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Comparison of Ips cembrae (Coleoptera: Curculionidae) Capture Methods: Small Trap Trees
Caught the Most Beetles
Reprinted from: Forests 2020, 11, 1275, https://doi.org/10.3390/f11121275 . . . . . . . . . . . . . 238

vi



About the Editors

Young-Seuk Park

Young-Seuk Park is a professor at the Department of Biology, Kyung Hee University, Seoul,

Republic of Korea. His laboratory studies the effects of environmental changes on biological systems

at different hierarchical levels from molecules, individuals, populations, and communities through

ecological modelling and ecological informatics approaches. In particular, his research is focused

on the effects of global changes and alien species on ecosystems, and ecological monitoring and

assessment for sustainable ecosystem management. He is interested in computational approaches

such as machine learning techniques and advanced statistical methods. He served as the president

of Korean Society for Mathematical Biology. He is an Editor-in-Chief of the Forest Health Section in

Forests, and an associate editor of Ecological Modelling and International Journal of Limnology.

Won Il Choi

Won Il Choi is a senior researcher in the field of Forest Entomology and Pathology at the National

Institute of Forest Science in Republic of Korea. He has been conducting research on forest insect pests

since 2006. His primary research interests include the population dynamics of forest insect pests,

invasive forest insects, and the impacts of climate change on forest pest outbreaks. He carries out

these studies using ecological modeling and statistical analysis methods.

vii





Preface

Forests are complex and dynamic ecosystems, sustained by intricate interactions among

countless organisms. Among these, insects and microorganisms are indispensable components,

functioning as critical regulators of nutrient cycling and energy flow. Despite their essential ecological

roles, many of these organisms also pose significant challenges—acting as pests and pathogens that

threaten the health and stability of forest ecosystems.

The nature of these organisms presents a paradox: while they contribute to ecological balance,

their proliferation under certain conditions can disrupt ecosystem services, reduce biodiversity, and

incur substantial economic losses in the forestry sector. In recent years, the prevalence and severity

of forest pests and diseases have been exacerbated by two converging global forces: the introduction

of alien species and the accelerating impacts of climate change.

Globalization, through increased trade and travel, has enabled the movement of species beyond

their native ranges, often resulting in biological invasions that forests are ill-equipped to withstand.

At the same time, rising global temperatures and shifting climate patterns have altered habitat

conditions, expanding the range and reproductive capacity of many pest and pathogen species. These

environmental changes have been closely linked to recent outbreaks, underscoring the urgent need

for proactive and adaptive management approaches.

In this context, surveillance and monitoring of forest pests and diseases have become critical

tools in sustainable forest management. Systematic data collection not only allows for early detection

and rapid response but also supports the development of targeted control strategies and long-term

resilience planning. Furthermore, continuous monitoring contributes to scientific understanding,

enabling the evolution of innovative methods for impact assessment and ecological intervention.

This Special Issue brings together a diverse collection of studies that reflect the growing need for

interdisciplinary approaches to forest health management. By addressing the complex interactions

between pests, pathogens, climate, and human activity, the research presented here aims to inform

policy, guide management practices, and enhance our understanding of forest ecosystem dynamics.

We hope that this compilation will serve as a valuable resource for researchers, practitioners, and

policymakers alike, fostering collaboration and innovation in the pursuit of healthier, more resilient

forests.

Young-Seuk Park and Won Il Choi

Guest Editors

ix





Editorial

Management of Forest Pests and Diseases

Won Il Choi 1 and Young-Seuk Park 2,*

1 Division of Forest Ecology, National Forest Research Institute, Dongdaemun, Seoul 02445, Korea
2 Department of Biology, Kyung Hee University, Dongdaemun, Seoul 02447, Korea
* Correspondence: parkys@khu.ac.kr; Tel.: +82-2-961-0946

Abstract: The occurrence patterns of forest insect pests and diseases have been altered by global
events such as climate change. Recent developments in improved monitoring methods and tools for
data analyses provide new opportunities to understand the causes and consequences of such changes.
Using a variety of management tools, forest pest management programs can mitigate the influence of
global changes on forest health. The goal of this Special Issue is to improve our understanding of the
root causes of changes that have induced global changes. Fifteen papers are included in this Special
Issue, covering several issues in forest pest management. One paper reviews the causes of Korean
oak wilt, and another paper discusses fourteen invasive tree pests in Russia. The remaining thirteen
papers cover issues related to the monitoring and management of forest pests. These studies provide
a better understanding of the causes of change in the patterns of forest pests under the influence
of global changes. These reviews also contribute to the development of forest-pest-management
strategies to mitigate such impacts on forests due to global changes.

Keywords: climate change; forest pests; global change; invasive species; management; remote sensing

1. Introduction

Changes in the distribution of forest pests, increases in the numbers of and damage
from invasive species, and outbreaks of new species have been observed in many countries,
apparently due to climate change and the increase in international trade [1]. Responses
of forest pests to global changes are complex, and their prediction is difficult [2]. Recent
developments in remote sensing technology offer the ability to rapidly monitor large areas
damaged by forest pests [3,4]. Additionally, recent developments in data analysis using
machine learning offer tools better suited to understanding the causes and impacts of pests
at forest scales. Various management options, including biological control, offer a chance
to develop a management strategy to mitigate the influence of global changes on forest
health.

The applicability of remote sensing to assess damage from forest pests has been re-
viewed recently [3,4]. Images acquired from satellites or unmanned aerial vehicles (UAVs)
are potentially available to assess forest damage from forest insect pest and disease. More-
over, changes in forest damage at the spatial and temporal scales can be monitored quickly
and with precision. Hall, Castilla, White, Cooke and Skakun [3] used this technology to
evaluate forest damage from several forest pests, including gypsy moth (Lymantria dispar
[L.]), mountain pine beetle (Dendroctonus ponderosae Hopkins), and forest tent caterpillar
(Malacosoma disstria Hübner). Detecting the damage caused by forest pests using UAV has
also been widely attempted [5–7].

Newly developed data analysis techniques also offer fresh insights into the influence of
global changes on the occurrence patterns of forest pests. Through a better understanding
of the causes and patterns of forest pests, more effective management strategies can be
constructed. For example, the potential distribution of pine wilt disease (PWD), caused
by pine wood nematode (Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle), in Korea
was predicted though machine learning methods using local first occurrence data [8].

Forests 2022, 13, 1765. https://doi.org/10.3390/f13111765 https://www.mdpi.com/journal/forests1
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The authors found that new occurrences of PWD were associated with human activities
and vehicle movement. This finding was supported by independent studies using a
path-finding algorithm and dispersal models in Korea [8,9]. These results showed that
movement of PWD through human activities was a major factor in the dispersal of PWD
in Korea, and the analysis provided basic information useful in building a management
strategy for PWD in Korea.

A variety of forest pest management options have been developed to the level of
practical use, following laboratory and field evaluations. The aim of this Special Issue
“Management of Forest Pests and Diseases” is to discuss proposed or current management
strategies for the control of forest pests whose effects are worsening due to global changes.
The monitoring and analysis of pest occurrences form the basis for evaluation of new pest-
control methods. Based on the understanding of the causes of new pests, pest outbreaks, or
pest distributions and the role of global changes in each case, the authors of the papers in
this issue discuss potential mitigation and prevention tools.

2. Papers in This Issue

Fifteen papers are included in this issue, focusing on the monitoring and management
of forest pests: Choi, et al. [10] reviews Korean Oak wilt (KOW) (a new syndrome of
oak decline in Korea) and describes its cause, distribution, history, disease cycle, and
management. An increase in the number of stressed trees among the potential hosts
of KOW has been the major cause of KOW in Korea due to an increase in the average
age of trees in oak stands, as well as some effect of climate change. Musolin, et al. [11]
reports 14 species of invasive tree pests in Russian forest and urban ecosystems, including
Leptoglossus occidentalis, Agrilus fleischeri, and Ips amitinus. All of these species (except for
Ips amitinus and Acrocercops brongniardella) were associated with human activity and are
expected to expand geographically in Russia.

Six papers discuss the management of forest pests, while seven focus on monitoring.
Interestingly, four papers are on pine wilt disease caused by pine wood nematode, showing
that this nematode is a severe threat to forest health globally. The six papers on forest
pest management discuss diverse approaches, including chemical and biological control,
mass trapping, and overall management strategy. Sun, et al. [12] extracted two chemicals
with nematocidal activities (cyclo-[Pro-Phe] and 2-Coumaranone) from a bacterium, Lysin-
imonas sp., collected in the rhizosphere of Pinus thunbergii. The nematocidal activity of
these two compounds was confirmed through in vivo experiments using pine seedlings.
Kim, et al. [13] found a parasitoid, Spathius verustus Chao, parasitizing Monochamus spp.,
vectors of pine wood nematode in Korea. The wasp is a gregarious ectoparasitoid that
prefers Monochamus alternatus to Monochamus saltuarius. The possible use of this wasp as a
biological control agent against vectors of PWD is discussed. Bălăcenoiu, et al. [14] discuss
the use of pesticides to control populations of Corythucha arcuata, an invasive species in
Romania. The contact pesticide alpha-cypermethrin and a systemic pesticide, acetamiprid,
were applied to oak forests by helicopter. Chemical control reduced the nymphal popu-
lation by up to 96%, but the application of the systemic pesticide was more effective in
reducing the pest population. Fora and Balog [15] present information on the population
density of two bark beetles (Ips typographus and Pityogenes chalcographus) in spruce (Picea
spp.) in forests of the Apuseni Natural Park in Romania. They found that the ranges of
both species were expanding and that their densities were high regardless of the level of
forest management practiced. They attributed this bark beetle problem to climate change
and concluded that new approaches, such as biological control using natural enemies,
were needed. Olivieri, et al. [16] present results on the control efficiency of two Bacillus
thuringiensis kurstaki (Btk) strains for the control of gypsy moth larvae in Mediterranean
cork oak forests. Aerial applications using helicopters reduced the density of gypsy moth
larvae by approximately 70%, showing the possibility of the use of Btk as a biological
control agent for this pest and forest. Resnerová, et al. [17] compare the efficiency of three
trapping methods for the bark beetle Ips cembrae in European larch forests. Trap trees,
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pheromone traps, and insecticide-baited traps were used for experiments, and the trap
tree method proved to be the most efficient method in terms of the number of bark beetles
captured. Therefore, although all traps tested were useful for the monitoring of this bark
beetle, trap trees were most effective in reducing the density of this bark beetle.

Finally, seven other papers focus on monitoring forest pests. Davydenko, et al. [18]
studied emerald ash borer (EAB), Agrilus planipennis, as an invasive species in Ukraine.
This species had the potential to kill European ash, Fraxinus excelsior. The ash tree is
also threatened by an invasive pathogen Hymenoscyphus fraxineus. Ash trees infected by
this fungus are more vulnerable to infestation by EAB. Zhang, et al. [19] identified an
olfactory gene from Monochamus saltuarius, a vector of pine wood nematode in China,
and found that this gene in the male beetle was down-regulated when the beetle was
infected with pine wood nematodes. Male beetles infected by pine wood nematode became
insensitive to olfactory stimuli from female beetles or host plants. The resulting increased
period of maturation feeding before mating provided the nematode with a longer time
to transfer into pine trees. Gathercole et al. [20] studied the leaf microbiome of oaks
in relation to acute oak decline (AOD) in Quercus robur and Q. petraea in Britain. Four
bacteria including Brenneria goodwinii were collected from a lesion of AOD. Whole genomic
DNA analysis collected from 421 trees nationwide showed that these bacteria were found
regardless of AOD symptom, suggesting these four bacteria are part of the normal oak
microbiome rather than causes of AOD. Gray et al. [21] used a Bayesian hierarchical model
to predict the occurrence of eastern spruce dwarf mistletoe (ESDM), Arceuthobium pusillum
and assessed the predictive performance of the model. The model’s overall accuracy was
only 52%. The model is useful for understanding the occurrence pattern of ESDM and
aiding the monitoring and management of ESDM. de la Fuente and Saura [22] modeled
the expansion of the distribution of pine wood nematode in the Iberian Peninsula using a
process-based network model. Climate was not the most important factor for the dispersal
of PWN because the nematode can disperse through areas that are already climatically
suitable. Differences in the host-species-specific susceptibility to PWN were decisive for
the expansion of PWN, showing the need for host-species-specific management strategies.
Choi, et al. [23] quantified areas of gypsy moth defoliation in 2020 using Landsat satellite
images in Wonju, Korea. About 13.0% of the forested area in Wonju was defoliated by gypsy
moth in 2020. Moreover, in Wonju, the gypsy moth preferentially occurred in Larix kaempferi
forests as compared to oak and other deciduous trees. Koreň, et al. [24] used machine
learning algorithms (MLA) to model the spatial and temporal infestation patterns of the
bark beetle Ips typographus in the Czech Republic. Among MLAs, the extra tree-classifier
method was the most useful in assessing the spatial infestation of the beetle. This model is
expected to be useful for designing new forest management strategies to reduce damage by
this bark beetle.

3. Conclusions

New pest invasions or changes in the distributions of forest pests have been observed
in many parts of the world. Impacts of invasive species on forest ecosystems are of major
concern globally. PWD is an invasive species in Asia and Europe that has been a target of
several research programs, focused variously on monitoring, modeling, and management.
These studies suggest that PWD is one of the most severe threats to forest health globally.
To mitigate the impacts of global changes on forest health, suitable forest pest management
strategies need to be developed based on scientific monitoring and analysis. We hope that
this Special Issue will lead to an improved understanding of the causes of changes in the
occurrence patterns of forest pests and new ways to mitigate their damage.

Author Contributions: Conceptualization, W.I.C. and Y.-S.P.; writing—original draft preparation,
W.I.C. and Y.-S.P.; writing—review and editing, W.I.C. and Y.-S.P. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Oak decline syndrome has been observed in South Korea and Japan and variously referred
to as Korean oak wilt (KOW) and Japanese oak wilt (JOW). We reviewed aspects of the historical
occurrence of KOW, disease cycle, and its potential causes. KOW has been seen principally in
Mongolian oak (Quercus mongolica Fisch. ex Ledeb.). The first occurrence of KOW was in 2004 in
Seongnam, South Korea. KOW is associated with the fungus Raffaelea quercus-mongolicae, which
is vectored by the ambrosia beetle Platypus koryoensis. In addition, it has been suggested that
yeasts have evolved a symbiotic relationship with the vector without antagonism for the pathogenic
fungus. The number of trees in Korea killed by KOW increased to about 331,000 in 2011, but then
decreased to about 157,000 in 2019. We hypothesized that trees infected by R. quercus-mongolicae
accumulate phenolic compounds in the sapwood and the vector (P. koryoensis) beetles then avoid
these trees. Therefore, the number of hosts available for the beetle after a KOW outbreak decrease
due to accumulation of phenolic compounds in the wood, although most oak trees survive outbreaks.
Therefore, P. koryoensis beetles move longer distances after outbreaks to find susceptible host trees.
Novel occurrence of KOW in Korea may be due to either (1) an increase in tree age (size) in Korean oak
stands, for which the beetle has a known preference or (2) climate change, which may be increasing
the number of weakened or stressed trees, for which P. koryoensis also shows a preference.

Keywords: ambrosia beetle; climate change; long distance dispersal; mutualistic interaction;
Platypus; Raffaelea

1. Introduction

Oak decline is global phenomenon and one of the severe concerns in forest ecosystem
health [1,2]. Among 450 species in Quercus genus in the world [3], oak declines were
reported for several species such as Quercus rubra L., Quercus velutina Lam., Quercus coccinea
Muenchh. And Quercus alba L. in USA; Q. rubra and Quercus petraea (Matt.) Liebl. In Great
Britain; Quercus ilex L. and Quercus suber L. in Spain [1]. Oak decline is related to stresses
from various abiotic and biotic factors, alone or in combination [4] that facilitate attack
by secondary pests and micro-organisms. Abiotic stressors such as drought, frost, excess
moisture, and silvicultural practices can induce attack of secondary pests [2]. Drought is
considered particularly important, and various agents such as wood-borers and symbiotic
micro-organisms have attacked stressed oak trees in Europe and North America [1].

Declines of cork oak (Q. suber) and holm oak (Q. ilex) in the western Mediterranean
region have been related to attacks of plant pathogenic fungi associated with the buprestid
beetle Coraebus florentinus (Herbst) [5]. The decline of the oaks is also especially affected by
Phytophthora cinnamomi Rands [6]. In Iran, acute oak decline of Quercus castaneifolia C.A.
Mey was associated with presence of the bacteria Brenneria spp. and Rahnella victoriana
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Brady et al. [7]. Among the biotic factors damaging forests, insect pests and diseases are
expected to increase as they invade new areas or move to adapt to climate change [1].

The risk of outbreaks of ambrosia beetles and bark beetles is expected to increase as
trees are weakened or stressed by climate change [8]. In the case of ambrosia beetles, their
mutualistic interaction with fungi and their eusocial brood care increases their ecological
fitness under the influence of environmental change [9,10]. In fact, outbreak and biological
invasions of ambrosia beetles and their damage to forests are extensively reported [8,10,11].
Korea and Japan have both experienced similar oak decline problems: Korean oak wilt
(KOW) [11] and Japanese oak wilt (JOW) [12]. Both diseases occurred in oak species, mainly
Q. mongolica and Quercus crispula Blume for KOW and JOW, respectively [11,12]. However,
the fungus and its insect vector are different for KOW and JOW. KOW was induced by
Raffaelea quercus-mongolicae K.H. Kim, Y.J. Choi and H.D. Shin, sp. nov. vectored by Platypus
koryoensis (Murayama), whereas JOW was caused by Raffaelea quercivorus Kubono et Shin.
Ito vectored by Platypus quercivorus (Murayama) [13,14].

During the past five decades, the main forest pests in Korea have been species at-
tacking conifers because of such trees’ high dominance in Korea [15]. After the successful
afforestation efforts made in the 1970s, the dominancy of coniferous species in Korea de-
creased, while that of oaks increased [15]. With increased oak dominance, the risk of oak
tree mortality due to forest insect pests and diseases logically also increased [16]. Therefore,
there is a need to better understand the current status of KOW and determine how to
manage oak decline effectively.

Here, we reviewed aspects of the historical occurrence of KOW, disease cycle, and its
potential causes. Based on the literature, we considered three possible explanations for oak
decline in Korea: (1) the roles of pathogen in tree mortality, (2) an increase in size of oaks,
and (3) climate change [11]. Finally, the future of KOW was discussed.

2. History of Korean Oak Wilt (KOW)

The first known occurrence of KOW was observed at Ibaejae in Seongnam, South Korea
in August, 2004 (Figure 1a), infecting mainly dead Mongolian oak (Q. mongolica) and a few
Q. aliena Blume and Q. serrata L., showing exit holes of wood-boring insects [13]. The main
wood borer associated with KOW is the ambrosia beetle P. koryoensis [17]. Simultaneously,
a fungus collected from the dead or infected trees and its associated ambrosia beetle were
identified as a new fungal species, R. quercus-mongolicae [13]. Based on 18s rDNA and
morphological analysis, this species is phylogenetically closest to R. quercivora, the causal
agent of JOW, than to other Raffaelea species [13].

 

Figure 1. The occurrence areas (yellow color) of KOW in 2004 (a), 2006 (b) and 2019 (c) in South
Korea. The asterisk indicates the first occurrence area (i.e., Ibaejae in Seongnam, South Korea) of
KOW reported in 2004. The gray color indicates elevation. The graphs were drawn based on data
from Annual Report of Monitoring for Forest Insect Pests and Diseases in Korea [18].
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In a nationwide survey in 2004, KOW was detected in 18 cities or counties, mainly
in the vicinity of Seongnam (Figure 1a). By 2006, KOW had been recorded in 61 cities
or counties in the middle of the Korean peninsula (Figure 1a), and the occurrence area
expanded slightly in 2019 compared to in 2006 (Figure 1c). The vector beetle of KOW was
firstly reported in Korea in 1930 [19], and distribute throughout the country including Jeju
island [20]. Therefore, the vector beetle of KOW is considered a native species in Korea.
The occurrence pattern showing high occurrence in the northern part of South Korea and
the limited occurrence in the southern part would be related with climate variables such
as mean daily temperature difference and annual precipitation, elevation and distribution
of host plants [21]. The occurrence area of KOW was 1944 ha in 2006 and 4087 ha in 2008.
After several fluctuations through to 2013, the area declined to 1576 ha by 2019 (Figure 2a)
(http://www.forest.go.kr (accessed on 1 March 2022)). A similar pattern occurred in
numbers of trees killed by KOW (Figure 2b).

 

Figure 2. Annual changes in area (ha) damaged (a) and the number of dead oak trees (b) caused
by KOW from 2004 to 2019. The graphs were drawn based on data from Korean Forest Service
(www.forest.go.kr (accessed on 1 March 2022)).

Until 2014, the areas with the highest levels of KOW were in and around Seoul [22],
although P. koryoensis is distributed throughout South Korea, including Jeju island [20].
Monitoring in the vicinity of Seoul from 2011 to 2014 showed that the main KOW areas
shifted southward [23]. In 2011, an outbreak of KOW occurred in the Bukhan Mountain
National Park in Seoul, and in 2012, 1,585,937 trees spread over 7943.4 ha were infected [24].
In this area, 58.5% of all oak trees were affected by KOW and the mortality of trees infected
by KOW was 4.1%. After the mass outbreak of KOW in Bukhan Mountain National Park,
the number of infected trees there decreased until 2014 and outbreak of KOW was not
observed until 2020 [22].

The distribution of KOW at the regional level was analyzed using satellite images from
2009 to 2014 [22]. Damaged areas were classified based on the density of dead oak trees for
the three mountains in Seoul or its vicinity (Bukhan, Cheonggye and Suri mountains). This
mapping showed that the highest concentration of KOW was located in the broadleaf or
mixed-stand forests with elevations of 200~400 m and slopes of 20~40 degrees, and that a
spatial shift of the area with the highest KOW levels occurred from Cheonggye mountain
to Suri mountain located 12.5 km to the southwest.

3. Disease Cycle of KOW

3.1. Host and Symptom

The typical symptom of KOW is systematic wilting of oak trees, which occurs when
the number of entry holes by P. koryoensis is high (Figure 3) [11]. Attack density by the
ambrosia beetle vector is the principal factor determining the level of oak mortality caused
by KOW [11]. The beetle preferentially attacks the lower trunk, usually on the downslope
side because the higher moisture content and thicker phloem on this face are beneficial
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to the survival of the vector’s progeny in the lower trunk, even though more energy is
required to penetrate thicker bark in this area [25]. The reason for this is thought to be the
less dense tissue in that portion of the tree [11]. When the density of beetles increases, attack
also occurs on the higher trunk, possibly to avoid intense intra-specific competition. The
presence of P. koryoensis entrance holes above 1.5 m indicates high beetle density [11,25].
The spatial distribution of entrance holes was changed from random or contagious to
random to reduce intra-specific competition [25].

Figure 3. Mongolian oak (Q. mongolica) attacked by P. koryoensis (left) and wilted by KOW (right)
(Photos from Park, J.H.).

After attack by P. koryoensis, oak trees are also invaded by R. quercus-mongolicae, which
affects the water-conducting tissues [13]. However, there are no studies on the mechanism
by which the fungus causes wilting. In the case of R. quercivorus, the causal agent of JOW,
cavitation, discoloration, desiccation, and dysfunction of xylem vessels leads to blockage
of the upward movement of water after invasion by the fungus. Extensive development
of these symptoms in the vessels is considered the cause of severe wilting of the foliage
and the subsequent tree death [26]. The presence of extensive discoloration in the wood of
trees affected by KOW suggests that trees heavily affected by KOW are killed by a similar
mechanism to that of JOW.

The disease cycle of KOW is closely related to the life cycle of P. koryoensis. Male
beetles make entry holes in oak trees in May and beetle frass is found in the trunk and soil
around the trunk [20]. Heavily attacked oak trees die due to systematic wilting in late July
to early September (Figure 4). The leaves of dead trees remain on the tree after autumn
because oak trees die without the formation of an abscission layer [20] (Figure 3).

Although several different oak species (Q. mongolica, Q. serrata, Q. aliena, Q. acutissima
Carruth. and Carpinus laxiflora (Siebold and Zucc.) Blume) are known to be hosts of KOW
in South Korea, Q. mongolica is one of the main hosts and is a widely distributed species in
South Korea [13]. Suitable habitat for Q. mongolica is mainly in the middle of the Korean
peninsula, or at areas above 500 m elevation in the southern of Korea [27]. Due to climate
change, it was predicted that the area of suitable habitat for this oak would decrease in
South Korea in the future [27]. Interestingly, the density of the beetle’s entrance holes
increased with high dominance of the Quercus species [16], suggesting that the probability
of KOW increases with available resources of the beetle vector. Similarly, the occurrence of
JOW was concentrated in stands with high volumes of Q. crispula, a major host of JOW [28].
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Figure 4. Life cycle of KOW in Korea. The graph was redrawn based on data from research on disease
cycle and management of KOW [20].

3.2. Vector Beetle

Ambrosia beetles such as P. koryoensis (Platypodinae, Curculionidae) form obligate
mutualisms with ophiostomatoid fungi [29]. Platypodinae is a major beetle group showing
the fungus gardening behavior [29]. These fungus gardening beetles require a gallery-
cleaning behavior by their parents or sisters to avoid contamination of galleries from
unwanted fungi [30]. This behavior represents some degree of sociality, and this social
behavior is favorable for adaptation to new environments [10]. New outbreaks or invasions
to new areas by ambrosia beetles have likely increased due to their social behaviors [8,9].

Among the ambrosia beetles, periodic population outbreaks of the subgroup Platypod-
inae have been frequently reported throughout the world, and concerns for their economic
and ecological impacts have increased [11]. Examples of tree-killing platypodines include
P. quercivorus on Quercus spp. in Japan [31,32], P. koryoensis on Quercus in Korea [13,33],
Platypus cylindrus Fabricius on Castanea spp., Fagus spp. and Quercus spp. in Europe [34–36],
Platypus oxyurus Dufour on Abies spp. in Europe [37], and Megaplatypus mutatis Chapuis on
Populus spp. in South America and Europe [38].

The basic biology of P. koryoensis was little studied until 2004 when KOW was first
reported in South Korea. The beetle was initially identified as Crossotarsus koryoensis by
Murayama in 1930 [19], and it was collected in 1987 [39]. Its biology was reported by Lee
and Chung [40] but there was no report about tree damage until 2004 [33]. Its geographical
distribution includes Korea, Taiwan, Japan, and the Russian Far East, although its distribu-
tion in Japan is not well known [33]. The presence of P. koryoensis in Kyushu, Japan was
confirmed through specimen examination (personal communication with Dr. Goto).

P. koryoensis beetles mostly attack larger trees [11], seldom infesting trees less than
20 cm in DBH [25]. The galleries of P. koryoensis are horizontal to the ground and mainly
in sapwood [11]. It is likely that differences in the chemical composition of sapwood
and heartwood explain the beetle’s avoidance of heartwood. In case of Quercus faginea
Lam., phenolic levels were higher in heartwood than sapwood, although lignin and sugar
composition were similar [41]. Interestingly, levels of the lignan (–)-lyoniresinol and various
phenolic compounds [42] increased in the sapwood of Q. crispula in response to attack
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by R. quercivora. This increase in phenolic compounds led P. koryoensis to avoid infested
wood for new ovipositions, presumably because the beetle interpreted infested sapwood
as heartwood [42].

The spatial distribution of the beetle within oak stands, based on attack density in the
lower trunks, showed a density-dependent pattern [43]. In low-density beetle populations,
attack was concentrated on a few trees for mass attack to overcome host defense. As
attack density in stands increases, attacks also occur on non-mass attacked trees. In stand
with relatively high beetle density, beetles massively attack new hosts rather than already
attacked hosts. Due to this pattern of attacks, the number of damaged trees increases
rapidly when beetles are more abundant.

Most species of platypodid beetles exhibit male-initiated monogamy [44], in which male-
produced pheromones attract con-specific females. In addition, aggregation pheromones are
produced by males of P. koryoensis, which have been identified as a mixture of citronellol,
nerol, neral, geraniol, and geranial [13]. Although ethanol can attract P. koryoensis (as
well as other ambrosia beetles, such as Xyleborus crassiusculus (Motschulsky), Xyleborus
mutilates (Blandford) and Ambrosiodmus lewisi (Blandford)), the highest catch of P. koryoensis
was in traps baited with citral or a mixture of neral and geranial, not ethanol, under field
conditions [45]. Similarly, quercivorol, (1S,4R)-p-Menth-2-en-1-ol, was identified as the
aggregation pheromone of P. quercivorus [46].

Trap catches of P. koryoensis in four oak forests suggested that P. koryoensis is univoltine
in central Korea [47]. Destructive sampling at monthly intervals of trees infested by P.
koryoensis provided data on the phenology and age structure of the beetle’s life stages [48].
Eggs, larvae, and adults were found throughout the year. However, pupae were abundant
only in April and May, although a few were present in July and August, suggesting the
beetle is univoltine. Most likely, pupae detected in July and August had developed from
eggs laid by adults moving into the forest study site in June. Similarly, the first eggs laid
by the ambrosia beetle Xyleborinus saxeseni (Ratzeburg) developed into females that either
remained in galleries or dispersed late in the season. These females cooperated in care of
other brood by tending the fungus gardens, extending the gallery, and feeding and cleaning
offspring. The presence of pupae in July and August is also indirect evidence for sister care
in P. koryoensis and some degree of eusociality.

Using a phenology model based on degree days and field observations, Nam et al. [47]
determined that the lower threshold temperature for the development of the beetle is 5.8 ◦C.
The model predicted the median flight date of the beetle within five days [47]. Historical
data suggested that the date of the median flight day advanced nine days from 1970 to
2010, probably due to climate change [47].

The beetle’s flight distance was estimated using mark–release–recapture methods,
marking beetles with fluorescent powders and recovering marked beetles with sticky traps
deployed in the oak forest studied [49]. At least 300 individuals were released in each trial
at 11:00 a.m. in late June 2013 when beetle flight propensity was greatest, and recaptured
individuals were counted after three hours. No marked beetle was recaptured the next
day [50]. Recapture efficiency was 6.0 ± 1.6% and the mean dispersal distance was 18.0
± 1.3 m. The annual movement distance in infested stands in Jinan, Jeollabuk-do was
24.1 m and 19.9 m from 2012 to 2013 and from 2013 to 2014, respectively, showing that the
beetle’s limited dispersal distance reasonably explained the slow movement of infested
stands. A mechanism of long-distance dispersal was proposed to explain movement of
beetles over several kilometers. The proposed mechanism postulates that when the beetle
density in a tree becomes high, the beetle forms entrance holes in the upper trunk rather
than the lower trunk as usual, to reduce intensive intra-specific competition [25]. The
beetles emerging from galleries in the upper trunk probably have the potential to fly longer
distances, possibly aided by wind (Figure 5). Satellite image analysis showed that KOW
hot spots had jumped about 12.5 km per year [22].
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Figure 5. A diagram for hypothesis to explain long distance dispersal of P. koryoensis in density-
dependent manner. The diagram was drawn based on a hypothesis suggested by Lee et al. [49].

Dispersal pattern of JOW was similar to that of KOW. For P. quercivorus, at least half
of all trapped adults were found in traps installed <2 m above ground, and trap catch
decreased with increasing trap height [51], showing that most beetles flew at less than 2 m
height. Local dispersal distances of JOW were also relatively short and less than 100 m but
its long-distance dispersal was over 10 km [14]. Flight mill experiments suggested that the
flight capacity of P. quercivorus is at least 27 km [52], showing the beetle’s capacity for long
distance dispersal.

3.3. Fungus as the Causal Agent of KOW

Ophiostomatoid fungi have mutualistic interactions with bark or ambrosia beetles,
and they have been recognized as potential causal agents for tree mortality in many
countries [53–55]. Among these fungi, Raffaelea species potentially contributed several
observed mass tree mortality events [56–59]. Laurel wilt disease due to R. lauricola has
caused widespread mortality of several tree species in the family Lauraceae, including
avocado in the southeastern United States [60,61]. The impacts of several Raffaelea species
were considered black swan events (an unpredictable event that is beyond what is normally
expected) in tree pathology given that pathogenicity of Raffaelea species was either shown
to be weak or not proven by artificial inoculation experiments [62].

To test the pathogenicity of R. quercus-mongolicae, inoculation trials were performed
on both saplings and twigs of mature trees of Q. mongolica [63]. The fungus had an ability
to colonize sapwood, to contribute to sapwood discoloration and disrupt sap flows, but
the pathogenicity of the fungus was not confirmed. The fungus also induced discoloration
in the wood of chestnut oak (Q. acutissima) when inoculated by artificial injection using
Chemjet tree injector, an injector with a steady low pressure [64]. When Japanese oak was
artificially inoculated with the fungus, R. quercivora, the oak died rapidly with increase in
gallery density, which resulted in many offspring. Furthermore, trees with high density of
galleries have more discolored areas in wood, and the fungus was frequently re-isolated
from the inoculated trees. These recoveries clearly showed that the mass mortality of
Japanese oak was caused by mass attack of P. quercivorus and its associated fungus, R.
quercivora [65]. Studies on the spatial distribution of R. quercivora in the xylem showed that
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the hyphae of the fungi were located in the nearby inoculation site and failure of the xylem
vessels was associated with the hyphae distribution, suggesting that the oak mortality was
caused by massive failure of the xylem vessels due to mass attack by the beetle and its
associated fungus [66].

To understand the origin of R. quercus-mongolicae in South Korea, the population diver-
sity of 54 isolates of the fungus, collected nationwide (except Jeju island), was determined
using the restriction-site-associated DNA (RAD) marker [67]. Based on the lower genetic
diversity and no apparent population structure of R. quercus-mongolicae, it was suggested
that the fungus was introduced to the country, which led to the sudden emergence of KOW
on native oaks. However, this view of R. quercus-mongolicae as an invasive fungal pathogen
is based only on a lower level of genetic diversity and is not in line with other studies.
In particular, Lee et al. [68] determined the genetic diversity of 81 isolates of R. quercus-
mongoicae that were collected from inland areas covering 36 geographical locations in Korea,
using microsatellite markers, and found higher levels of genetic indices, supported by other
studies [69,70]. In addition to the genetic indices determined by Lee et al. [68], two different
mating types of R. quercus-mongolicae occurred in equal proportions in the country [71].
Furthermore, the fungus has been isolated from a wide range of native hosts, including C.
laxiflora, Castanea crenata Siebold and Zucc., Q. acutissima, Q. aliena and Q. variabilis Blume
without no visible symptoms on the hosts being developed [68], leading to the conclusion
that the fungus is a native fungal species rather than an exotic species.

3.4. Yeast

Bark beetles, including the ambrosia beetles, have evolved symbiotic relationships
with microorganisms, especially the ophiostomatoid fungi. In addition to the ophiostoma-
toids, other microbes have symbiotic associations with ambrosia beetles that are potentially
related to tree mortality. Yun et al. [72] examined the symbiotic relationships of various
yeast species with P. koryoensis that were associated with KOW. Eight yeast species belong-
ing to five genera were recovered from P. koryoensis. More yeast isolates were recovered
from female beetles than males or larvae. Female P. koryoensis beetles have mycangia on
their body surface where fungal associates are retained. The yeasts isolated from P. kory-
oensis had no antagonistic effects on R. quercus-mongolicae when the two were cocultivated
in vitro. In addition, among the yeast species isolated from P. koryoensis, each produced
different extracellular enzymes, suggesting that polymeric wood components would be
more efficiently utilized not by a single yeast species, but by a diverse yeast assemblage. It
has been suggested that various microorganisms co-occur in the wood of oak, which all
have different functions in the formation and maintenance of the galleries of P. koryoensis.
Similarly, two yeasts, Candida sp. and Candida kashinagacola Endoh et al., were identified as
symbionts of P. quercivorus in Japan [73]. These yeasts were abundant in the interior of the
gallery of P. quercivorus. Volatiles from yeast fermentation such as ethanol attracted beetles
because the chemicals can be signal for presence food sources such sugar [74].

4. Management of KOW

The management of KOW has focused primarily on control of the beetle vector. The
first control method is to cut heavily infested trees or ones killed by the beetle. The trunks
of these trees are then cut into 1 m long bolts and fumigated with metham sodium or
dimethylsulfate. As the entrance holes of the beetle are concentrated in lower trunk, the
stumps are also fumigated. If the fumigation is not possible, the trunk is cut into 1 m bolts,
and these are then split into half and left in the forest without any chemical treatments.
During winter, the beetles inside split bolts are generally failed to form galleries, probably
due to bolt dehydration. Some of the oak trees in stands heavily damaged by KOW are cut
and used as charcoal, wood chips, or sawdust [75,76].

The second control method is to reduce the density of beetles with trapping methods.
Mass-trapping of the vector using tree baits is one option. Tree baits are installed in infested
stands in late April. Alternatively, to prevent further infestations by beetles from heavily
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infested beetles or to reduce density of beetle, a two-part mass-trapping method is used.
First, sticky vinyl is used to cover the lower trunk up to 2 m from ground to catch emerging
beetles and prevent infestation of nearby trees. This method also catches various non-target
organisms such as collembola, insects and even small birds [76]. The second method is to
replace the sticky vinyl with non-sticky vinyl sheets that lead to a collecting plastic bottle.
The probability of catching non-target organisms was reduced [76].

The third control method is to spray the insecticide fenitrothion on the surface of the
trunks of all oak trees in an infested stand. Three applications are applied at 10-day intervals
in June. This method prevents the infestation of healthy trees. Injection of fungicides were
also tested to directly suppress the fungus R. quercus-mongolicae [77]. This method has not
yet been put to practical use.

5. Causes of KOW

Three hypotheses explaining the sudden outbreak of P. koryoensis in Korea have been
proposed [11]. The first hypothesis is that R. quercus-mongolicae is a new invasive species
recently reaching South Korea and novel association between fungus and oak is a potential
cause of tree mortality. This hypothesis is partially supported by the low genetic diversity
of R. quercus-mongolicae based on molecular techniques [67]. However, the existence of two
different mating types of R. quercus-mongolicae and its higher genetic diversity estimated
by microsatellite markers showed that genetic diversity of the fungus was higher than
originally thought, and consequently, the fungus is now considered a native rather than an
exotic species [68].

The second hypothesis is that warmer temperatures due to climate change have
favored P. koryoensis over the cold-adapted Mongolian oak. The distribution of this oak
ranges from Korea, China, and Siberia to Mongolia, and South Korea is on the southern
edge of its distribution. Indeed, KOW is the most concentrated in toward the southern limit
of Q. mongolica. Although the beetle can attack and successfully colonize other Quercus
species [33], the beetles preferentially attack Q. mongolica. This host preference can be
attributed at least partially to climate change because ambrosia beetles prefer to attack
weakened or stressed trees [8]. This explanation is consistent with the pattern of JOW in
Japan, for which tree mortality is high at lower elevations and extremely low at higher,
colder sites (>1000 m) [28].

The last one is related to the age of the Mongolian oaks throughout Korea, given that
P. koryoensis preferentially attacks larger oak trees and mortality from KOW was higher
in large oak trees than in small ones [11,25]. The dominant age class of Mongolian oaks
in Korean forests ranged from 30 to 50 years old in 2015 [78]. This tree age structure was
attributed to the history of the country’s afforestation policy and the restriction on cutting
trees in the 1970s [15]. The outbreak of native red oak borer (Enaphalodes rufulus Haldeman)
on oak species in Arkansas, United State of America in the 1990s and 2000s was observed
in stand with over 50-year-old oak trees, suggesting that the increase in tree age is one of
important causes for the outbreak [79,80].

Similarly, increase in JOW in Japan was attributed to climate change [81] or abandon-
ment of the management of oak forests [82]. According to Kamata’s hypothesis [81], recent
climate changes have induced a northern range expansion of P. quercivorus, and a novel
association between the beetle and Q. crispula was formed. This association induced mass
mortality of the oak trees because the trees lacked co-evolutionary adaptations to co-exist
with the beetle. In contrast, Kobayashi and Ueda’s hypothesis [82] is that oak forests in
Japan now contain older, larger trees due to cessation of oak forest management including
the cutting of older trees. Older oaks in the forest stimulated the outbreak of P. quercivorus
because such trees were more vulnerable to attack by ambrosia beetles. Shoda-Kagaya,
Saito, Okada, Nozaki, Nunokawa and Tsuda [14] further examined both these hypotheses
about the cause of JOW by determining the genetic structure of the vector, P. quercivorus,
using DNA microsatellites. They found that the genetic structure of the beetle’s populations
was similar to that of the host Q. crispula as reported by Okaura et al. [83]. This finding sug-
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gests that the geographical genetic structure of the beetle was shaped by co-evolution with
the host species. Therefore, Kobayashi and Ueda’s hypothesis [82] was better supported by
the molecular analysis of the genetic structure of the beetle populations [14].

