial role in the oak decline phenomenon. Together with direct damage effects there
might be changes in phenology resulting from global warming. The results comparing the
relationship between annual precipitation and oak decline episodes show that oak decline
occurs regularly after droughts lasting ca. five years in a row, as recorded in the 1980s in
Central Europe. Drought is usually presented as the main or primary cause of decline,
but usually additional factors are involved, such as defoliators, bark beetles and wood-
boring beetles (S. intricatus, A. biguttatus etc.), pathogens (Ophiostoma spp., Phytophthora
spp., Microsphaera alphitoides etc.), or other abiotic factors (mainly frost). Every incident of
oak decline should therefore be evaluated individually and precisely and studying all the
possible aspects.
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//www.mdpi.com/article/10.3390/f13081223/s1, Figure S1: The map of oak decline’s occurrence in
Europe and its driving factors [160]; Figure S2: Timescale of oak decline episodes and causal factors
in Central European countries (Austria, Czechia, Slovakia) in context of annual precipitation and
difference from mean value (1902-2020).; Figure S3: Timescale of oak decline episodes and causal
factors in Central European countries (Hungary, Poland, Germany) in context of annual precipitation
and difference from mean value (1902-2020).
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Appendix A

Table A1l. Number of individuals captured in window traps (WT) and rearing cages (RC) at or from the six studied plots.

Study Plot Pistecky les Ceska Skalice Nizbor Cesky Kras Lasenice Tvofihraz Total Total
Family Species WT RC WT RC WT RC WT RC WT RC WT RC WT RC
Bostrichus capucinus 1 1 0.0
Bostrichidae Lichenophanes varius 0.8 0.2 0 1.0
Xylopertha retusa 1 1 0.0
Agrilus angustulus 1 0.3 1 0.6 1 3 0.9
Agrilus biguttatus 3 7 5.3 45 1 0.6 56 5.8
Agrilus graminis 0.5 0.3 0.9 0 1.7
. Agrilus hastulifer 9 9 0.0
Buprestidae Agrilus laticornis 0.0 1 1 0.0
Agrilus obscuricollis 1 1 0.0
Agrilus sulcicollis 2 0.4 7 51 42 0.4 1 52 5.9
Coraebus undatus 1 1 0.0
Alosterna tabacicolor 0.6 0 0.6
Anaglyptus mysticus 4 1 2.3 5 2.3
Anoplodera rufipes 4 0.6 4 0.6
Cerambyx scopolii 1 1 0.0
Clytus arietis 1 1 2 0.0
Clytus tropicus 9 1 10 0.0
Cortodera humeralis 1 10 13 18 42 0.0
Dinoptera collaris 0.3 2 21.4 2 21.7
Cerambycidae Exocentrus adspersus 0.1 0.2 2 2 0.3
Grammoptera abdominalis 1 1 1 3 0.0
Grammoptera ruficornis 1 1 0.0
Grammoptera ustulata 1 1 0.0
Chlorophorus figuratus 1 1 0.0
Leiopus linnei 2 3 19 5 0.4 1 11 2.3
Leiopus nebulosus 0.4 1 0.2 0.7 1 1.2
Mesosa nebulosa 1 1 0.0 1 3 0.0
Necydalis major 1 1 0.0
Pachytodes cerambyciformis 1 1 0.0
Pachytodes erraticus 1 1 0.0
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Study Plot Pistecky les Ceska Skalice Nizbor Cesky Kras Lasenice Tvotihraz Total Total

Family Species WT RC WT RC WT RC WT RC WT RC WT RC WT RC

Pedostrangalia revestita 1 6 7 0.0

Phymatodes alni 1 0.2 0.6 3 4 0.9

Phymatod?s pusillus 5 0.0 5 0.0

pusillus

Phymatodes testaceus 11 0.6 4 17 6.9 2 13 47 7.5

Cerambycidae Plagionotus detritus 29 0.6 7 36 0.6

Pogonocherus hispidus 1 1 0.0

Pyrrhidium sanguineum 0.2 2 1 7.7 3 7.9

Rhagium sycophanta 2 2 1 4 9 0.0

Stenocorus quercus 7 8 15 0.0

Trichoferus pallidus 9 9 0.0

Xylotrechus antilope 1.0 9 13.2 589 1.0 4.4 6 604 19.5

Dryocoetes villosus villosus 2 3 5 0.0

Gasterocercus 1 1 7.1 83 468 25 110 53.9

depressirostris

Magdalis exarata 0.0 0 0.0

Magdalis flavicornis 1 1 0.0

Platypus cylindrus 1 1 0.0
Curculionidae Scolytus intricatus 4 2 3.8 22 94.8 140 114.0 14 18 186 214.1

Trypodendron domesticum 1 1 0.0

Xyleborinus alni 1 1 0.0

Xyleborus dispar 1 1 0.0

Xyleborus dryographus 22 11.3 1 23 11.3

Xyleborus germanus 1 1 0.0

Xyleborus monographus 1 45 4.1 6 9.2 37 0.6 32.7 65 1.7 154 48.3

Xyleborus saxeseni 1 2 6 9 0.0

Hymenoptera Xiphydria longicollis 1 11.0 7 0.6 8 11.6

Total WT 18 72 89 1068 5 203 1455

Total RC 0 12.7 148.9 134.0 119.7 4.5 419.9

RC = sum of individuals numbers calculated from 1 m of crown parts + 1 m of central parts + 1 m of basal parts.
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