6. Discussion

The ambrosia beetle P. koryoensis cultivates at least two types of microorganisms and
engages in eusocial behaviors of kin care with the parental galleries [10]. To cultivate its
fungus, P. koryoensis forms its gallery low on the trunk because of high moisture content
in that part of the tree [25]. Oak wood is not consumed by the beetle, but rather by the
symbiotic fungus, which in turn is consumed by the beetle. After entering the tree in
newly formed galleries, adults remain there until their offspring emerge from the galleries
the following year. Trees died from previous ambrosia beetle attacks are unfavorable for
continued cultivation of the symbiotic fungi because of the dryness of the wood. Therefore,
tree mortality is unfavorable to the ambrosia beetle.

In contrast, bark beetles attack trees and develop under the bark, feeding on the
cambium as larvae. Bark beetles Ips, Tomicus, Dendroctonus, and Scolytus often kill their
hosts when their densities are high because the extensive destruction of cambium from
larval feeding destroys the xylem vessels [84]. Additionally, for bark beetles, wood is the
basic food for larvae, although some bark beetles acquire nutrients from fungi that colonize
infested wood [85].

Microorganisms play several different ecological roles in KOW. The first is as a food
source for the beetle vector. Yeasts and their metabolites are potential food sources for
ambrosia beetles because ethanol, a major metabolite of yeasts, attracts ambrosia beetles.
The role of R. quercus-mongolicae, a weak pathogen, is to suppress the local defense of oak
and provide nutrients for yeast growth by fostering the local destruction oak cells. It is
likely that ambrosia beetles benefit mutualisms with weak pathogens because tree mortality
is not favorable to the beetle. The roles of microorganisms in KOW need to be further
studied to understand their ecological roles and contributions to tree mortality.

7. Conclusions

It is likely that the area in South Korea affected by KOW can be expanded, but that
the degree of actual damage can be decreased. Most of the oak trees that survive in
forests after an outbreak of KOW were infected by R. quercus-mongolicae, which probably
makes them unsuitable as hosts for P. koryoensis. Therefore, the beetles must expand their
distribution to find new suitable host trees, exposing beetles to potential mortality factors.
Therefore, the probability of a re-occurrence of KOW in forests that have already been
damaged by KOW would be low. The fate of trees infected by R. quercus-mongolicae is
uncertain. Due to extensive discoloration, water conductivity decreases, but the influence
of such decreased water conductivity is not yet clear. Physiological or drought-related
mass mortality of oak trees already infected by the fungus was not reported during the last
ten years. Further research or monitoring of physiological changes in oak trees damaged
by KOW are needed. The recent outbreak of KOW suggests that the risk of outbreaks of
new pests in deciduous forests is likely to increase because deciduous trees are increasingly
dominating Korean forests.
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Abstract: Invasive alien insects cause serious ecological and economical losses around the world.
Here, we review the bionomics, modern ranges (and their dynamics), distribution pathways, moni-
toring, and control measures of 14 insect species known to be important invasive and emerging tree
pests in forest and urban ecosystems of Russia: Leptoglossus occidentalis (Hemiptera: Heteroptera: Cor-
eidae), Halyomorpha halys (Hemiptera: Heteroptera: Pentatomidae), Corythucha arcuata (Hemiptera:
Heteroptera: Tingidae), Agrilus fleischeri, A. mali, A. planipennis, Lamprodila (Palmar) festiva (Coleoptera:
Buprestidae), Ips amitinus, Polygraphus proximus (Coleoptera: Curculionidae: Scolytinae), Cydalima
perspectalis (Lepidoptera: Crambidae), Acrocercops brongniardella, Cameraria ohridella, Phyllonorycter
issikii, and P. populifoliella (Lepidoptera: Gracillariidae). We identified three major scenarios of tree
pest invasions in the country and beyond: (1) a naturally conditioned range expansion, which results
in the arrival of a pest to a new territory and its further naturalization in a recipient region; (2) a
human-mediated, long-distance transfer of a pest to a new territory and its further naturalization; and
(3) a widening of the pest’s trophic niche and shift to new host plant(s) (commonly human-introduced)
within the native pest’s range frequently followed by invasion to new regions.

Keywords: forest entomology; forest health; biological invasions; outbreaks; insect pests; range
expansion; urban trees; detection; controlling measures
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1. Introduction

Insect invasions are a widely recognized problem. Indeed, many invasive insect
species pose a serious threat to biodiversity and ecosystem functioning worldwide, af-
fecting the well-being of modern human society [1–4]. With increasing intercontinental
trade (including the trade of living plants and plant origin products) and global changes
happening in the environment (e.g., climate change, deforestation, ecosystem degradations,
etc.), the impact of invasive species will continue to grow [5–7].

Invasive insect species are often not pests in their natural range, where they are well-
controlled by biotic and abiotic factors [8]. Furthermore, some of these species become
known to science only after their invasions [9,10]. On one hand, alien pests that are
often released from their native enemies can switch on non-coevolved hosts, resulting in
successful invasion, with notable damage to the invaded ecosystem [11]. On the other
hand, alien plants introduced into a new region can be a target to native pests that can
benefit from the susceptibility of the novel hosts [12]. The ability of invaders to form
novel trophic associations may present a threat to plants in their native range in cases of a
pest accidental introduction. Our knowledge of the biology of novel pests, their invasive
potential and impacts, as well as possible methods of monitoring and control is usually
limited [13]. Often, such information is unavailable or scarcely published on a national
language of a country from where a pest is originally known and is thus not accessible to
an international audience.

Russia occupies a huge territory in Europe and Asia with different climatic zones,
and the country is actively involved in international trade. Thus, it is not surprising
that harmful organisms, arriving to the country via international trade (e.g., airfreight
or shipping containers carrying crops, ornamental plants, wood, etc.) or through the
movement of people (e.g., global tourism), are regularly detected here [14], and those that
succeed in becoming established cause significant economic losses to Russia [15]. The
opposite is also true. Pests are regularly found on plants and plant material in vehicles
driving from or through the territory of Russia and, as a result, are recorded in new
regions of the country or beyond, in foreign countries [8]. Information about the biology,
monitoring, and control of alien invasive species that actively expand their ranges and
have recently arrived in Russia or, in contrast, native species that are able to spread from
Russia to other countries, is of a high importance for international specialists dealing with
pest quarantine and forest protection in their homelands.

In this review, we analyzed the biology, distribution, pathways, monitoring, and
control approaches of 14 tree insect species, which are considered highly important invasive
or emerging insect pests of forests and urban woody plants in Russia [8,15]. It should
be understood that they are not the only actual or potential invasive or emerging insect
pests in Russia deserving attention. However, in our opinion, they can be considered as
representative models of insect pest invasions at a national level.

2. Materials and Methods

In order to provide up-to-date knowledge on insect pests of forests and urban woody
plants in Russia, we reviewed numerous studies, mostly published in a national language,
and the references are given in each species’ essay below. We have included the latest papers
delivered at the All-Russia biennial conference “Dendrobiotic Invertebrates and Fungi and
their Role in Forest Ecosystems (The Kataev Memorial Readings)”, which serves as the
main platform for discussing the most important issues on forest entomology, pathology,
plant protection, and quarantine in the country [15]. We also examined “grey” and not
easily accessible national literature (e.g., proceedings, conference notes, papers in regional
editions, etc.). As a result, we compiled 14 brief essays on important invaders in Russia
(mainly within its European part). Most of these pests (both alien invasive species which
penetrated Russia and native national pests) can potentially further expand their ranges
and pose a threat to woody plants in other countries.
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The essays are arranged in taxonomic order. They briefly overview history of invasion,
biology, basic monitoring and control measures, and are accompanied with photographs of
pests and damage symptoms. A schematic map of the natural range (colored in yellow)
and invasive range (colored in red) in Russia is also provided. In most cases, we outlined
the entire administrative region/unit for published records, except for the cases when the
area of the record is relatively small, whereas the region is large. The current ranges were
mapped using ArcGIS 9.3 [16].

As there are discrepancies in the English naming of Russian administrative units
and settlements, we applied the most commonly used names. To designate admin-
istrative units, the following terms were used: “Oblast” for Province and “Krai” for
Administrative Territory.

3. Results

3.1. The Western Coniferous Seed Bug, Leptoglossus occidentalis Heidemann, 1910 (Hemiptera:
Heteroptera: Coreidae)

Leptoglossus occidentalis (Figure 1) is a North American species that invaded Eurasia,
North Africa, and Central America. The native range of the species covers the west of North
America, from the south of Canada to Mexico [17]. In Europe, it was first recorded in 1999
in northern Italy [18], where it was accidently introduced from North America, probably
by plane [19]. Over the next 10 years, the bug spread from Italy across Europe northward
(to Norway) and eastward (to Russia and Turkey) (Supplimentary Table S1). At present,
the invasive range of L. occidentalis in Eurasia covers significant parts of the Palaearctic. In
Asia, it is known from Turkey, Israel, Armenia, Kazakhstan, Northeast China, Japan, and
South Korea [17,20–25]. In Africa, it is recorded in Tunisia [26], Morocco [27], and South
Africa [28]. It is also recorded in Chile [29], Brazil [28], Argentina [30], and Uruguay [31].
The first records in European Russia refer to Rostov-on-Don (but also to the neighboring
Crimean Peninsula) [17]. Up to now, it has been recorded also in the Smolensk Oblast [32],
Voronezh City [33], Volgograd City [34], Stavropol Krai [27], Krasnodar Krai, and North
Ossetia (central Causasus) (Figure 1c) [19,27,35]. The species has spread along the entire
Black Sea coast of the Caucasus (Krasnodar Krai) to the border with neighboring region
of Abkhazia [19,35], from which it is also known [27]. In addition, it is documented from
Transcaucasia: the neighboring region of South Ossetia [27], Georgia [36], and Armenia [25].

The routes of introduction into Russia are not known. Adults of L. occidentalis have
good flying abilities and, thus, they can fly for long distances over regions having suit-
able habitats and host plants [17]. The bugs could have also been accidently introduced
with coniferous plants, either with plants for planting or Christmas trees (whole or cut
branches) [17,37]. The rate of spreading of L. occidentalis from the place of its first detection
in Europe is approximately the same in all directions of its expansion and is estimated to
be about 200 km per year [19]. Most likely, in addition to active distribution, the invader is
moved passively with various types of transport [19].

Based on the record of the species in Voronezh City (the forest-steppe zone; approx.
500 km from Rostov-on-Don) and in the Smolensk Oblast (the forest zone; approx. 1000 km
northward from Rostov-on-Don), a significant expansion of the invaded range northward
in the European part of Russia should be expected. Successful establishment of the species
in the forest-steppe zone is now evident at least in urban conditions, keeping in mind that
average temperatures are higher in cities than in the surrounding environment [33]. The
probability of spreading and establishment further eastward remains unknown.
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(a) (b)

(c)

Figure 1. The Western coniferous seed bug, Leptoglossus occidentalis: (a) a nymph of IV instar; (b) an
adult, Voronezh City, September 2020; (c) the current invasive range in Russia (colored in red). Photo
by E.V. Aksenenko.

The species is trophically associated with a wide range of plants from Pinaceae (e.g.,
Abies, Cedrus, Picea, Pinus, Pseudotsuga, and Tsuga), Cupressaceae (e.g., Calocedrus, Cupressus,
and Juniperus) [17,20,35,38], and exceptionally documented on Anacardiaceae (Pistacia
vera) [39]. In Russia, feeding on spruce Picea glauca, P. pungens, and fir Abies cocolor has been
recorded [19].

The bug overwinters as adults or nymphs of the last (V) instar. For overwintering,
they aggregate in cracks in the bark and other similar microhabitats in forests and can also
penetrate dwellings, cars, etc. They leave overwintering shelters in April to May and start
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feeding on young microstrobili and megastrobili, causing growth impairment, deformation,
and reducing the production of microspores [17]. Then, the adults mate and the females
lay eggs. Females lay about 30 eggs (up to 80 maximal) in clusters along the needles [40].
Hatched nymphs and adults feed on maturing and ripe seeds and also suck sap from the
apical shoots throughout summer. Adults emerge close to the end of August.

Within its native range in northern California, L. occidentalis produces one generation
per year [37,41]. In Italy, it has two or three generations on the plain, and only one
generation in the highlands [42]. In the south of Krasnodar Krai, two generations per
year were recorded [19]. In Dagestan (North Causasus), at least one generation per year
is possible, and in the area between Anapa and Novorossiysk cities, two generations can
occur [19]. Further northward, thermal conditions are not favorable for this species.

The damage caused by L. occidentalis has not yet been fully evaluated in Europe. In
North America, it destroys up to 26% of the seeds of Pinus monticola and up to 41% of the
seeds of different Pseudotsuga species [41]. In West Europe, the species has not caused any
significant damage so far [43], probably because: (1) its abundance has not yet reached
the critical level in the newly colonized territories, and (2) causing damage only to seeds,
the bug practically does not harm the trees themselves. In Russia, a 3-year study of the
influence of L. occidentalis on seed germination of the Crimean pine and Scots pine in the
Rostov Oblast demonstrated the high harmfulness of the seed bug [19].

The bug carries spores of the pathogenic fungus Sphaeropsis sapinea (=Diplodia pinea),
which causes diplodia tip blight: a necrosis of the needles and shoot bark, as well as the
withering of seedlings and young plants [44,45]. Thus, the cumulative damage to pines can
be highly significant. In its native range, L. occidentalis is parasitized by Trichopoda pennipes
(Diptera: Tachinidae) [46] and hymenopteran egg parasitoids, Gryon pennsylvanicum (Sce-
lionidae), Anastatus pearsalli (Eupelmidae), and Ooencyrtus spp. (Encyrtidae) [47]. In Italy,
the hymenopterans, Anastatus bifasciatus (Eupelmidae), Tetrastichus servadeii (Eulophidae),
and Ooencyrtus pityocampae (Encyrtidae) parasitize the eggs of L. occidentalis. In Russia, par-
asitoids that able to control the bug are not known, except Ectophasia crassipennis (Diptera:
Tachinidae) [35].

Leptoglossus occidentalis can be effectively controlled using pyrethroid preparations in
the years when the pine yield is low and the bug‘s population density is high; however,
this and other chemical control measures against this pest, as well as biological control
focusing on its natural enemies, should be developed in Russia [35].

3.2. The Brown Marmorated Stink Bug, Halyomorpha halys (Stål, 1855) (Hemiptera:
Heteroptera: Pentatomidae)

The native range of Halyomorpha halys (Figure 2), covers Southeast Asia: China, the
Korean Peninsula, Japan, Taiwan, and Vietnam [48,49]. The history of the pest invasion
began in North America, where the species was first recorded in 1996, and since then,
it has actively spread throughout the country. By 2015, the bug had been reported in
41 states [50–52]. In Canada, H. halys was documented in 2010 in Ontario and Quebec [53].
In Central and South America, H. halys has not yet been recorded, except for the only detec-
tion in the Chilean border zone in 2017 [54]. In Europe, H. halys was first detected in 2004 in
Liechtenstein [55] and spread quickly to at least 30 countries (Supplimentary Table S2). The
species expansion in Europe was recently analyzed based on the distribution of different
haplotypes [56]. In 2010, live specimens of the bug were intercepted in England and New
Zealand in the luggage of passengers traveling by air. In New Zealand, it was also found in
used cars brought from Japan, but the species did not spread across the countries [57,58].
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(a)

(b) (c)

(d)

Figure 2. The brown marmorated stink bug, Halyomorpha halys: (a) a nymph of the final (V) instar,
Sochi, August 2017; (b) an adult on grape, Sochi, September 2017; (c) an overwintering aggregation
in warehouse, Sochi, January 2018; (d) the current invasive range in Russia (colored in red). Photo:
(a) by V.Ye. Zakharchenko and (b) and (c) by N.N. Karpun.
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In Russia (Figure 2), H. halys was detected for the first time in 2014 [59] in two parks
in Sochi, and already in 2015, an outbreak was observed in the humid subtropics of Russia
and neighboring region of Abkhazia [60]. The species occurs on the Black Sea coast of
the Caucasus at altitudes up to 800 m a.s.l. [61]. In the fall of 2016, the bug was noted in
Krasnodar City, and during 2017, it invaded the territory of Krasnodar Krai and Adygea
(West Causasus) [62–64]. In 2018, H. halys was detected in the Stavropol Krai and in
neighboring Crimean Peninsula (in Simferopol, Sevastopol as well as in the nearby villages
of Inkerman, Balaklava, on Cape Fiolent) [65,66]. Since 2019, the species adults were
regularly caught in the City of Rostov-on-Don and in the Rostov Oblast [67,68]. In 2020,
nymphs and adults were intercepted in the Stavropol City [69] and in Dagestan (North
Caucasus, Samur Forest) [70]. It is likely that goods of non-plant origin transported during
the winter are the major vector of H. halys distribution in Russia [63].

The brown marmorated stink bug is a polyphagous pest damaging 300+ species of
plants [50,71,72]. In southern Russia, nymphs and adults feed on 107 species of cultivated
and wild plants, and during the year, the species migrates from one crop to another. It
locally migrates to forest and forest plantations at the end of August or in September,
concentrating in the crowns of beech, linden, hazel, and ash [73]. In 2016–2017, H. halys
caused severe losses in the yield of fruit, subtropical, and vegetable crops [60,63,74]. In
woody species, the pest destructs fruits. Thus, in hazel, kernels fail to properly form, while
in Rosaceae, fruits are deformed and do not ripen [73]. On the Black Sea coast of Russia,
two generations develop per year, and only one is likely to develop further north [74,75].
The monitoring of H. halys is possible by regular visual inspections of plantations during
the summer and overwintering sites in the autumn and winter, as well as by pheromone
trapping [62]. The traps are placed in crowns of woody plants or on poles in fields or other
open areas. The composition of the aggregation pheromone of H. halys was identified as a
mixture of two stereoisomers: (3S, 6S, 7R, 10S)-10,11-epoxy-1-bisabolene-3-ol and (3R, 6S,
7R, 10S)-10,11-epoxy-1-bisabolene-3-ol, in a ratio of 3.5: 1, respectively [76]. Among the
pheromones produced in Russia, the most effective is a mixture consisting of an aggregation
pheromone obtained from citronelal racemate and methyl (E, E, Z)-2,4,6-decatrienoate [77].

In the south of Russia, no effective predators and parasitoids of H. halys have been
found so far. As biological control measures, the use of preparations based on ento-
mopathogenic fungi (strains) of the following species is considered promising: Beauveria
bassiana, Metarhizium anisopliae, Isaria fumosorosea, and Ophiocordyceps nutans [74,78–82].
Pheromone traps catch more than 100 individuals per week and can be effectively used
in autumn [77,83]. To control nymphs and adults, neonicotinoids (based on imidaclo-
prid, acetamiprid, thiacloprid, and thiamethoxam) and pyrethroids (based on bifenthrine,
cypermethrin, lambda-cyhalothrin, alphacypermethrin, etc.) are effective [48,74,84–90].

3.3. The Oak Lace Bug, Corythucha arcuata (Say, 1832) (Hemiptera: Heteroptera: Tingidae)

Corythucha arcuata (Figure 3) is a North American species that is naturally distributed
in the USA and the southern regions of Canada [91,92]. In Europe, the oak lace bug was
first recorded in 2000 in Italy [93], and by now, it has quickly spread in almost 20 countries
(Supplimentary Table S3). In Asia, it was found in 2002 (2003) in Northwest Turkey, and
by 2008, it had spread about 600 km eastward [94,95]. In 2005, a specimen of the bug was
caught in the north of Iran at the latitude of 1370 m a.s.l. in the vicinity of Urmia (Ur-
miech) [96]; however, no data on further acclimatization of the species in Iran are available.
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(a) (b)

(c)

(d)

Figure 3. The oak lace bug, Corythucha arcuata: (a) an adult, Krasnodar Krai, June 2016; (b) eggs,
nymphs, and adults on a leaf of Quercus hartwissiana, Sochi, September 2017; (c) heavy discoloration
of Q. variabilis, Sochi, September 2017; (d) the current invasive range in Russia (colored in red). Photo:
(a) by V.A. Soboleva, with permission, (b) and (c) by V.Ye. Zakharchenko.

26



Forests 2022, 13, 521

In Russia (Figure 3d), the first local outbreak of this pest was recorded in the summer
of 2015 in Krasnodar City. By the autumn 2016, the species had spread across the Krasnodar
Krai and was found in Adygea [90,97,98]. In September 2017, C. arcuata was found in the
subtropical zone of the Black Sea coast of the Caucasus [99] and in the neighboring Crimean
Peninsula [100], where it was later repeatedly documented [101,102]. In 2018, the bug was
recorded in the Rostov Oblast and many regions of the North Caucasus (Stavropol Krai,
Karachay-Cherkessia, Kabardino-Balkaria, North Ossetia, Chechnya, and Dagestan) [103].
Further pest expansion outside Russia to natural forests of Central Asia and the countries
of the Caucasus is likely.

Corythucha arcuata spreads over long distances mainly due to human-mediated trans-
portation (land, air, and water vehicles); the distribution on air currents and transportation
with seedlings of plants and other plant material are not ruled out [104]. Within its natural
range, it damages many oaks (Quercus spp.; Fagaceae) by sucking juice from leaves. Addi-
tionally, it has been noted feeding on toothed chestnut Castanea dentata (Fagaceae), willows
(Salix spp.; Salicaceae), and Cercis canadensis (Fabaceae) [92,105]. In southern Russia, it
damages various species of oak, as well as a number of other woody plants (e.g., Castanea
sativa, Corylus avellana, Acer platanoides, Alnus glutinosa, A. incana, etc.) [106,107].

In North America, the oak lace bug produces two or three generations per year [108].
Under favorable conditions of the North Caucasus, Transcaucasia, and the Crimean Penin-
sula, up to three generations can develop in April to November (sometimes a part of its
population can produce the fourth generation) [109].

Nymphs and adults suck juices from leaves, resulting in a pronounced discoloration,
which is first seen as a marbled diffuse yellowing of foliage, and by the middle of summer,
as complete discoloration due to chlorophyll loss [106,108]. Despite growing population
densities, the bug impact on oak forests in Russia has not been estimated yet. Significant
destruction of foliage in tree crowns during several years can greatly weaken the oaks,
causing their gradual decline [103,109]. In addition, the decorative quality of trees massively
infested by the oak lace bugs is significantly reduced, which may be critically important in
urbanized environments [63].

The oak lace bug should be monitored through regular visual ground surveys in forest
and urban plantations [103,106], and remote sensing should be developed [110], since the
damage caused to trees is clearly visible. Sweeping with classical entomological net in tree
crowns and shrubs can also be used for surveys [102].

In Russia, predators and parasitoids of the oak lace bug have not yet been stud-
ied [111]. Nevertheless, it is believed that entomopathogenic fungi (e.g., Beauveria spp.,
Metarhizium spp., and Cordyceps spp.) can be potentially used for the biological control of
C. arcuata [112,113]. Of the chemical preparations, avermectins, pyrethroids, and neonicoti-
noids are considered effective against this pest [114–116].

3.4. The Spotted Poplar Borer, Agrilus fleischeri Obenberger, 1925 (Coleoptera: Buprestidae)

Agrilus fleischeri (Figure 4), is a North Asian pest of poplars (Populus spp.) and, to a
lesser extent, willows (Salix spp.), which produced outbreaks and caused tree mortality in
poplar plantations in China (see below in this essay). Because of these circumstances, it is
considered a potentially invasive pest of poplars in Europe and North America [117–119]
and included in the European and Mediterranean Plant Protection Organization (EPPO)
A2 List of pests recommended for regulation as quarantine pests [120].

The species was described from East Siberia (Transbaikalia: Berezovka settlement) [121].
In Russia, it is distributed across its Asian part: in West Siberia (Tyumen Oblast, Krasno-
yarsk and Altai Krais, the Altai Republic), East Siberia (Tyva and Buryatia), and Far East
(Primorskii and Khabarovsk Krais, Sakhalin, and Amur region) (Figure 4c).
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(a) (b)

(c)

Figure 4. The spotted poplar borer, Agrilus fleischeri: (a) a female; (b) a fragment of a larval gallery and
an exit hole on a piece of firewood (Populus sp.), Jilin Province, China; (c) the native range in Russia
(colored in yellow). Photo: (a) by A.V. Kovalev, after [119]; (b) by E. Jendek, both with permission.

In Asia, it is also known from Kazakhstan (eastern and, probably, northern parts;
report from Karaganda Oblast on the east needs confirmation), Mongolia (Töv Aimag),
China (Northeast and Central China: Heilongjiang, Liaoning, Beijing, Sichuan, and Shaanxi
Provinces), North Korea, South Korea, and Japan (Hokkaido, Honshu) [119,122]. In the
westernmost part, the range of A. fleischeri reaches, but does not overlap with, the range of
closely related European Agrilus ater [119].
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The spotted poplar borer is considered a potentially invasive species. Although it has
never been reported beyond its native range, it is known to outbreak on planted exotic
poplars [117–119]. Outbreaks of A. fleischeri on introduced Populus nigra var. italica resulting
in tree mortality were first observed in China (Liaoning Province) in 2013 to 2015 [123].

The species may potentially spread to Europe and North America, where poplars are
native and where cultivated poplar species from China, Asian Russia, or East Kazakhstan
are planted. In Canada, adults of A. fleischeri have been intercepted on two occasions
being transported with wood packaging material and wood dunnage [120]. The pest can
be accidently introduced with poplar plants for planting, round and sawn wood, wood
residues, and wood packaging material. Natural spread (e.g., from Asian Russia via
European Russia to EU) or hitchhiking with transport are considered unlikely but possible
pathways [120].

In China (Liaoning Province), in addition to feeding on the indigenous species of
poplars and willows, A. fleischeri can also severely damage introduced Populus nigra var.
italica [123]. The current situation with A. fleischeri is reminiscent of the early stages of the
invasion of the emerald ash borer, A. planipennis, which switched from the indigenous ash
species to the cultivated American ash species, triggering its outbreaks in Eastern China.
Then, the pest was accidentally imported to North America and European Russia [119] (see
also Section 3.6 below).

Currently, no special control measures have been developed in Russia. In China,
sanitary felling of infested, dead, and dying trees is performed [120]. The dimethoate
is considered an effective insecticide against adults during the flight period of different
Agrilus species in China [120,124]. Some hymenopteran parasitoids (i.e., Oobius saimaensis,
O. fleischeri [Encyrtidae]; Polystenus rugosus, Spathius sp. [Braconidae]; Paramblynotus sp.
[Liopteridae]; and Euderus fleischeri [Eulophidae]) and entomopathogenic fungi Beauveria
bassiana (Ascomycota: Cordycipitaceae), which were found infesting A. fleischeri eggs
and larvae in China, can be considered potential agents for the biological control of the
pest [120].

3.5. The Apple Buprestid, Agrilus mali Matsumura, 1924 (Coleoptera: Buprestidae)

Agrilus mali (Figure 5), originally described as a destructive pest of apple plantations
in Korea, is currently regarded a dangerous quarantine pest of cultivated and wild apple
trees in Russian East Siberia and the Far East, East China, and both Koreas (see below in
detail). Shortly before 1993, A. mali was unintentionally introduced in the Ili River valley
(Xinjiang Province, China) from Shandong and later caused extensive tree mortality in
the wild apple, Malus sieversii, forests in the Tien Shan Mountains [125–130]. Thereby,
A. mali is considered a potentially invasive pest threatening cultivated apple trees outside
its native range, wild apple trees and, in particular, M. sieversii, which is an important tree of
mountain deciduous forests in Northwestern China, Kazakhstan, and adjacent countries of
the Middle Asia [118,119] and a key ancestor of the domestic apple tree [127–130]. Agrilus
mali is a quarantine species in the Russian Federation, the Eurasian Economic Union [131],
and the EPPO region [132].

Currently, A. mali is distributed in Asian Russia—East Siberia (Chita Oblast, Zabaikalskii
Krai) and the Far East (Amur Oblast, Khabarovsk and Primorskii Krais) (Figure 5c)—
Mongolia (Dornod and Tuv Aimags), China (Gansu, Guangxi, Hebei, Heilongjiang, Henan,
Hubei, Nei Mongol, Qinghai, Sichuan, Shandong, Xinjiang, and Xizang Provinces), North
Korea (Pyongyang), and South Korea (Gyeonggi-do, Inchon, Seoul, Taegu) [119,122,133],
but some authors consider the Koreas and the Xinjiang Province of China as invasive
range [126–130,134].
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(a) (b)

(c)

Figure 5. The apple buprestid, Agrilus mali: (a) a male; (b) exit holes of A. mali on a dead Malus sp.
tree, Beijing District, China; (c) the native range in Russia (colored in yellow). Photo (a) by A.V.
Kovalev, after [119]; (b) by E. Jendek, both with permission.

It is supposed that A. mali, was introduced to Korea from East China (Liaoning
Province) [134], while the population in Xinjiang Province presumably originated from
Shandong [127,128]. Imported apple tree seedlings are univocally indicated as a vector in
both regions. It is believed that the potential invasive range of A. mali can cover the entire
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apple orchards’ cultivation area [135]. Based on the first findings in Korea in 1915 [134], the
invasion of A. mali to that country could have happen in the early 1900s and the invasion
to Xinjiang Province probably happened at the end of the 1980s to the early 1990s because
the first outbreak took place there in 1993 [125–130]. Thus, the massive foci of A. mali on
M. sieversii in Xinjiang Province may represent a newly forming invasive range. The
proximity of these sites to the wild apple stands and cultivated apple plantations in the
Kazakhstan’s part of Tien-Shan Mountains is a direct threat to Kazakhstan and other Central
Asian countries [118,119].

Agrilus mali was reported to damage apple trees (i.e., Malus spp., M. asiatica var. rinki,
M. baccata, M. domestica, M. prunifolia, M. pumila, M. sieversii, and M. spectabilis; Figure 5b),
and it was also recorded to feed on other Rosaceae (i.e., Cydonia oblonga, Prunus spp.,
and Pyrus spp.) [127,128,133,136–138]. The record on Emmenopterys henryi (Rubiaceae)
needs verification, and references to Juglans (Juglandaceae) and Salix (Salicaceae) are
erroneous [133], while a report on Sorbus (Rosaceae) can refer to A. mendax [119].

An instance of large-scale damage by A. mali to cultivated apple trees was documented
in Korea [134]. In Russia, it was also reported as a dangerous pest of apple trees in
East Siberia and the Far East [135,139,140]. In the latter, the infested area covered about
320 ha [135]. Since the establishment in Xinjiang Province in 1993, A. mali has killed millions
of wild apple trees and has infested about 95% of the total area of wild apple forests in the
Ili valley [130].

Russia has a ban on import of apple seedlings from the areas infested by A. mali [135].
Agro-technical measures, mainly pruning and the destruction of infested branches and
trees, as well as chemical treatments, are suggested as the control measures [139,140]. A
parasitoid of emerald ash borer, Sclerodermus pupariae (Hymenoptera: Bethylidae), has
been experimentally released in Xinjiang (China) and showed some positive results against
A. mali [130]. This parasitoid, together with braconids (i.e., Atanycolus ivanowi, Doryctes
undulatus, Pareucorystes varinervis, Polystenus rugosus, Spathius sinicus, and S. brevicaudis;
Hymenoptera: Braconidae) parasitizing on A. mali were suggested as potential agents of
biological control [141]. Aerial insecticide sprays during the beetle flight period can also be
effective [128,130]. The combination of biocontrol and spraying/pruning turned out to be
the most effective management approaches [130].

3.6. The Emerald Ash Borer, Agrilus planipennis Fairmaire, 1888 (Coleoptera: Buprestidae)

Agrilus planipennis (Figure 6) is described from China (Beijing) [142]. Since the begin-
ning of the XXI century, the emerald ash borer has turned from a little-known East Asian
species into one of the most devastating pests of ash trees in the world [143]. It has killed
millions of trees in the forests and urban plantings in North America, European Russia,
and East Ukraine [144–148].

The species native range is confined to East Asia: Russian Far East (Khabarovsk
and Primorskii Krais), China (Beijing, Hebei, Heilongjang, Jilin, Liaoning, Nei Mongol,
Shandong, Sichuan, Taiwan (syn. A. feretrius), Tianjin, Xinjiang Provinces), Mongolia (syn.
A. marcopoli), North Korea, South Korea, and Japan (Hokkaido, Honshu, Kyushu, Shikoku)
(syn. A. marcopoli ulmi) [146]. There are some uncertainties regarding the native range
and synonymy. As such, the records for Nei Mongol and Sichuan need confirmation,
whereas the records for North Korea are still lacking, though A. planipennis occurs in all
adjacent countries. In addition, the taxonomic state of A. feretrius and A. marcopoli ulmi
needs verification, and the type locality of A. marcopoli (Mongolia or China) is still unclear.
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(a) (b) (c)

(d)

Figure 6. The emerald ash borer, Agrilus planipennis: (a) an adult; (b) a mature larva; (c) larval
galleries and exit holes in young tree, Saint Petersburg, September 2020; (d) the current distribution
in Russia: the native range (colored in yellow) and invasive range (colored in red). Photo: (a) by K.V.
Makarov, (b) by A.V. Kovalev, after [149], both with permission, (c) by M.G. Volkovitsh.

Outside its native range, A. planipennis was first recorded in the USA (Michigan) in
2002 [150] and in the European part of Russia—in Moscow City in 2003 [144,145,151,152].
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By early 2022, the emerald ash borer was recorded in 5 provinces of Canada and 35 states
of the USA [153]; 18 provinces of European Russia, Moscow City, St. Petersburg City
(Figure 6d); and two provinces of Ukraine (Luhansk and Kharkiv) [147,148,154–157].

The pest could be introduced to European Russia unintentionally in the late 1980s to
early 1990s with wooden crafts, ash seedlings, or packaging material [158]. Taking into
account that its outbreaks in North America and Moscow began almost simultaneously, an
introduction from a common source (most probably from China) seems the most likely.

Under natural conditions, the emerald ash borer feeds on the East Asian ash tree
species without causing significant damage to them due to the resistance of local ash
species to the pest. However, in the areas of invasion, it completely destroys mature ash
trees within a few years, depending largely on tree size and local A. planipennis population
density [143]. Not all ash species are equally susceptible to A. planipennis. The examination
of the ash collection in the N.V. Tsitsin Main Botanical Garden of the Russian Academy
of Sciences (Moscow) revealed that only two Asian species (i.e., Chinese ash, F. chinensis,
and Manchurian ash, F. mandshurica) were resistant to the emerald ash borer, whereas the
pest killed the trees of both North American (i.e., F. pennsylvanica and F. americana) and
European origins (i.e., F. excelsior, F. angustifolia, and F. ornus) [159].

The emerald ash borer can spread due to active flight, the human-mediated movement
of infested wood (in North America, particularly, firewood), or the occasional transportation
by vehicles and ships. Presumably, the beetles can also be transported over long distances
by wind [143,158].

Since the first detection in Moscow in 2003, A. planipennis significantly expanded its
invasive range in European Russia. In 2006, it was found in the Moscow Oblast, whereas
by 2013, it was detected already in 11 oblasts of European Russia [160] and by early 2021,
in 18 oblasts and in Saint Petersburg City [148,154,161]. The most recent detected localities
are Saint Petersburg City and the Astrakhan Oblast [148,156,157].

The emerald ash borer has killed over tens of millions of healthy ash trees at a cost
of billions of US dollars since its occurrence in North America [143]. In Europe, the
potential losses can reach USD 1.81 billion. By this indicator, the species ranks fourth
among the most “costly” invasive pests [162]. The actual losses (observed costs) from
A. planipennis invasion in European Russia are estimated at as much as USD 258.9 million
during 2011–2016 [163,164]. The impact might be even higher in the regions where the
invasive range of A. planipennis overlaps with the invasive range of the devastating ash
dieback fungus, Hymenoscyphus fraxineus (Ascomycota) [145].

Infestation usually begins in the canopy, with subsequent attacks lower along the
trunk, while in small-diameter trees, infestation often starts along the main trunk. Canopy
drying, epicormic branching along the lower trunk, bark crevices, and D-shaped exit holes
on the bark are the most common symptoms of infestation [143,158,160].

Since its initial detections in Moscow City and the Moscow Oblast, monitoring in
European Russia has been performed and, at the beginning, mostly by volunteers and
enthusiasts. Initially, the monitoring was limited to the search for new foci and heavily
infested ash trees in the urban environments. By now, seven quarantine phytosanitary
zones in five oblasts of European Russia are declared by the National Plant Protection Or-
ganization (Rosselkhoznadzor) [148]. The pest is included in A Unified List of Quarantine
Pests of the Eurasian Economic Union [131], and it is also included in the priority pest lists
of the EPPO [120] and the European Food Safety Authority (EFSA) [165].

A recent analysis suggests that A. planipennis can potentially invade most European
countries; however, it would probably not be able to establish in some regions of Norway,
Sweden, Finland, Ireland, and Great Britain because of low annual heat accumulation in
these regions [166].

Control measures include the cutting of infested trees (mostly detected by dry branches
and typical D-shaped exit holes on the bark), with a clear-cut zone, replacement of
North American and European ash trees with more resistant Asian ash species (first
of all, F. chinensis and F. mandshurica) or possibly hybrids, and chemical and biological
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control [145,167]. Currently, the biological control agents are intensively looked for within
the native and invasive ranges [145,168–170].

3.7. The Cypress Jewel Beetle, Lamprodila (Palmar) festiva (Linnaeus, 1767)
(Coleoptera: Buprestidae)

Lamprodila festiva (Figure 7) is originally a relatively rare Mediterranean species, which,
about 20 years ago, suddenly became a devastating pest of ornamental cypress trees
(Cupressaceae) in urban plantings and nurseries all over central and East Europe, including
south of European Russia and Eastern Ukraine [160,171] (Supplimentary Table S4). In
addition to the Mediterranean, the native range of L. festiva covers North Africa, South
Europe, the southern part of central Europe (L. f. festiva, and L. f. cretica) and Southwest
Asia (L. f. holzschuhi) [160,171,172].

(a) (b) (c)

(d)

Figure 7. The cypress jewel beetle, Lamprodila (Palmar) festiva: (a) an adult; (b) a larva; (c) larval
tunnels with larvae on the trunk of Thuja plicata, Sochi City, 2016; (d) the invasive range in Russia
(colored in red). Photos: (a) and (b) by A.V. Kovalev, after [171], with permission; (c) by N.N. Karpun,
after [172].
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Until recently, L. festiva has never been recorded in Russia or the former USSR. The
first symptoms of infestation were detected in the Black Sea coast (Greater Sochi) in 2013,
and the first larvae and adults were collected in 2016 [172,173]. Most probably, the pest was
unintentionally introduced together with cypress planting stock from the European nurs-
eries (likely from Italy, Spain, or Montenegro) in 2011 to 2013, during intense landscaping
in Sochi before the XXII Winter Olympic Games in 2014 [172,174]. Presently in Russia, the
cypress jewel beetle is distributed along the Black Sea coast from Sochi to Anapa, in North
Caucasus (Dombai, Krasnodar, Nalchik, Rostov, Stavropol, Nevinnomyssk, and Cherkessk
Cities), and the south coast of the neighbouring Crimean Peninsula, from Sevastopol to
Gurzuf (Figure 7d) [107,160,171,172,175–178].

During 2013–2021, L. festiva expanded its invasive range as much as approx. 500 km
north (Donetsk, Ukraine), about 240 km northeast (Stavropol), and 310 km east (Nalchik).
It is distributed along the Black Sea coast for about 360 km from Vityazevo settlement at
the north to Sukhum City in the south, with the maximal distance from the initial record
locality (Sochi) of 250 km (Vityazevo). Actually, the first reported findings outside Sochi
were from Gelendzhik (170 km northwest from Sochi) in 2017 [177]. These records indicated
a high rate of distribution of the pest, most likely associated with the spread of infested
planting stock.

Until recently, the cypress jewel beetle was regarded as a secondary pest of wild and
some introduced Cupressaceae (Thuja spp.), without significant damage [172]. Currently,
the beetle is recorded on a wide range of cultivated cypress species from Callitris, Chamaecy-
paris, Cupressus, Juniperus, Platycladus, Tetraclinis, and Thuja, including their hybrids and
cultivars [171]. Recently, L. festiva was reported to attack Sequoia sempervirens, weakened
by fungal decease in the Nikitsky Botanical Garden (Crimean Peninsula) [176]. Thus, now,
L. festiva is considered a dangerous pest of ornamental cypress trees in many European
countries [160,172,179–184]. There are still no quantitative data available on the economic
losses caused by this pest to urban plantings; however, the estimated damage to ornamental
plants is considered to be significant [160,174,181,183].

The early symptoms of tree infestation with Cypress jewel beetle are brown drying
needles, the death of damaged branches, and, in case of heavy infestation, drying and
death of a whole plant. The secondary symptoms are fissures, resin leakage, swellings, bark
detachment, presence of frass on the trunks and on the soil under the plants, exit holes, and
larval galleries under the bark (Figure 7c) [172].

Monitoring of L. festiva in Russia is performed locally since the first discovery of
damaged cypress trees in the Black Sea coast [172–174,176,177,185,186]. The monitoring is
mainly restricted to the search for new foci. The pest control has not been elaborated so far.

The parasitoids of the cypress jewel beetle, such as Pyemotes sp. (Acarina: Pyemotidae)
and Metacolus unifasciatus (Hymenoptera: Pteromalidae), are reported from Bulgaria [184].
On the Black Sea coast, chemical control is carried out during the L. festiva adult flight
period (preventive treatments of cypress trees with insecticides from the pyrethroid and
organophosphorus compounds to prevent colonization of new plants) [107].

3.8. The Small Spruce Bark Beetle, Ips amitinus (Eichhoff, 1872) (Coleoptera:
Curculionidae: Scolytinae)

Ips amitinus (Figure 8) is a European species which has been considered a secondary
pest associated with dying conifers, including different spruce species (e.g., Picea abies
and P. omorica) and several species of pines (e.g., Pinus cembra, P. mugo, P. peuce, and
P. sylvestris) [187]. Its native range spreads from The Netherlands to Turkey [188]. In
the XX and early XXI centuries, the range of I. amitinus rapidly expanded into Northern
Europe [189–192]. The first recorded specimens of I. amitinus from Estonia are dated by
1900 [193–195]. In the following decades, the species spread northward, and it had occupied
the whole of Estonia by the end of the 1930s [194,196,197] and was recorded from southern
Finland (Tuusula Administrative Region) in 1951 [198,199]. The species spread rapidly
northward in Finland [200], so that in 1968, it was already recorded in Northeast Finland at
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the boundary with the modern Paanajärvi National Park [201], where it was most probably
absent in 1960 [202]. The small spruce bark beetle invaded northern Sweden, apparently
from Finland, in 2012 and continues to move southward [203].

(a)

(b) ( )

(d)

Figure 8. The small spruce bark beetle, Ips amitinus: (a) an adult on a branch of Pinus sibirica, Tomsk
Oblast, 2021; (b) galleries on P. sibirica, Tomsk Oblast, 2021; (c) I. amitinus foci in the Siberian pine
forest near settlement Luchanovo, Tomsk Oblast, June 2020; (d) the current distribution in Russia: the
native range (colored in yellow) and invasive range (colored in red). Photo by I.A. Kerchev.
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The first record in Russia refers to the Briansk Oblast and is dated back to 1920 [204,
205]. The “newly” inhabited territories of I. amitinus in Russia includes the Leningrad Oblast
(Zelenogorsk in the Karelian Isthmus, 1976), though its appereance here was expected
much earlier [205,206]. In the 1980s, the species was already widely distributed in Russian
Karelia. Investigation of Titova [207] did not reveal I. amitinus in Karelia, but Yakovlev and
coauthors [208] reported the species in southern Olonets and Loimola, as well as the central
part of Karelia (Voloma). In 1989, it spread up to the Murmansk Oblast, Kandalaksha
Nature Reserve [206,209]. In 2011, I. amitinus was recorded on pines nearby the northern
range of a conifer forest in Pasvik Nature Reserve (Melkefoss; on the border between Russia
and Norway) [210].

The easternmost record of I. amitinus in Europe known to date is the Pinega settlement
in the Arkhangelsk Oblast, where the species was collected in 2013 on pine logs, but no
infestations on spruces were recorded [189,211]. In 2000, the beetle was found in Pudozh,
east to Onega Lake [206]. Thus, I. amitinus’ range spreading continues not only northward
but also eastward. Natural barriers (such as Ladoga Lake) provide limitations to the species
spreading and only in 2007 was I. amitinus trapped on Valamo Island and only in a wood
harbor on the logs imported from the mainland [205,212].

The species invaded Western Siberia relatively recently (presumably, in 2005–2010),
attacking a new host tree, the Siberian pine (Pinus sibirica), and, at least in the Tomsk Oblast,
it was absent until 2012 [213]. The first symptoms of tree damage caused by the small
spruce bark beetle were noted in 2014 in the Kemerovo Oblast on the borderline with the
Tomsk Oblast [213–215]. A rapid growth of the I. amitinus population in 2016–2017 was
provoked by the outbreak of the Siberian moth, Dendrolimus sibiricus, and favorable weather
conditions, which altogether resulted in a considerable number of heavily defoliated and
snow-broken trees [213,216]. By the time the invasion was registered in 2019, I. amitinus had
already switched to healthy trees and started to breed on the tree stands nearby undamaged
by the Siberian moth [217]. By 2019, the area of the outbreak foci had reached 237 ha in
the Tomsk Oblast and 1033 ha in the Kemerovo Oblast. By the end of 2020, it was already
1207.5 and 1232.4 ha, respectively. The invasive range currently covers Tomsk, Kemerovo,
and the Novosibirsk Oblasts, having a total area of 31.2 mln ha [218].

The most probable pathway of I. amitinus invasion is natural range expansion in the
European part of Russia and Fennoscandia, and transportation with wood by railroads
from European part of Russia to Western Siberia. This is confirmed by a number of proofs,
such as a long distance between its native and invasive ranges, the proximity of the first
recorded outbreak foci in Siberia to the Trans-Siberian Railway, and the rates of invasive
range expansion observed at the moment [217]. In Western Siberia, the median density of
I. amitinus’ nuptial chambers on P. sibirica was 2.7 (up to 20.0) per dm2 [216], i.e., 10 times
higher than on trap spruce trees in the Czech Republic [219].

The strategy to control this new pest has not been developed in Russia yet. The
application of a complex of classical forest protection measures are hampered by a ban on
sanitary felling in specially protected natural areas. The first attempts to control I. amitinus
carried out in the Tomsk and Kemerovo Oblasts were inherently flawed because a species-
specific attractant of I. typographus was used for the mass pheromone trapping. Moreover,
this approach had a negative effect, as it attracted to traps a natural enemy, a checkered
beetle Thanasimus femoralis (Coleoptera: Cleridae) [215].

The outbreak of I. amitinus can be slowed down by sanitary cutting of infested trees
and by using trap trees, as well as by timely removal of wind-broken and snow-fallen trees;
however, these measures have not been undertaken so far [215]. In the Tomsk Oblast, the
death of trees has reached a catastrophic rate [220]. As the attacks mostly begin on the tree
tops, drones carrying digital cameras can help to accurately assess the damage [220].

In 2020, I. amitinus caused the death of introduced mountain pine (Pinus mugo), Korean
pine (P. koraiensis), and some individuals of native conifers (e.g., P. sibirica, P. sylvestris,
and Picea obovata) in the Arboretum “Kedr” of the Institute of Monitoring of Climatic and
Ecological Systems, Siberian Branch of the Russian Academy of Sciences (Tomsk Oblast).

37



Forests 2022, 13, 521

The noted trophic preferences of the bark beetle indicate that it strongly prefers the five-
needle pines, a trait that has likely developed in the course of coevolution with P. cembrae
and P. peuce in its native range [217].

We believe that further expansion of I. amitinus range will continue eastward rather
than northward, and the pest will be able to attack eastern pines, for instance, P. koraiensis
in the Russian Far East [217]. In Western Russia, the species’ arrival is also expected up to
the Ural Mountains.

Keeping in mind that the species is highly aggressive to Siberian pine and has a
potential to outbreak in spruce stands in Europe, its populations should be monitored both
in European and Asian parts of Russia. Dramatic rates of Siberian pine stands decline
caused by the small spruce bark beetle in West Siberia has shown that the species invasion
potential had been underestimated.

3.9. The Four-Eyed Fir Bark Beetle, Polygraphus proximus Blandford, 1894 (Coleoptera:
Curculionidae: Scolytinae)

Polygraphus proximus is a conifer pest species of East Asian origin, which, in the last
few decades spread in Russia westwards [221,222]. It naturally occurs in Japan, North
and South Koreas, Northwest China (Heilongjiang and Jilin Provinces) [188], and in the
south of the Russian Far East (Khabarovsk and Primorskii Krais, Sakhalin Island, and
Southern Kurils) (Figure 9). In its native range, it develops on firs (i.e., Abies nephrolepis,
A. sachalinensis, A. holophylla, and A. mayriana; Pinaceae) [223,224]. According to the list
of the fir bark beetle’s host plants from the native range [225] and analysis of the trees
colonized by the beetle in artificial plantations [226,227], it was concluded that firs from the
sections Balsamea and Grandis are most preferred, while those from the section Abies are
least preferred by this bark beetle [225]. Less common P. proximus can be found on other
genera of Pinaceae: Picea (P. jezoensis), Pinus (including Korean pine, P. koraiensis), Larix,
and Tsuga [224,225].

The first record outside of the species’ native range is dated back to 1999, to the
Leningrad Oblast [228]. As the species was never documented in this region again, we
consider this record to be doubtful [190]. The species was unintentionally introduced to
Moscow City [226], where it was recorded in 2006 on artificial stands of Abies sibirica and A.
balsamea along Kurkino highway in the Khimki District. It was also discovered in 2006–2007
on Norway spruce (P. abies) and A. sibirica in Pushkin, Odintsovo, and Podolsk Districts of
the Moscow Oblast [226]. In the East European Plain, fir bark beetle’s outbreaks have been
registered in the Agryz region of Tatarstan, in the Sarapulsky, Kiyasovsky, Zavyalovsky,
and Malopurginsky regions of the Udmurt Republic [229,230].

The species invaded Siberia, from where it was recorded for the first time in 2008, and
the beetles were found in pheromone traps for Ips sexdentatus in P. sibrica stands nearby
Tomsk City [231]. In 2009, the presence of P. proximus was confirmed in Krasnoyarsk Krai,
and it then became clear that this species (and not Xylechinus pilosus as it had been though
before) was the real cause of Siberian fir stands decline [221–234]. The most probable
pathway of P. proximus invasion is the transportation of unbarked timber or packaging
materials from the Far East. Presently in Siberia, the four-eyed fir bark beetle is found in
Tomsk (except the north part), the Kemerovo, Novosibirsk, and Irkutsk Oblasts, Altai, and
Khakassia (Figure 9d) [221–236]. It was recorded at an altitude of 100–200 m a.s.l., and in
mountainous areas, it inhabits the belt of 300 to 1490 m a.s.l. [225].

The dendrochronological analysis revealed that the beetle killed the first trees in
Krasnoyarsk Krai in about 1976 [237] and in the Tomsk Oblast before 2020 [238]. It was
suggested that the pest could have been introduced to the Siberian fir range much earlier,
e.g., in the 1960s when fir lumber from the Russian Far East was brought to the Kemerovo
Oblast for construction of mines [229,237].
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(a)

(b) (c)

(d)

Figure 9. The four-eyed fir bark beetle, Polygraphus proximus: (a) an adult on Abies sibirica, Tomsk
Oblast, 2021; (b) maternal and larval galleries with pupal chambers on a stem of A. sibirica, Tomsk
Oblast, 2021; (c) P. proximus foci in the dark coniferous forest near settlement Barbig, Tomsk Oblast,
July 2017; (d) the current distribution in Russia: the native range (colored in yellow) and invasive
range (colored in red). Photo by I.A. Kerchev.
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The four-eyed fir bark beetle was introduced into the Tomsk Oblast and the Udmurtia
at approximately the same time, in the mid-1990s, since the beetles taken from both localities
belong to the same haplogroup, as suggested by the cytochrome oxidase subunit 1 (COI)
mitDNA analysis [239], whereas the specimens from the Krasnoyarsk Krai and Khakassia
belong to a divergent group [239,240].

Since the first record in Siberia, mass infestations of P. proximus were recorded only
on the Siberian fir, but not on other tree species, whereas laboratory tests demonstrated
the pest’s ability to develop on other Pinaceae species (e.g., Pinus sibirica, Picea obovata, and
Larix sibirica) [241]. Later, in the outbreak foci, infestation of wind-broken spruces, Scots
pine (Pinus sylvestris) and Siberian pine (P. sibirica), by P. proximus was documented [225].

The beetle can vector an obligate symbitic fungus Grosmannia aoshimae (Ascomycota:
Ophiostomataceae), and development of the fungus leads to rapid weakening of the host
trees [242]. This fungus arrived at Siberia together with P. proximus [242,243]. Laboratory
tests demonstrated that the fungus could colonize and develop on the same unusual host
tree species as P. proximus [244]. This work revealed the possibility of a hidden existence of
invasive complexes even on the hosts that are not favorable for reproduction of the pest.

Polygraphus proximus kills fir stands in Siberia causing significant changes in the
structure of the ecosystem [245]. In declining forests, the microclimate changes, creat-
ing preconditions for future replacement of taiga with deciduous trees. Falling down
of dead trees leads to a significant imbalance between the intensity of production and
destruction processes in the ecosystems [246]. Significant changes are also observed in the
vegetation cover and structure of the local insect fauna [233,247,248]. Natural enemies of
P. proximus [225,249,250] and entomopathogens [251] are not able to control the pest in its
invasive range [225]. One of the control methods that has shown high efficiency against
the fir bark beetle is the traditional practice of keeping cut trees submerged in water [252].
An integrated approach including treatment with systemic insecticides, timely sanitary
cutting and removal of colonized trees used in the N.V. Tsitsin Main Botanical Garden of
the Russian Academy of Sciences (Moscow), showed high efficiency in suppression of an
outbreak on a relatively small territory [253].

As mentioned above, firs from the sections Balsamea and Grandis are most preferred
by the beetle [225]. Thus, possible accidental introduction of P. proximus to North America,
where firs from these sections are widely distributed, would result in enormous damage. In
Europe, firs are represented by Abies alba and A. nordmanniana from the section Abies [254],
which is less preferred as a host by the beetle than representatives of sections Balsamea and
Grandis [225]. Nevertheless, phytosanitary and monitoring measures aimed at preventing
the invasion of this species and early detection should be prioritized. In the regions where
P. proximus spreads widely, efforts should be put to minimize damage by conducting timely
forest sanitary measures.

3.10. The Box Tree Moth, Cydalima perspectalis (Walker, 1859) (Lepidoptera: Crambidae)

Cydalima perspectalis (Figure 10) is an East Asian species naturally distributed in China,
Japan, the Korean Peninsula, the Russian Far East, and India [255,256]. Outside of its native
range, the pest was detected in Germany in 2006, where it was presumably imported with
boxwood planting material from China [257]. Further invasion of the species in Europe
proceeded rapidly (Supplimentary Table S5). In 2007, it was included in the EPPO Alert
List, but already in 2011, it was excluded as a species widespread in the region [120]. In
2021, the boxwood moth was found in North America (USA: Connecticut, Michigan, and
South Carolina) [258].
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(a)

(b) (c)

(d)

Figure 10. Box tree moth, Cydalima perspectalis: (a) a larva of VI instar, Sochi, August 2013; (b) an adult
moth, Sochi, September 2014; (c) severely damaged box tree, Buxus sempervirens, Sukhum District,
Abkhazia, July 2015; (d) the current distribution in Russia: the native range (colored in yellow) and
invasive range (colored in red). Photo: (a) and (c) by N.N. Karpun, (b) by E.N. Zhuravleva.
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In Russia (Figure 10d), the larvae of C. perspectalis were first recorded on the planting
stock of Buxus sempervirens in 2012, in the nursery with planting material imported for
landscaping the territory of the Main Olympic Village in Sochi [259]. In 2013, the species
gave an outbreak in the ornamental plantations in the city of Sochi [260] and was recorded
in the plantations in the city of Grozny (Chechnya) [261], and by 2014, it had spread across
the Krasnodar Krai and the neighboring region of Abkhazia [262]. In 2015, the species was
recorded in the Crimean Peninsula, in Adygea (West Caucasus), in the Mineralnye Vody
region (Stavropol Krai), and North Ossetia (North Caucasus) [97,263–265], while in 2016
and in 2017, it was recorded in Rostov-on-Don [266] and in the neighboring region of South
Ossetia [267], respectively. In 2019, the boxwood moth was found in Dagestan (North
Caucasus) [268] and in 2020 in the Kaliningrad Oblast (southeast of the Baltic Sea) [269].
The main pathway of C. perspectalis invasion was the introduction of infested boxwood
planting material [63,257,259,270].

The pest causes dramatic defoliation of boxwood in both natural and ornamental
plantations (Figure 10c). In 2015–2017, it had almost completely destroyed the natural
plantations of boxwood in the North Caucasus and the Black Sea coast of Russia and further
eastwards situated region of Abkhazia [63]. Caterpillars of the early (I–III) instars gnaw
the lower part of the leaf without touching the upper epidermis, and matured caterpillars
consume the whole leaf. At high population densities, they also eat the bark of branches
and trunks.

Within the native range, C. perspectalis damages Buxus spp. (Buxaceae), Euonymus
japonicus (Celastraceae), and Ilex purpurea (Aquifoliaceae). In Europe, it feeds on all native
and cultivated species of boxwood, while in Russia, it feeds on 9 boxwood species and
13 cultivars [271].

In the humid subtropics of the Black Sea coast of Russia, the pest produces three
generations per year and, under favourable conditions, four generations per year can
develop. The species overwinter at different stages: egg, caterpillar, and pupa. As a result,
different generations overlap [63].

The boxwood moth is monitored by regular visual inspections of plantations and
by pheromone trapping. Standard glue deltoid traps are used and they are placed on
the branches of boxwood or nearby. The pheromone combines unsaturated aldehydes:
(Z)-11-hexadecenal (Z11-16:Ald), (E)-11-hexadecenal (E11-16:Ald), and (Z)-11-hexadecenol
(Z11-16:OH) [272–274].

Within the invasive range in Southern Russia, only a few birds and parasitoid wasps
(Hymenoptera) attack the alien pest. Despite the fact that in Europe, parasitoids, ento-
mopathogenic fungi, and nematodes are considered ineffective in the control of this pest
under natural conditions [275,276], in the humid subtropics of Russia, the early results
of the application of entomopathogenic fungi are encouraging [277]. Bacillus thuringien-
sis-based preparations are effective against early-instar caterpillars [276,278,279], whereas
avermectins, organophosphorus compounds, pyrethroids, and neonicotinoids are con-
sidered effective against older-instar caterpillars [279–282]. Further range expansion of
C. perspectalis from Russia is likely into natural forests across the Caucasus (Transcaucasia)
and to countries located further south.

3.11. The Leaf Blotch Miner Moth, Acrocercops brongniardella (Fabricius, 1798)
(Lepidoptera: Gracillariidae)

Acrocercops brongniardella (Figure 11) is a micromoth species widely distributed in Eu-
rope and European Russia (except northern and southern regions) [283,284]. The presence
of A. brongniardella in the Russian Far East is questionable. A single record of the species in
Khabarovsk Krai, in fact, refers to Caloptilia infuscatus [285], a taxon which might represent
a senior synonymy of the East Asian sister species, Acrocercops amurensis [286].
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(a) (b)

(c)

Figure 11. The leaf blotch miner moth, Acrocercops brongniardella: (a) an adult moth; (b) leaves of
Quercus robur with mines; (c) the current distribution in Russia: the native range (colored in yellow)
and invasive range (colored in red). Photo: (a) by D. Lees; (b) by I.A. Utkina, both with permission.

In European Russia, A. brongniardella has been found to expand its native range
to northern territories, in particular to the Leningrad Oblast and Saint Petersburg City,
where it was detected for the first time in 2018 [287,288]. In the following years, the
species was recorded south and north of Saint Petersburg, in Gatchina and Sestroretsk,
respectively [289,290]. In addition, A. brongniardella was also documented in a few localities
in Western Siberia, Omsk, and Tyumen Oblasts (Figure 11c) [291–293], where it is considered
an alien species. In the city plantations of Omsk, it produces noticeable outbreaks [291].
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The pest mines the leaves of oaks (Quercus spp.), including evergreen species (e.g.,
Q. ilex), whereas the most common host is the deciduous oak, Q. robur [284]; occasionally,
the mines can be found on leaves of Castanea sativa (Fagaceae) [294]. The mines are big
blotches on the upper sides of leaves, often covering a significant area of the leaf lamina
(Figure 11b). Fully developed mines are easy to spot by the whitish color. Occasionally, up
to 16 young mines can be found on a leaf, later on merging into a big blotch [291,295]. Leaf
mining starts in May, then the larvae vacate the mines in July and pupate externally. Adult
emergence is prolonged. Moths overwinter in bark crevices and dwellings [291,295]. In
Ukraine, the species produces two generations per year [295,296], whereas in Russia, one
generation per year was documented [291,297–299].

It is one of the most important folivore insect pests of oaks in Russia. The intense and
prolonged outbreaks have been recorded in central parts of European Russia [299,300]. In a
foci, often more than 75% of leaves carry mines and increased population density can be
observed for several successive years [297,298]. Long-lasting outbreaks can lead to decrease
of radial growth, drying of crowns, and death of oaks [301]. However, the impact of this
species remains insufficiently well studied [297–299].

In the Leningrad Oblast, where Q. robur is a native tree and where the northern
limit of its range in Russia is known [302], so far, the moth has been found in low
density [287,289,290]. In contrast, in Western Siberia (in particular the Omsk Oblast),
the moth shows a tendency to outbreak and harm Q. robur [291], an introduced tree in
Western Siberia. The first planting of Q. robur in the Omsk Oblast is dated to 1898, whereas,
in the city of Omsk, it has been planted since 1948. The moth could have arrived to the
region with plants for planting, with vehicles or by itself, naturally expanding its range.

In the northeast of European Russia (Udmurtia), no outbreaks have been recorded in
the last 35 years [303,304]. We hypothesize that insufficiently warm summers in the north
of Russia could limit the moth population density in Saint Petersburg area. The observed
climate warming in Saint Petersburg [288] and availability of the main host plant, Q. robur,
in the city plantations may favor the pest outbreaks in the following years.

In cities, the control of A. brongniardella populations is complicated. Removal of leaf
litter in order to reduce the population density will unlikely lead to desirable results as
with the pest, its native enemies (in particular parasitoids) are killed. The use of insecticides
is often impossible in urban areas. Injections of systemic insecticides into trees in high-
value plantings and protected areas might be a perspective to keep in mind, given their
effectiveness against other pestiferous invasive gracillariids [305–307]. However, so far,
this approach has not been tested against this pest in Russia.

3.12. The Horse-Chestnut Leaf Miner, Cameraria ohridella Deschka et Dimić, 1986
(Lepidoptera: Gracillariidae)

Cameraria ohridella (Figure 12) is a tiny moth that became widely known due to its fast
distribution across Europe and scenic damage to the horse chestnut, Aesculus hippocastanum
(Sapindaceae) [308]. It is the only species of the genus Cameraria occurring in Europe, while
the majority of the genus representatives (83 species) are distributed in North America,
with a few species found in Asia and Africa [284]. Curiously, C. ohridella was not even
known to science before it started invading Europe (Supplimentary Table S6). In the 1980s,
it was discovered in high densities in North Macedonia near the Ohrid Lake, from where
it was formally described [9]. In the following years, the moth was recorded in many
European countries and, in approx. three decades, it occupied most of Europe [308,309].
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Figure 12. The horse-chestnut leaf miner, Cameraria ohridella: (a) an adult moth; (b) a mature larva;
(c) damaged leaves of Aesculus hippocastanum, Anapa City, 2021; (d) the invasive range in Russia
(colored in red). Photo by N.I. Kirichenko.

For more than 20 years, the origin of the species was unclear. Some authors hypoth-
esized it to be a relict species that, together with its host, survived the glaciation of the
Tertiary Period [9]. Hellrigl [310] suggested that the species originated from southeastern
Europe, where it could have shifted from maple (Acer spp.) to Ae. hippocastanum. Finally,
others suggested the species to be alien for Europe and probably originating from North
America or Asia [311]. A phylogeographic study showed that the most probable mother-
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land of the species is the Balkans [312,313]. Furthermore, a survey of historical herbaria
confirmed the long-term presence of the species in the Balkans, since the mines were found
in pressed leaves sampled more than a century ago, that is, long before the moth was
recorded in other parts of Europe [313].

Progressively spreading on the European continent, the moth arrived in European
Russia [314,315]. In Russia, its first record is dated to 2003, and refers to Kaliningrad
City (southeastern coast of the Baltic Sea) [315]. In 2005, the moth was documented in
Moscow [316], about 1000 km east from Kaliningrad and about 450 km from the border
with Ukraine and Belarus, where the pest was already present by that time [315,317]. In
the following years, the species was found in several regions of European Russia, where
the horse chestnut, an exotic plant for the country, is grown in ornamental plantings. By
2015, C. ohridella was recorded in 13 central regions of European Russia [318]. Shortly
after that, the species occupied the south of European Russia, in particular the Black
Sea coast, where it gives spectacular outbreaks in resort areas [319,320]. It also invaded
the neighboring Crimean Peninsula (including Sevastopol City), Ciscaucasia [321,322],
including North Caucasus [323]. On the north, C. ohridella was documented in Saint
Petersburg in 2013 [287,324]. The easternmost region where the pest has been found in
European Russia is the Volga region [325,326].

In European Russia, C. ohridella develops from early May to early October and pro-
duces two or three generations per year [306,318,321]. In Moscow and Pskov, it develops in
two generations and the third generation is usually incomplete [306,327]. In the south, in
particular in Stavropol City, it is able to complete four generations per year [321].

The up-to-date distribution map, compiled based on the literature and modern records,
indicates that the species has already occupied a significant part of European Russia
(Figure 12d). By now, C. ohridella was confirmed in 40 out of 58 (i.e., 69%) administrative
units of European Russia, mostly in its central and southern parts. Since the horse chestnut
is used ornamentally in nearly all regions of European Russia, further distribution of
C. ohridella eastward up to the Urals, in our opinion, can be expected. Further expansion
east of the Urals will not be possible, as Ae. hippocastanum is hardly used in plantings in
Western Siberia due to the harsh climate [328].

The female lays eggs individually on the upper sides of leaves [306], and the average
fecundity is about 40 eggs per female [329]. Larvae develop in blotches of reddish-brown
mines between secondary veins (Figure 12c). Up to 250 mines per leaf have been reported
from outbreaking populations [329]. Larvae live solitary in mines, but in heavily infested
trees, individual mines merge into big ones [321]. Pupation occurs in the mine. The
species hibernates as pupae in the mines of the fallen leaves [321], whereas, in Moscow,
overwintering at the adult stage was also documented [306]. Multivoltinism, high fecundity,
and easy distribution (that is largely associated with human activities) in short-to-long
distances can explain the successful invasion and high population densities of C. ohridella
in European Russia [306,329].

The main host plant is the horse chestnut, Ae. hippocastanum, a native species to
the Balkans that started being widely planted in Europe in the early XVII century [330].
In European Russia, this tree has been actively used as an ornamental since the XIX
century [328]. Other horse chestnut species, such as Japanese Ae. turbinate, American Ae.
octandra (=flava), and Ae. Glabra, are also suitable hosts for the moth [331,332]. According to
the recent observations in Kaliningrad City, Ae. carnea, Ae. glabra, and Ae. pavia are resistant
to the pest [318], while in Moscow, the two latter species are the least damaged [333]. In
Europe, the moth can also occasionally attack maples, Acer pseudoplatanus and A. platanoides
(Sapindaceae, the same family as of the horse chestnut), when neighboring horse chestnut
trees are infested [310,334]. Mines of C. ohridella were also found on A. platanoides in the N.V.
Tsitsin Main Botanical Garden of the Russian Academy of Sciences (Moscow) in 2006–2009;
however, the larvae did not succeed to pupate [306]. In Moscow, it can also successfully
develop on Ae. glabra [306].
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The moth spreads fast through natural dispersion and anthropogenic transporta-
tion [306]. In European countries, local dispersal involves both adult flight and the dissemi-
nation of infested leaves by the wind [335]. Over long distance, the dispersal of C. ohridella
is possible by wind (as a part of the aerial plankton), but mostly it happens via passive
transportation of infested leaves and adult moths as stowaway in/on cars, trucks, and
other vehicles, as well as via the movement of infested seedlings [335,336]. Within Russia,
the transportation of live plants of Ae. hippocastanum (with leaves that may already contain
mines of the pest) undoubtedly facilitates the insect distribution. Furthermore, adults from
outbreaking populations can be easily moved over significant distances with any plants
and vehicles [306].

Similar to the European countries where C. ohridella causes severe aesthetic damage to
horse chestnut trees [337], it is a highly important pest of Ae. hippocastanum in European
Russia [306,329]. This species is listed among the Top 100 most dangerous invasive species
in Russia [338]. Heavily infested trees start losing foliage already in July, resulting in
pronounced aesthetic (i.e., social) impact in urban areas [318,327]. In addition to C. ohridella,
since 2012–2013, in the Krasnodar Krai and Adygea (West Caucasus), the horse chestnut
trees were affected by an invasive bacterium, Pseudomonas syringae pv. aesculi, which causes
bleeding canker disease [339]. No link between the damage caused by the moth and the
infestation by the bacteria was found, rejecting the hypothesis that C. ohridella can facilitate
the distribution of the disease or increase its impact [340,341].

In European countries, at least 60 parasitoid species are known to attack C. ohridella [284].
However, parasitism rates remain generally low, usually within 10–25% in southeast
Europe and generally lower than 10% in recently invaded countries of Europe [342–345].
The parasitoid Pediobius saulius (Walker) (Hymenoptera: Eulophidae), the most abundant
species in the Balkans, gradually followed the invasion of its host, C. ohridella [346,347].
Exceptionally, on the south of European Russia, in particular in Krasnodar City, where
C. ohridella was for the first time recorded in 2010, the parasitism level reached 33.6% already
by 2013 [348]. The parasitoid complex in Krasnodar includes 44 parasitoid wasps from
Braconidae, Eupelmidae, Ichneumonidae, Pteromalidae, and Eulophidae (Hymenoptera),
with most of them having diverse trophic relations with local insects [348]. This parasitoid
complex seemed to be effective in controlling C. ohridella in Krasnodar, dropping the
population density significantly by 2014 [348]. In contrast, in another southern region
(Stavropol Krai), no entomophages were recorded in a rather dense pest population, despite
the following predators being found: three ladybirds (Adalia bipunctata, Adonia variegata,
Coccinella septempunctata), the common earwig (Forficula auricularia), common orb-weaving
spider (Araneus sp.), and tit (Parus sp.) [321]. However, this predator complex did not
appear to be efficient in controlling the pest and stopping its outbreak [321].

Bearing in mind that the aesthetic damage caused to Ae. hippocastanum by the invasive
moth can be severe, the strategies to control C. ohridella have been extensively explored in
European Russia. Since the larvae of C. ohridella are endophagous, the use of chemicals
with contact-intestinal action cannot provide reliable protection against the pest [306]. A
high mortality rate of larvae can be reached by the application of systemic insecticides (e.g.,
new BI-58, Danadim, etc.); however, their use in settlements is impossible because of their
toxicity [306]. Chemical control by aerial spraying is efficient but expensive and not adapted
to the urban area [349], while in some European countries, such a measure has raised public
concern [350]. Other pesticides with fewer non-target effects can be feasible [351], and in
particular, stem injections can provide satisfactory results [352]. The 2-year experiment
carried on the horse chestnut in Moscow, demonstrated the high efficiency of the stem
injection with Abasol, already the next year after application [352].

In European Russia, the use of pheromone trapping utilizing the synthetic pheromone
of C. ohridella developed in the Czech Republic [353] was intensively explored. Unitrap
pheromone traps and Delta adhesive traps showed high efficiency in C. ohridella monitoring
and could be also effective in its control [329,354]. Biocontrol approaches, such as the release
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of specialist parasitoids attacking the leafminer in its native range, have been studied but
are still far from practical applications in European Russia [306].

The complete removal of leaf litter in which pupae hibernate can be an effective
control measure [321]. However, bearing in mind that damaged leaves start shading early,
foliage should be removed repeatedly starting already in mid-summer onward [306]. The
majority of adults can be prevented from emerging when leaves are properly composted (by
mulching damaged leaves with soil) [321]. However, such approach will likely adversely
impact parasitoids, which might stay in C. ohridella mines [355].

Replacing horse chestnut with other species is one of the discussed measures [321], but
evidently it will be economically very expensive for big cities. Furthermore, the feasibility
of tree species chosen for replacement should be carefully assessed.

3.13. The Lime Leaf Miner, Phyllonorycter issikii (Kumata, 1963) (Lepidoptera: Gracillariidae)

Phyllonorycter issikii (Figure 13) is a tiny moth of East Asian origin that in the mid-
1980s invaded the western part of the Palearctic, becoming a notable pest of limes Tilia
spp. (Supplimentary Table S7; [288,356–358]). The moth is known to naturally occur in
Japan [356], the Russian Far East (Primorskii Krai) [357], and South Korea [358]. A recent
study based on the survey of historical herbaria and sequencing of the larvae and pupae
found in the mines revealed a wide distribution of P. issikii in China [359,360].

The earliest record of P. issikii outside its native range is dated to 1985 and refers to the
ornamental plantations of Moscow [361]. Two years later, the species was documented in
Voronezh City, i.e., 500 km southwest of Moscow, already at a high population density [362].
During the next 20 years, it spread over the territory of Europe [363,364]. In Russia, the pest
occupied most of the European part, except the southernmost and northernmost regions
(Figure 13). In 2021, our surveys did not reveal the pest on limes in Sochi City and in
settlements of Krasnodar and the Stavropol Krais. Remarkably, the species invaded Western
Siberia, with the first record dated to 2006 in Tyumen City [365]. Presently, P. issikii is found
in Siberia up to the river Yenisei, despite the fact that limes are rare elements of Siberian
flora and are mostly used as ornamental plants in cities and smaller settlements [309].
Further expansion to Eastern Siberia is limited due to the absence of its host plants on the
territory from the Krasnoyarsk Krai to the Amur Oblast [360].

A phylogeographic study of its currently known range discovered a high genetic
diversity of P. issikii in Europe vs. East Asia, suggesting multiple pest introductions and
its further dispersal [366]. Extensive surveys of 250-year-old herbaria confirmed the East
Asian origin and the invasive status of the species in the western Palearctic, as well as
highlighted the contribution of China to the species’ invasion westward [360]. Furthermore,
the historical herbaria clarified the absence of the species from North America [360].

The pest larvae feed exclusively on limes, Tilia spp. (Malvaceae), and reference to
Betula spp. as the host [356] should be regarded as an error. In its native range, the species
develops on East Asian limes, among which T. amurensis and T. mandshurica are most
regularly documented hosts [356,358,366]. In the invaded regions, P. issikii shifted to novel
hosts, for example, T. cordata (a main host), T. platyphyllos, T. sibirica, and others [363,366,367].
Notably, P. issikii willingly attacks American lime (T. americana) planted in Russian botanical
gardens, in particular in Moscow City [368]. It is a common plant in eastern USA [369],
and in case of accidental P. issikii introduction, T. americana will likely fit as a favorable host
plant for the pest.

In the invaded regions of Russia, the species develops in one or two generations
per year, from May to September, depending on the region [364,368]. Larvae live in the
lower side tentiform mines (Figure 13b,c), and occasionally, upper side mines occur in
dense populations [360]. In exceptional cases, up to 29 mines per leaf were recorded in
Novosibirsk on T. cordata [357]. The species hibernates at the adult stage.
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Figure 13. The lime leaf miner, Phyllonorycter issikii: (a) an adult moth; (b) a mature larva; (c) damaged
Tilia cordata in Central Siberian Botanical Garden of the Siberian Branch of the Russian Academy of
Science, Novosibirsk. (d) the current distribution in Russia: the native range (colored in yellow) and
invasive range (colored in red). Photo by N.I. Kirichenko.

Adults of P. issikii fly only over short distances [363]. Long-distance dispersal on air
currents is possible, as well as the distribution of P. issikii by hitchhiking with various land
and air transports, bearing in mind that adult moths hide themselves in crevices and other
shelters and thus can be passively moved to remote territories [308,363,370].
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The species is generally known as an ornamental pest causing aesthetic damage to
limes in parks and gardens [363]. In addition, P. issikii was also reported as affecting natural
stands in European Russia [371] and Western Siberia (Kemerovo Oblast) [366]. In high
densities, the lime leaf miner negatively impacts lime growth; furthermore, the pest may
adversely affect the sugar content in nectar, subsequently decreasing honey production,
as documented in the Udmurtia (east of Volga River) [371]. In Western Siberia, the pest
threatens vulnerable Tertiary relic limes groves [366]. Notably, so far, the species has been
known by its exceptionally outbreaking character in the invaded regions of Russia [364,366].
Exploration of the lime herbarium specimens provided evidence of a population density
increase in P. issikii in Primorskii Krai (Far East) in some years in the period of 1914 to
1958 [372].

The control methods have not been effectively developed against this pest. No data
on pheromone monitoring and sex disruption are available in Russia. In European Russia,
the parasitoid complex of P. issikii accounts for at least 43 species (Braconidae, Eulophidae,
and Pteromalidae; Hymenoptera) vs. 13 parasitoid species known from its native range
(East Asia), with only 6 species in common [373,374]. In European Russia and Siberia,
the parasitism level varies within 1.4–37.0% but still remains low [368,375]; the highest
value (up to 37.0%) was documented in the Volga Basin [376]. In the invaded regions of
Russia, the commonly recorded hymenopteran parasitoids are Sympiesis gordius, Pnigalio
soemius (both Eulophidae), and Minotetrastichus frontalis (Chalcidoidea) [373]. The latter
species is also present in East Asia [374]. These are generalist parasitoids, with a wide host
range among Gracillariidae [374]. Thus, their potential application against the invasive
lime leaf miner is questionable, keeping in mind that they may also attack other native
gracillariids, including rare species. Nevertheless, M. frontalis has been proposed as a
biocontrol of P. issikii in Russia [377]. In East Asia, little data are available about parasitism
rate in P. issikii populations [374], whilst these data would be of a high importance for the
biocontrol of the pest.

3.14. The Poplar Leafminer, Phyllonorycter populifoliella (Treitschke, 1833)
(Lepidoptera: Gracillariidae)

Phyllonorycter populifoliella (Figure 14), is a micromoth species widely distributed across
the Palearctic [284]. In Russia, this native species occupies large territory from Kaliningrad
City (southeastern coast of the Baltic Sea) to the Far East, except northern regions in the
Asian part of the country (Figure 14d) [283,378,379]. Recently, the pest was detected beyond
its known range, in northern India, in high densities on introduced poplars fueling the
hypothesis about its accidental introduction [380].

The moth develops on poplars, Populus spp., preferring black and balsam poplars (i.e.,
Aigeiros and Tacamahaca sections, respectively), to other poplars [379,381–383]. The larvae
make distinctive blotch mines on the lower side of leaves, while in dense populations,
upper side mines can also occur [384].

The poplar leafminer is known as a severe pest of balsam poplars and their hybrids
with black poplars widely planted as ornamental in European Russia, in the Ural region
and in Siberia [382–388]. In European Russia, the first outbreak of the pest was documented
in the 1930s in Moscow [389]. Further east, in Siberia, the moth foci are known since
the middle of the XX century in Irkutsk [385], and later, they were documented in other
cities [382,386]. Interestingly, in some regions of European Russia where the poplar leaf
miner was never known as an outbreaking pest, nowadays it provides noticeable damage
to poplars. For instance, in Saint Petersburg, P. populifoliella was known as a rare species
with the first record of the moth dating to 1936 [387,390], and the next finding was done
only in 1974 [391]. In 1991, a sharp increase in population density was documented, with
an outbreak in Saint Petersburg lasting from 1992 to 1999 [392,393]. For almost the next
20 years, the population density of this species was very low again, but since 2017, the new
outbreak began in Saint Petersburg [387], where the pest showed the tendency to develop
foci on new territories [289–390,394].
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Figure 14. The poplar leafminer, Phyllonorycter populifoliella: (a) an adult moth; (b) a mature larva;
(c) a down side of a leaf of Populus × berolinensis heavily damaged by P. populifoliella, Saint Petersburg,
August 2020; (d) the native range in Russia (colored in yellow). Photo: (a) and (b) by N.I. Kirichenko
and (c) by N.A. Mamaev, with permission.

Severely damage poplars start losing their leaves already in late July to early August,
which significantly reduces the aesthetic and ecological functioning of poplars in settle-
ments and big cities. The pest can affect tree growth [395]. The mass death of poplars in
Saint Petersburg in the early 2000s might have a link to the preceding pest outbreak [387].
Presently in Saint Petersburg, the P. populifoliella gives only one generation per year, since
the larvae of the second generation are not able to complete their development and die
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not reaching the pupal stage. Climate warming will favor the second generation, thus
increasing the pest population density [289,290]. Currently, there is no regular monitoring
of the poplar leaf miner in Russia. Injection of poplars with systemic insecticides is a
possible way to reduce the pest population densities, but this approach is not used due
to its high economic and labor cost. The removal of fallen leaves (carrying mines with
larvae and pupae of the pest) is not an effective approach as it can also affect survival of
native enemies (parasitoids) that can be helpful in pest control [396]. The complexes of
parasitoids attacking P. populfoliella in European Russia, includes overall 68 species [383],
which in some years, can kill up to 90% of the second generation of the moth as found in
Moscow [383,396].

The gradual replacement of poplars with other tree species could help decrease the
pest’s impact. Black and balsam poplars commonly used as ornamental in Russian cities
should be planted rather in small groups in order to avoid the formation of large foci of
P. populifoliella [383,395].

Bearing in mind the P. populifoliella outbreaks on balsam poplars and their hybrids
with black poplars in Russia, the accidental introduction of the moth to North America,
where balsam and black poplars (e.g., Populus balsamifera, P. trichocarpa, P. deltoides, and
Populus × canadensis) have a wide range, may potentially result in significant tree damage.

4. Discussion

4.1. Taxonomy

This review analyzes the most recent data on 14 species of insects from 3 orders:
Hemiptera-Heteroptera (3 species from 3 families), Coleoptera (6 species from 2 families),
and Lepidoptera (5 species from 2 families) that are known as highly invasive in Russia or
native to the country but also pose a potential danger to woody plants elsewhere (Table 1).
The very approximate estimations of the insect fauna of Russia suggest that it includes
80–100 thousand species [397], which is roughly close to the earlier assessments of the
insect fauna of the former USSR (approximately the same, 81 and 119 thousand species,
respectively [398]). Overall, 192 species of phytophagous alien insects from 48 families and
8 orders had been documented in the European part of Russia by 2011 [8]. Undoubtedly,
their number has increased since that time, both because of the escalating invasions and
the increased detection of alien species due to growing survey efforts. Looking at all these
estimations, it is unjustified to conclude that the listed three orders and seven families of
insects include all the most dangerous pests, and it is impossible to say that in other taxa
there are no species which are already identified or potentially can be considered pestiferous
for woody plants. Out of 14 species, 4 species belong to Gracillariidae, including Cameraria
ohridella, which intensively invades urban environments providing scenic outbreaks. Four
species, actual or potential invaders, represent the family Buprestidae. The question
remains open whether or not there are specific family-level traits that drive the family
representative to invade new territories. Taxonomic estimates are still very rough and
cannot be used to estimate the invasive potential of any particular taxon. In the coming
years, in our opinion, in addition Coleoptera and Lepidoptera, economically important
invaders can also be well expected in Hemiptera-Homoptera, Hymenoptera, and Diptera.
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4.2. Directions of Invasions

In terms of the directions of invasions, the pests included in this review can be clustered
into four groups:

(1) Invasions from Asia to West or central Europe and then (or directly) to European
Russia: This is the most numerous group, which consists of five species—Cydalima
perspectalis, Phyllonorycter issikii, Halyomorpha halys (likely first invaded North America
and only then Europe and European Russia; see above), and two species, which
actually skipped West or central Europe and arrived directly to European Russia,
namely, Agrilus planipennis and Polygraphus proximus;

(2) Invasions from North America to West or central Europe and then to European Russia:
Leptoglossus occidentalis and Corythucha arcuata;

(3) Invasions from Europe to Asia: the case of Ips amitinus;
(4) Range expansions within Europe and invasions to European Russia: Lamprodila festiva

and Cameraria ohridella.

Additionally, there is a group of potential invaders currently changing their ranges
within European and/or Asian parts of Russia: As described above, two beetle species
(Agrilus fleischeri and A. mali) have not yet noticeably expanded their native ranges in Asian
Russia but demonstrate a potential of range expansion and/or host plant shift; somewhat
similar could be said about Acrocercops brongniardella and Phyllonorycter populifoliella.

Thus, there is no common geographic pattern of invasion, and different invaders
spread in very different directions.

4.3. Causes and Pathways of Invasions

Invasions of almost all discussed species were associated with human activity, ex-
cept Ips amitinus (in North Europe) and Acrocercops brongniardella, which are believed to
expand their ranges due to natural causes. Some species (e.g., Leptoglossus occidentalis,
Halyomorpha halys, and Corythucha arcuata) at the beginning of their invasions were most
likely transported by airplanes (from one continent to another) with goods of plant or
non-plant origin. Agrilus planipennis was likely moved with wood products or packaging
materials; Polygraphus proximus and Ips amitinus (in Siberia) with timber by railway roads;
and Lamprodila festiva, Cydalima perspectalis, Cameraria ohridella, and Phyllonorycter issikii
with plant materials and/or plants for planting. Very small insects such as Corythucha
arcuata and Cameraria ohridella could use air flow for mass spreading. In other cases, the
invasive processes (actively developing (e.g., in Agrilus planipennis and Lamprodila festiva) or
just beginning at the early stages (e.g., in Agrilus fleischeri, A. mali, Acrocercops brongniardella,
and Phyllonorycter populifoliella)) are probably more complicated and involve host plant
shifts as a result of planting or introduction of susceptible host plant species or hybrids (see
corresponding essays above).

4.4. Probability of Further Invasions to Neighboring and Distant Countries

All species reviewed are expected to spread further to (in) Europe, including coun-
tries of the Caucasus region (i.e., nine species: Leptoglossus occidentalis, Halyomorpha halys,
Corythucha arcuata, Agrilus fleischeri, A. mali, A. planipennis, Lamprodila festiva, Polygraphus
proximus, and Cydalima perspectalis) or to (in) Asia (i.e., nine species: Leptoglossus occi-
dentalis, Halyomorpha halys, Corythucha arcuata, Agrilus fleischeri, A. mali, Ips amitinus, A.
brongniardella, Cameraria ohridella, and Phyllonorycter populifoliella). Moreover, it is expected
that nine species can potentially invade North America and/or other continents (i.e.,
Agrilus fleischeri, A. mali, Lamprodila festiva, Ips amitinus, Polygraphus proximus, Acrocercops
brongniardella, Cameraria ohridella, Phyllonorycter issikii, and P. populifoliella) (Table 1).

4.5. Role of the Trophic Factor in Insect Pest Range Expansion

Analysis of invasion histories performed in the framework of this review, suggests
that in some cases, invasions start with the widening of the pest’s trophic niche and shifts to
new host plant(s) (commonly human-introduced) within the native pest’s range, frequently
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followed by invasion to new regions (e.g., Agrilus fleischeri, A. mali, Acrocercops planipennis,
Lamprodila festiva, and Phyllonorycter populifoliella). The data reviewed above suggest that a
few steps can be usually recognized within those five scenarios:

(1) A shift in an insect species (often not even a pest) within its native range from its usual
host plant(s) to introduced and cultivated host plant(s) (usually from the same or
close genus of woody plants and often non-resistant because of lack of co-evolution)
(e.g., a shift in Agrilus planipennis in Russian Far East and China, from local Asian ash
species to introduced North American ash species; a shift in Phyllonorycter populifoliella
in European Russia and Siberia, from local poplars to widely cultivated introduced
North American balsam poplar and hybrids; a shift in Lamprodila festiva from wild
Cupressaceae to introduced Thuja and other cultivated representatives of this family,
including their hybrids and cultivars in the Mediterranean region; a shift in Agrilus
fleischeri to introduced poplars in China);

(2) A local niche expansion due to exploration of cultivated, recently introduced host
plants in anthropogenic (urban or agricultural) landscapes; local population build-up
and outbreaks (e.g., recorded earlier in Agrilus planipennis, A. mali, Phyllonorycter
populifoliella, and Lamprodila festiva, and currently seen in A. fleischeri);

(3) A range expansion outside the limits of the native range through anthropogenic
(urban or agricultural) landscapes, i.e., beginning of invasion (e.g., Agrilus mali and
Lamprodila festiva);

(4) A distant invasion (e.g., invasions of Agrilus planipennis to European Russia or North
America or Ips amitinus to Siberia);

(5) A secondary host plant shift to the native (for the invaded region) food plant(s) (e.g.,
shift in Agrilus planipennis to Chionanthus virginicus in North America [399] and to
Fraxinus excelsior in European Russia; shift in A. mali from cultivated apples to the
wild apple, Malus sieversii in China).

Separately, we should mention Acrocercops brongniardella. This species does not shift
to new host plants but simply follows range expansion of its usual host plant (Quercus
robur) [360].

4.6. Monitoring and Control Measures

The monitoring methods recommend for the reviewed species are mainly limited by
visual inspections and application of pheromone and color traps (Table 1). These methods
might be quite effective when used appropriately and systematically. However, as this
review demonstrates, in many cases, the monitoring system does not work properly, and
many invasive pests rapidly increase their secondary ranges in Russia (e.g., Leptoglossus
occidentalis, Halyomorpha halys, Agrilus planipennis, Cydalima perspectalis, Lamprodila festiva,
and Cameraria ohridella). The lack of effective integration between organizations responsible
for the monitoring and management of forests, urban, and suburban woody plantations in
Russia (on both the national and local levels) creates serious difficulties for the practical
and systematic use of these methods, especially keeping in mind the vast territory of the
country. To increase the effectiveness of the monitoring, it is advisable to create a fast
and flexible system of information exchange between the public and the organizations
responsible for the monitoring and management of forests, urban, and suburban woody
plantations, as well as to increase the level of effective involvement of scientists, university
professionals, and citizens in monitoring of invasive insect pests of woody plants.

The control measures understandably differ between forests and urban woody planta-
tions. To control the spread of the reviewed invasive pests in forests, we mostly suggest
developing and use biological and chemical methods (Table 1). Special attention should be
paid to a braconid Spathius polonicus Niezabitowski (Hymenoptera: Braconidae: Dorycti-
nae), a parasitoid, which seems to have potential to effectively control Agrilus planipennis in
European Russia, although it is likely that a few years are needed to build up a sufficient
parasitoid population [145,169,400]. The effective use of sanitation fellings in the forests
of the Russian Federation is currently much overcomplicated by the existing regulatory

58



Forests 2022, 13, 521

framework, which does not allow timely felling of trees infested by insect pests. The use of
pheromone traps proposed as a measure to control some invaders (e.g., Halyomorpha halys,
Corythucha arcuata, Ips amitinus, Polygraphus proximus, and Cydalima perspectalis; Table 1)
is possible and potentially effective only when we deal with a limited, relatively small
forest area.

The situation is different with the invasive pest control in urban and suburban woody
tree plantations. The use of chemical control is significantly legally limited in such environ-
ments, whereas the application of stem injections is not always possible (taking into account
its cost) but advisable, especially against insect pests that live inside the plant tissues (e.g.,
mining insects, gallers, wood-borers, etc.) in individual trees in urban areas. Within a
relatively small woody tree plantation, it is possible to use biological control methods,
pheromone traps, elimination of individual infested trees and other specific methods. It
should be kept in mind that overall such control methods might be very expensive.

5. Conclusions

The majority of the reviewed insect pests have demonstrated their invasive behaviour
in Russia during the last 10–30 years. In most cases, first reports of these invaders in Russia
were unexpected for the stakeholders, who were supposed to provide forest and urban
woody plants’ monitoring and management. These invasions led to significant ecological
and economic losses and caused negative social consequences [15,63,338,360].

We suggest that there are three major scenarios of invasions of woody plant’s pests:
(1) a naturally conditioned range expansion, which results in the arrival of a pest to a new
territory and its further naturalization; (2) a human-mediated long-distance transfer of
a pest to a new territory and its further naturalization; and (3) a widening of the pest’s
trophic niche and shift to new host plant(s) (commonly human-introduced) within the
native pest’s range, frequently followed by invasion to new regions.

Bearing in mind these and many other examples of devastating invasions of tree pests
as well as unpredictable emergence of novel invaders, it is essential to stress the importance
of insect pest monitoring (including the episodes of host plant shift) and more effective
use of early detection programs (e.g., sentinel plantings) [7,401,402] and application of new
and developing species identification techniques (e.g., DNA-barcoding) [403].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13040521/s1; Supplimentary Table S1: Timeline of the first
records of the Western coniferous seed bug, Leptoglossus occidentalis in its invasive range in Europe;
Supplimentary Table S2: Timeline of the first records of Halyomorpha halys in its invasive range in
Europe; Supplimentary Table S3: Timeline of the first records of Corythucha arcuata in its invasive
range in Europe; Supplimentary Table S4: Timeline of the first records of Lamprodila (Palmar) festiva
in its invasive range in Europe; Supplimentary Table S5: Timeline of the first records of Cydalima
perspectalis in its invasive range in Europe; Supplimentary Table S6: Timeline of the first records
of Cameraria ohridella in its invasive range in Europe; Supplimentary Table S7: Timeline of the first
records of Phyllonorycter issikii in its invasive range in Europe.
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122. Kubáň, V.; Jendek, E.; Kalashian, M.Y.; Volkovitsh, M.G. Superfamily Buprestoidea Leach, 1815. In Catalogue of Palaearctic

Coleoptera. Scarabaeoidea, Scirtoidea, Dascilloidea, Buprestoidea and Byrrhoidea; Löbl, I., Löbl, D., Eds.; BRILL: Leiden, The Netherlands,
2016; Volume 3, pp. 19–32, 432–574.

123. Zang, K.; Wang, X.-Y.; Yang, Z.-Q.; Wei, K.; Duan, J.J. Biology and natural enemies of Agrilus fleischeri (Coleoptera: Buprestidae), a
newly emerging destructive buprestid pest in Northeast China. J. Asia-Pac. Entomol. 2017, 20, 47–52. [CrossRef]

124. Wang, J.S.; Shang, P.H.; Li, F. Preliminary observations on the life history of Agrilus sp. Shaanxi For. Sci. Technol. 1995, 3, 40–42.
125. Ji, Y.; Ji, R.; Huang, R.-X. Invasive species—Agrilus mali Matsumura and damage in Xinjiang. Xinjiang Agric. Sci. 2004, 41, 31–33.
126. Cui, X.N.; Liu, D.G.; Li, A.H. Research progress in integrated management of Agrilus mali. Plant Prot. 2015, 41, 16–23.
127. Bozorov, T.A.; Luo, Z.; Li, X.; Zhang, D. Agrilus mali Matsumura (Coleoptera: Buprestidae), a new invasive pest of wild apple in

western China: DNA barcoding and life cycle. Ecol. Evol. 2018, 9, 1160–1172. [CrossRef]
128. Cui, Z.-J.; Zhang, Y.-L.; Zhang, X.; Luo, Z.-H.; Zhang, P.; Golec, J.; Poland, T.M.; Zalucki, M.P.; Han, P.; Lu, Z.-Z. Life history and

mortality factors of Agrilus mali Matsumura (Coleoptera: Buprestidae) in wild apples in Northwestern China. Agric. For. Entomol.
2019, 21, 309–317. [CrossRef]

65



Forests 2022, 13, 521

129. Zhang, P.; Cui, Z.; Xu, H.; Ali, A.; Zhang, X.; Liu, X.; Zhang, Y.; Zhou, X.; Lu, Z. Thirst or malnutrition: The impacts of invasive
insect Agrilus mali on the physiological status of wild apple trees. Insects 2020, 11, 440. [CrossRef]

130. Zhang, X.; Zhang, Y.-L.; Zhang, P.; Cui, Z.-J.; Han, P.; Gao, G.-Z.; Poland, T.M.; Zalucki, M.P.; Lu, Z.-Z. Agrilus mali Matsumura
(Coleoptera: Buprestidae) density and damage in wild apple Malus sieversii (Rosales: Rosaceae) forests in Central Eurasia under
four different management strategies. Entomol. Gen. 2021, 41, 257–266. [CrossRef]

131. A Unified List of Quarantine Pests of the Eurasian Economic Union. (As Amended by 8 August 2019.) (Decision of the Council of
the Eurasian Economic Commission of 8 August 2019 No. 74). Available online: https://vniikr.ru/edinyij-perechen-karantinnyix-
obektov-evrazijskogo-ekonomicheskogo-soyuza (accessed on 22 August 2021).

132. Agrilus mali. EPPO Global Database. 2021. Available online: https://gd.eppo.int/taxon/AGRLMA (accessed on 22 August 2021).
133. Jendek, E.; Grebennikov, V. Agrilus (Coleoptera, Buprestidae) of East Asia; Jan Farkač: Prague, Czech Republic, 2011; p. 362.
134. Matsumura, S. Life history of Agrilus mali Mats. (Buprestidae). In Bionomics on Apple Trees in China and Korea; Muramatsu, S., Ed.;

Korea Agricultural Experiment Station: Seoul, Korea, 1924; pp. 1–21. (In Japanese)
135. Sokolov, E.A.; Atanov, N.M.; Zhimerikin, V.N.; Gura, N.A.; Komarova, G.F.; Nikritin, L.M.; Shakhramanov, I.K. Quarantine pests

with limited distribution on the territory of the Russian Federation. Plant Prot. 1995, 5, 37–41. (In Russian)
136. Jendek, E.; Poláková, J. Host Plants of World Agrilus (Coleoptera, Buprestidae). A Critical Review; Springer: New York, NY, USA, 2014;

pp. 1–706.
137. Liu, Z.Q.; Chen, W.M.; Xu, Z.; Liang, Q.L. Malus sieversii forest distribution and Agrilus mali Matsumura status of damage in the

west part of Tianshan Mountains. North. Hortic. 2014, 17, 121–124.
138. Li, M.L.; Zhang, Z.Q. Discussion on biology and life history associated with Agrilus mali Matsumura. J. Northwest For. Univ. 2017,

32, 139–146.
139. Nikritin, L.M.; Shutova, N.N. Apple buprestid. Plant Prot. 1985, 1, 44. (In Russian)
140. Nikritin, L.M. Apple buprestid. Plant Prot. 1994, 3, 46. (In Russian)
141. Cao, L.M.; Zhang, Y.L.; van Achterberg, C.; Wang, Z.Y.; Wang, X.Y.; Zhao, W.X.; Yang, Z.Q. Notes on braconid wasps (Hy-

menoptera, Braconidae) parasitising on Agrilus mali Matsumura (Coleoptera, Buprestidae) in China. ZooKeys 2019, 867, 97–121.
[CrossRef]

142. Fairmaire, L. Notes sur les Coléoptères des environs de Pékin (2e Partie). Revue Ent. Caen 1888, 7, 111–160.
143. Chamorro, M.L.; Jendek, E.; Haack, R.A.; Petrice, T.R.; Woodley, N.E.; Konstantinov, A.S.; Volkovitsh, M.G.; Yang, X.K.;

Grebennikov, V.V. Illustrated Guide to the Emerald Ash Borer, Agrilus planipennis Fairmaire and Related Species (Coleoptera, Buprestidae);
Pensoft Publishers: Sofia, Bulgaria; Moscow, Russia, 2015; pp. 1–198.

144. Baranchikov, Y.; Mozolevskaya, E.; Yurchenko, G.; Kenis, M. Occurrence of the emerald ash borer, Agrilus planipennis in Russia
and its potential impact on European forestry. EPPO Bull. 2008, 38, 233–238. [CrossRef]

145. Musolin, D.L.; Selikhovkin, A.V.; Shabunin, D.A.; Zviagintsev, V.B.; Baranchikov, Y.N. Between ash dieback and emerald ash
borer: Two Asian invaders in Russia and the future of ash in Europe. Balt. For. 2017, 23, 316–333.

146. Orlova-Bienkowskaja, M.J.; Volkovitsh, M.G. Are native ranges of the most destructive invasive pests well known? A case study
of the native range of the emerald ash borer, Agrilus planipennis (Coleoptera: Buprestidae). Biol. Invasions 2018, 20, 1275–1286.
[CrossRef]

147. Meshkova, V.L.; Kucheryavenko, T.V.; Zinchenko, O.V.; Borysenko, A.I. Beginning of the spread of Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae) on the territory of Ukraine. Izv. St.-Peterbg. Lesoteh. Akad. 2021, 236, 163–184. (In Russian) [CrossRef]
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Abstract: A rich source of bioactive secondary metabolites from microorgannisms are widely used
to control plant diseases in an eco-friendly way. To explore ideal candidates for prevention of
pine wilt disease (PWD), a bacterial strain from rhizosphere of Pinus thunbergii, Lysinimonas M4,
with nematicidal activity against pine wood nematode (PWN), Bursaphelenchus xylophilus, was
isolated. Two nematicidal compounds were obtained from the culture of Lysinimonas M4 by silica
gel chromatography based on bioactivity-guided fractionation and were subsequently identified as
2-coumaranone and cyclo-(Phe-Pro) by nuclear magnetic resonance (NMR) and mass spectrometry
(MS). The 2-coumaranone and cyclo-(Phe-Pro) showed significant nematicidal activity against PWN,
with LC50 values at 24 h of 0.196 mM and 0.425 mM, respectively. Both compounds had significant
inhibitory effects on egg hatching, feeding, and reproduction. The study on nematicidal mechanisms
revealed that 2-coumaranone and cyclo-(Phe-Pro) caused the accumulation of reactive oxygen species
(ROS) in nematodes, along with a notable decrease in CAT and POS activity and an increase in SOD
activity in nematodes, which might contribute to the death of pine wood nematodes. Bioassay tests
demonstrated that the two compounds could reduce the incidence of wilting in Japanese black pine
seedlings. This research offers a new bacterial strain and two metabolites for biocontrol against PWN.

Keywords: Bursaphelenchus xylophilus; 2-coumaranone; cyclo-(Phe-Pro); reactive oxygen species
(ROS); nematicidal activity

1. Introduction

Pine wilt disease (PWD) is an extremely destructive forest disease caused by the pine
wood nematode (PWN), Bursaphelenchus xylophilus [1]. The disease was discovered in
Jiangsu Province in 1982 and subsequently spread rapidly in China [2]. The State Forestry
and Grassland Administration of China announced that PWD was found in 721 county-
level administrative regions across the country in 2021. It caused a serious economic loss
and a negative influence on the ecological environment [3].

Owing to the rapid spread of PWD, effective and reliable prevention and control
measures for the disease became more and more urgent. Physical controls, such as cutting
and burning the infected pine trees, cannot fundamentally prevent the spread of PWN [4].
Spraying synthetic insecticides against PWN vectors, such as Monochamus alternatus and
trunk injection of nematicides, to directly control PWN as the common measures for
PWD management might cause environmental pollution and disruptions of the host or
other beneficial organisms [5,6]. Biocontrol based on microorganisms is considered as a
promising strategy in the green management of plant diseases. Fungi and actinomycetes
producing mycotoxins or antibiotics are reported to be effective in PWN control [7–10].
However, bacteria are far more commonly reported for biocontrol of PWN than fungi and
actinomycetes due to their high diversity and rapid growth. Yu et al. [11] reported the
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nematicidal effect of volatiles produced by Pseudotalteromonas marina strain H-42 and Vibrio
atlanticus strain S-16 that were isolated from the seawater and bay scallops, respectively.
Ponpandian et al. [12] screened two nematicidal bacteria from the endophytes of four Pinus
species, and found that their metabolites had a significant inhibitory effect on egg hatching
and development of PWN.

The plant growth-promoting rhizobacteria, a group of root-colonizing microorgan-
isms beneficial to plants, provide promising and sustainable sources for the screening of
biological control microbes against plant pathogens [13]. Plant rhizoshperic microbes can
indirectly promote plant growth by production of toxins, biosurfactants, and lytic enzymes
to inhibit plant pathogens and induce systemic resistance in host plants [14]. Pseudomonas
fluorescens CHA0 and Bacillus amyloliquefaciens FZB42 were identified as antagonists of
root-knot nematodes [15,16]. Moreover, Deng et al. [17] reported that the microbial diver-
sity of the pine root system changed significantly when PWNs infected trees at early and
late stages, and these changes were associated with the suppression effect of microbial
community against PWNs.

In the present study, we screened a strain of rhizosphere bacteria from healthy Japanese
black pine trees with nematicidal activity against PWN, and characterized the effective
compounds in its culture, which provided reference to exploration of nematicidal agents
against PWN.

2. Materials and Methods

2.1. Sample Preparation and Nematode Cultivation

Soil samples were collected from the roots of Pinus thunbergii on the campus of Qingdao
University. PWNs were isolated from infected P. thunbergii by the Baermann funnel and
morphologically confirmed [18]. The collected PWNs were washed 3 times with sterile
water and cultured with Botrytis cinerea on potato dextrose agar (PDA) medium in dark at
25 ◦C for 1 week.

2.2. Isolation and Screening of Nematicidal Bacteria against PWN

An approximately 0.1 g soil sample was transferred to 49.9 mL sterile water and
incubated at 30 ◦C for 30 min. The soil suspension was diluted serially with sterile water to
obtain 10−1 to 10−6 dilutions [19]. 100 μL soil suspension from each dilution was plated on
nutrient agar (NA) culture medium, and incubated at 30 ◦C for 48 h. Single colonies were
picked from plates and sub-cultured until a pure culture with nematicidal activity against
PWN was obtained.

The purified bacteria were fermented in a nutrient broth (NB) medium at 30 ◦C for 4 d.
The culture was centrifuged at 10,000 rpm for 10 min and the supernatant was collected for
subsequent experiments. The impregnation method was applied to screen the bacteria with
nematicidal activity [20]. Next, 400 μL of the supernatant was mixed with 100 μL PWN
suspension (containing approximately 100 nematodes) in sterile water and added into a
well of 24-well plate, whereas control groups were carried out by mixing NB medium and
PWN suspension. The plates were incubated at 25 ◦C for 72 h under dark conditions. Dead
nematodes were observed and counted under a stereomicroscope (Motic BA200, Xiamen,
China). Nematodes were considered dead if they were stiff and had no response to physical
stimulus. Corrected mortality was calculated according to Schneider Orelli’s formula [21]:

corrected mortality (%) = [(mortality in treatment − mortality in control)/
(100 − mortality in control)] × 100

(1)

The experiment was carried out with three biological replicates.
Three strains with obvious nematicidal activity against PWN were further studied

for their nematicidal activity by diluting their supernatants to 2.5, 5, and 10-fold, respec-
tively [22]. The nematicidal activity of diluted suspensions was tested following the same
procedures as described above.
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2.3. Identification of Bacteria with Nematicidal Activity

The bacterial strain M4 with the highest nematicidal activity was identified. After
culturing the M4 strain on a NA plate at 30 ◦C for 3 days. The strain was characterized
by gram staining, spore staining, capsular staining, and morphological observation under
a microscope (Motic SW350B, Xiamen, China). In addition, biochemical tests including
starch hydrolysis test and oil hydrolysis were also used as an indicator for the identification
of the M4 strain [23].

The M4 strain was cultivated in NA liquid medium at 30 ◦C for 18 h, then the ge-
nomic DNA was extracted using the TIANGEN Genomic DNA Kit (TIANGEN Biotech,
Beijing, China). The 16S rDNA was amplified by PCR using the genomic DNA and primer
pair 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACCTTGTTACGACTT-3′)
and sequenced by Sangon Biotech Company (Qingdao, China). The 16S rDNA sequence
underwent a BLAST search in the GenBank database of the National Center for Biotech-
nology Information (NCBI). The phylogenetic tree was constructed in MEGA7 using the
neighbor-joining (N-J) method [24,25].

2.4. Isolation and Structural Determination of the Nematicidal Compounds

The culture of strain M4 (5 L) was extracted with an equal volume of ethyl acetate
three times [12]. The ethyl acetate phase was combined and concentrated to dryness by
rotary evaporation at 25 ◦C under vacuum, and 0.5 g of crude extracts was obtained.
The nematicidal bioactivity of the crude extracts and the left aqueous phase was then
bioassayed. Next, 5 μL of ethyl acetate extract (10 mg/mL, dissolved in DMSO) was mixed
with 95 μL nematode suspension (containing approximately 100 nematodes) in a 96-well
plate at 25 ◦C for 72 h under dark conditions. Additionally, 5 μL of ethyl acetate extract
of pure NB medium (10 mg/mL, dissolved in DMSO), mixed with 95 μL of the same
nematode suspension, was served as control. Dead nematodes were observed and counted
under a stereomicroscope (Motic BA200, Xiamen, China).

The nematicidal components in the crude extracts were isolated by silica gel column
chromatography (200 to 300 mesh) with petroleum/ethyl acetate (2:1, 2:3, 1:3, and 1:5
v/v), ethyl acetate/methanol (20:1 v/v), and five fractions (Fr1, Fr2, Fr3, Fr4, and Fr5) were
collected [26]. Fr4 and Fr5, which showed higher nematicidal activity, were further purified
by silica gel chromatography based on bioactivity-guided fractionation. Compound 1 in
Fr.4 was recrystallized with petroleum/ethyl acetate (1:5, v/v) and compound 2 in Fr.5 was
recrystallized with ethyl acetate.

The NMR spectra were obtained using NMR spectrometer (JNM-ECZ600R, JOEL,
Tokyo, Japan) operating at 600 MHz for 1H NMR and 100 MHz for 13C NMR in chloroform-
d (CDCl3) with tetramethylsilane (TMS) as the internal standard. The electron impact mass
spectra (EIMS) were determined using gas chromatography mass spectrometry (7890A-
5975C, Agilent, Santa Clara, CA, USA).

2.5. Nematicidal Activity of the Nematicidal Compounds against PWN In Vitro

Nematicidal activities of the isolated compounds were assessed by determination
of the LC50 value for 24 h following the method as previously described [27]. Corrected
mortalities were determined for each compound according to Equation (1), and the LC50
values were calculated according to the Probi model, respectively.

2.6. Effect of the Nematicidal Compounds on Egg Hatching

Eggs were obtained according to the method previously described by Liu et al. [6].
Specifically, approximately 100 nematode eggs were transferred to a 48-well culture plate
containing 2-coumaranone or cyclo-(Phe-Pro) of different concentrations (0.1 mM, 0.2 mM,
and 0.5 mM in 5% DMSO), while 5% DMSO was used as a control group. Plates were
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incubated at 25 ◦C and nematodes at the J2 stage were counted at 48 h. Three replicates
were performed in this experiment. The hatching rate was calculated as follows:

hatching rate (%) = [juveniles/(eggs + juveniles) × 100] (2)

2.7. Influence of the Nematicidal Compounds on Nematodes Feeding and Population

Approximately 100 nematodes were treated with 0.1 mM 2-coumaranone or cyclo-
(Pro-Phe) solution in 5% DMSO for 24 h, and 5% DMSO and sterile water were used as
controls. PWNs were transferred to a PDA plate covered with B. cinerea and incubated at
25 ◦C for 7 d. The feeding of PWNs to B. cinerea was observed and photographed daily.
Nematodes in each group were then collected, washed with distilled water, and quantified
under a stereomicroscope (Motic BA200, Xiamen, China) [28].

2.8. Detection of Reactive Oxygen Species (ROS) and Antioxidant Enzymes in
Nematicide-Treated PWD

ROS production was determined by the fluorescein 2,7-Dichlorodihydrofluorescein
-diacetate (DCFH-DA) probe method [29]. Approximately 200 adult nematodes were
pretreated with 0.2 mM 2-coumaranone and 0.2 mM cyclo-(Phe-Pro), respectively. They
were incubated in 96-well plates for 24 h, and 5% DMSO was used in control wells. At the
end of incubation, the PWNs were washed three times with 0.01 M PBS and treated with a
probe from ROS assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Reactive oxygen hydrogen donor-induced PWNs served as positive control. Nematodes
were collected, centrifuged at 10,000 rpm for 5 min, and washed three times with 0.01 M
PBS. Then, the fluorescence intensity was detected at an excitation wavelength of 485 nm
and a blocking wavelength of 528 nm under a fluorescence microscope (Olympus IX73,
Tokyo, Japan).

The treated nematodes were thoroughly ground on ice, the extracts were centrifuged
at 4 ◦C, 10,000 rpm for 10 min, and the supernatants were collected. The protein content
was determined according to the Bradford method. The activities of superoxide dismu-
tase (SOD), peroxidase (POD), and catalase (CAT) were measured using azalantetrazole
reduction, guaiacol, and hydrogen peroxide, respectively [30,31]. The absorbance of each
reaction was measured at wavelengths of 560 nm, 470 nm, and 240 nm, using a UV spec-
trophotometer (GENESY-50, Thermo Fisher Scientific, Waltham, MA, USA), respectively.

2.9. Nematicidal Activity of the Nematicidal Compounds against PWN In Vivo

Healthy Japanese black pine seeds were soaked with HgCl2 for 10 min and rinsed
with sterile water three times. Seeds were placed in Petri dishes containing sterilized filter
paper, which was kept moist and incubated in the dark at 25 ◦C for 5 d. When the seeds
germinated with roots about 1.5 cm long, they were transferred to nutrient soil on daylight
exposure for 16 h/d cultivation for 30 d. Next, 5 μL of nematode suspension (50 PWNs/μL)
was injected into pine seedlings by micro syringe [32]. On post-inoculation day 2 (PID
2), each seedling in the experimental groups was injected with 10 μL of 2-coumaranone
(50 mM) and cyclo-(Phe-Pro) (50 mM), respectively. The same volume of 5% DMSO was
injected into pine seedlings for the control group. In addition, the pine seedlings without
inoculation of PWN were injected with 10 μL of nematicidal compounds (50 mM) to observe
whether they would have an unexpected effect on the seedlings, and the same dose of
sterile water was injected into another group of seedlings as the control.

2.10. Statistical Analysis

The means and standard deviations (SD) of the corrected mortality data were calcu-
lated in Microsoft Excel. One-way analyses of variance (ANOVA) with least significant
differences (LSD) test (p = 0.05) and Student’s t-tests (p = 0.05 and 0.01) were performed to
compare among treatment levels, and the lethal concentration (LC50) values were calculated
by probit analysis in SPSS version 25.0 (SPSS Inc., Chicago, IL, USA).
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3. Results

3.1. Screening and Identification of Nematicidal Strains

A total of 40 bacterial strains were isolated from soil samples. The corrected mortality
of PWNs was determined by exposing PWNs to a 1.25 times diluted cell-free culture for
72 h (Table 1). The strains with higher than 80% corrected mortality were considered as
nematicidal candidates. The corrected mortalities of the cultures from BG-1, S-1-3, and
M4 strains were 86.63%, 88.63%, and 91.30%, respectively, which were significantly higher
than that of other strains. After further dilution for 2.5, 5, and 10 times, the culture of the
M4 strain showed the strongest nematicidal effect among the three forementioned strains
(Figure 1). Thus, the M4 strain was selected for subsequent characterization studies.

Table 1. Nematicidal activities of cell-free culture of different strains.

Stains
Corrected

Mortality (%)
Stains

Corrected
Mortality (%)

Stains
Corrected

Mortality (%)
Stains

Corrected
Mortality (%)

NA-1 5.36 ± 1.52 c BG-1 86.63 ± 1.53 o S-1-1 19.4 ± 1.53 g M1 8.70 ± 1.73 e
NA-2 49.83 ± 3.00 n BG-2 7.02 ± 2.08 d S-1-2 37.79 ± 3.00 l M2 1.00 ± 1.52 a
NA-3 2.01 ± 2.08 a BG-3 29.77 ± 3.61 i S-1-3 88.63 ± 1.15 o M3 4.01 ± 2.08 a
NA-4 5.02 ± 1.53 b BG-4 16.38 ± 1.53 g S-1-4 11.71 ± 1.73 f M4 91.3 ± 1.53 o
NA-5 9.03 ± 1.53 e BG-5 7.02 ± 0.58 d S-1-5 5.69 ± 1.73 c M5 6.69 ± 1.73 d
NA-6 5.36 ± 1.52 c BG-6 16.38 ± 1.53 g S-2-1 16.34 ± 2.08 g M6 11.71 ± 1.73 f
NA-7 27.09 ± 2.52 i BG-7 20.07 ± 1.15 g S-2-2 5.35 ± 1.52 c M7 19.4 ± 2.08 g
NA-8 0.34 ± 0.58 a BG-8 1.00 ± 1.53 a S-2-3 36.11 ± 1.15 k M8 1.00 ± 1.52 a
NA-9 50.17 ± 2.52 n BG-9 22.07 ± 3.06 h S-2-4 40.80 ± 2.64 m M9 32.78 ± 2.00 j
NA-10 30.77 ± 3.00 i BG-10 37.45 ± 2.52 l S-2-5 18.06 ± 2.31 g M10 37.12 ± 2.51 l

Control 0.33 ± 0.75 a

The mean corrected mortality of nematodes was determined after exposure to 1.25-fold dilution of cell-free
cultures for 72 h. Control was NA medium. Data were mean ± SD of three replicates. Means in the column
followed by the same letter did not differ significantly (p = 0.05) according to the LSD test.

 
Figure 1. The nematicidal activity for the cell-free culture of strains M4, BG1, and S-1-3 diluted
10 times, 5 times, and 2.5 times, respectively. Data were given as mean. Means with the different
letters were significantly different (p < 0.05) based on one-way ANOVA with multiple comparison
analysis using the LSD test.

The colonies of the M4 strain were round with greenish-yellow color and entered
margin. The cells were Gram-negative and motile with a short rod shape. Amylolysis, MR,
and hydrogen sulfide tests were positive, while oil hydrolysis and Voges–Proskauer tests
were negative. According to the comparison results of 16S rDNA sequences, the sequence
from the M4 strain was homologous to that from Lysinimonas sp. F22 by 99.93%, which
were both clustered in the same branch on the phylogenetic tree (Figure 2). Based on the
morphological observation, analysis of physiological properties and 16S rDNA sequencing
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comparation, the M4 strain belonged to the genus Lysinimonas, and therefore was named
Lysinimonas sp. M4.

Figure 2. The phylogenetic tree constructed using a neighbor-joining method based on 16S rDNA
gene sequence numbers at the nodes indicate the bootstrap values on neighbor-joining analysis.

3.2. Isolation and Identification of the Nematicidal Compounds from the M4 Strain

The nematicidal bioassay of ethyl acetate extract and the water phase of the Lysinimonas
sp. M4 culture indicated that the ethyl acetate extract had significant nematicidal activity
against PWN, while no obvious nematicidal activity was detected in the water phase
(Table 2). Following a further isolation of ethyl acetate extract through silica gel column
chromatography, five fractions (Fr. 1 to Fr. 5) were collected and tested for their nematicidal
activity. The corrected mortality rate for Fr. 4 and Fr. 5 at a concentration of 200 μg/mL at
72 h was 91.87% and 70.68%, respectively, which was significantly higher than that for the
other three fractions (Figure 3).

Table 2. The nematicidal activity of the aqueous phase and the ethyl acetate extract of the M4 strain
culture for 72h.

Smples
Mean Corrected Mortality ± SD (%)

24 h 48 h 72 h

Water phase 1.00 ± 1.00 a 2.00 ± 1.00 a 2.00 ± 1.00 a
Ethyl acetate extract 37.33 ± 2.309 b 65.00 ± 2.00 c 87.33 ± 2.08 d

The mean corrected mortality of the nematodes was determined after exposure to the water phase and ethyl
acetate extract at a different culture time. Data were mean ± SD of three replicates. Means in the column followed
by the same letter did not differ significantly (p = 0.05) according to the LSD test.
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Figure 3. Corrected mortality of PWNs for different fractions. PWNs were treated with 200 μg/mL
Fr. 1 - Fr. 5 effluent at 24 h, 48 h, and 72 h, respectively, and the corrected mortality was determined.
Mean values were plotted with standard deviations (SD). The control group only contained NB
medium. Means with the different letters were significantly different at p < 0.05 based on one-way
ANOVA with multiple comparison analysis using the LSD test.

The nematicidal components in Fr.4 and Fr.5 were further purified and identified.
The compound 1 derived from Fr. 4 was a pale-yellow crystal with a molecular weight
of 134.037. Its molecular formula was determined to be C8H6O2; 1H NMR (600 MHz,
CDCl3): δ3.73 (2H, s, H-3), 7.25–7.31 (2H, m, H-4, 6), 7.08–7.14 (2H, m, H-5, 7); 13C NMR
(CDCl3): δ33.07 (C-3), 110.88 (C-7), 123.13 (C-5), 124.18 (C-4), 124.72 (C-9), 128.98 (C-6),
154.82 (C-8), and 174.15 (C=O). Based on the spectrum analysis and comparison with the
literature [33,34], compound 1 was identified as 2-coumaranone (Figure 4a).

 
Figure 4. Chemical structures of 2-coumaranone (a) and cyclo-(Phe-Pro) (b).

Compound 2 purified from Fr.5 was a white powder with a relative molecular mass of
224.121, with the chemical formula of C14H16N2O2. 1H NMR (600 MHz, CDCl3): δ7.22–7.34
(5H, m, H-2, 3, 4, 5′, 6′), 4.26 (1H, m, H-6), 4.07 (1H, H-9), 3.65, 3.59 (2H, m, H-3), 3.54,
2.78 (2H, m, H-10), 2,33, 1.88 (each 1H, m, H-5), 2.01(2H, m, H-4). 13C NMR (CDCl3):
δ169.50 (C-7), 165.15 (C-1), 136.01(C-1), 129.38 (C-3′, 5′), 129.20 (C-2′, 6′), 127.66 (C-4′), 59.22
(C-9), 56.28 (C-6), 45.55 (C-3), 36.87 (C-10), 28.44 (C-5), and 22.63 (C-4). According to EIMS
and NMR data combined with the related literature, compound 2 was determined to be
cyclo-(Pro-Phe) [35,36] (Figure 4b).

3.3. Nematicidal Activity against PWN of the Nematicidal Compounds

To determine the nematicidal activity, the semi-lethal concentrations against PWN
at 24 h for 2-coumaranone and cyclo-(Pro-Phe) were detected. The LC50 values of 2-
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coumaranone and cyclo-(Phe-Pro) were 196 and 425 mM, respectively, which indicated that
2-coumaranone had a stronger lethal effect against PWN (Table 3).

Table 3. LC50 values of 2-coumaranone and cyclo-(Phe-Pro) against PWN for 24 h.

LC50 (mM) 95% Confidence Intervals Probit Equation

Cyclo-(Pro-Phe) 0.425 0.374–0.483 y = 2.788x − 5.663
2-Coumaranone 0.196 0.167–0.233 y = 2.128x − 3.024

3.4. Effect of the Nematicides on PWN Egg Hatching

After being treated with 2-coumaranone and cyclo-(Phe-Pro) at concentrations of
0.1, 0.2, and 0.5 mM for 48 h, the hatching of eggs for PWN was significantly inhibited
compared to the control (p < 0.05) (Figure 5). The hatching rates for eggs treated with
0.1 mM 2-coumaranone and cyclo-(Pro-Phe) were 50.77% and 59.92%, respectively.

 
Figure 5. Effects of nematicidal compounds on cumulative hatching rates after 48 h. Mean values
of four replications were plotted with SD. The asterisk denoted significant difference at p < 0.05
compared to controls according to Student’s t-test.

3.5. Influence of the Nematicides on PWN Feeding and Population

To investigate the nematicidal effect on reproduction, PWNs were treated with 0.1 mM
2-coumaranone and cyclo-(Phe-Pro) for 24 h and then inoculated into B. cinerea. In contrast
to the depleted mycelia in the control groups treated with 5% DMSO and sterile water at
the end of 7 d, most of the mycelia was left in the treated groups (Figure 6). Specifically,
the little mycelia of B. cinerea was fed in the 2-coumaranone-treated group. Therefore, the
nematicidal compounds significantly reduced the feeding ability of the nematodes.

Figure 6. The feeding of Botrytis cinerea in Petri dishes after inoculation with different PWNs.

Moreover, the nematode populations were 270 and 3400 in the 2-coumaranone and
cyclo-(Pro-Phe)-treated groups, respectively, which were significantly lower (p < 0.01) than
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that of 10,080 and 10,400 in the DMSO and sterile water-treated groups (Figure 7). The
inhibition effect on reproduction was significantly higher for 2-coumaranone than that of
cyclo-(Pro-Phe) (p < 0.01).

Figure 7. Numbers of PWN per dish treated with 2-coumaranone, cyclo-(Phe-Pro), 5% DMSO, and
sterile water. Mean values of four replications were plotted with SD. ** and *** represent significant
difference at p < 0.01 and p < 0.001, respectively, compared to control according to Student’s t-test.

3.6. Detection of ROS and Antioxidant Enzymes in PWN

Fluorescence was revealed in the PWNs treated with 2-coumaranone and cyclo-(Pro-
Phe) based on DCFH-DA fluorescence staining (Figure 8A–D), which indicated that the
two nematicides stimulated the production of ROS in PWN. Furthermore, the activities of
CAT and POD in nematodes treated with the nematicidal compounds were significantly
lower, while the SOD activity was significantly higher, compared to that in the sterile water
and 5% DMSO-treated groups (Figure 9). The results indicate that the accumulation of a
large amount of H2O2 in the nematodes eventually led to their deaths.

 

Figure 8. Reactive oxygen fluorescence staining of B. xylophilus. B. xylophilus was imaged in the
darkfield (A–D) and the corresponding brightfield (a–d). The a–d groups were treated with 0.2 mM 2-
coumaranone, 0.2 mM cyclo-(Phe-Pro), reactive oxygen hydrogen donor, and 5% DMSO, respectively.
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Figure 9. Activity of antioxidant enzymes of PWN. Means with the different superscript letters were
significantly different at p < 0.05 according to LSD test.

3.7. Nematicidal Activity of the Nematicidal Compounds against PWN In Vivo

To understand the nematicidal effect of 2-coumaranone and cyclo-(Pro-Phe) in vivo,
the PWN-infected Japanese black pine seedlings were treated with the two compounds. On
the ninth day after inoculation with PWN, wilting symptoms of seedlings and dehydration
of pine needles were observed in the group treated with PWN + 5% DMSO (Figure 10a(A)),
while no obvious change was observed in the groups treated with PWN + 2-coumaranone
and PWN + cyclo-(Pro-Phe) (Figure 10a(B,C)). On day 12, the pine seedlings treated with
PWN + 5% DMSO almost dried up and died (Figure 10b(A)). However, the seedlings
treated with PWN + nematicides only showed slight wilting (Figure 10b(B,C)), which
indicated that the treatment with 2-coumaranone and cyclo-(Pro-Phe) effectively reduced
the wilting symptoms of the Japanese pine seedlings caused by PWN. In contrast with the
control group just treated with sterile water (Figure 10a(D),b(D)), no visible side effects
were found in seedlings only treated with the nematicides (Figure 10a(E,F),b(E,F)).

Figure 10. Effect of 2-coumaranone and cyclo-(Phe-Pro) on inhibit PWN in vivo. A–F groups were
treated with 5% DMSO + PWN, 2-coumaranone + PWN, cyclo-(Pro-Phe) + PWN, 5% DMSO, 50 mM
2-coumaranone, and 50 mM cyclo-(Pro-Phe), respectively. (a) Pine seedling symptoms on day 9 in
different treatment groups; (b) pine seedling symptoms on day 12 in different treatment groups.

4. Discussion

Numerous species of microorganisms were tried in the biological control of PWD.
Kang et al. [37] screened a nematicidal strain, Streptomyces sp. 680,560 among endophytic
actinomycetes of Korean pines, and isolated a strongly active compound, teleocidin B4,
from its metabolites, which had a significant inhibitory effect on the egg hatching and
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development of PWN. Bacillus thuringiensis was confirmed to produce endotoxins with
strong nematicidal activity against PWN [38,39]. However, few of them were reported to
be effective in pine forest tests, and no nematicidal bacteria were reported to be screened
from the rhizosphere of pine trees. The microorganisms in the rhizosphere soil of pine
trees differ greatly during different periods of infection with PWD, and some of these
bacteria might have antagonistic effects against PWD [16]. Therefore, we tried to isolate
bacteria with nematicidal activity from healthy Japanese black pine rhizosphere in the
current study in order to obtain bioactive compounds as nematicidal candidates against
PWN. A nematicidal bacterium, Lysinimonas sp M4, was isolated and the antagonistic effect
against PWN of this genus was first reported. Several bacterial species were found to have
nematicidal activity, among which Bacillus genus was the most reported. Some bacteria
were confirmed to kill PWN through producing toxins or secreting extracellular proteases
to digest nematode body surface tissues, and some others control PWN by interfering with
nematode behavior or preying on nematodes [37–42]. We isolated two nematicides against
PWN, 2-coumaranone, and cyclo-(Pro-Phe), from the fermentation broth of Lysinimonas sp.
M4, and several strains of this genus were recorded to be resistant to metal ion stress [43–45],
which implies the potential of this genus in PWN control.

The nematicidal compound cyclo-(Phe-Pro), belonging to the cyclic dipeptides (2,5-
diketopiperazine), was identified in the present study. Park et al. [35] investigated the
nematicidal metabolites of Bacillus thuringiensis JCK-1233, and found cyclo-(L-Pro-L-Phe)
displayed an inhibitory effect on PWN in pine trees. However, the mechanism of the
nematicidal effect of cyclic dipeptides was not further studied in their research. Lee
et al. [46] revealed that cyclo-(Phe-Pro) could induce DNA damage in mammalian cells via
ROS accumulation, which eventually causes apoptosis. In our research, cyclo-(Phe-Pro), as
well as 2-coumaranone, were confirmed to cause the accumulation of ROS in nematodes,
which could partially explain the nematicidal mechanism of the two nematicides. Cyclic
dipeptides can be produced by bacteria, fungi, plants, and animals in nature [47,48],
and have various biological functions, such as being antifungal, antibacterial, antiviral,
antitumor, and cell signaling [49,50]. The cyclo-(Phe-Pro) secreted by the bacteria from the
rhizosphere of pine trees might help pine trees to inhibit PWN reproduction and relieve
pathogenicity symptoms of PWD [51]. Moreover, 2-coumaranone with strong nematicidal
activity in the metabolites of Lysinimonas sp. M4 has nematicidal activity against PWN,
which was not reported. The agent has potential to be developed as a nematicide or a lead
compound for a more powerful nematicide by further modification in PWD management
on a large scale.

ROS includes superoxide anion (·O2−), hydrogen peroxide (H2O2), and hydroxyl
radicals (·OH), which play key roles in cell metabolism, oxidative stress, signal transduction,
and apoptosis [52]. H2O2 is mainly produced by SOD, while CAT and POD can remove
H2O2 [53]. Analysis on the aforementioned antioxidant enzymes of the nematicide-treated
nematodes in vivo revealed that the activities of CAT and POD were significantly reduced
compared to the control, while the activity of SOD was significantly increased. According
to the result, we inferred that excessive H2O2 production might lead to the death of
pine nematodes. The levels of other antioxidant enzymes, such as glutathione peroxidases
(GPX), are worthy of further study for further elucidating the mechanism of the nematicides
isolated from Lysinimonas sp. M4 [54].

5. Conclusions

In this study, Lysinimonas sp. M4 with nematicidal activity was isolated from microor-
ganisms from the rhizosphere soil of Japanese black pine, and two nematicidal compounds,
2-coumaranone and cyclo-(Phe-Pro), were purified from its culture. Both of the nematici-
dal compounds significantly inhibited egg hatching, feeding, and reproduction of PWN.
The two nematicides caused the accumulation of ROS in PWNs, as well as a significant
decrease in CAT and POS activity and an increase in SOD activity in PWNs, which might
contribute to their nematicidal activity against PWN. Furthermore, both 2-coumaranone
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and cyclo-(Phe-Pro) could effectively reduce the wilt symptoms of Japanese black pine
seedlings caused by PWN inoculation. This study provides a promising novel bacterial
strain and two derived nematicidal compounds for controlling PWD.
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Abstract: Pine wilt disease in Korea can be managed by reducing vector density through chemical
application. To reduce the side effects from pesticides, effective natural enemies must be identified
and used to reduce the vectors’ natural density. Sentinel logs were used to investigate a parasitoid
wasp parasitic to Monochamus alternatus and Monochamus saltuarius, the vectors of Bursaphelenchus
xylophilus, which causes this disease. During 2016–2017, the parasitoid wasps distributed in the
Pinus densiflora and Pinus koraiensis forests were surveyed using sentinel logs at six different areas.
An ectoparasitoid wasp Spathius verustus Chao of M. alternatus and M. saltuarius was identified.
We showed for the first time that S. verustus was parasitic to M. alternatus in South Korea and to
M. saltuarius worldwide. The parasitism rates were affected by region and session but not by the
sentinel log height in the tree and the distances between the trap and forest edge locations. Studies
also showed that S. verustus appeared to prefer M. alternatus to M. saltuarius as a host. This study
unveiled the ecological details of S. verustus. Further research on various environmental factors such
as regional differences, host density differences, and the degree of damage from the pine wilt disease
is required to understand the effects of environmental or ecological factors on parasitism rates.

Keywords: biological control agent; ectoparasitoid; Braconidae; Monochamus vector; pine wilt disease;
parasitism rate

1. Introduction

Pinewood nematode (PWN), Bursaphelenchus xylophilus (Steiner & Buhrer), native to
North America, causes pine wilt disease (PWD) in East Asia (Japan, China, Taiwan, and
South Korea), Mexico, and Europe (Portugal and Spain), inflicting serious damage on
pine forests around the world [1–8]. The first damage on pines in Korea was reported by
Yi et al. [9]. The pinewood nematode is known to infest various species of Pinus, Abies,
Chamaecyparis, Cedrus, Larix, Picea, and Pseudotsuga, all of which belonged to Pinales [10].
The hosts of the pinewood nematode in Korea include P. densiflora (Siebold & Zucc), P.
koraiensis (Siebold & Zucc), and P. thunbergii (Parl), as well as P. parviflora Siebold & Zucc in
some insular areas [11]. The pinewood nematode spreads among its hosts by using wood-
boring beetles such as long-horned beetles from the genus Monochamus as vectors [12–14].

The representative insect vectors of PWN are, in particular, the species of Monochamus
in Cerambycidae, and there are eight species known to the Korean insect fauna [15]. Of
them, two native species, that have never had a relationship with PWN, have come to
transmit PWN in the country since the invasion: M. saltuarius Gebler as the vector of PWN
in the central region and M. alternatus Hope in the southern region of the country [16]. The
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pinewood nematode, transmitted by M. alternatus, has been causing immense damage to
coniferous forests in Jeju Island since 2013 [17]. PWD causes a higher mortality rate than
the pine caterpillar (Dendrolimus spectabilis Butler) or pine needle gall midge (Thecodiplo-
sis japonensis Uchida & Inouye), causing great economic damage to the Korean forestry
industry. The area affected by PWD has increased from 72 ha in 1988 to 6325 ha in 2016 [18].

Currently, the methods used in Korea to manage PWD include spraying insecticide
using unmanned aerial vehicles, fumigation or incineration after harvesting damaged trees,
and clear-felling around damaged trees [19,20]. However, these control methods negatively
affect the environment and require a large budget and human capital for the processes
of scientific forecasting with manned and unmanned aerial vehicles, as well as restoring
forests [21,22]. Additionally, Jeon et al. [23] argued that clear-felling would further spread
PWD. One of the ways to overcome these drawbacks to certain degrees is biological control
using natural enemies to reduce the density of the insect vectors.

There have been many attempts to use natural enemies, such as fungus, parasitoids,
or predators, to control populations of cerambycid vectors. For example, M. alternatus also
transmits the pinewood nematode in China [24], where, to prevent the disease, Sclerodermus
harmandi (Buysson) (Hymenoptera: Bethylidae) was used as a biological control agent
(parasitism rate from 42.8 to 46.1%; average control effectiveness of 65.3%) [25]. There also
has been a study on the indoor mass-rearing of S. harmandi using Tenebrio molitor Linnaeus
as an alternative host [26]. As in South Korea, M. alternatus and M. saltuarius also transmit
the pinewood nematode in Japan [27,28]. Several studies have addressed biological control
methods such as using an entomopathogenic fungus, particularly Beauveria bassiana (Bals.—
Criv.) Vuill., hymenopteran parasitoids, and coleopteran predators [29,30].

In Korea, research on the biological control of PWD has been conducted since 2004 [31]
and highlighted the biological characteristics of S. harmandi as a natural enemy of M.
alternatus and M. saltuarius. In indoor tests using small glass vials in a controlled laboratory
environment, the parasitism on M. saltuarius larvae was as high as 98.6%, and it was
selected for mass-rearing to reduce the density of M. alternatus and M. saltuarius [32].
However, there has been no report on the effectiveness of the bethylid wasp from outdoor
release, if any, so far [33]. The reason for not having any report on actual usage of the
bethylid wasps seems to be related to the host range. According to Lim et al. [34], the
hosts of S. harmandi include more than 30 species of 9 insect families, which means the
parasitoid is not a specialist parasitoid to the targeted cerambycids but a generalist. Further,
Liu et al. [35] demonstrated the adverse effects on an important natural enemy (Triaspis
sp. of Braconidae) of the pine weevil in China and suggested reconsideration of further
release of S. harmandi for biological control programs. Since the first biological control
attempt using S. harmandi, there has been little research on natural enemies or developing
biological control methods on two Monochamus vectors in South Korea. Kim et al. (2010) [36]
conducted an extensive study to find the natural enemies of various wood-boring insect
pests, and of the surveyed parasitic wasps, two ichneumonid species were reared from
prepupae and pupae of M. saltuarius. In Portugal, a relatively high diversity of parasitoids
was also found associated with M. galloprovincialis, the pinewood nematode insect vector,
but they are mainly idiobiont ectoparasitoids and generalists that attack a vast array of
other insects living in dead and dying trees [37].

Great examples of the most active research on biological control development against
wood-boring pests can be found in the U.S. and Europe, in which we can follow their natural
enemy survey methods or strategies to develop a biological control program on the insect
vectors, which are also wood-boring insects, of PWN. Three coleopteran invasive species
inflict tremendous damage on hardwoods in those regions: Anoplophora chinensis (Förster)
and A. glabripennis (Motschulsky) in Cerambycidae, and Agrilus planipennis Fairmaire in
Buprestidae. Surveys for natural enemies, particularly parasitoids, have been conducted
for over ten years to be applied to biological control programs (e.g., [38–41]). Especially, in
the U.S., various studies have been carried out using sentinel logs to find natural enemies
such as egg, larval, or pupal parasitoids that are suitable for biological control against the

94



Forests 2022, 13, 955

three wood-boring insect pests [42–45]. In particular, a biological control plan to stem the
infestation of the emerald ash borer (A. planipennis) was initiated back in 2003, and groups
of scientists from the U.S., China, and Russia searched for effective biological control agents
in East Asian regions, from which the invasive pest was originated. Four parasitoids were
proven to be effective and released to the fields for biological control since 2007. These
parasitoids are Oobius agrili Zhang and Huang, an egg parasitoid in Encyrtidae; Spathius
agrili Yang and S. galinae Belokobylskij & Strazanac, two larval parasitoids in Braconidae,
and Tetrastichus planipennisi Yang, a larval parasitoid in Eulophidae. Several millions of
them have been released, and the parasitoid species are found to be established in many
states of the U.S. up to date (e.g., [46–49]).

It is imperative to find effective parasitoids that can be used with other control meth-
ods such as removing infested trees and injecting nematicides into trunks. Additionally,
compared to other control methods, biological control can be cost-effective in the long
term after parasitoids are successfully established in released areas. As the first step for
biological control development, the present study aimed (1) to find potential parasitoids,
particularly on eggs or larvae, of the two Monochamus insect vectors of the pinewood
nematode using sentinel logs, and (2) to investigate ecological and biological characteristics
of parasitoids in prior to the development of a biological control program and strategies.

2. Materials and Methods

2.1. Sentinel Log Preparation

To search for natural enemies of M. alternatus and M. saltuarius, we adopted the host
egg-sentinel log method used by Duan et al. [50]. The sentinel logs used in our study are
Korean pine (P. koraiensis) logs artificially infested with the two Monochamus species [51].
The reasons for selecting the Korean pine for the sentinel logs were that the larvae of M.
saltuarius were known to have high survival in the Korean pine, and that M. alternatus
preferred it over the Korean red pine (P. densiflora) for oviposition [52,53]. Preparation of
the sentinel logs was carried out by (1) cutting freshly chopped Korean pine wood into
split logs with bark intact (width 15 × length 25 × thickness 5 cm). The sentinel logs of
this size were found to be advantageous for the field survey in terms of transportation
and installation. (2) Two Korean pine blocks and ten pairs of adult vectors were placed in
a plastic box (50 × 40 × 20 cm) and induced to lay eggs for three to four days. This was
performed separately for each Monochamus species, avoiding them infesting the same split
logs. (3) A hole was drilled near the top of a sentinel log for hanging. It is crucial that the
sentinel logs should be installed in the field right after preparation to catch egg or larval
parasitoids because the egg stage of M. alternatus and M. saltuarius only lasts about five to
ten days according to Ochi [54].

2.2. Survey Site

Survey areas were chosen according to three criteria: (1) affected by PWD; (2) no aerial
pesticide application; and (3) recorded presence of the insect vectors. The information of
PWN-infested areas was provided by the National Institute of Forest Science, South Korea.
M. alternatus is mainly distributed in the Pinus densiflora forests from the central to the
southern region, including Jeju Island; M. saltuarius is mainly distributed in the P. densiflora,
the Korean red pine, and P. koraiensis, the Korean pine, in forests from the central to the
northern region [16]. Based on this information, the search for parasitoids of M. alternatus
was first conducted in three Korean red pine stands of three southern locations in 2016:
Jinju (N35.130196 E128.100493) and Geoje (N34.563059 E128.402835) in Gyeongsangnam-do,
and Suncheon (N34.582965 E127.283301) in Jeollanam-do. In 2017, the parasitoid survey of
M. saltuarius was conducted based on a more detailed survey plan in three Korean pine
stands in three northern locations: Hongcheon (N37.454955 E127.533691) in Gangwon-do,
and Yangpyeong (N37.372783 E127.390890) and Gapyeong (N37.511048 E127.285610) in
Gyeonggi-do (Figure 1).
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Figure 1. Parasitoid survey sites in South Korea in 2016 (yellow; Suncheon, Jinju, and Geoje) and
2017 (green; Gapyeong, Yangpyeong, and Hongcheon).

2.3. Field Survey

The first field survey was carried out as a pilot test in August 2016. The surveys
were conducted twice, each in 14 days, at three sites in the southern region of South Korea
(Figure 1). Each survey was conducted with three repeats of the M. alternatus sentinel
log installations at each site. Along the edge of a Korean red pine stand, two sentinel
logs (i.e., one sentinel log installation) were attached to the trunk of a pine tree at each of
two different heights (0 and 1.8 m above the ground), adopting the method proposed by
Duan et al. (Figure 2A) [48]. In 2017, the survey plan was revised to include more repeats
during a longer period than the previous year. The surveys were made four times from
mid-May to late July, which is the flight period for M. saltuarius according to Han et al. [55],
at three sites in the northern region of South Korea (Figure 1). This was designed to
investigate the differences in parasitoids composition in the southern and northern parts of
Korea. In both 2016 and 2017, the sentinel logs installed were replaced every 14 days after
the initiation until the end of the surveys, and after the 14-day exposure, the sentinel logs
were brought back to the Korea National Arboretum lab for dismantling (Figure 2B). The
barks of the collected sentinel logs were carefully peeled off using a small knife to find host
eggs or larvae that were parasitized while recording all the number of host eggs and larvae
that were found under the barks to calculate the parasitism rate.
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Figure 2. Sampling parasitoids of a vector with a sentinel log of Monochamus sp. and indoor
oviposition observation setup for Spathius verustus: (A) hanging two sentinel logs at two different
heights (0 m and 1.8 m) from the base of a pine tree; (B) peeling off the bark of the collected sentinel
logs after 14-day exposure to find parasitoid larvae. (C) A whole sentinel log with S. verustus in a
glass cage. (D) Four females (black arrows) gathered in one place, drilling for oviposition.

2.4. Rearing and Identification of the Parasitoid

Collected larvae of the parasitic wasps were reared in small plastic holders
(2 × 2 × 2 cm) under room temperature conditions (25 ± 1 ◦C) until adults emerged. The
emerged parasitoids were killed with alcohol, dried using hexamethyldisilazane (HMDS),
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and card-mounted. Photographs were taken with a Leica DFC 495 camera through a Leica
M205A Stereozoom stereomicroscope (Leica, Microsystems, Solms, Germany), and LAS
software (version 4.1.0., Leica Microsystems, Switzerland) was used for image stacking.
The images were adjusted using Adobe Photoshop CS6 (Adobe Systems Incorporated, San
Jose, CA, USA). The parasitic wasp was identified according to the identification key by
Tang et al. [56].

2.5. Indoor Oviposition Observation for the Parasitoid

For indoor mass-rearing of the parasitoid wasp in the future, it is crucial to study the
host-seeking and oviposition behavior of the parasitoid, which is to find semiochemical or
physical cues for oviposition. A simple oviposition test was performed with female wasps
in the laboratory. First, early instar larvae of the vectors (= host larvae) were prepared
under three different conditions to see to which condition the parasitoid reacts: (1) host
larvae completely exposed; (2) larvae placed in a sandwich made of two P. koraiensis bark
pieces (4 × 4 cm) with oviposition scars made by the vectors; and (3) larvae placed in a
sandwich made of two P. koraiensis bark pieces (4 × 4 cm) without oviposition scars of the
vectors. Each of the larvae was exposed to a pair of the parasitoids, which were fed with
diluted honey (5%) for seven days after emergence, in a Petri dish (ø10 cm) to observe the
oviposition behavior. Oviposition scars have traces of secretions during the oviposition
of the vectors, and these substances (such as long-chain hydrocarbons, ketones of fatty
acids, esterified cholesterols, and proteins) act as kairomones to attract parasitoids [57]. We
also set up another test in which a dozen female wasps were exposed to a whole sentinel
log (width 15 × length 25 × thickness 5 cm) where young host larvae were growing and
supposedly feeding actively under the bark (Figure 2C). According to Wang et al. [58],
Spathius agrili Yang, which is a braconid parasitoid of the emerald ash borer, responded to
vibration signals from host-feeding and movement.

2.6. Data Analysis

Correlation analysis, t-test, and ANOVA were performed using the rstatix package [59]
in R [60] to compare the relationships between variables as follows: (1) size of parasitized
host larvae × number of S. verustus (the head capsule size of parasitized host larvae was
measured, and the number of parasitoid progeny on a host was counted); (2) size of
parasitized host larvae × size of female S. verustus (the head capsule size of parasitized
host larvae was measured, and the hind tibia length of female parasitoid progeny on a host
was measured); (3) host density × sex ratio (the number of hosts in a sentinel log and sex
ratio of parasitoid progeny on a host were counted); and (4) host density × the number of
parasitized host larvae (the number of hosts in a sentinel log and the number of parasitized
host larvae were counted).

We also analyzed the effect of environmental variables on the parasitism rate of S.
verustus with the generalized linear mixed model (GLMM) using the lme4 package [61] in R.
The GLMM analysis method was used because the parasitism distribution was suggested
to be binomial [62]. In the data of the present study, the fixed effect is the parasitism rate,
and the random effects are site, height of sentinel log, forest depth, and session. Wilcoxon
test was performed using the stats package [60] to analyze the statistical significance of the
relationship between the parasitism rate of S. verustus and Monochamus species.

2.7. Depository

All materials examined are deposited in the Entomological Collection of the Korea
National Arboretum (KNAE), Pocheon, Republic of Korea.

3. Results

3.1. Taxonomic Account of Spathius verustus

Family Braconidae
Genus Spathius Nees, 1819
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Spathius verustus Chao, 1977
Diagnosis (based on [63,64]). Head behind eyes weakly convex anteriorly and evenly

narrowed posteriorly. Transverse diameter of eye 1.1–1.3 times as long as temple. Ocelli
arranged in triangle with base 1.2–1.3 times as long as its sides. Palpi light reddish brown
or yellow. Mesopleuron always smooth in lower half. Forewing with darkened areas along
the veins; vein 2-SR about 1.5 times as long as vein 3-SR. Hind tibia with long pale near the
base. Ovipositor slightly shorter than metasoma.

Male (Figure 3A). Body length 2.64 ± 0.29 mm, fore wing length 1.6 ± 0.21 mm (n = 20).
Antennae with 20–23 flagellar segments. Body saddle brown, legs pale yellow, tarsal claw
blackish, metasoma evenly blackish posteriorly.

 

Figure 3. Spathius verustus: (A) male habitus, lateral view; (B) female habitus, lateral view; (C) female
genitalia; (D) mature larvae of S. verustus on a larva of M. alternatus; (E) cocoons near the dead host
in the tunnel dug by the host; (F) Pupa, female.

Female (Figure 3B, C). Body length 4.21 ± 0.68 mm, fore wing length 2.2 ± 0.27 mm,
ovipositor length 1.99 ± 0.25 mm (n = 20). Antennae with 22–29 flagellar segments. Body
saddle brown, tarsal claw blackish, metasoma evenly blackish posteriorly. Tergite 3 of
metasoma to ovipositor black. Mesoscutum, axilla, and scutellum narrow and black. Fore
and middle legs pale yellow. Hind femur pale yellow to blackish brown.

Distribution. China, Japan, Korea, Mongolia, Russia (Far East), Central and Western
Europe.
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3.2. Biology of Spathius verustus

Previously, S. verustus was known to attack only two coleopteran hosts, including
M. alternatus (Cerambycidae) and Pissodes obscurus Roelofs (Curculionidae) [65,66], but
the present study identified M. saltuarius as a new host. S. verustus was found to be an
idiobiont ectoparasitoid (Figure 3D). The wasp mostly parasitized the second instar of
M. alternatus and the first instar of M. saltuarius. Host instar was determined from the
average head capsule width (HCW), as per [67,68]: 1.3 mm for M. alternatus second instar
larvae and 1.2 mm for M. saltuarius first instar larvae. Additionally, M. alternatus third
(HCW 1.6 mm), fourth (HCW 2.3 mm), and fifth (HCW 3.0 mm) instar larvae were found
parasitized. The number of progenies on a larva of each host was slightly different. Up to
four parasitoids were found on a larva of M. alternatus and up to three parasitoids on a
larva of M. saltuarius. The average number of the parasitoid larvae was 3.15 ± 1.64 on M.
alternatus and 1.48 ± 0.62 on M. saltuarius (Table 1).

Table 1. Biological information of Spathius verustus by host.

Host Larval Stages of Parasitized Hosts (n) Ave. No of Parasitoids on a Host Larva Ave. Pupation Period (Day) Sex Ratio (♂: Total)

M. alternatus

2nd (7)

3.15 ± 1.64 6.6 ± 1.39 0.16
3rd (1)
4th (3)
5th (1)

M. saltuarius
1st (33)

1.48 ± 0.62 7.76 ± 3.06 0.37
2nd (3)

Additionally, the ANOVA test results showed only the relationship between host
density and number of parasitized host larvae statistically significant, when the host was
M. alternatus, although the sample numbers were too small for a consistent analytic result
(Figure 4, Table 2). On the other hand, all the other relationships such as size of host larvae
and number of S. verustus were not statistically significant.

Figure 4. Relationship between host density (=number of host larvae per sentinel log) and number of
parasitized M. alternatus larvae (y = 0.4445x + 0.043, r = 0.66, df = 34, t = −1.64, p < 0.002).

Table 2. Correlation analysis of host characteristics and Spathius verustus ecology in 2016 and 2017.

Host Variable n r df t p

M. alternatus

Size of parasitized host larvae × no. of S. verustus 12 0.35 10 1.16 0.27

Size of parasitized host larvae × size of female S. verustus 25 0.26 23 1.3 0.21

Host density × sex ratio 10 −0.55 8 −1.87 0.1

Host density × no. of parasitized host larvae 18 0.66 16 3.56 0.002 **
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Table 2. Cont.

Host Variable n r df t p

M. saltuarius

Size of parasitized host larvae × no. of S. verustus 36 −0.27 34 −1.64 0.1

Size of parasitized host larvae × size of female S. verustus 57 0.09 55 0.6 0.55

Host density × sex ratio 29 −0.27 27 −1.44 0.16

Host density × no. of parasitized host larvae 45 0.17 43 1.11 0.27

** p < 0.01.

At the time of dismantling the sentinel logs, the early instar larvae of the parasitoid
were white, and as they developed into mature larvae, fat bodies were distributed inside
the body. The body size of fully matured larvae, with numerous fat bodies distributed
rather sparsely throughout the body, was approximately 2–3 mm (Figure 3D). They then
detached themselves from the body of the host before pupation. They spun silks and
formed cocoons in the tunnel made by the host larvae. Upon this time, the host larvae lost
all their body fluid and completely shrunk, with only the head remaining (Figure 3E). The
parasitoid pupa was an exarate pupa, which was first white and then gradually turned
darker over time (Figure 3F). The pupal stage lasted about 6.6 ± 1.39 d on M. alternatus,
and 7.76 ± 3.06 d on M. saltuarius at room temperature 25 ± 3 ◦C (Table 1).

3.3. Indoor Oviposition Observation of S. verustus

In simple oviposition tests, S. verustus did not respond at all to either the exposed
host larva or two types of wood sandwiches, with or without a host oviposition scar, even
after several hours of exposure. On the other hand, the parasitoids exposed to a whole
sentinel log approached certain areas within a few minutes after the exposure. A few of
them were observed to have gathered in a certain area starting antennal drumming for
a few minutes, then lowered their abdomen to start drilling (Figure 2D). After about ten
minutes of drilling, the parasitoids started ovipositor probing as if trying to locate an exact
or suitable point for oviposition and then put the ovipositor down and stayed still for a
while. After this, the female withdrew its ovipositor completely and left from the site.

3.4. Parasitism Rates of S. verustus from the Field Surveys in 2016 and 2017

In 2016, among the survey sites, the average parasitism rate of Jinju was higher than
Geoje and Suncheon and was statistically significant (Figure 5A, Table 3). The average
parasitism rate by tree height was higher at 1.8 m than at 0 m, but there was no statistical
significance (Figure 5B, Table 3).

Figure 5. Scatter plot of Spathius verustus in 2016: (A) relationship between site and parasitism rate;
(B) relationship between height of sentinel log and parasitism rate.
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Table 3. Parasitism rate analysis of Spathius verustus by ecological variables using GLMM in 2016
and 2017.

Year Variable Parameter Mean (%) ± SD n df p

2016
Site

Geoje 1.66% ± 6.61

96 †
2 4.279 × 10−12 ***Suncheon 5.59% ± 18.2

Jinju 17.62% ± 31.26

Height of sentinel log 0 m 7.75% ± 21.18
1 0.941.8 m 8.83% ± 23.33

2017

Site
Gapyeong 0.68% ± 0.03

480 †

2 0.001501 **Yangpyeong 1.25% ± 0.04
Hongcheon 3.01% ± 0.09

Height of sentinel log 0 m 1.2% ± 0.04
1 0.381.8 m 1.4% ± 0.05

Forest depth

0 m 1.43 ± 0.05

4 0.52
10 m 0.7% ± 0.03
20 m 0.89% ± 0.03
30 m 1.6% ± 0.04
40 m 1.91% ± 0.04

Session

1st (5/17–31) 3.35% ± 0.07

3 2.849 × 10−7 ***
2nd (6/1–15) 0.28% ± 0.01
3rd (6/15–30) 0.64% ± 0.02
4th (7/1–15) 2.12% ± 0.06

** p < 0.01, *** p < 0.001. † total number of sentinel logs used for the survey.

In 2017, among the survey sites, the average parasitism rate of Hongcheon was higher
than Yangpyeong and Gapyeong, and it was statistically significant (Figure 6A, Table 3).
The average parasitism rate by height of sentinel log was higher at 1.8 m than at 0 m, but
there was no statistical significance (Figure 6B, Table 3). The average parasitism rate (0 m,
10 m, 20 m, 30 m, 40 m) appeared to increase with forest depth, but it was not statistically
significant (Figure 6C, Table 3). The average parasitism by session was high in the order
of second, third, fourth, and first, and it was statistically significant (Figure 6D, Table 3).
In addition, as a result of comparing the parasitism rate of M. alternatus and M. saltuarius
as the hosts of S. verustus, the parasitism rate of M. alternatus was high, which showed a
statistical significance (p < 0.01).

Figure 6. Scatter plot of Spathius verustus in 2017: (A) relationship between site and parasitism rate;
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(B) relationship between the height of sentinel log and parasitism rate; (C) relationship between
forest depth and parasitism rate; (D) relationship between session and parasitism rate.

4. Discussion

4.1. Indoor Oviposition Observation of S. verustus

Spathius verustus females were observed to display a series of ovipositional behaviors
such as antennal drumming, drilling, and oviposition only when exposed to sentinel logs.
This may indicate that S. verustus also responds to the same or similar ovipositional cues as
S. agrilis did in a previous study [58]. According to them, S. agrili, used as the biological
control of A. planipennis, the emerald ash borer, was reported to be attracted by the volatile
substance from the leaves of ash trees when harmed by A. planipennis and the vibration
generated when the beetle larvae gnawed the tree with its mandibles. Then, this may
explain the reasons why S. verustus females did not respond to the hosts in the other
conditions: (1) the parasitoids females were not attracted to naked hosts since no chemical
cues are expected to be released and act as kairomone [69], and (2) the host larvae could
scratch the wall to make a noise, but its body was not tightly fixed in place due to the space
in the bark sandwich and was not able to generate vibrations strong enough to attract
S. verustus. As an exact oviposition cue of S. verustus was not identified at the present
time, it will be ideal to supply whole sentinel logs upon mass-rearing until an alternative
host or artificial diet, which is more convenient than a whole sentinel log, is identified
or developed.

4.2. The Ecological Relationship between the Host and S. verustus

There was no statistical significance in the relationship between the size of host larvae
and the number of S. verustus in 2016 and 2017. Häckermann et al. [70] reported that the
clutch size of parasitoids was not influenced by the host size. This suggests that the number
of eggs was not proportional to the larval size of the host (Table 2). Nicol and Mackauer [71]
reported that the host size did not affect parasitoid size. However, the size of female S.
verustus was affected by the size of host larvae in 2016 and 2017 (Table 2). This will require
further investigation with larger samples. Studies of the relationship between the sex ratio
of Bracon hebetor and the density of the host have shown that as the host density increases,
the male ratio tends to decrease and the female ratio tends to increase [72]. In 2016 and
2017, the relationship between host density and the sex ratio of S. verustus was similar
to the result of Jamil et al. [72] but was not statistically significant (Table 2). This can be
addressed by increasing the sample size in future studies. We observed a relationship
between host density and the number of parasitized host larvae in 2016 and 2017. These
results suggest that the number of parasitized host larvae increases with an increase in host
density [73]. However, only the 2016 results are statistically significant, and further study
on M. saltuarius is needed due to the small sample size (Table 2).

4.3. In Spatial Effect of Parasitism Rate of S. verustus According to Environmental Variables

In 2016 and 2017, parasitism rates for S. verustus were investigated in three regions,
respectively, in the northern and southern regions of South Korea. Although the host was
different, there was a statistically significant difference in the parasitism rate by region
(Table 3). This may be related to the difference in host density among the sites. According
to Furlong and Zalucki [74], the density of parasitoids changes with the density of the host.
However, there has not been any study on host density in infected or healthy pine forests
in the country. Therefore, further research is needed to investigate the density of the host
and other factors so as to determine which factor is the cause.

During the investigation period, installation heights of sentinel logs were both 0 and
1.8 m, and the installation by forest depth was divided into 5 stages (0 m, 10 m, 20 m, 30 m,
40 m) from the edge to the inside of the forest in only 2017. However, the parasitism rate
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of S. verustus was not affected by installation height and forest depth. Chung et al. [75]
investigated the within-tree distribution of larval entrance of M. laternatus and reported
that larvae of M. laternatus were distributed most at 6 to 7 m and at least 0 to 3 m height
of Korean red pines. This may suggest that the parasitism of S. verustus by sentinel log
height was not statistically significant because the sentinel logs were installed at a height
lower than where the hosts might have mostly been distributed in a tree. According to
Ma et al. [76], when the density of M. alternatus was investigated using a pheromone trap
outdoors, it was highest at 0 to 50 m from the forest edge toward the center. In the present
study, all of the sentinel logs were installed within the forest depth range where the vector
might be mostly distributed. Therefore, the parasitism rate did not show differences along
the forest depth.

In 2017, the parasitism rate of S. verustus was affected by session as the emergence
time of the host (Table 3). The parasitism rate of the 1st (5/17–31) and 4th (7/1–15) is higher
than the 2nd (6/1–15) and 3rd (6/15–30) of the session. There are about 40 days between
the 1st and 4th parasitism peaks. It is thought that the occurrence of a natural enemy is
closely related to the life cycle of the host. According to Han et al. [77], the first emergence
time of M. saltuarius is in early May and lasts until mid-June in South Korea. The life cycle
S. agrili, which is a braconid parasitoid of the emerald ash borer, takes about 40 days from
one generation to the next [78]. If S. verustus has a life cycle similar to that of S. agrili,
the interval between two parasitism peaks in the 2017 survey result could be due to the
developmental period of S. verustus. In addition, S. verustus appears to prefer M. alternatus
to M. saltuarius, which shows which host to use for future indoor breeding.

4.4. Possibility of S. verustus as a Biological Control Agent on the Insect Vectors of PWN

Developing a biological control project requires investigating natural enemies, espe-
cially specialists, their availability in nature, biological traits, etc. The present study can be
considered as the very first step, in finding natural enemies and exploring basic biological
traits, toward developing biological control against the spread of PWD.

Two insect vectors in South Korea had never been problematic before the PWN
invasion, but now they are a key factor in the spread of PWD. It would be another viable
biological control option to cut the link between the Monochamus vectors and PWN by
utilizing natural enemies of the vectors so as to slow down or restrain the spread of PWD. In
regard to restraining PWN transmission, there is ongoing research on chemical interactions
among PWN, insect vectors, and host trees to break the link in the transmission from the
infected wood to the insect vectors and later from the insect vectors to the healthy host
trees during feeding [69,79].

Spathius verustus appears to be distributed nationwide, from northern to southern
regions, and up to date, the wasp seems to be a generalist but with a narrow range of host
species, now including two Korean native Monochamus species. This trait alone may make
the parasitoid a potential candidate as a biological control agent against both of the PWN
insect vectors; controlling two pest species with one natural enemy species anywhere in
the country would be very cost-effective.

Secondly, the parasitoid was most parasitic on the second instar larva of M. alternatus
and the first instar larva of M. saltuarius. This may be explained by the ovipositor length,
about 2 mm, which means that the parasitoid cannot parasitize host larvae living deeper
than 2 mm from the bark. Previously, Pershing and Linit [80] reported that the fourth
instar larvae of both Monochamus species move into the sapwood area, and from then on,
the probability of being attacked by their natural enemies would be significantly reduced,
which makes it difficult to control them. Therefore, using the parasitoid to attack the
early-stage larvae would be an effective measure to control the insect vectors.

Thirdly, the parasitoid can be considered as gregarious, laying an average of
3.15 ± 1.64 eggs on the larvae of M. alternatus and more than 1.48 ± 0.62 eggs on M.
saltuarius, which is advantageous in terms of mass-rearing of any parasitoid. Compared
to this, S. agrili, a biological control agent on the emerald ash borer, has been reported
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to lay an average of eight eggs on a host [81]. Although the number of eggs laid by a
parasitic wasp is different depending on host size, it can be a great advantage in increasing
the number of S. verustus as long as host larvae are well managed, at the instar stages
preferred by the parasitoid, during mass-rearing [82]. Further indoor tests are required to
investigate the accurate life cycle of S. verustus to figure out biological characteristics such
as developmental period, life span, daily fecundity, and sex ratio.

Lastly, the flight period of the parasitoid appears to coincide with the flight period of
the two Monochamus species, as the parasitoid constantly parasitized the hosts throughout
the survey period. Therefore, the parasitoid can be augmented into a certain area during
the peak flight period of the vectors, when their oviposition period can be assumed to be
from mid-May to late June according to Han et al. [77].

4.5. Compensate the Defect and Future Study

In this study, the large difference in the parasitism rate in the two vectors and the par-
asitism rate by region needs to be addressed in the future. According to Choi et al. [18], the
intraspecific competition among the parasitic wasps resulted in an increase in the density of
the parasitic wasps as the density of the vectors decreased over time. Referring to this and
considering the history of the area affected by PWD, some regional characteristics may have
affected the parasitism rate. For example, the Jinju site has been an area devastated by PWD
for the longest time next to Busan where PWD was first identified [83]. In addition to that,
we were told that the Jinju site of the present study has never been treated with aerial spray
except for nematicide injection for experimental purposes. Insecticide spraying reduces the
vector’s density, as well as the parasitoid’s density [84]. Therefore, this area seems to have
been stably accommodating numbers of S. verustus parasitic to M. alternatus [85]. In future
studies, it is necessary to investigate other infested areas with parasitoids.

Lastly, to use S. verustus, which has been identified to be parasitic to the vectors of
PWN, as a biological control agent, it is necessary to address several limitations. For
example, the host range of S. verustus requires further research. If this species is only
parasitic to the wood-boring beetles that only inhabit live pines, it would be a highly
interesting option in terms of forest protection. Unlike the chemical or physical control
methods, such a control method for various wood-boring insect pests would enable pest
control without a great impact on the environment [86]. Recently, with increased negative
awareness of chemical control agents and continuous reports on environmental risks such
as the harm to honeybees [87], it is critical to explore, select, and utilize the means of
biological control for large-scale forests. Therefore, continuous research on other natural
enemies, including parasitoids such as S. verustus, as well as predators is required.
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Abstract: The pine wood nematode (PWN) Bursaphelenchus xylophilus has caused disastrous losses
of pine forests in many countries, and the success of PWN depends strongly on interactions with
its insect vectors. Monochamus saltuarius is a newly recorded vector in Northeast China. Feeding
(i.e., immature) and egg-laying (i.e., mature) Monochamus spp. target different host plants, and
olfactory cues play important roles regarding host choice. Whether infestation with PWN affects
olfactory mechanisms in M. saltuarius related to feeding and oviposition is of interest as this may
affect the spread of nematodes to new healthy hosts. However, little is known about molecular
mechanisms of the olfactory system of M. saltuarius. We identified chemosensory-related genes in
adult M. saltuarius and examined the influence of B. xylophilus on the respective expression patterns.
Fifty-three odorant-binding proteins (OBPs), 15 chemosensory proteins, 15 olfactory receptors (ORs),
10 gustatory receptors, 22 ionotropic receptors (IRs), and two sensory neuron membrane proteins were
identified, and sex bias among non-infested beetles was mainly found with respect to expression of
OBPs. Interestingly, OBPs and ORs were markedly down-regulated in male M. saltuarius infested with
B. xylophilus, which may reduce olfactory sensitivity of male M. saltuarius and affect the spreading of
B. xylophilus to new hosts. Our results will help understand the interactions between B. xylophilus
and M. saltuarius, which may lead to the identification of new control targets in the olfactory system
of M. saltuarius.

Keywords: odorant-binding proteins; olfactory receptors; pine wood nematode; gene expression;
Monochamus saltuarius

1. Introduction

Pine is the common name of Pinus species (family Pinaceae), and it is the largest
genus of conifers, which is widely distributed throughout the world [1]. Pines are not only
pioneer species in afforestation, but also have very high economic value owing to their
by-products such as pine resin, rosin, and turpentine, which are important raw materials
for producing medicinal compounds, organic solvents, and fuels. Currently, pine forests
are threatened by pine wood nematodes (PWNs; Bursaphelenchus xylophilus) (Steiner and
Buhrer, 1934) Nickle (1970) [2]. More than 60 pine species can be infected with B. xylophilus,
and vast areas of pine forests in several countries have been devastated as a result of pine
wilt disease. In China alone, an estimated 50 million trees were killed in an area of 80,000
ha between 1982 and 2000 [3].

In 1982, PWN was first found in Nanjing, China, and in only a few decades, it spread
rapidly from Nanjing to vast areas of China (Li and Zhang, 2018). According to the

Forests 2022, 13, 258. https://doi.org/10.3390/f13020258 https://www.mdpi.com/journal/forests110



Forests 2022, 13, 258

announcement of the National Forestry and Grassland Administration in 2021, there were
721 PWN-epidemic areas at county level, which were widely distributed in 16 provinces,
thus seriously threatening pine forests in northern China.

The spread of B. xylophilus relies on insects of the genus Monochamus [4–7]. B. xylophilus
is attracted by newly emerged Monochamus adults, and when infested beetles feed on
shoots of healthy trees, the nematode can disperse to these trees [8,9]. With the spread
of PWN from South Central China to Northeast China, its main vector insects changed
from Monochamus alternatus (Coleoptera: Cerambycidae) to Monochamus saltuarius [10].
The interactions among trees, vector insects, and B. xylophilus are complex, considering
previous studies on M. alternatus [8,11]; moreover, elucidating such interactions may be of
importance for controlling the spread of PWN. M. saltuarius has been identified as a vector
of B. xylophilus in Japan and Korea [12]; however, only limited information is available
regarding its biology, pheromones, and potential control measures of M. saltuarius [12–15].
Few studies so far focused on the interactions between nematodes and M. saltuarius [16].

Sexual maturity of Monochamus spp. lasts for almost one month, and these insects
undergo an immature (nutrition) period and mature reproduction period, which in females
includes oviposition [17]. Nematodes in the spiracles of Monochamus spp. depart to invade
new healthy trees through feeding wounds inflicted to the trees [9] or through oviposition
incisions [18]. Monochamus spp. preferably feed on healthy trees and lay eggs in weak
or dying trees [17]. Volatile organic compounds of plants [19–21] and insect olfactory
systems [22] play important roles regarding insect host choice for feeding and oviposition;
for example, terpene volatiles (such as α-pinene) are the main attractants for M. alternatus
to feed [23,24], and ethanol exuded from weak or dying trees can attract female longicorn
beetles to lay eggs [25–27]. However, it is unknown whether the olfactory recognition
sensitivity of insect vectors may be affected by infestation with nematodes, which may
then also influence the spreading of nematodes. For example, the spread of nematodes
to new healthy hosts mainly depends on the feeding behavior of Monochamus spp.; if the
olfactory sensitivity of vectors to healthy trees is affected by infestation with nematodes,
the spreading efficiency of PWN may also be affected by such mechanisms.

The olfactory system is critical for insect feeding and reproduction (including mate
selection and oviposition site searching) [28]. Several classes of genes are associated with
insect olfactory performance, including two classes of binding proteins (odorant-binding
proteins, [OBPs] and chemosensory proteins [CSPs]) [29], three receptor gene classes
(olfactory receptors [ORs], ionotropic receptors [IRs], and gustatory receptors [GRs]), and
sensory neuron membrane proteins (SNMPs) [30]. The binding proteins can preliminarily
screen and transport organic hydrophobic volatile molecules from the environment (such
as host volatiles and pheromones) to the olfactory neurons through hydrophilic sensillum
lymph [31,32]. These receptors can detect and discriminate olfactory signals and translate
them into bioelectric signals, and different receptor types frequently respond to different
signals. For example, ORs mainly respond to olfactory signals [33], and GRs respond to
taste signals such as sugars, bitter compounds, and other contact stimuli [34].

Identification and expression analysis of olfactory-related genes are the basis for
further exploration of olfactory mechanisms in insects. However, information on olfactory-
related genes in Coleoptera is scarce. Before 2013, members of the major chemosensory gene
families had been identified only in T. castaneum [35] and in two bark beetles, Ips typographus
and Dendroctonus ponderosae [36]. Chemosensory genes of M. alternatus were identified in
2014, and this is also the first longicorn beetle species whose olfactory recognition was ex-
amined [3]. Molecular olfactory reception mechanisms have received more attention [37,38],
however, very little is known about the molecular mechanisms of olfactory recognition by
M. saltuarius, which is a new and important vector of B. xylophilus in northeast China. This
limits our general understanding of the olfactory cues underlying the spread of this pest.

Here, we aim to identify the chemosensory genes of M. saltuarius, and detect the
influence of B. xylophilus infestation on chemosensory gene expression in M. saltuarius.
This work may provide a basis for further research on the chemosensory mechanisms of
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M. saltuarius and help us to further understand the interactions between B. xylophilus and
M. saltuarius further.

2. Materials and Methods

2.1. Insects

M. saltuarius at the mating stage were collected on the Dahuofang Experimental Forest
Farm, Fushun City, Shenyang Province, China, in May 2019. Samples (n = 40) were collected
in the forest. We searched M. saltuarius carefully in the area where some of the host trees
were weak, and once mating couples were found (a male and a female M. saltuarius were
mating, usually located on the trunk), they would be put it in a breathable plastic tube
and taken back to the laboratory. Antennae were collected as follows: both antennae
of each M. saltuarius were cut off at the base, placed in a marked centrifuge tube, and
were immediately frozen in liquid nitrogen. Then, the respective donor individual was
examined for nematodes using the Baermann funnel method. Four categories were used,
i.e., males and females without nematodes (here termed ‘healthy’) and with nematodes
(‘infested’), respectively. Five biological replicates were used per category, and each of the
five biological replicates consisted of antennae coming from one beetle.

2.2. RNA-Seq Library Preparation and Sequencing

Total RNA was isolated from M. saltuarius antennae using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) [39,40], and genomic DNA was removed using DNase I (TaKara,
Dalian, Liaoning, China). Integrity and purity of the extracted RNA were determined
using a 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA), and RNA was
quantified using a ND-2000 device (NanoDrop Thermo Scientific, Wilmington, DE, USA).
Only high-quality RNA samples (OD260/280 = approximately 1.8–2.2, OD260/230 ≥ 2.0,
RIN ≥ 8.0, 28S:18S ≥ 1.0) were used to prepare sequencing libraries. One microgram total
RNA was used to synthesize cDNA [41,42]. Sequencing libraries were prepared using the
Illumina TruSeq™ RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Libraries
were selected for cDNA target fragments of 200–300 bp, followed by PCR amplification
using Phusion DNA polymerase (New England Biolabs, Boston, MA, USA) with 15 ampli-
fication cycles. After quantification, the sequencing of 2 × 150 bp paired-end reads was
performed on an Illumina HiseqXTen sequencer (Illumina).

2.3. De-Novo Sequence Assembly

Clean data were obtained from raw sequencing data by trimming and quality con-
trol using SeqPrep (https://github.com/jstjohn/SeqPrep, accessed on 11 November 2019)
and Sickle (https://github.com/najoshi/sickle, accessed on 6 January 2022) with default
parameters. Clean data were then used to perform de novo assembly with Trinity soft-
ware (http://trinityrnaseq.sourceforge.net/, accessed on 20 November 2019) [43], and
redundancies were removed using TGICL [44].

2.4. Annotation

All assembled transcripts were searched against six public databases (NR, Swiss-
Prot, Pfam, COG, GO, and KEGG) using BLAST to identify proteins with the highest
sequence similarity with the produced transcripts to produce functional annotations (cut-
off e-value < 1−5). BLAST2GO (http://www.blast2go.com/b2ghome, accessed on 25
November 2019) [45,46]. Software was used to produce gene ontology (GO) annotations of
unique assembled transcripts to describe biological processes, molecular functions, and
cellular components [47,48]. Metabolic pathway analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/, accessed on
26 November 2019).

Chemosensory genes were identified in two ways: first, contig tBLASTx searches were
performed using an M. saltuarius assembled unigene database with query sequences as
chemosensory genes from other insects, such as Drosophila melanogaster, Bombyx mori, and
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other long-horned beetles. Second, annotation information of the unigenes was used. Open
reading frames of the candidate genes from the two ways were identified and used to
as confirmation through BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 6
January 2022).

2.5. Gene Expression Quantification

The expression level of each transcript was calculated according to the fragments
per kilobase of exon per million mapped reads (FRKM) method [49]. The R software
package EdgeR vision 2.12 (http://www.bioconductor.org/packages/2.12/bioc/html/
edgeR.html, accessed on 10 October 2019) was used for differential expression analysis [50].
A compatible-hits-norm model was used to normalize unigene expression levels and DEGs
differentially expressed genes [51].

2.6. Phylogenetic Analyses

IQ-TREE web service was used to construct phylogenetic trees of the predicted protein
sequences and orthologous genes from other insects [52]. The sequences were first aligned
using BioEdit software with the ClustalW multiple alignment tool. Bootstrap phylogenetic
trees were generated using 1000 replicates, and the best models were selected using the
model fit result of IQ-TREE. iTOL was used to annotate the phylogenetic trees [53].

3. Results

3.1. M. saltuarius Antennae Transcriptomes

More than 7 Gbp clean sequence data were produced from most samples (except
for one sample from an infested male, which produced 6.98 Gb data), and the Q30 value
was > 94%. De-novo transcriptome assembly resulted in 38,198 contigs with an N50 of 1798
bp, and the largest unigene was 32,017 bp long. The length distribution of the transcriptome
assembly is shown in Figure S1. The mapping rates of clean data were >78.16% for each
sample. Gene annotation based on the NR, Swiss-Prot, Pfam, COG, GO, and KEGG
databases yielded annotations for 20,931transcripts.

3.2. M. saltuarius Chemosensory Genes

We identified 53 OBPs, 15 CSPs, 15 ORs, 10 GRs, 22 IRs, and 2 SNMPs (Table S1). The
identified 117 chemosensory genes were submitted to NCBI under the accession numbers
MT008336–MT008452.

3.3. OBPs of M. saltuarius with and without B. xylophilus

We analyzed sex-specific expression patterns of OBPs in non-B. xylophilus-infested
M. saltuarius, and 15 OBPs were expressed differentially between sexes. Most differentially
expressed OBPs (14/15) showed higher expression in females (Figure 1A). Among OBPs
with female-biased expression in healthy beetles, OBP28, OBP52, OBP38, and OBP39 had
high expression levels, and the other female-biased OBPs (OBP32, OBP18, OBP19, OBP31,
OBP43, OBP3, OBP6, OBP7, OBP40, and OBP51) showed low expression. OBP14 expression
was male-biased among healthy beetles, and, the expression of OBP14 was the highest in
males and very low in females (Figure 1A). Thus, OBP14 may be related to sex pheromone
recognition in male M. saltuarius. Further studies are needed to understand the reason
of its differential expression between males and females. Effects of B. xylophilus on the
expression patterns of OBPs in male and female beetles was examined, and none of the
OBPs showed altered expression levels in females after one month of infestation with
B. xylophilus (Figure 1B). However, expressions of five OBPs (including OBP14, OBP30,
OBP52, OBP44, and OBP35) were significantly lower in infested male beetles than in non-
infested ones (Figure 1C). Thus, OBP expression in male M. saltuarius was affected by
infestation with B. xylophilus.
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Figure 1. Expression patterns of odorant-binding protein in healthy and Bursaphelenchus xylophilus-
infested Monochamus saltuarius. (A) Differences between sexes of healthy M. saltuarius; (B) Differences
between healthy and infested female M. saltuarius; (C) Differences between healthy and infested
male M. saltuarius. Transcript levels are expressed as reads per kilobase of exon per million mapped
reads (RPKM), and the expression data were shown as mean ±SE. The stars above each bar of figure
indicate significant differences (p < 0.05 * and p < 0.05 **).

A phylogenetic tree was constructed to analyze the characteristics of OBPs from
M. saltuarius, based on orthologs to OBP sequences from several other Coleoptera insects
Semanotus bifasciatus [54], Tribolium castaneum [55], Anomala corpulenta [56], Agrilus planipennis,
and Dendroctonus ponderosae [57] (Figure 2). OBPs from M. saltuarius seems to be ho-
mologous to OBPs of Coleopteran insects whose genomic information are available, and
indicates the relative complete identification of OBPs from M. saltuarius. MsalOBP14, which
expressed at an especially high level in male adults, seems not to be a typical PBPs. We
did not get a special PBP clade in Figure 2 (MsalOBP14 was clustered together with other
M. saltuarius OBPs) and MsalOBP14 was not crusted in PBP clade in another phyloge-
netic tree containing more model insect species (Figure S2). However, Pfam search hits
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PBP/GOBP family (PF01395.24, E-value is 4.8 × 10 –18) (http://pfam.xfam.org, accessed
on 2 February 2019). The function of MsalOBP14 deserves further study.

 

Figure 2. Maximum likelihood dendrogram based on protein sequences of candidate odorant-binding
proteins (OBP) in M. saltuarius and orthologs from other Coleopteran insects.JTT + F + R6 model based
on the best fit result of IQ-tree model finding, and bootstrap consensus tree inferred from 1000 repli-
cates were used. Monochamus saltuarius (Msal) (red), Semanotus bifasciatus (Sbif), Tribolium castaneum
(Tcas), Anomala corpulenta (Acor), Agrilus planipennis (Apla), and Dendroctonus ponderosae (Dpon).
MsalOBP14 expressed at an especially high level in male antennae of M. saltuarius was marked with
yellow background.

3.4. CSPs of M. saltuarius with and without B. xylophilus

Sex-specific expression of CSPs was assessed in healthy M. saltuarius (Figure 3A),
and three CPSs were expressed differently between sexes; two of these (CSP1 and CSP13)
showed higher expression in females, and one (CSP5) showed extremely high expression in
males. Infestation with B. xylophilus slightly affected CSP expression, only CSP13 in female
(Figure 3B), and CSP9 and CSP13 male (Figure 3C) were down-regulated in the infested
beetles (please see supplementary Table S2).
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Figure 3. Expression patterns of chemosensory genes in healthy and B. xylophilus-infested
M. saltuarius. (A) Differences between sexes of healthy M. saltuarius; (B) Differences between healthy
and infested female M. saltuarius; (C) Differences between healthy and infested male M. saltuarius.
Transcript levels are expressed as reads per kilobase of exon per million mapped reads (RPKM), and
the expression data were shown as mean±SE. The stars above each bar of figure indicate significant
differences (p < 0.05 * and p < 0.05 **).
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A phylogenetic tree of CSPs was constructed based on orthologs to CPS sequences
from M. saltuarius, S. bifasciatus, T. castaneum, A. corpulenta, A. planipennis, and D. ponderosae
(Figure 4). The identified CSPs from M. saltuarius were homologous to CSPs of Coleopteran
insects whose genomic information were available, indicating relative complete identifica-
tion of CSPs from M. saltuarius.

 

Figure 4. Maximum likelihood dendrogram based on protein sequences of candidate chemosensory
genes (CSP) in M. saltuarius and orthologs from other Coleopteran insects. LG + I + G4 model based on
the best fit result of IQ-tree model finding, and bootstrap consensus tree inferred from 1000 replicates
were used. Monochamus saltuarius (Msal) (red), Semanotus bifasciatus (Sbif), Tribolium castaneum (Tcas),
Anomala corpulenta (Acor), Agrilus planipennis (Apla), and Dendroctonus ponderosae (Dpon).

3.5. ORs of M. saltuarius with and without B. xylophilus

No sex bias was observed regarding OR expression in healthy M. saltuarius (Figure 5A).
Infestation with B. xylophilus did not affect OR expression in female M. saltuarius (Figure 5B).
Marked changes in OR expression were detected in male M. saltuarius carrying B. xylophilus
compared with non-infested individuals (Figure 5C). OR1, OR5, OR10, OR12, OR14, and
OR16 showed higher expression in healthy M. saltuarius than those that were infested.
Thus, B. xylophilus can reduce olfactory sensitivity of male M. saltuarius.
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Figure 5. Expression patterns of olfactory receptors in healthy and B. xylophilus-infested M. saltuarius.
(A) Differences between sexes of healthy M. saltuarius; (B) Differences between healthy and infested
female M. saltuarius; (C) Differences between healthy and infested male M. saltuarius. Transcript levels
are expressed as reads per kilobase of exon per million mapped reads (RPKM), and the expression
data were shown as mean±SE. The stars above each bar of figure indicate significant differences
(p < 0.05 * and p < 0.05 **).

A phylogenetic analysis of ORs was performed based on the OR sequence orthologs
from M. saltuarius, S. bifasciatus, A. corpulenta, A. planipennis, and D. ponderosae (Figure 6).
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Generally, almost all M. saltuarius ORs found orthology to other Coleoptera ORs, including
the insect OR obligatory co-receptor, Orco. However, the total number of M. saltuarius
ORs may have not been recovered due to its integrity in this transcriptomic study. This is
obvious after comparison with genomic data from A. planipennis and D. ponderosae.

 

Figure 6. Maximum likelihood dendrogram based on protein sequences of candidate olfactory
receptors (OR) in M. saltuarius and orthologs from other Coleopteran insects. JTT + F + R6 model
based on the best fit result of IQ-tree model finding, and bootstrap consensus tree inferred from
1000 replicates were used. Monochamus saltuarius (Msal) (red), S. bifasciatus (Sbif), A. corpulenta (Acor),
A. planipennis (Apla), and D. ponderosae (Dpon). Orco clade marked with green background.

3.6. IRs, GRs, and SNMPs in Healthy and Infested M. saltuarius

Regarding IRs, IR10 and IR12 were expressed higher in healthy females compared to
healthy males, IR4 expressed higher in healthy than infested females, while IR25 and IR21
were expressed higher in healthy than infested males (Figure 7(A1–A3)). Regarding GRs, no
sex bias was observed in healthy adults, and only GR8 showed higher expression in female
M. saltuarius infested with B. xylophilus (Figure 7(B1–B3)). GR8 was the only up-regulated
chemosensory gene in M. saltuarius infested with B. xylophilus. Regarding SNMP, no sex
bias was observed in healthy M. saltuarius and SNMP2 showed lower expression in infested
males than in healthy ones (Figure 7(C1–C3)).
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Figure 7. Expression patterns of ionotropic receptors (IRs), gustatory receptors (GRs), and sensory
neuron membrane proteins (SNMPs) in healthy and B. xylophilus-infested M. saltuarius. (A1), IRs
expression differences between sexes of healthy M. saltuarius; (A2), IRs expression differences between
healthy and infested female M. saltuarius; (A3), IRs expression differences between healthy and
infested male M. saltuarius. (B1), GRs expression differences between sexes of healthy M. saltuarius;
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(B2), GRs expression differences between healthy and infested female M. saltuarius; (B3), GRs
expression differences between healthy and infested male M. saltuarius. (C1), SNMPs expression
differences between sexes of healthy M. saltuarius; (C2), SNMPs expression differences between
healthy and infested female M. saltuarius; (C3), SNMPs expression differences between healthy and
infested male M. saltuarius. Transcript levels are expressed as reads per kilobase of exon per million
mapped reads (RPKM), and the expression data were shown as mean±SE. The stars above each bar
of figure indicate significant differences (p < 0.05 * and p < 0.05 **).

4. Discussion

Olfactory cues play important roles in the host choice of immature and mature
M. saltuarius. The spread of nematodes to new healthy hosts mainly relies on the feeding
activity of immature M. saltuarius. If infestation with B. xylophilus for approximately one
month can affect olfactory recognition in longicorn beetles it could also affect the nema-
tode’s spreading interval duration. In the present study, we identified 53 OBPs, 15CSPs, 15
ORs, 10 GRs, 22 IRs, and 2 SNMPs in M. saltuarius, a new vector of B. xylophilus in northern
China. Sex-specific expression patterns in healthy beetles occurred mainly regarding OBPs.
Interestingly, we found that OBPs and ORs were down-regulated in male M. saltuarius
infested with B. xylophilus, which may reduce olfactory sensitivity and delay their matu-
ration; consequently, this may prolong the time period, during which B. xylophilus can be
transmitted through infested beetles.

The numbers of OBPs and CSPs in M. saltuarius are consistent with other Coleopteran
insects whose genomic information are available [55,57], indicating relative complete iden-
tification of these two chemosensory families in M. saltuarius. However, the number of OR
genes in M. saltuarius was lower than the number of other Coleopteran insects, this may
be due to some missing genes down-regulated in the adults, especially in sexually mature
adults. Another reason maybe that these insects have mated and some of the chemosen-
sory genes were down-regulated. However, S. bifasciatus ORs were also identified from
antennae transcriptome data, and its numbers were much higher than M. saltuarius [54].
To elucidate the underlying causation, we reviewed olfactory gene identifications of other
longicorn beetles. To date, olfactory-related gene identification and respective studies
have only been performed on a few longicorn beetles. Fifty-two OBPs and 132 ORs were
identified in the genome of Anoplophora glabripennis [58], and 57 ORs were identified in
Megacyllene caryae [59]. However, 31 OBPs and only nine ORs were identified in the an-
tenna transcriptome of M. alternatus [3]. Both Monochamus species possess considerably
fewer ORs than other longicorn beetles, which may be a particular characteristic of this
genus. However, further studies on the olfactory system of Monochamus spp. based on
genome data are needed to confirm this prediction.

The present study is the first to confirm that infestation with B. xylophilus can influence
olfactory gene expression in the vector M. saltuarius. Interactions between B. xylophilus and
their vector insects are complex throughout all stages of development. Before accumula-
tion in its vector, B. xylophilus can secrete ascarosides to promote beetle pupation. After
developing into the adult stage, the beetle secretes ascarosides to attract the B. xylophilus
4th instar larvae [8]. B. xylophilus 4th instar larvae development relies on C16 and C18 fatty
acid ethyl esters, which are abundantly produced by beetle pupae at emergence and newly
emerged adults [60]. Thus, B. xylophilus can promote and use signals from vector beetles to
facilitate its accumulation on its vector before the newly emerged beetles leave their old
host plants. When the beetles disperse for foraging, the time span for B. xylophilus to spread
on healthy trees is critical; a longer foraging time increases the probability that B. xylophilus
will spread to healthy trees. Our results indicate that B. xylophilus can reduce the olfactory
sensitivity of male M. saltuarius, which may delay sexual maturity and further prolong the
beetle’s feeding activity, thus increasing the likelihood of spreading PWNs to new healthy
hosts. Conversely, the olfactory system of female M. saltuarius was not affected by long-
time B. xylophilus infestation, which may be a compromise for B. xylophilus as it requires
female M. saltuarius to lay eggs, thereby initiating a new spreading cycle. However, further
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research is required to test whether GR8 upregulation in female M. saltuarius infested with
B. xylophilus (Figure 7(B1–B3)) can facilitate feeding activity in female beetles and therefore
enhance egg maturity and efficient oviposition. Further studies should be undertaken to
test whether GR up regulation in infested mated females may help discriminate adequate
hosts for oviposition and thereby facilitate the spread of nematode to damaged trees.

On the other hand, the blocking of chemosensation in infested M. saltuarius may
be for the self-preservation of the insect. Sexually mature males need to find dead logs
and trees where females are waiting for mating. Chemosensory gene down-regulation in
males would reduce their sensitivity and influence mating success, and thus transfer less
nematodes to its host trees. Anyway, whether these hypotheses are correct requires further
physiological and gene function researches, and clarification of the complex relationships
between nematodes-vectors-trees will imagine new pest control strategies.

Genes affected by B. xylophilus infestation may be used as new molecular targets for
M. saltuarius control in the future. However, the functions of the regulated ORs and OBPs
genes in male M. saltuarius are unclear, and further research is needed to elucidate the
respective interactions between nematodes and their beetle vectors. This work extends our
understanding of the complex relationship between nematodes-vectors-trees; this is critical
for us to grasp new control targets and develop new control methods to protect large areas
of pine forest.

Conclusion: firstly, we identified 53 OBPs, 15 CSPs, 15 ORs, 10 GRs, 22 IRs, and two
SNMPs in M. saltuarius. Secondly, sex expression bias of the chemosensory genes was
analyzed. Finally, we found that B. xylophilus infestation mainly down-regulated the OBPs
and ORs expression levels in male M. saltuarius at the mating stage.
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IQ-tree best fit model (VT+R6) was used and bootstrap consensus tree inferred from 1000 replicates.
Monochamus saltuarius (Msal) (red), S. bifasciatus (Sbif), T. castaneum (Tcas), A. corpulenta (Acor),
A. planipennis (Apla), D. ponderosae (Dpon), Drosophila melanogaster (Dmel), and Bombyx mori (Bmor).
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Abstract: The invasive pine wood nematode (PWN), Bursaphelenchus xylophilus, causal agent of
pine wilt disease, was first reported in Europe, near Lisbon, in 1999, and has since then spread to
most of Portugal. We here modelled the spatiotemporal patterns of future PNW natural spread
in the Iberian Peninsula, as dispersed by the vector beetle Monochamus galloprovincialis, using a
process-based and previously validated network model. We improved the accuracy, informative
content, forecasted period and spatial drivers considered in previous modelling efforts for the PWN
in Southern Europe. We considered the distribution and different susceptibility to the PWN of
individual pine tree species and the effect of climate change projections on environmental suitability
for PWN spread, as we modelled the PWN expansion dynamics over the long term (>100 years).
We found that, in the absence of effective containment measures, the PWN will spread naturally
to the entire Iberian Peninsula, including the Pyrenees, where it would find a gateway for spread
into France. The PWN spread will be relatively gradual, with an average rate of 0.83% of the
total current Iberian pine forest area infected yearly. Climate was not found to be an important
limiting factor for long-term PWN spread, because (i) there is ample availability of alternative
pathways for PWN dispersal through areas that are already suitable for the PWN in the current
climatic conditions; and (ii) future temperatures will make most of the Iberian Peninsula suitable
for the PWN before the end of this century. Unlike climate, the susceptibility of different pine tree
species to the PWN was a strong determinant of PWN expansion through Spain. This finding
highlights the importance of accounting for individual tree species data and of additional research
on species-specific susceptibility for more accurate modelling of PWN spread and guidance of
related containment efforts.

Keywords: pine wood nematode; pine wilt disease; forest pests; Iberian Peninsula; invasive
alien species

1. Introduction

In 1999, the invasive alien species pine wood nematode (PWN; Bursaphelenchus
xylophilus Steiner & Buhrer, 1934 (Nickle, 1970)), causal agent of pine wilt disease (PWD),
was first reported in Europe, on Pinus pinaster Ait. trees in the district of Setubal, in south-
western Portugal, near Lisbon [1]. Since then, it has quickly spread through Portugal,
producing large-scale damage in Portuguese forests [2]. The area now affected by the
PWN covers most of the Portuguese mainland territory (http://www.icnf.pt/portal/
florestas/prag-doe/ag-bn/nmp/infgeo, accessed on 10 September 2019) and has reached
Spain, with several and so-far isolated foci close to the border with Portugal [3–9].

Under suitable climatic conditions that trigger PWD, the PWN is able to rapidly kill
susceptible pine trees [10]. Though this pest causes limited damage in its native range
in North America, it has caused massive mortality in conifer forests elsewhere, most
recently in Portugal but also in Eastern Asia since its accidental introduction in Japan
and neighboring Asian countries at the beginning of the 20th century [11]. The mortality
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patterns caused by PWD are already gradually changing the structure and composition
of pine stands in Portugal, rendering them less dense and with fewer mature and old
trees [12].

As is typical for epidemic processes, early detection plays a vital role for the eradica-
tion and containment of the PWD. Knowing which areas are most likely to be infected
at a particular point in time is essential to control the disease. The widely distributed
cerambycid beetle Monochamus galloprovincialis Oliver is the only known PWN vector
in the Iberian Peninsula [13]. Consequently, the natural spread of the PWN in Europe
depends on the dispersal abilities of this vector beetle that can infect pine trees when
feeding or breeding on them [14,15]. Understanding the behavior of M. galloprovincialis is
therefore a key to predicting the dynamics of the PWN invasion front.

Coniferous forests cover almost 1 Mha in Portugal and about 8 Mha in Spain, or
ca. 30% of the total forest area in these countries, reflecting their major ecological and
economic importance in the Iberian Peninsula. Pine forests are ubiquitous on the Iberian
Peninsula, with pine species ranging from the coastal areas (Aleppo pine Pinus halepensis
M. and Stone pine Pinus pinea L.) to the upper areas of the mountain ranges (Scots
pine Pinus sylvestris L. and Mountain pine Pinus uncinata Ram.). As Pinus species make
up 95% of coniferous forests in Portugal and Spain, further spread of the PWN would
have a strong impact on the forest-based economy [16–19], on biodiversity and on other
important ecosystem services provided by coniferous forests inside and outside protected
areas [20–22].

There is evidence that the resistance of pine species to the PWN may be related not
only to the possibility of migration of the nematodes through the pine tissues after their
entrance into the tree, but also to other specific intrinsic factors that repel, immobilize
or disrupt the life cycle of nematodes, including their reproduction [23,24]. Although
all European pine tree species appear susceptible to some degree to the nematode infec-
tion [25], inoculation tests in controlled conditions have shown that they differ in their
susceptibility to PWD [26,27]. According to the results of the inoculation tests carried out
by Menéndez-Gutierrez et al. [28], Pinus sylvestris and Pinus pinaster are the European
native pine species most susceptible to the PWN, while Pinus pinea and Pinus halepensis
appear to be less susceptible to the PWN. So far in Portugal, Pinus pinea trees seem not to
be affected in areas where Pinus pinaster [1,12] and Pinus nigra Arn. [29] trees are killed
by the PWN. This agrees with the results reported by Nunes da Silva et al. [26]. Among
the non-native pine species that are planted for timber production in the northern part of
the Iberian Peninsula, Pinus radiata showed considerable susceptibility to the PWN [28].
Thus far, however, the different susceptibility of the European pine species to the PWN
has not been considered in PWN spread predictive modelling [30,31].

PWN transmission to a host tree does not necessarily lead to PWD and tree decline.
PWD expression depends on environmental factors [32], such as the role of water stress
caused by seasonal drought and high temperature in disease development [33]. When
an area is not climatically suitable for the development of the PWD, the lack of declining
trees prevents further spread of the pest to other potentially susceptible trees or areas.
According to Gruffudd et al. [34], the risk of conifer trees infected with PWN becoming
symptomatic is low if the mean summer temperature (June–August) is below 19.31 ◦C,
and high if it is above 20 ◦C. Locations between 19.31 ◦C and 20 ◦C are considered at
some risk of PWD [34]. Therefore, the northern part of the Iberian Peninsula, and some
high-altitude areas in certain Iberian mountain chains, are currently not climatically
suitable for PWD expression [30,35]. However, climate warming may progressively
change this [36,37]. Therefore, considering both current and future climate in the Iberian
Peninsula is important for long-term projections of the potential PWN expansion.

In this study, we modelled the spatiotemporal patterns of future natural spread
of the PWN in the Iberian Peninsula, as dispersed by the longhorn beetle Monochamus
galloprovincialis. We improved the accuracy, informative content, forecasted period and
number of factors considered in previous modelling efforts for the PWN in Southern

126



Forests 2021, 12, 849

Europe [30,31,38]. Unlike in previous studies, we jointly considered the distribution and
different susceptibility of pine tree species, the effect of climate change projections on
environmental suitability for PWN spread and the dynamics of PWN natural expansion
toward the end of the century. We applied the spatio-temporal network model described
in De la Fuente et al. [30], which was validated with actual PWN spread data in Portugal
and was shown to have a high predictive accuracy [30]. We applied this model to predict
the areas of the Iberian Peninsula through which the PWN is most likely to spread by
natural means and in absence of dedicated containment measures, and the most likely
year of infection in each location. We also evaluated the potential influence of climate
warming on PWN spread and the effect of the susceptibility to the PWN of different pine
tree species in the expected patterns and magnitude of spread. Our results can support
management efforts by forecasting when areas are at greater risk of vector-mediated
invasion. They also indicate how climate and tree species distribution may mediate the
long-term patterns of PWN spread and inform the related pest containment and forest
planning measures that may be applied in the Iberian Peninsula.

2. Materials and Methods

2.1. Study Area

In our analysis, we considered the entire Iberian Peninsula as study area, which has
an extent of about 597,000 km2. We described the study area using a grid of 1 km × 1
km cells (referred to as nodes in the modelling). This spatial resolution was considered
sufficiently high given the extent of the study area and the >1 km dispersal range of the
vector beetle Monochamus galloprovincialis [30].

2.2. Pine Tree Species Susceptibility to Pine Wood Nematode

We considered two different scenarios (A and H) regarding which pine species are
susceptible to infection and which species can be a source of newly infected vector beetles
that can further transmit the PWN to other pine trees:

• Scenario A: All pine tree species on the Iberian Peninsula are equally susceptible
to the PWN. Under this scenario, the PWN spread modelling does not distinguish
between pine species.

• Scenario H: Only pine species with high (P. pinaster and P. radiata) or very high
(P. sylvestris) susceptibility to the PWN, following Menéndez-Gutiérrez et al. [28],
can get infected and infect other pine trees. The other pine species were considered
as neither targets nor sources of infection in the PWN spread modelling.

These two scenarios covered the range of plausible responses of different pine tree
species to the PWN, according to the available studies [26–28], as well as the range of
modelling scenarios within which the actual spread of the PWN in the Iberian Peninsula
may be contained. They also allowed to evaluate the impact that not considering the
different susceptibility to the PWN of pine tree species may have had on the results of
previous modelling work on this invasive tree pest in Southern Europe.

2.3. Forest Tree Species Maps

For each cell i, we calculated the area covered by pine forest in the cell (ai), either
considering all pine tree species (Scenario A above) or only those pine tree species with
high susceptibility to the PWN (Scenario H above). Pine forest area in the cell was
calculated considering the area of pure pine forest (ac,i) and of mixed pine–broadleaved
(am,i) forest in the available maps (see below) as ai = ac,i + F × am,i, where F indicates
the fraction of pine tree cover in mixed stands, which was taken from the maps when
available and otherwise set to 0.5.

For this purpose, we considered the spatial distribution of the different pine forest
species as reported in the most detailed forest maps available in our study area: the Forest
Map of Spain developed by the Spanish Ministry of Environment in coordination with
the Third Spanish National Forest Inventory (scale 1:50,000, minimum mapping unit of
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2.25 ha) and the 2007 land cover map of continental Portugal (COS2007) developed by
the Portuguese Geographic Institute (1:25,000 scale, minimum mapping unit of 1 ha).

The Spanish Forest Map differentiates the distribution of each individual pine tree
species. The Portuguese land cover map only differentiates Pinus pinaster (Maritime pine
forests) and Pinus pinea (Stone pine forests), which are by far the pine species more widely
distributed in Portugal. A total of 94.6% of the coniferous forest territory of continental
Portugal is covered by these two species according to the results of the 6th National
Forest Inventory of Portugal (http://www2.icnf.pt/portal/florestas/ifn/ifn6, accessed
on 10 September 2019). Therefore, for Portugal, we used only the spatial distribution of
Maritime pine forests when running Scenario H. For Scenario A, we used the distribution
of the following three map categories: Stone pine forests, Maritime pine forests and forests
of other coniferous species.

This resulted, for Scenario A, in a network of 210,338 nodes (1 km2 cells) describing
the distribution of all pine forests on the Iberian Peninsula (Scenario A). For Scenario
H, we obtained a network of 121,200 nodes describing the spatial distribution of the
three most susceptible pine species (P. pinaster, P. sylvestris and P. radiata) on the Iberian
Peninsula.

2.4. Climatic Suitability to Pine Wilt Expression

We considered the climatic suitability of different areas in Spain and Portugal for the
development of PWD in PWN-infected areas in current and future climates. The current
climate data for Spain and Portugal were obtained from Ninyerola et al. [39]. For future
climates, we examined the climate change projections provided by the ENSEMBLES
project (http://ensembles-eu.metoffice.com/, accessed on 5 March 2020), considering
the IPCC A1B scenario. These projections indicate that by 2100 all the areas with pine
forests in the Iberian Peninsula will be climatically suitable for the PWN, except some
isolated locations around a few mountain peaks that cover less than 1% of the pine forest
distribution in the Iberian Peninsula. Therefore, we modelled PWN spread under the
following two climate scenarios:

• Current climate (Scenario C): Only 1 km2 cells in which the current mean summer
temperature is above 19.31 ◦C are considered climatically suitable for wilt expres-
sion [31]. Excluded from the climatically suitable areas was 23% of the total pine
forest extent in the Iberian Peninsula when considering all pine tree species (Scenario
A) or 38% of the area covered in the Iberian Peninsula by the pine tree species that
are highly susceptible to the PWN (Scenario H). In Scenario C, we simulated PWN
spread assuming no dispersal of infected beetles from the areas where the disease
does not express due to climate constraints.

• Future climate (Scenario F): All the Iberian Peninsula, except the isolated locations
mentioned above, is climatically suitable for the expression of PWD. All 1 km2 cells
can act as spreaders of the PWN once they are invaded by the disease.

These two scenarios covered, therefore, the most climatically restrictive scenario (C) and
the least restrictive scenario (F) that can be considered for the PWN expansion modelling.

2.5. PWN Spread Model

We simulated the PWN expansion using the process-based network model presented
in De la Fuente et al. [30], which predicts the natural spread of the PWN through the
dispersal of the vector beetle Monochamus galloprovincialis. This model was validated
with data on the past PWN expansion patterns in Portugal and showed a high predictive
accuracy [30].

In this model, nodes represent locations with pine forest (here 1 km2 cells), and
links (edges) reflect the probability of disease spread between two nodes. The model
predictions are calculated based on two main analytical steps. First, the model calculates
the weight of the links in the network as the probability that a sufficient number of
vector beetles is able to disperse between two nodes during the yearly flight period
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so as to transmit the disease to the destination node (if the source node was infected).
Second, using the distribution of infected and non-infected nodes in a given year and
the link weights, it calculates, each year, the probability that individual nodes actually
become infected, considering the contribution of all possible infection source nodes and
dispersal pathways. Each of the nodes could be, in any year, in an infected or non-infected
state: for the purpose of this study, we considered a cell infected when the infection
probability is higher than 0.9 and non-infected when the infection probability is lower
than 0.1. Intermediate probability values (between 0.1 and 0.9) were considered separately
but represent a considerably small number of cells given that the infection probabilities
predicted by the model are almost binary, i.e., very close to 0 or 1 [30].

The model has the following five parameters:

• d, the mean dispersal distance of the vector beetle, Monochamus galloprovincialis.
• N, the number of infected beetles emerging from each infected tree and thus available

for dispersal.
• k, the number of infected beetles that need to reach an uninfected pine tree to actually

transmit the disease to that tree.
• β, a coefficient determining the tail fatness (kurtosis) of the vector beetle dispersal kernel.
• c, the number of infected trees per hectare of pine forest in newly infected areas. This

parameter was used to convert the pine forest area in a cell i (ai) to the number of
pine trees expected to be infected in that cell when PWN transmission occurs.

Based on available empirical and modelling studies on the PWN (see De la Fuente
et al. [30]), we set d = 1500 m, N = 9, k = 2, β = 1 and c = 0.5, which were the best supported
and validated parameter values and hence those used in all the predictions presented in
this study. Further model details and equations are provided in De la Fuente et al. [30].

2.6. PWN Spread Modelling Scenarios

We predicted future patterns of natural PWN spread through the Iberian Peninsula at
yearly intervals up to year 2150 in the absence of effective containment measures, starting
the model runs from the PWN distribution observed in Portugal in June 2018 (http://
www.icnf.pt/portal/florestas/prag-doe/ag-bn/nmp/infgeo, accessed on 10 September
2019). Model runs were conducted in the four scenarios combining those on pine tree
species susceptibility to the PWN and those related to climate described above:

• Scenario AC: all pine tree species (Scenario A) and current climate (Scenario
C) considered.

• Scenario AF: all pine tree species (Scenario A) and future climate (Scenario
F) considered.

• Scenario HC: only highly susceptible tree pine species (Scenario H) and current
climate (Scenario C) considered.

• Scenario HF: only highly susceptible tree species (Scenario H) and future climate
(Scenario F) considered.

Of these scenarios, AF has the greatest potential for higher rates of PWN spread,
because any pine forest stand of any pine tree species and in any location in the Iberian
Peninsula can be infected by the nematode and thus be a source of PWD. Conversely, HC
is the most restrictive scenario for the modelled spread.

The models were implemented and run in the R programming language [40], as
were all related analyses.

3. Results

3.1. PWN Spread in Scenario AF: All Pine Forests and Future Climate

In Scenario AF, which is the least restrictive scenario for the PWN expansion (all
pine forests considered and no climatic restrictions), the PWN spread from Portugal
into Spain is predicted to occur uninterrupted through the expansive tracts of host
vegetation (Figure 1). The spread in scenario AF is faster than in the other three scenar-
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ios (Figures 1 and 2). Modelling results indicate that by 2050 the PWN will be present
throughout the region of Galicia, entering the north of the region of Asturias through
the coastal area and the south of Asturias through the Cantabrian Range (Figure 1). By
2050, the disease will have reached the pine forests of the Central Plateau of the region
of Castilla y León through Sierra de la Culebra, in the province of Zamora. Through the
pathway of the Central Range, the infection will have reached by 2050 the central part
of Spain up to the border of the region of Madrid (Figure 1). In the south of Spain, the
mountains of Sierra Morena are predicted to start to be affected by the PWN by 2050, and
through the coast the PWN will have reached the pine forests on the Guadalquivir Valley
by that date (Figure 1).

 

 
Figure 1. PWN spread in the Iberian Peninsula for the years 2050 and 2100, considering all pine tree species as susceptible
of being infected. Both the current climate (Scenario AC) and future climate (Scenario AF) are considered.
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Figure 2. PWN spread in the Iberian Peninsula for the years 2050 and 2100, considering only the forests composed by pine
tree species with high susceptibility to infection. Both the current climate (Scenario HC) and future climate (Scenario HF)
are considered.

The rate of PWN spread is predicted to considerably increase after 2050 in Scenario
AF (Figure 3). The average rate of infection increases from 43,763 ha per year in the period
2020–2050 to 68,038 ha per year in the period 2050–2100 (Figure 3), which is due to the
higher continuity of host pine trees in the eastern half of the Iberian Peninsula (Figure 1).
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Figure 3. Infected area projections in the Iberian Peninsula for the four considered scenarios (AC, AF, HC and HF) up to
the year 2150. Results are expressed in (a) as the forest area infected (Mha) and in (b) as the percent of the total forest area
in the Iberian Peninsula that is infected. Projections consider all pine tree forest for Scenarios AC and AF (under current
and future climate, respectively) and only the pine forest composed of highly susceptible species for Scenarios HC and HF
(under current and future climate, respectively). Infected area corresponds to the cells with a probability of infection higher
than 0.9 for a given year in the spread modelling. The asymptotes reached by the projections extend indefinitely beyond
2150 (all values remain constant up to 300 years of model runs).

In 2100, most of the Iberian Peninsula will be invaded by the PWN. Only the regions
of Cataluña, Valencia and Murcia are predicted to be mostly free of infection by that year
(Figure 1). All pine forests in the Iberian Peninsula are predicted to be infected by 2130 in
Scenario AF (Figure 3).

3.2. PWN Spread in Scenario AC: All Pine Forests and Current Climate

When considering the current climate (Scenario AC), large tracts of forest in the
northern part of the Iberian Peninsula, and particularly in the western half of this northern
part, are not suitable to be infected or to transmit the disease (Figure 1). This results in
less area that can be infected in any year compared to Scenario AF (Figure 3) and in a
smaller portion of infected forest in the northeastern part of the Iberian Peninsula by year
2100 compared to Scenario AF, due to the lower continuity of susceptible forest in the
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north (Figure 1). This delay in the PWN expansion due to the lower forest continuity in
the north does not occur, however, in the invasion front through the central and southern
parts of Spain (Figure 1), with patterns of spread that show similarities to those described
above for Scenario AF (Figure 1). Finally, the PWN is able to spread, in the AC scenario,
to all the pine forest in the Iberian Peninsula, even if a few years later than in Scenario AF
(Figure 3).

The climatic constraints to PWN expression affect mostly the northwestern part of
Spain, which is the one closer to the PWN sources in Portugal, and there is also a higher
continuity of host pine trees in the eastern half of the Iberian Peninsula (Figure 1). For
these reasons, the speed of PWN spread is considerably lower in the period 2020–2050
than in the period 2050–2100, with average rates of infection of 21,365 ha/year and of
43,146 ha/year, respectively (Figure 3).

3.3. PWN Spread in Scenario HF: Highly Susceptible Pine Forests and Future Climate

When only the pine tree species with high or very high susceptibility to the PWN
(P. pinaster, P. radiata and P. sylvestris) are considered, the host vegetation distribution is
considerably less continuous (Figure 2). In addition, the distribution of host vegetation
(highly susceptible pine trees) is concentrated towards the western half of the Iberian
Peninsula in this scenario (compare Figures 1 and 2).

This different distribution gives much less host forest area that can be infected on
the Iberian Peninsula in Scenario HF compared to Scenarios AF and AC (Figure 3). The
rate of spread (quantified as the increase in the percent of total forest area that is infected),
however, is faster in the first two decades (2020–2040) in Scenario HF than in Scenarios
AF or AC (Figure 3) because a larger proportion of the considered forest is distributed
closer to the infection sources in Portugal (Figure 2). However, in later decades this rate of
spread does not exceed that of scenarios AF and AC, as the invasion front moves towards
the eastern half of the Iberian Peninsula, where the distribution of highly susceptible pine
forest is sparser (Figures 2 and 3).

In Scenario HF, there is only one small patch of highly susceptible pine forest that is
predicted to remain free from infection even in the long run: Serranía de Ronda in the
Sistema Bético (south of Spain), which represents only about 0.2% of the total area of
highly susceptible pine forest on the Iberian Peninsula. All the other highly susceptible
pine forests on the Iberian Peninsula are predicted to get infected by the PWN eventually,
although it takes longer than in Scenario AF (Figure 3).

3.4. PWN Spread in Scenario HC: Highly Susceptible Pine Forests and Current Climate

Scenario HC, which considers only highly susceptible pine tree species together with
the unsuitable areas for pine wilt expression in the current climatic conditions, is the
most restrictive one for PWN expansion. Scenario HC has the lowest amount of pine
forest in the Iberian Peninsula of the four scenarios, has the lowest proportion of the
Iberian Peninsula infected by 2100 of all four scenarios and is the only scenario in which
a significant proportion of the considered forest area never gets infected, even in the
long run. Our model predicts that 12.2% of the forest area will never be reached by the
PWN in the HC scenario (Figure 3). These non-infected areas in the long run include the
entire Pyrenees, some northern coastal areas, the coastal mountain ranges in Catalonia
(Cordillera Costero Catalana) and, as in Scenario HF, Serranía de Ronda (south of Spain).

The speed of spread in Scenario HF considerably decreases with time (Figure 3), with
a rate of infection of 14,946 ha/year up to 2050 and of 8280 ha/year from 2050 to 2100.

4. Discussion

4.1. The Large Spread Potential of the PWN in the Iberian Peninsula

Our results indicate that, in the absence of effective containment measures, the
PWN will naturally invade, through the dispersal flights of the vector beetle Monochamus
galloprovincialis, all the pine forests of the Iberian Peninsula. This will not be, however,
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a fast invasion process. Our model predicts that the natural PWN spread to the entire
Iberian Peninsula will take a century or longer, progressing at an average rate (average for
all the four considered scenarios) of 0.83% of the total pine forest area per year over the
next century, which increases to 0.90% per year if considering only the scenarios under
future climate (AF and HF).

Our findings stress the high capacity of the PWN to spread through the rest of
Portugal and through Spain via the dispersal flights of the vector beetle. Even large
spatial discontinuities in the distribution of suitable areas for the PWN, caused by the
lack of susceptible host vegetation or by climatic restrictions (Figures 1 and 2), do not
generally block the spread of the PWN to other regions of the Iberian Peninsula, and
at best delay to some extent the PWN expansion (with the only relative exception of
Scenario HC discussed in the next section). These discontinuities are either circumvented
through other available pathways or simply jumped over thanks to the considerable
capacity of the PWN natural spread associated with the dispersal flights of the vector
beetle populations. These vector populations are large in the Iberian pine forests, and only
a few individuals that succeed in long-distance dispersal events are needed to further
spread the disease to relatively distant areas [30].

4.2. The Impact of Current and Future Climate on PWN Spread

Of the four considered scenarios, only Scenario HC (high susceptibility pine tree
species and current climate) gives some significant percentage of total forest area free from
PWN invasion in the long run (about 12% of the total pine forest area considered in this
scenario). Importantly, the areas excluded from PWN reach under this scenario include
the entire Pyrenees, which would hence halt the natural spread of the PWN from Spain
to France and the rest of Europe, naturally containing the PWN spread to the Iberian
Peninsula only.

The inability of the PWN to spread to the Pyrenees under Scenario HC is because
of two reasons. First, the coastal mountain ranges in Catalonia, running parallel to the
Mediterranean Sea, are dominated by P. halepensis, a non-highly susceptible species, which
makes these ranges lack sufficient density and continuity of host vegetation to provide
a corridor for PWN spread towards the Pyrenees. Second, the potential west-to-east
PWN dispersal to the Pyrenees through the north of Spain is impeded by the natural
discontinuity due to the climatically unsuitable areas there in current conditions. The first
reason is a structural one that will remain in the long run, impeding the PWN spread
through that coastal pathway. The second reason, however, is unlikely to last: climate
warming makes increasing portions of the currently climatically unsuitable areas adequate
for pine wilt expression, making Scenario HC not representative of the longer-term PWN
distribution and spread potential. Climate change will therefore pave the way for PWN
spread through this northern corridor even when considering only the highly susceptible
pine tree species as hosts (Scenario HF).

Current climatic constraints mean that an important portion of the Iberian Peninsula
is not suitable for pine wilt expression and hence for the PWN spread: this happens
in about 23% of the total pine forest area and 38% of the highly susceptible pine forest
area, mainly in the north of Spain. These climatically unsuitable areas for the PWN will,
however, progressively vanish with time, and all the pine forest area will be able to host
and further transmit the wilt disease to other pine forest patches not later than by the
end of the century, as predicted by the considered climate change models. Although we
here base our climate forecasts on the IPCC A1B scenario, this may be in fact a relatively
conservative or intermediate scenario that may underestimate the actual progression
of climate warming [41], which would hence in any case result in the abovementioned
significant lack of climatically suitable areas for PWN transmission by or before the end of
the century. This will make, in summary, the natural spread of the PWN to the Pyrenees
being delayed but not prevented in practice, in this or other realistic climate change
scenarios. The expected climatic conditions do not offer, therefore, a significant limitation
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or barrier for the long-term spread and for the total pine forest area that can be invaded
by the PWN in the Iberian Peninsula. Our results are consistent with the results obtained
by Haran et al. [35] on the southern side of the Pyrenean chain, where they found that
western and eastern hillsides may represent corridors favoring natural spread of the
nematode from the Iberian Peninsula to France, and that temperature rise due to climate
change may significantly reduce the extent of the barrier formed by the highest elevations.

4.3. The Importance of Pine Tree Species Susceptibility to the PWN

Unlike climate, the different susceptibility of pine tree species to the PWN is a
structural and major long-term determinant of the invasion potential of the PWN; i.e.,
of the total pine forest area that can be invaded by the PWN in the Iberian Peninsula.
The pine forest area that will be potentially affected by the PWN is less than half when
considering only the highly susceptible pine tree species as PWN targets than when
considering all pine tree species (compare Scenarios HF and AF in Figure 3). While several
studies have examined and estimated the susceptibility of different pine tree species to
PWD [26–28], this is probably the area of PWN research in which more additional efforts
and studies are needed. More solid and detailed estimates of the responses of individual
species to the PWN would considerably improve our ability to accurately predict the
short-term and long-term spatiotemporal patterns of PWN spread, given the crucial
role that tree species susceptibility plays in the modelling outcomes, as examined and
determined for the first time in this study. A related and important avenue of further
research is to understand and eventually quantify the potential adaptability of the genetic
diversity of the domestic PWN populations and of the host tree species, which may alter
the PWN capacity to infect and damage different pine forests in the Iberian Peninsula.

4.4. Measures to Contain PWN Spread

If no effective containment measures are taken, the PWN will invade all the pine
forests in Portugal and Spain, resulting in large-scale ecological and economic impacts
throughout the Iberian Peninsula. These impacts include, among others, wood and wood
production losses [17–19]; changes in soil properties and pine forest communities; altered
forest succession and regeneration; loss of the oldest and biggest pines [20,42], which
frequently have a higher conservation and biodiversity value; and potential disruption of
protected area networks [22].

Avoiding this damage to Iberian pine forests requires the combined application of
several measures for PWN containment. These measures mainly consist of reducing the
vector beetle population through mass trapping during the flight period (spring–summer)
and the intensive surveillance of pine forests to allow the early detection and removal of
infected trees before the PWN-infected beetles emerge and spread the disease to other
pine trees or patches [30,43–47]. However, the effectiveness of this early detection and
removal measure in containing the PWN spread may be compromised to some extent by
the role of asymptomatic tree infections in the expansion patterns [48]. Other longer-term
measures that could promote the capacity of the pine forests to resist or cope with the
PWN infection include forest management treatments, such as thinning, that increase tree
vigor or tree species diversity [49–51], or establishing pine half-sib families with higher
genetic tolerance to the PWN [28,52].

It needs to be emphasized that our model and PWN spread projections only consider
the natural spread of the PWN by its vector beetle. Human-mediated dispersal is not
considered in our analysis and may, in case of uncontrolled transport of infected wood,
drastically increase the speed and modify the spatiotemporal patterns of the PWN spread
throughout the Iberian Peninsula and the rest of Europe. Therefore, our PWN expansion
projections will only be valid, and the potential management measures outlined above
will only be effective, under a rigorous application of the regulations and restrictions on
timber treatment and transport. The control of the origin and sanitation of pine wood
for transportation is essential to avoid larger-scale and uncontrolled human-mediated
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dispersal through the Iberian Peninsula [12,53]. Modelling anthropogenic PWN dispersal
is complex, involving a considerable stochastic component, and is out of the scope of
this study; however, it could be further explored in the future, by incorporating in our
modelling framework some of the methods and ideas by Robinet et al. [54], Pukkala
et al. [38] and Hudgins et al. [55].

5. Conclusions

Our modelling approach and the results for the set of considered scenarios allow us
to reach the following four main conclusions:

• In the absence of effective containment measures, the PWN will spread naturally,
through the dispersal of its vector beetle, to the entire Iberian Peninsula, including
the Pyrenees, which would provide a gateway for further PWN expansion into
France and the rest of Europe.

• The natural spread of the PWN will be relatively gradual, with an average rate of
0.83% of the total Iberian forest area infected yearly, so that it will take a century or
longer for all the susceptible pine forests in Spain to be invaded by the PWN.

• Climate is not an important limiting factor for long-term spread of the PWN, because
(i) there is ample availability of alternative pathways for PWN dispersal through the
areas that are already suitable for the PWN in the current climatic conditions; and (ii)
climate change projections, even conservative ones, indicate that future temperatures
will make the whole Iberian Peninsula suitable for PWN transmission by or before
the end of this century, except for some isolated mountain peaks.

• Unlike climatic conditions, the susceptibility of different pine tree species to PWN
is by far the main determinant of PWN spread rates and of the extent of forest
area affected by the wilt disease. Our findings highlight the need and importance
of integrating data on individual pine tree species into predictive models on the
spread and magnitude of damage caused by the PWN. Additional research that can
refine our knowledge on tree species susceptibility is hence of particular importance
for more accurate modelling of the PWN spread and for better guiding related
containment efforts.
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Abstract: Emerald Ash Borer (EAB), Agrilus planipennis, is a beetle that originates from East Asia.
Upon invasion to North America in the early 2000s, it killed untold millions of ash trees. In European
Russia, EAB was first detected in Moscow in 2003 and proved to have the potential to also kill
native European ash (Fraxinus excelsior). The beetle has since spread in all geographic directions,
establishing itself in eastern Ukraine by 2019 and possessing potential for further westward spread
towards the EU. Apart from the approaching EAB, F. excelsior is currently threatened by the dieback
disease (ADB) caused by the invasive ascomycete fungus Hymenoscyphus fraxineus. The infestation
by EAB combined with ADB infection is expected to be more lethal than either of them alone, yet
the potential consequences are unknown. To date, eastern Ukraine represents the geographic area in
which both invasions overlap, thus providing the opportunity for related investigations. The aims of
the study were to investigate: (i) the EAB expansion range in Ukraine, (ii) the relative susceptibility
of F. excelsior and American ash (Fraxinus pennsylvanica) to EAB and ADB, and (iii) the combined
effect/impact on ash condition imposed by both the pest and disease in the area subjected to the
invasion. The results have demonstrated that (i) the invasion of EAB is currently expanding both
in terms of newly infested trees and invaded geographic area; (ii) F. excelsior is more resistant to
EAB than F. pennsylvanica, while F. excelsior is more susceptible to ADB than F. pennsylvanica; and
(iii) the infection by ADB is likely to predispose F. excelsior to the infestation by EAB. It was concluded
that inventory and mapping of surviving F. excelsior, affected by both ADB and EAB, is necessary to
acquire genetic resources for the work on strategic, long-term restoration of F. excelsior in devastated
areas, thereby tackling a possible invasion of EAB to the EU.

Keywords: emerald ash borer; ash dieback; Fraxinus spp.; forest pests; invasive populations;
eastern Ukraine

1. Introduction

The Emerald Ash Borer (EAB) Agrilus planipennis Fairmaire, 1888 (Coleoptera: Bupresti-
dae), is a buprestid beetle that originates from East Asia. In its native range, EAB is a minor
pest colonizing dying ash (Fraxinus spp.) trees and causing insignificant damage to viable
ones [1]. It was first detected in North America (southeast Michigan) in 2002 (introduced
with wood trade) and has since killed millions of trees in forest, riparian, and urban areas.
It is estimated that EAB could virtually eliminate Fraxinus spp., one of North America’s
most widely distributed tree genera, with devastating economic and ecological impacts [2].

In European Russia, EAB was first detected in Moscow in 2003 (transported with
wood) and proved to have the potential to kill native European ash (Fraxinus excelsior
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Linnaeus, 1753). The beetle has since spread in all geographic directions, but most notably
towards the west and southwest, by 2019 crossing the border of Belarus and entering
and establishing in eastern Ukraine [3]. Notably, ash is continuously present in areas
from the eastern borders of Ukraine and Belarus towards the west: apart from natural
woodlands, in both countries, F. excelsior and (highly EAB-susceptible) North American
green ash (Fraxinus pennsylvanica Marshall, 1785) have historically been extensively planted
along roads, railways, field shelter belts, and in urban greenings [4]. These plantings and
woodlands potentially provide an excellent route pathway for the spread of EAB towards
EU countries, e.g., into Romania, Hungary, Slovakia, and Poland.

Importantly in this respect, EAB beetles are strong flyers. For example, in the Great
Lakes region of North America, EAB adults were reported to be capable of long dispersal
flights, and gravid females are estimated to fly more than 10 km in 24 h [5]. Moreover,
EAB beetles are efficient “hitchhikers”: they can easily travel by cars, being hidden behind
flanges of the car body; the insect can even stay on a tree twig pressed by a wiper to a
windshield of a car driving at speeds of up to 120 km/h [6]. Railway cars also often serve
as means for traveling EAB [7]. Consequently, all this makes the invasion of EAB to the
EU highly probable [8]. The possibility therefore cannot be excluded that such situation
will also put F. excelsior under the threat of extinction, as American ash species currently
are. Therefore, to monitor and predict the pace at which EAB is approaching the EU is
an important task, e.g., for plant quarantine authorities and other stakeholders, for the
prognosis of future developments, planning and imposing preventive measures, and to
prepare for the mitigation of eventual impacts.

Apart from the approaching EAB, another threat to F. excelsior is the dieback disease
(ADB) caused by the invasive ascomycete fungus Hymenoscyphus fraxineus (T. Kowalski)
Baral et al. that has impacted ash forests all over Europe [9]. Yet, there is the evidence
that a certain proportion of trees exhibits resistance to ADB, providing the basis for future
propagation [10,11]. However, the proportion showing resistance to ADB is low, namely,
1–5% of individuals [12,13]. As EAB infestation combined with ADB infection is expected
to be more lethal than either of them alone [13], the following questions arise: (1) what
fraction of the 1–5% remaining viable F. excelsior individuals in ADB-devastated areas
in Europe will survive subsequent infestation by EAB? (2) Will the number of survivors
of the ADB epidemic combined with EAB invasion be enough for initiating sustainable
restoration of F. excelsior?

Currently, eastern parts of Ukraine represent a geographic area over which the inva-
sive ranges of EAB and ADB overlap, thus providing the opportunity to investigate the
impact imposed over populations of Fraxinus spp. by both the invasive pest and disease
simultaneously. Moreover, such investigations would allow one to compare the relative
susceptibility of two ash species to EAB and ADB, namely, native F. excelsior vs. introduced
F. pennsylvanica. In particular, the data regarding the consequences of infestation of EAB
to F. excelsior are scarce and fragmented. Thus, during the survey of EAB in western
Russia and eastern Ukraine, an overwhelming majority of the infestations were found on
the highly susceptible F. pennsylvanica, and all observed cases of infestation of the native
species F. excelsior occurred in artificial plantings [14]. On the other hand, despite such
certain indications that F. excelsior might be more resistant to EAB, e.g., along roadsides and
city plantings [15,16], a recent study conducted in the Moscow Province provided certain
evidence that EAB is susceptible to massive outbreaks causing significant damage also in
forest stands [17]. Consequently, more detailed studies are needed to elucidate the relative
susceptibility of F. excelsior compared to F. pennsylvanica. The aims of the present study
were to investigate the following: (1) the EAB expansion range in Ukraine; (2) the relative
susceptibility of F. excelsior and F. pennsylvanica to EAB and ADB; and (3) the combined
effect/impact on ash conditions imposed by both the pest and disease in the area subjected
to the invasion.
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2. Materials and Methods

To estimate the extent of spread of EAB and to assess the health condition of ash,
visual surveys have been carried out in forest stands of F. excelsior and shelterbelts com-
posed of F. pennsylvanica in eastern Ukraine, in the years 2019 to 2021. Symptoms of
EAB infestation (canopy decline, woodpecker attacks, D-shaped exit holes, and epicormic
sprouting) were preliminary recorded and mapped. Simultaneously, the frequency of
occurrence of ADB-symptomatic trees has been assessed based on the presence of typical
bark necroses on branches and shoots, shoot dieback, and wilting leaves. The presence of
ADB (Hymenoscyphus fraxineus, formerly H. pseudoalbidus) was confirmed earlier in the re-
search regions using fungal culturing followed by ITS rDNA sequencing [18,19] and using
ITS rDNA sequencing directly from the infected tree tissues [9,20]. Based on information
acquired during the surveys, locations of 10 monitoring plots of the present study were
selected (Figure 1). They were located in areas where the earliest infestation by EAB in
Ukraine was observed, as well as in its advancing front and in the areas where the EAB
presence could have been expected. All monitoring plots were subjected to ash dieback
disease for at least a decade.

Figure 1. Map of eastern Ukraine showing locations of survey sites and monitoring plots of the
present study. Red circles indicate survey sites where the emerald ash borer has been detected, and
green indicates where the beetle has not been detected. Numbers of the monitoring plots correspond
to those in the Tables 1 and 2.

There were two distinct types of the monitoring plots, depending on ash species
investigated. All monitoring plots for F. pennsylvanica were located in field shelterbelts,
where the trees were positioned in rows. Monitoring plots for F. excelsior were located in the
interior of forest stands (Plot 3b in the urban forest) and were comprised of compact groups
of trees within the area of approx. 15 × 50 m. In each plot, ash trees were investigated in
a simple systematic manner: after the inspection of the first tree (located at the edge of a
plot), the next nearest tree was inspected, and so on. Each examined tree was assigned a
specific number and mapped. During the detailed investigations in the monitoring plots,
apart from examining crowns (for woodpecker activity and decline) the lower part of tree
stems was visually inspected for incidence of bark loosening and cracks and for the direct
signs of EAB infestation: exit holes, dead beetles, larval galleries, and larvae (Figure 2).
Simultaneously, the presence of galleries of ash bark beetles (genus Hylesinus Fabricius,
1801) and symptoms of ADB were recorded based on the disease symptoms listed above.
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The upper part of the stems and thick branches were inspected using binoculars. Numbers
of trees examined on each monitoring plot are shown in the Table 1.

Chi-squared tests for comparison of proportions were calculated, applying Yates correction.

Table 1. Infestations of the ash dieback disease fungus Hymenoscyphus fraxineus (ADB) and emerald
ash borer Agrilus planipennis (EAB) on Fraxinus pennsylvanica and F. excelsior trees in eastern Ukraine.
The plots are as shown in Figure 1.

Plot Fraxinus Trees Monitored, no. (%)

spp. All Year 2020 Year 2021

ADB EAB Of those, ADB
and EAB

Dead a Visually
Healthy

ADB EAB Of Those, ADB
and EAB

Dead a Visually
Healthy

Luhansk region (LH)
1LH F. pen.b 38 1 (3) 19 (50) 0 12 (32) 18 (47) 2 (5) 37 (97) 1 (3) 29 (76) 0
2LH F. pen. 25 0 16 (64) 0 7 (28) 9 (36) 1 (4) 22 (88) 0 14 (56) 2 (8)

3aLH F. pen. 25 0 21 (84) 0 9 (36) 4 (16) 0 25
(100) 0 17 (68) 0

All LH F. pen. 88 1 (1) 56 (64) 0 28 (32) 31 (35) 3 (3.5) 84 (95) 1 (1) 60 (68) 2 (2)
3bLH, all LH F. ex. c 16 4 (25) 3 (19) 2 (13) 2 (13) 11 (69) 6 (38) 7 (44) 3 (19) 7 (44) 6 (38)

χ2 test F. pen. vs. F. ex. d *** ** n.s. * **** **** ** n.s. ****

Kharkiv region (KH, northwest from LH)
4KH F. ex. 60 - - - - - 15 (25) 17 (28) 9 (15) 9 (15) 37 (62)
5KH F. ex. 55 - - - - - 18 (33) 12 (22) 6 (11) 9 (16) 31 (56)
6KH F. pen. 52 - - - - - 7 (13) 31 (60) 4 (8) 23 (44) 18 (35)
7KH F. pen. 45 - - - - - 3 (7) 24 (53) 2 (4) 19 (42) 20 (44)

All KH F. pen. 97 - - - - - 10 (10) 55 (57) 6 (6) 42 (43) 38 (39)
All KH F. ex. 115 - - - - - 33 (29) 29 (25) 15 (13) 18 (16) 68 (59)

χ2 test F.pen. vs. F.ex. ** **** n.s. **** **

Sumy region (SU, northwest from KH)
8SU F. ex. 50 - - - - - 32 (64) - - 31 (62) 18 (36)
9SU F. ex. 50 - - - - - 27 (54) - - 19 (38) 23 (46)

10SU, all SU F. pen. 25 - - - - - 8 (32) - - 5 (20) 17 (68)
All SU F. ex. 100 - - - - - 59 (59) - - 50 (50) 41 (41)

χ2 test F.pen. vs. F.ex. * ** *

All plots (LH + KH + SU)

All F. pen. 210 - - - - - 21 (10)
139
(66) 7 (3) 107 (51) 57 (27)

All F. ex. 231 - - - - - 98 (42) 36 (16) 18 (8) 75 (32) 115 (50)
χ2 test F.pen. vs. F.ex. **** **** * **** ****

Plots infested by the emerald ash borer (LH + KH)

LH + KH F. pen. 185 13 (7)
139
(75) 7 (4) 102 (55) 40 (22)

LH + KH F. ex. 131 39 (30) 36 (27) 18 (14) 25 (19) 74 (56)
χ2 test F.pen. vs. F.ex. **** **** ** **** ****

a All showing ADB and/or EAB infestations. b Fraxinus pennsylvanica (field shelterbelts). c Fraxinus excelsior (forest
interior). d Significance of χ2 tests: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s. not significant.

Table 2. Colonization by the ash bark beetles (Hylesinus spp.) on trees of Fraxinus excelsior and
F. pennsylvanica infected by the ash dieback disease (ADB) fungus Hymenoscyphus fraxineus. The plots
are as shown in Figure 1.

Plot Fraxinus spp. Trees with ADB Symptoms, No. (%)

All (100%)
Colonized by

Hylesinus spp. a

Dead (% of
Colonized by

Hylesinus spp.)

4KH F. excelsior 15 4 (27) 4 (100)
5KH F. excelsior 18 7 (39) 5 (71)
6KH F. pennsylvanica 7 3 (43) 1 (33)
7KH F. pennsylvanica 3 1 (33) 1 (100)
8SU F. excelsior 32 31 (97) 31 (100)
9SU F. excelsior 27 22 (81) 19 (86)

10SU F. pennsylvanica 8 5 (63) 5 (100)
All F. excelsior 92 64 (70) 59 (92)

F. pennsylvanica 18 9 (50) 7 (78)
χ2 test F. excelsior vs. F. pennsylvanica b n.s. *

a Galleries of H. fraxini and H. crenatus. b Significance of χ2 tests: * p < 0.05; n.s. not significant.
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Figure 2. The emerald ash borer, Agrilus planipennis on ash trees: (A) Exit holes, shown by white
arrows; (B) Old galleries on a dry-sided stem; (C) Larva.

3. Results

According to the results of surveys, in the Luhansk region with the longest EAB
invasion history, in 2019, approx. 10–30% of ash trees were infested by the beetle, and in
the years 2020–2021, this proportion had increased up to 60 to 90%. Typically, many of
those trees exhibited old EAB exit holes, bark cracks, and dry-sided stems (Figure 2A,B),
indicating that the initial invasion took place at the eastern Russian–Ukrainian border
several years previously, e.g., in the years 2016–2017 at the latest. Further northwest in
the Kharkiv region, no EAB attacks had been observed in 2019, but already in 2020 up
to 10–30% of trees were infested, and in 2021, this proportion increased up to 60 to 90%.
Neither of the surveys accomplished during the period of 2019–2021 revealed the presence
of EAB in the neighboring Sumy region (Figure 1).

Investigations in the monitoring plots of the Luhansk region (1, 2, 3a; LH) demon-
strated that 56% of F. pennsylvanica trees were infested by EAB in year 2020, and in 2021, the
proportion had increased to 68%. For F. excelsior (plot 3bLH), the corresponding numbers
were 19% and 44%. A similar trend was observed in 2021 in the plots of Kharkiv region (4,
5, 6, 7; KH), where EAB infested 57% F. pennsylvanica and 25% F. excelsior trees. Pooled data
from all plots where EAB was observed (LH + KH) showed that out of 185 F. pennsylvanica
trees, 139 (75%) were EAB-infested, while the corresponding proportion for F. excelsior was
36 out of 131 (31%). In this respect, all comparisons between the two tree species were
statistically significant (Table 1).

The situation with frequencies of infections by ADB was the reverse. Thus, in 2020
in the LH plots, ADB symptoms were observed on 1% of F. pennsylvanica and on 25% of
F. excelsior trees, and in 2021, the respective proportions increased up to 3.5% and 38%.
Consistently, in 2021 in the KH plots, ADB symptoms were observed on 10% and 29% of
F. pennsylvanica and F. excelsior trees, respectively, and in the Sumy plots (8, 9, 10; SU), on
32% and 59% of F. pennsylvanica and of F. excelsior trees, respectively. Pooled data from all
study plots (LH + KH + SU) had shown that out of 210 F. pennsylvanica trees, 21 (10%) were
ADB-infected, while the corresponding proportion for F. excelsior was 98 out of 231 (42%).
In this respect, all comparisons between the two tree species were statistically significant. In
the plots invaded by both EAB and ADB (LH + KH), 7 (4%) F. pennsylvanica and 18 (14%) F.
excelsior trees were affected by both the pest and disease, and the difference in proportions
was significant (Table 1).

The proportion of dead F. pennsylvanica trees in LH plots between the years 2020 and
2021 increased significantly from 32% to 68% (χ2 test; p < 0.00001), although the increase in
dead F. excelsior (13% to 44%) was statistically insignificant (p = 0.12). The differences in
proportions of dead trees between the two species were insignificant (p = 0.20 and p = 0.06;
Table 1). This was in contrast with the KH and SU plots, where significant differences in
interspecific mortality rates have been noted, but for different reasons: in KH, it was higher
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in F. pennsylvanica due to EAB, while in SU, in F. excelsior due to ADB. The mortality in
EAB-infested plots (LH + KH), as well as in the whole study area, was to a significant
extent higher in F. pennsylvanica due to prevailing infestations by EAB (Table 1).

In reverse, the proportions of visually healthy (no signs neither of EAB nor ADB)
F. pennsylvanica trees in LH plots between the years 2020 and 2021 decreased significantly,
from 35% to 2% (χ2 test; p < 0.00001), although the decrease in visually healthy F. excelsior
(69% to 38%) was statistically insignificant (p = 0.16). In each accomplished compari-
son, the proportion of visually healthy F. pennsylvanica was significantly lower than that
of F. excelsior, except in the SU plots, where the proportion was higher (68% vs. 41%) due to
the absence of EAB infestation (Table 1).

Galleries of ash bark beetles (Hylesinus spp.) were observed only on trees with ADB
symptoms and only in the KH and SU plots. In all, 64 out of 92 (70%) ADB-symptomatic
F. excelsior trees and 9 of 18 (50%) F. pennsylvanica trees were colonized by the beetles, yet
the difference in proportions was not significant (p = 0.11). Among the trees colonized by
Hylesinus spp., 59 (92%) of F. excelsior and 7 (78%) of F. pennsylvanica were dead. Of all
trees with ADB symptoms, this comprised 64% and 39% of F. excelsior and F. pennsylvanica,
respectively, and the difference in the proportions was (marginally) statistically significant
(p = 0.046; Table 2).

4. Discussion

Rapid geographic expansion of EAB and a steady increase in its killed trees (for
F. pennsylvanica, very significant) in 2020–2021 point out that the ecological conditions
are indeed suitable for the development of EAB populations in eastern Ukraine. This is
different from the situation observed in populations of the beetle approx. 1200 km north
in Saint Petersburg, where, following the invasion, further spread of EAB was slow and
locally restricted, likely due to climatic conditions characterized by cool and wet summers
and freezing winter temperatures [8]. Preceding studies have shown that the life cycle of
EAB in eastern Ukraine fells into two cohorts: (1) a “spring” cohort, comprised of larvae
hatching in May to June, which develop to prepupae, overwinter in pupal chambers, and
adult beetles emerge in May to June the next year (one-year generation); (2) a “summer”
cohort, comprised of larvae that hatch later in the summer and overwinter twice—first
winter as larvae and the second as prepupae; the ratio of the cohorts is about 1:1 [21]. For
comparison, in European Russia, the life cycle of the EAB lasts more than 1 year for most
individuals in Moscow [22] and at least 2 years in Saint Petersburg [8].

The current study demonstrated significantly higher susceptibility to EAB of F. penn-
sylvanica as compared to F. excelsior (Table 1). This is in agreement with the results of the
previous study in eastern Ukraine (the same study area), wherefrom it has been reported
that EAB inhabits mainly F. pennsylvanica, and in F. excelsior it occurs more occasionally,
preferring sprouts, trees in the stands with low relative stocking density, and trees at
the edges and along the perimeter of small forests or forest belts. Here, despite that the
density of EAB larvae in colonized branches did not differ significantly between the two
ash species (approx. 0.6 and 0.7 larvae/dm2, respectively), the numbers of viable EAB
larvae in branches collected from attacked F. pennsylvanica (91.4%) were significantly higher
than in F. excelsior (76.1%) [23]. Differently, a study from Saint Petersburg (1200 km north)
showed that the EAB exhibited a slightly more successful development in F. excelsior than
in F. pennsylvanica: larval densities, numbers of larval galleries, exit holes, viable larvae,
and emerged adult beetles were slightly higher in F. excelsior than in F. pennsylvanica; larval
densities were 0.1–0.5 larvae/dm2 for F. pennsylvanica and 0.3–0.8 for F. excelsior [8]. Yet, the
cited work was conducted in the city environment and consisted of small and fragmented
empirical data.

On the other hand, the current study demonstrated significantly higher susceptibility
to ADB of F. excelsior as compared to F. pennsylvanica (Table 1). This is the first report of
its kind and is supported not only by the data acquired in SU monitoring plots, where
invasion of EAB was still absent, but also from the whole study area, as in all comparisons
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the proportions of F. excelsior trees with ADB symptoms was significantly higher than
that of F. pennsylvanica. In monitoring plots located in EAB-invaded areas (LH + KH), the
proportion of trees affected by both ADB and EAB simultaneously was also higher for F.
excelsior, indicating that its trees diseased with ADB are to a certain extent also predisposed
to EAB infestation. In case of F. pennsylvanica, this demonstrates such vulnerability of
the species to EAB that the beetle infests and kills trees indiscriminately of their health
condition (e.g., despite presence/absence of ADB). Indeed, the previous study in the eastern
Ukraine has reported regular attacks of EAB on vigorous F. pennsylvanica trees and the
aggressiveness of the pest was emphasized [23].

The results of our work demonstrated a common occurrence of Hylesinus bark beetles
on ADB-diseased ash (slightly preferring native F. excelsior), and the prevailing majority of
the colonized trees were already dead. Similarly, the report from ADB-infected ash stands
in southeastern Germany had shown that breeding galleries of Hylesinus were only found
in ADB-diseased trees that have recently died, concluding that the beetle is not able to
colonize vigorous trees and is acting as a secondary opportunistic pest [24].

Finally, it must be noted that only a minority of F. excelsior trees in affected sites by
EAB and ADB (LH + KH) have died, while over a half remained visually healthy. Therefore,
those over 100 of F. excelsior trees that survived or were not susceptible to attacks by EAB
(Table 1) constitute a source of material for further monitoring and eventual propagation,
for which the current work represents a starting point. As it was emphasized previously [8],
inventory and mapping of surviving ash trees, focusing on European native F. excelsior,
affected by both ADB and EAB is necessary to acquire genetic resources for the work on
strategic, long-term restoration of devastated areas, thereby tackling a possible invasion of
EAB to the EU.

5. Conclusions

1. Invasion of EAB to Ukraine occurred 2–3 years previously to its first records in 2019,
and is currently expanding both in terms of newly infested trees and invaded geo-
graphic area.

2. Fraxinus excelsior (in interior of forest stands) is more resistant to EAB than F. pennsylvanica
(in field shelterbelts).

3. Fraxinus excelsior is more susceptible to ADB than F. pennsylvanica.
4. Infection by ADB is likely to predispose F. excelsior to infestation by EAB.
5. Ash trees infected by ADB are predisposed for the colonization by ash bark beetles

Hylesinus spp.
6. Inventory and mapping of surviving F. excelsior, affected by both ADB and EAB, is

necessary to acquire genetic resources for the work on strategic, long-term restoration
of devastated areas, thereby tackling a possible invasion of EAB to the EU.
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Abstract: Acute Oak Decline (AOD) is complex syndrome affecting Britain’s keystone native oak
species, (Quercus robur L. and Q. petraea L. (Matt.) Liebl.), in some cases causing mortality within
five years of symptom development. The most distinguishable symptom is weeping stem lesions,
from which four species of bacteria have been isolated: Brenneria goodwinii, Gibbsiella quercinecans,
Lonsdalea britannica and Rahnella victoriana. We do not yet know where else these bacteria exist, and
little is known about the relationship of the wider oak leaf microbiome (phyllosphere) to acute oak
decline. Here we investigate whether incidental evidence from a large oak genome re-sequencing
dataset could be used to detect these bacteria in oak foliage, and whether bacterial incidence co-
varied with AOD status or location. Oak leaves and buds were sampled from 421 trees at five sites
in England. Whole genomic DNA from these samples was shot-gun sequenced with short reads.
Non-oak reads were extracted from these data and queried to microbial databases. Reads uniquely
matching AOD-associated bacterial genomes were found to be present on trees from all five sites
and included trees with active lesions, trees with historic lesions and trees without AOD symptoms.
The abundance of the AOD-associated bacteria did not differ between tree health categories but did
differ among sites. We conclude that the AOD-associated bacteria may be members of the normal
oak microbiome, whose presence on a tree is not sufficient to cause AOD symptoms.

Keywords: Quercus; acute oak decline; phyllosphere; Brenneria goodwinii; Gibbsiella quercinecans;
Lonsdalea britannica; Rahnella victoriana

1. Introduction

The native oak trees, Quercus robur L. and Q. petraea (Matt.) Liebl. are the most
common native broadleaf species in Britain [1]. They have historical, cultural, and
economic importance and are ecological keystone species for other organisms [1–3]. A
recent study found 2300 macro-species of arthropods, fungi and lichens, mosses and
liverworts, birds and mammals associated with British native oaks, of which 326 were
obligate (found only on Q. robur/petraea) [4]. Oak in the UK is currently experiencing
damage or elevated mortality from oak processionary moth (Thaumetopoea processionea
L.), powdery mildew (Erysiphe alphitoides (Griffon & Maubl.) [5,6], and complex multi-
factorial decline disorders [7]. Decline disorders are complex interactions of multiple
factors such as long- and short-term adverse environmental conditions and the actions of
secondary pests and diseases [8]. With no clear universal key factors, Manion defined
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tree decline disorders as “an interaction of interchangeable, specifically ordered abiotic
and biotic factors to produce a gradual general deterioration, often ending in death of
trees” [9]. In the UK, two separate decline disorders have been described: Chronic Oak
Decline (COD) and Acute Oak Decline (AOD) [10]. Chronic Oak Decline is a slow decline
syndrome thought to be related to root health with root rot fungi as a key biotic factor [10].

Acute Oak Decline has been described as a distinctive decline condition that can
rapidly kill trees [7,11]. The key observable symptoms of AOD are cracks in the bark
plate and stem bleeds, together with signs of the presence of the beetle Agrilus biguttatus
Fabricius (larval galleries, and adult exit holes in the bark). It is a complex episodic decline
syndrome associated with several predisposing environmental factors causing stress to
the trees. Affected sites are more likely to be found in warmer areas of Britain and areas
of low rainfall [11,12]. Soil pH, and the rhizosphere microbiome, have been found to
differ between symptomatic and asymptomatic trees at some sites [13,14]. A study that
included Hatchlands Park and Sheen Wood (both of which are studied here, see below)
found that the bacterial composition of the rhizosphere differed between sites and tree
health conditions [13]. Observations at AOD affected sites show a fluctuating pattern of
visible symptoms, which may relate to weather patterns. In many affected trees, callus
tissue overgrows lesions and the trees enter remission, where external stem bleeds are no
longer visible. However, some trees die within 3 to 5 years of the first infection [11,12].

The biotic cause of the lesions characteristic of Acute Oak Decline is a subject of ongoing
investigation. A complex polyspecies microbiome has been found in necrotic lesion tis-
sue. Three bacterial species, Gibbsiella quercinecans, Brenneria goodwinii, and Rahnella victoriana,
have been consistently found, with Lonsdalea britannica sometimes present [15–23]. Compar-
isons of the genomes of these species with orthologous genes in canonical phytopathogens
and non-pathogenic symbionts suggest that B. goodwinii and L. britannica have the genomic
potential to cause tissue necrosis, with B. goodwinii the most likely to be the key causal necro-
genic phytopathogen in AOD [16]. The role of the apparently less pathogenic G. quercinecans
may be to release necrotizing enzymes that contribute to tissue necrosis or to help the more
pathogenic B. goodwinii to activate [16].

Below the bark, lesions are associated with the galleries of larvae of a wood-boring
beetle, the two-spotted buprestid Agrilus biguttatus, which may play a role in tree death
through girdling and disrupting vascular flow [24–26]. Co-inoculations of logs with
A. biguttatus eggs and Acute Oak Decline associated bacteria found that the necrogenic
bacterium B. goodwinii appears to be triggered by the presence of the larvae, with upregu-
lation of damaging genes increased 10-fold [27]. Whilst colonisation by Agrilus species
can occur without AOD symptoms, the lesion symptoms of AOD are not found outside
of the range of A. biguttatus, of which Britain is the northernmost limit [25].

A significant difference in microbial composition has been found in the cultivable
bacteria isolated from diseased stem tissue compared with healthy stem tissue. Diseased
tissue yielded a greater abundance of bacteria in general, and higher G. quercinecans
and B. goodwinii abundance in particular [28]. Microbial isolation and cultivation from
stem tissue from both healthy and symptomatic trees at Acute Oak Decline affected and
unaffected sites, with identification of bacteria using DNA amplicon sequencing, showed
that G. quercinecans and B. goodwinii were significantly associated with each other, but
were not found in AOD free sites and were low in abundance in the stems of healthy trees
at AOD sites. Rahnella species were identified at AOD sites, but R. victoriana was found
only in diseased trees and not at all sites [15], although it has previously been found
in both healthy and diseased trees [28]. Lonsdalea britannica was not widespread [15].
Gibbsiella quercinecans and B. goodwinii have recently been isolated from stem bleeds in Q.
robur in Spain [29], whilst Brenneria and Rahnella species have been isolated from AOD-
like stem bleeds in Q. castaneifolia, Q. brantii and Carpinus betulus in Iran [30] suggesting
that these genera may be involved in similar decline syndromes in other tree species in
different parts of the world.
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At present little is known about the wider occurrence of the four Acute Oak Decline-
associated bacteria outside of AOD lesions. Studies to date have focused on cultures from
oak stems [15,28,31]. However, little data is available about other parts of the oak phyllo-
sphere: The above-ground parts of the plant that can be colonised by micro-organisms.
Leaf surfaces form the largest component of the phyllosphere, providing a highly variable
environment where bacteria are estimated to be the most abundant colonisers [32–34]. In
deciduous plants like Q. robur and Q. petraea, leaves are a temporary habitat, available
for only part of the year. Laboratory experiments assessing the ability of B. goodwinii
and G. quercinecans to survive in water and soil showed that G. quercinecans, although
not culturable from soil, was detectable using qPCR up to 84 days after inoculation in
both rainwater and soil. Brenneria goodwinii was not able to survive in either environment
suggesting that it is an endophytic or epiphytic plant pathogen, whereas G. quercinecans
is more generalist and able to survive in environmental reservoirs [35]. Recent unpub-
lished research into potential transmission mechanisms of AOD found B. goodwinii and
G. quercinecans on samples of leaves of both healthy and symptomatic trees and at AOD
affected and unaffected sites (Emma Bonham, personal communication 20 June 2019). It is
therefore possible that these species are usually present on the leaves of the oak and other
forest trees. In contrast, Meaden et al. [31] found no evidence of B. goodwinii in healthy
trees in a woodland with no AOD symptoms.

Metagenomics can be applied to analyse microbiomes from high-throughput se-
quencing data. Originally proposed as a way of capturing the unculturable genomes and
chemistry of microbes in soil samples [36], metagenomics has increasingly been used
as a culture-independent method to characterise the microbial communities of a range
of environments [37–39]. A marker gene approach, such as that used in the analysis of
the oak rhizosphere at sites with Acute Oak Decline, is one method [13]. An alternative
approach analyses shotgun sequence data from whole sample DNA, either assembling
the raw reads into contigs for functional gene annotation and taxonomic profiling or,
by taking an assembly free approach, using raw reads for reference-based classification.
Metagenomic classification software exists to rapidly provide taxonomic identification
of raw reads using a database of microbial reference genomes. The recent publication of
whole genome assemblies of the four bacteria implicated in AOD [16] means that they can
be detected using Kraken2, an ultrafast classification tool designed to assign taxonomic
labels to sequences of DNA using exact alignments [40].

Here, we analyse a large short-read dataset based on high-throughput sequencing of
DNA extracted from oak leaves and buds from five sites, including Acute Oak Decline
symptomatic, asymptomatic and ‘in remission’ native oaks. This dataset was generated
for the study of oak genomic variation [41], but here we examine the incidental evidence it
may provide about the phyllosphere of the sequenced trees. We aim to discover whether
the four AOD-associated bacteria, previously identified in stem bleeds, could be identified
in these foliar data using metagenomic classification of reads that do not map to the oak
genome. We wish to understand whether read numbers suggest that these bacteria differ
in presence or abundance between affected and unaffected trees, or between geographical
locations. We also aim to identify the composition of the wider microbiome of the
oak phyllosphere and to ascertain whether there are differences between geographical
locations and between health status groups.

2. Materials and Methods

This study makes use of data initially collected for an investigation of oak tree genomes
in relation to Acute Oak Decline and a wider population study of oak trees at four sites
where research and monitoring of AOD was already taking place [41]. These sites are
Attingham Park in Shropshire, Langdale Wood in Herefordshire, Hatchlands Park in Surrey
and Sheen Wood in Richmond Park, Greater London. In addition, samples and limited data
were available from a set of trees at Chestnuts Wood in the Forest of Dean, Gloucestershire.
Samples from Chestnuts Wood were either healthy or showing signs of Chronic Oak Decline.
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Although AOD is present in parts of the Forest of Dean, none of the sampled trees from
Chestnuts Wood had AOD symptoms and these symptoms are not present within 50m of the
sampled area. Table 1 summarises the features of each site, and the sample sizes of trees in
each health category, based on annual Forest Research and Woodland Heritage monitoring
data. Some of the trees at Attingham Park were planted in the 1980s and therefore are less
likely to be affected by AOD which mainly affects mature trees [10].

Table 1. Summary of sites and numbers of trees in each health category at each site. n = 421. In addition, 15 technical
replicates were sequenced. These were used in the NMDS and PERMANOVA analysis but not in any subsequent analysis.

Health Groups Sampled at Each Site
(Asymptomatic 1, Remission 2, Acute

Oak Decline 3 or Chronic Oak Decline 4

Symptoms)-Number of Trees in Each
Health Category

Features
AOD First

Recorded [42]
A 1 R 2 AOD 3 COD 4 Total

Attingham Park
Small area of closely planted oak dominated
amenity woodland within parkland. Area of new
planting with trees approximately 30 years old

2007 58 12 15 0 85

Hatchlands Park Landscaped parkland with shelterbelts After 2001 37 26 19 0 82

Langdale Wood Managed open forest, not closely planted,
mowed grass below Before 2006 77 30 20 0 127

Sheen Wood
Oak dominated woodland in a Royal Park, trees
not closely planted. Location as a boundary belt
on the edge of the park in an urban area

1991 17 60 25 0 102

Chestnuts Wood

Area of plantation 50–60 years old in the Forest of
Dean. Close to natural woodland. COD present.
No AOD in the woodland sampled, but AOD is
present in the wider area

N/A 14 0 0 11 25

Total 203 128 79 11 421

Samples of small branches containing leaves and buds were collected by the Forest
Research Technical Services Unit and placed into plastic bags, which were delivered the
same day, or the day after, to RBG Kew. Sampling took place from 1 November 2017
to 14 November 2017. At RBG Kew, samples were placed in a cold room upon receipt.
A small amount of leaf and/or bud material from each sample was placed into a small
zip-lock bag with silica gel. Another portion of each sample was pressed in a plant press
and dried using blotting paper. Another portion was placed in a −80 ◦C freezer.

Health status, categorised as Acute Oak Decline or Chronic Oak Decline symptomatic, in
remission or asymptomatic, was recorded at the time of sampling. Trees were also allocated
an age category of semi-mature, mature, or over-mature based on a combination of a guide
diameter, physiological stages based on a model by Raimbault for early tree development [43],
and whether the tree is perceived to be in the first, second, or third stage of life.

The sampling for this study was not originally designed for a metagenomic study and
therefore did not follow all the best practice protocols for microbiome and metagenomic
studies as outlined by Knight, Vrbanac et al. [44]. Specifically, the samples were taken
from two tissue types and were dried using two different methods. Samples were not
collected and processed in the sterile conditions normally associated with studies of
microbiomes, but there was little opportunity for cross contamination from other samples
in the field as each sample was cut and bagged immediately. Detailed information was
not collected about the exact position in the canopy or the part of the leaf from which each
sample was taken, both of which are associated with variability in microbial community
abundance and composition [34,45]. However, since samples were collected by hand or
long-arm pruner the maximum height is likely to be 3m from the ground.
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Whole genomic DNA was extracted in most cases from leaf or bud tissues that had
been dried using silica gel, and in a few cases from bud material dried in a plant press.
Extractions were done using the Qiagen DNeasy Plant Mini Kit 250 (Qiagen, Germantown,
Maryland) following the standard protocol. Whole genomic DNA was sent to Novogene
(Hong Kong) for library preparation and whole-genome shotgun sequencing. A total
of 436 DNA samples with full phenotypic information were successfully sequenced,
including 15 technical replicates from separate DNA extractions. Of these 330 were from
leaf tissue dried on silica gel, 21 from bud tissue dried on silica gel, and 78 from bud
tissues dried in plant presses. Additionally, four samples were extracted from both bud
and leaf tissues dried in silica gel and 3 samples were a combination of press dried bud
and silica gel dried leaf. Of the successfully sequenced individual trees, 351 were Q. robur,
10 were Q. petraea and 16 were hybrids, according to genome-based analyses. A further
45 trees not included in Nocchi et al. 2021 [41] were identified by morphology, 43 as Q.
robur, and one as Q. petraea, making a total of 394 Q. robur, 11 Q. petraea, and 16 hybrids.

Sequencing libraries were prepared with NEBNext DNA Library Prep Kit (New
England Biolabs Inc., Ipswich, Massachusetts, USA). Whole genome short read sequencing
data was generated with the Illumina Novaseq 6000 platform (Illumina Inc., San Diego,
CA, USA) with read lengths of 2 × 150 base pairs (bp) to produce 16.5 Gbp of data per
sample. All subsequent analysis utilised Queen Mary University of London’s Apocrita
HPC facility, supported by QMUL Research-IT [46]. The whole genome sequencing (WGS)
data was cleaned and aligned to the reference Q. robur genome V2.3 [47] using the bwa
mem algorithm from bwa version 0.7.15 with the -M option [48]. Reads that did not
align to the reference genome were extracted from the bwa output with samtools v1.9
using the fastq function with flag (−f) 12 [49] and written to separate files. To remove
potential human tissue contamination, these non-oak reads were aligned to the human
genome build37 using bowtie2 v2.3.4 with the default parameters [50]. The non-human
reads were separated and returned as paired read files using samtools v1.9 and bedtools
v2.28 with default parameters. Raw reads for each sample are available in the European
Nucleotide Archive, accession PRJEB30573.

The non-oak, non-human reads from each sample were taxonomically classified with
the bioinformatics software Kraken2, as follows. A custom library was created from all
available fungal (1562 genomes), bacterial (56,460 genomes), viral (13,466 genomes), proto-
zoal (11,151 genomes), and archaeal (614 genomes) genomes along with the UniVec_Core
library of common contaminants downloaded from the NCBI refseq database [51] on
9/5/21. Three of the four Acute Oak Decline-associated genomes were present in the
library and a Rahnella victoriana genome was downloaded separately and added to the
library. The library contained a total of 5 Brenneria species (B. goodwinii, B. nigrifluens,
B. rubrifaciens, B. sp. IR50 and B. sp. EniD312), 2 Lonsdalea species (L. britannica and L. populi),
and 5 Rahnella species (R. britannica, R. aquatilis, R. aceris, R. sp. Y9602, and R. sp.
ERMR1:05). The only Gibbsiella species in the library was G. quercinecans. From this
library, kraken2 created substrings (or k-mers), each 31 bases in length.

This custom Kraken database was used to identify the biotic sources of the reads that had
not aligned to the Q. robur or H. sapiens genomes. Kraken2 queried all the possible 31-mers in
our paired reads against the 31-mers in the custom database and matched them to the lowest
common ancestor (i.e., the highest taxonomic level within which all lower levels contained
that 31-mer). Only exact matches for full 31-mers were classified. Each matched read was then
allocated an appropriate taxonomic classification using the set of taxa matched to the 31-mers,
and a report produced, showing the number and percentage of reads classified at each clade
and taxon level for each sample. Kraken-biom 1.0.1 (https://pypi.org/project/kraken-biom/
accessed on 13 December 2019) was used to create BIOM files [52] for downstream analysis.
One BIOM file included classification of reads to all possible taxonomic levels for each sample.
A second BIOM file classified reads only to phylum level. Statistical analysis was carried out
using R version 3.5.3, in RStudio [53,54]. Package citations for packages not included in the
main text is available in Supplementary Materials.
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To compare the whole microbiomes among sampled trees, read counts for each clas-
sified taxon at all taxonomic levels were normalised by dividing by the total number of
all classified non-oak reads per sample. We ran a Non-metric Multidimensional Scaling
analysis (NMDS) on these data using the vegan package in R [55] to identify any potential
patterns in variation across the whole microbiome in issue type, drying method, tree species,
sampling site, or tree health status as well as examining the technical replicates. We further
analysed the data using Permutational Multivariate Analysis of Variance (PERMANOVA)
implemented in the vegan adonis and adonis2 functions using Bray-Curtis dissimilarity and
999 permutations. The analysis in adonis analyses the variables sequentially, passing on the
unexplained variability to the next variable. The order of the variables was decided by first
using the adonis2 function with the by = ”margin” option, which reports the variance not
explained by the other variables, as described in Hill et al. [56]. The vegan betadisper func-
tion was also used for Permutational Analysis of Multivariate Dispersions (PERMADISP) to
test whether data dispersion was uniform for each variable.

The software Bracken (Bayesian Reestimation of Abundance after Classification with
Kraken) [57] can be used with Kraken classifications to estimate abundance at species level
by re-classifying higher level taxonomic reads at species level. A Bracken analysis was
run on the Kraken allocations. No additional reads were allocated to the AOD-associated
bacterial classifications, so this approach was not pursued further.

Each DNA sample was scored as having presence or absence of the Acute Oak
Decline-associated bacterial according to the Kraken results using two thresholds: (1)
presence of one or more reads assigned to an AOD-associated bacterium; (2) presence
of ten or more reads assigned to an AOD-associated bacterium. These allocations of
the DNA samples are referred to hereafter as the one-read and the ten-read scorings
respectively. The value of ten, the default cut-off for Bracken re-estimation, is somewhat
arbitrary. It eliminates two thirds of the samples, hence the analysis was carried out on
both scorings. The percentage of trees with AOD-associated bacteria scored as present at
each site and in each health group (AOD Symptomatic, COD Symptomatic, Remission,
Asymptomatic) was calculated for each scoring. Chi-squared tests were carried out to
assess whether the differences in the percentage of trees with each AOD bacteria present
was significant between sites or health categories.

In addition to these analyses of presence/absence we analysed the abundance of
each Acute Oak Decline-associated taxon (where present) as follows. A relative abun-
dance score (aij) was obtained from the counts of each AOD-associated taxon (xij) ex-
pressed as a proportion of the total number of bacterial reads in sample (ti,). A log(log)
transformation was applied after inspection of the residuals in a preliminary analysis:
aij = log(log(xij/ti,) + 20). For the one-read data set, 305 of the original 421 trees were
included in this analysis once Chestnuts Wood and trees with none of the AOD-associated
bacteria were removed. For the ten-read data set, 97 trees were included in the analysis.
To investigate whether the relative abundance score varied as a function of multiple
factors, we ran mixed effects models using the lme function from the nlme package in
R [58]. In all models, the random effect was the sample identifier allowing for sample
specific effects on the counts of up to 4 taxa for each sample. The response variable
was the proportioned and log(log) transformed count of reads classified by Kraken as G.
quercinecans, B. goodwinii, L. britannica, or R. victoriana. Fixed effects were bacterial species,
site (population) and health status. Trees were categorised as asymptomatic, in remission,
or AOD symptomatic—according to the surveyed health status in 2017, which was the
year in which the leaves were collected. Previous work has shown an association between
tree size as an approximation of age, being a predictor of bacterial community compo-
sition [31]. Diameter at breast height (DBH) could be used as a continuous variable to
approximate age, but it was not available for all samples. Instead, age was included in the
models as a categorical variable with three levels (semi-mature, mature, or over-mature).
An initial additive model was run as follows:
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Random effects: individual

Abundance_score ~ (fixed effects): drying_method + tissue + bacterial_species + age + health + site

The initial model was run three times. First with the health status as three separate
categories, secondly with health status as two categories-remission trees were included
with symptomatic trees, thirdly with remission trees included with asymptomatic trees.
There was little difference in outcome, so health was included as a three-category variable
for the final model. (See Supplementary Materials for results).

Health status, having been found to be not significant, was removed for a final model.
Tissue type and drying method were significant, but closely correlated, therefore tissue
type was included in the final model. The final model for the one-read scoring included
tissue, age, bacterial species, site, and the interaction between bacterial species and site,
as follows:

Random effects: individual

Abundance_score ~ (fixed effects): tissue + bacterial_species + age + health*site

The interaction between species and site was included to investigate whether the
combination of a particular bacterial species and a site had an effect on the proportion
of reads classified as Acute Oak Decline-associated bacteria. Both of these independent
variables had been found to be significant in earlier models.

The missing values for some of the bacteria in the smaller ten-read scoring meant that
it was not possible to include the interaction between bacterial species and site, therefore
an additive model was run, as follows:

Random effects: individual

Abundance_score ~ (fixed effects): tissue + bacterial_species + age + health + site

In order to further confirm the classifications made by Kraken of some reads to the
four Acute Oak Decline-associated bacteria on the basis of 31-mers, we took the full-length
reads and queried them against a custom BLAST database of the four AOD-associated
genomes using magic-BLAST [59]. We calculated the percentage of these reads, classified
by Kraken as being from AOD-related bacteria, that had a 95% or greater alignment with
the genome of the species that Kraken had classified them to.

3. Results

Within each of the short-read sequence datasets for each oak tree, a mean of 96.44%
(standard deviation = 4.4) of reads mapped to the Q. robur genome. A further 0.22%
(standard deviation = 1.13) of reads mapped to the human genome. This left a mean of
3.33% (standard deviation = 3.97) of non-oak, non-human reads. Of these reads, the mean
percentage of reads classified by Kraken was 6.05% (range = 0.49% to 51.14%, sd = 5.25):
thus between 2724 and 6,626,088 reads were classified per sample. Of these, across all
samples, 44.55% were classified as Proteobacteria, 33.9% as Actinobacteria, 12.13% as
Bacteroidetes, 6.2% as Ascomycota, and 1.28% as Firmicutes. The relative abundance
of reads classified as fungi differed among sites (Figure 1). Notably, ascomycetes were
unusually common in the samples from Hatchlands Park and amongst the bacteria,
proteobacteria was unusually common at Chestnuts Wood. Basidiomycota only accounted
for 1% of the classified reads across all reads. These were in greater abundance at
Hatchlands Park (2.4%) where the predominant environment is wood pasture. There was
a relatively low percentage (0.1%) of the reads classified as Basidiomycota at Chestnuts
Wood, which is a more closely planted woodland with COD, often associated with the
Basidiomycota genus Armillaria causing problems with the tree roots. These seems not to
have translated into the presence of Basidiomycota on the leaves.
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Figure 1. The relative abundance of microbial phyla detected by Kraken classification software at each site. Fungi (F) are at
the bottom of the bars and bacterial phyla (B) at the top. Archaea and other eukaryotic microbes comprise less than 0.05% of
the total classified. The most abundant phylum is the proteobacteria to which the AOD-associated bacteria belong.

The bacterial phyla with the highest percentages of the total reads classified were
Proteobacteria (44.55%), Actinobacteria (33.9%), Bacteroidetes (12.13%), and Firmicutes
(1.28%). The fungal phylum Ascomycota accounted for 6.2% of classified reads and the
fungal Basidiomycota just 1.02%. The AOD-associated all belong to the Proteobacteria phy-
lum.

A Non-metric Multidimensional Scaling Analysis based on all samples (including
technical replicates) and all classified microbiome read counts across all taxonomic levels
is shown in Figure 2. Each panel of this figure shows NMDS1 and NMDS2 for the
same analysis, but with different labels. In Figure 2A, the different species of oak are
labelled; showing little clustering due to oak species, whether identified morphologically
or genetically. In Figure 2B, the sample drying method and tissue source are labelled.
Samples dried in the plant press and those dried in silica gel fall separately, the pattern
being very similar to that of the tissue source and these appear to be confounded. Most
bud samples were dried in the press and most leaf samples in silica gel. In Figure 2C, the
health status of the trees is labelled. From the plot, there appears to be little clustering of
trees with different health statuses. In Figure 2D, the sample sites are labelled, where there
appears to be a minimal amount of clustering by site. Chronic Oak Decline is confounded
with site as it was only found in Chestnuts Wood. Figure 2E shows the same NMDS with
just the pairs of technical replicates visible. Most technical replicates appeared close to
each other, although some differences are to be expected.
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Figure 2. Non-metric Multidimensional Scaling plot based on all samples (including technical replicates) and all classified
microbiome read counts across all taxonomic levels. Each panel shows NMDS1 and NMDS2 for the same NMDS, but with
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different labels. (A) oak tree species; showing little clustering. (Species are categorised as Hybrid, Q. robur or Q. petraea
(according to genome-based analysis, or morphologically categorised as Q. robur or Q. petraea). (B) the sample drying
method and tissue source. Samples dried in the plant press and those dried on silica gel fall on different sides of the plot and
are very similar to tissue source. Most bud samples were dried in the press and leaf samples in silica gel. The differences in
microbial classification may be due to differences between the bud and open leaf, or be from differences in drying method.
(C) Health Status: There is minimal visibly discernible clustering of trees by health status, especially amongst the trees from
the AOD sites. (D) Sample site: There is a small visible clustering by site. COD health status is confounded with site as COD
was only found in Chestnuts Wood. (E) Showing only the technical replicates, which mostly appear close to their partner.

Table 2 shows the PERMANOVA results indicating significant differences in the
microbiome between the microbiomes according to tissue source, site, and health status.
However, the difference between sites may not be a reliable result, as the PERMADISP
analysis found that dispersion was uniform for all the tested variables, except site possibly
because of the difference in sample sizes between the sites. The health status differences
in microbial composition are not clear in the NMDS visualisation with the ellipse for the
COD symptomatic trees being set slightly apart from the other categories.

Table 2. Results of the statistical tests on Bray-Curtis dissimilarity matrices of all of the Kraken2
classified microbial taxa visualised in the NMDS.

Permanova Permdisp
Adonis 2 Adonis

Variable DF Marginal R2 p-Value R2 p-Value p
Tissue 2 0.018 0.001 0.084 0.001 0.172
Site 4 0.1 <0.001 0.118 0.001 <0.001
Health
Status 3 0.01 0.011 0.01 0.009 0.31

Tree
Species 4 0.007 0.52 0.007 0.506 0.052

Drying
Method 2 0.002 0.84 0.002 0.84 0.37

Note: Statistically significant results (p < 0.05) are highlighted in bold.

Low numbers of reads classified by Kraken as Brenneria goodwinii, Gibbsiella quercinecans,
Lonsdalea britannica, and Rahnella victoriana were found from both leaf and bud samples at
all sites and across all health categories. Total reads for all four taxa per tree (including
technical replicates) ranged from 0 to 1,607,824 with a mean of 3955 and a median of
3 classified reads. There were two very high outliers, and apart from these the highest
count was 7961. Only 35 samples in total had 100 reads or more.

In the one-read scoring, B. goodwinii was detected in 42 trees (10%), G. quercinecans in
132 (31%), L. britannica in 195 (46%), and R. victoriana in 237 (56%). In the more stringent
ten-read scoring B. goodwinii was detected in just 5 trees (1%), G. quercinecans in 12 (3%),
L. britannica in 48 (11%), and R. victoriana in 66 (16%).

Figure 3 shows the proportion of trees at each site where each species of bacteria
was detected in each scoring. It is notable that reads from all four Acute Oak Decline-
associated bacteria were found at Chestnuts Wood where Acute Oak Decline is not
present, but Chronic Oak Decline is. The lowest incidence of the four bacteria was at
Hatchlands, where AOD is present. Figure 4 shows the proportion of samples in the four
sites (grouped together) where AOD is present. The bars show the proportion of trees
in the different health statuses where AOD-bacterial reads were found in their samples.
This shows no noticeable difference between symptomatic, asymptomatic, and remission
trees.
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Figure 3. Percentage of samples with AOD-associated bacteria present at each of the sites. A = Attingham Park, C = Chest-
nuts Wood, H = Hatchlands Park, L = Langdale Wood, S = Sheen Wood. (A) shows the percentage of trees where 1 or more
reads were classified by Kraken2. (B) shows the percentage where at least 10 reads were classified. Hatchlands Park has
very few trees in which more than 10 reads were classified as AOD-associated bacterial genomes. Reads that matched AOD
genomes were found at all sites, including Chestnuts Wood which did not have any AOD symptomatic trees.

Figure 4. Percentage of samples with Acute Oak Decline-associated bacteria present in each health group across all sites with
AOD-symptomatic trees. (A) shows the percentage of trees where 1 or more reads were classified by Kraken2. (B) shows
the percentage where at least 10 reads were classified. Reads that matched AOD genomes were found on Asymptomatic,
AOD symptomatic trees and trees in remission. Brenneria goodwinii, the putative necrotic agent in AOD stem lesions was
detected on the leaves of very few trees in any health group.
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We carried out chi-squared tests on the differences in the proportion of trees in
which each bacterial species was detected across the four sites with Acute Oak Decline.
These found significant differences across sites for all of the bacteria except B. goodwinii,
which was detected on the lowest number of trees. Hatchlands Park had few trees with
more than 10 reads classified as each AOD bacteria. Removing Hatchlands reduced the
differences between sites, but this still remained significant (Table 3).

Table 3. Pearson’s chi-squared test of differences between the proportion of trees showing presence of each bacteria across the
four sites with Acute Oak Decline symptomatic trees. Presence is considered to be one or more classified reads or 10 or more
classified reads. There are significant differences across all bacterial species except B. goodwinii, which was detected on a low
number of trees. Hatchlands Park had few trees with more than 10 reads classified as each AOD bacteria. Removing Hatchlands
reduced the differences between sites, but results still remained significant. Chestnuts Wood was not included in this analysis.

Presence = One-Read Scoring Presence = 10-Read Scoring

Pearson’s chi-squared test
with Hatchlands (df = 3)

Pearson’s chi-squared
test with Hatchlands
removed (df = 2)

Pearson’s chi-squared test
with Hatchlands (df = 3)

Pearson’s chi-squared
test with Hatchlands
removed (df =2 )

X2 p-Value X2 p-Value X2 p-Value X2 p-Value

G. quercinecans 57.448 <0.001 42.359 <0.001 18.818 <0.001 12.673 0.002
B. goodwinii 5.400 0.145 1.049 0.591 2.024 0.568 0.558 0.757
L. britannica 7.619 0.054 3.745 0.154 31.762 <0.001 17.456 <0.001
R. victoriana 42.861 <0.001 32.608 <0.001 44.24 <0.001 24.952 <0.001

Note: Statistically significant results (p < 0.05) are highlighted in bold.

The abundance of the Acute Oak Decline-associated bacteria, measured by the number
of reads assigned to the taxon by Kraken, was analysed for any patterns in abundance related
to health status, geographical site, tissue, and drying method. In an initial additive mixed
effect models on the samples from the four AOD sites we found no significant differences be-
tween symptomatic, remission and healthy trees in the proportion of genomic sequences clas-
sified as AOD-associated bacteria. This was the case when samples were categorised in three
groups (symptomatic, remission, and healthy), or when trees in remission were included
with healthy trees, and when trees in remission were included with AOD symptomatic
trees (see Supplementary Materials Table S1). However, we did find a significant effect by
including site in the models of the one-read scoring (p = 0.024), but not the lower powered
comparison for the ten-read scoring (p = 0.967) (see Supplementary Materials Table S1).

In a second mixed-effects model, health status was not included, and we included
interactions between bacterial species and site. We found a highly significant interaction
between bacterial species abundance and site in the one-read scoring (Table 4). Site and
age category were both significant even if semi-mature (too young to be affected by Acute
Oak Decline) trees were removed from the dataset. Site and age also remained significant
if the site Attingham, which has a large number of young trees, was removed from the
dataset. In the ten-read scoring, tree age had a significant effect on the read counts but
not site. In all analyses tissue type was a significant factor.

Figure 5 shows the abundance score for each bacterial species by health status and
by population in both the one- and ten-read scorings. Figure 5A,C show the abundance
scores for each species in each health category. There are scores for all of the bacteria in
all health categories in the one-read scoring, and also in the ten-read scoring, with the
exception of B. goodwinii which had no samples with 10 or more reads in the Acute Oak
Decline symptomatic category. Figure 5B,D show the scorings by site, where differences
in abundance can be seen. The ten-read scoring has no scores for B. goodwinii or G.
quercinecans at Hatchlands Park. L. britannica and R. victoriana have greater abundance
scores in the more stringent ten-read scoring than B. goodwinii or G.quercinecans. In the
BLAST searches of the reads identified by Kraken2 as being from AOD-related bacteria,
57% of B. goodwinii classified reads, 60% of G. quercinecans, 57% of L. britannica, and 61% of
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R. victoriana matched their respective genomes with 95% or more of the full read aligning
to the genome.

Table 4. (A) ANOVA results of mixed effect model of abundance scores for Acute Oak Decline-
associated bacteria using one- (A) and ten-read scoring (B). Random effect was the sample number,
fixed effects were tissue (leaf or bud), age category (semi-mature, mature, over-mature), bacterial
species, and site. Model (A) included an interaction between bacterial species and site, which
was lacking in (B) due to different numbers of samples in each category. In addition to the
significant effect of site on the abundance of reads classified in the (A) (1 or more reads classified),
an interaction was found between the abundance of the different bacterial species and the site. Site
was not significant in (B) after accounting for the other effects.

Fixed Effect
Numerator

DF
Denominator

DF
F-

Value
p-Value

(A) One-read
scoring(n = 305)

Tissue 2 297 28.46 <0.001
Age 2 297 16.95 <0.001
Bacterial Species 3 250 25.58 <0.001
Site 3 297 2.98 0.0316
Bacterial Species: Site 9 250 7.34 <0.001

(B) Ten-read
scoring(n = 97)

Tissue 2 89 10.274 <0.001
Age 2 89 0.107 0.899
Bacterial Species 3 19 3.870 0.0257
Site 3 89 0.835 0.478

Note: Statistically significant effects (p < 0.05) are highlighted in bold.

Figure 5. The abundance score for each bacterial species by health status and by population in both the one- and ten-read
scorings. (A,C) show the abundance scores for each species in each health category. There are scores for all of the bacteria in all
health categories in the one-read scoring, and also in the ten-read scoring, with the exception of B. goodwinii which had no samples
with 10 or more reads in the Acute Oak Decline symptomatic category. (B,D) show the scorings by site, where differences in
abundance can be seen. The ten-read scoring has no scores for B. goodwinii or G. quercinecans at Hatchlands Park. L. britannica and
R. victoriana have greater abundance scores in the more stringent ten-read scoring than B. goodwinii or G.quercinecans.
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4. Discussion

In this study we were able to use incidental read data and the metagenomic classifier
Kraken2, to characterise the foliar microbiome, find evidence for the presence of Acute Oak
Decline-associated bacteria across five geographical sites, and all AOD health categories.

In total, Kraken2 classified reads were assigned to 56 phyla. The bacterial phyla
Proteobacteria and Actinobacteria accounted for over 78% of the read classifications and
Bacteroidetes a further 12%. Previous 16s RNA taxonomic studies of Q. robur metagenomes
from the trunk and the rhizosphere (root microbiome) have found that Acidobacteria were
highly abundant [31,60]. The present study found that Acidobacteria made up only 0.07%
of the total reads classified, but this is unsurprising as Acidobacteria are abundant in soil
and less likely to be dispersed in the phyllosphere. A similar pattern was found in a study
of bacterial communities in Ginkgo biloba which found that Acidobacteria were abundant in
trunk tissue, but not in leaf tissue, with Bacteroidetes also one of the four most abundant
taxon across the different tissues [61]. Therefore, our findings seem to be in line with
previous bacterial microbiome studies. Fungi made up only a small percentage of the
classified reads compared with bacteria. The two major fungal phyla, Ascomycota and
Basidiomycota are both represented in our classifications, with Ascomycota being the most
abundant phylum. This is a similar finding to an ITS1 amplicon sequencing study of
several leaf samples from a single Q. robur, which found that 50% of the operational
taxonomic units (OTU)s were Ascomycota and 11% Basidiomycota [62]. Visualisations of
Non-metric multidimensional analysis of the full microbial classifications at all taxo-
nomic levels did not show any obvious clustering by health status or site. However, the
PERMANOVA statistical analysis did identify a significant difference in the microbial
composition between the different health statuses, which may be of interest for further
study. A significant difference was also found between sites, but this may not be a secure
finding as the PERMDISP analysis identified a non-uniform distribution amongst sites
(Table 2).

The bacteria associated with Acute Oak Decline had previously been identified from
isolations taken from lesions in the stem tissue of affected trees [17,19–21,23]. Higher
abundances of these bacteria have been found in lesion tissue than unaffected stem tissue
from symptomatic trees and stem tissue from healthy trees [28]. We found evidence of
their genome sequences in the leaf and leaf-bud tissues, in low and variable abundances,
suggesting that these bacteria are in fact ubiquitous. These results imply that the presence
of the bacteria on an individual is not a sufficient cause for Acute Oak Decline symptoms
to appear. It is of particular interest that in our more stringent ten-read scoring, there was
no evidence for the necrogenic species B.goodwinii in symptomatic trees. It may therefore
be the case that the proliferation of these bacteria at AOD lesion sites is triggered by
abiotic factors and/or boring by the beetle A. biguttatus, as has been suggested by Doo-
nan et al. [27]. Factors such as low rainfall or poor soil conditions may cause stress in the
oak tree, allowing A.biguttatus, which usually lives on dying trees, greater opportunities
to colonise oaks. However, the nature of the interactions between the bacteria and the
beetle larvae are yet to be fully understood. Current work by the BAC-STOP project is
investigating whether secondary metabolites in the beetle larvae trigger virulence gene
expression in B. goodwinii (https://bacterialplantdiseases.uk/bac-stop/, accessed on 24
November 2021).

The detection of these bacterial sequence data in DNA extracted from leaves does
not distinguish between bacteria living as endophytes, epiphytes or present due to rain
or insect dispersal. Pettifor et al. [35] found that rainwater, and to a lesser extent, soil,
could act as a reservoir for G. quercinecans but not for B. goodwinii. This evidence indirectly
suggests that B. goodwinii is an endosymbiont, but G. quercinecans may have a different
niche [35]. We found R. victoriana and L. britannica to be more widespread than either
G. quercinecans or B. goodwinii, which could suggest a wider dispersal in the environment
for these two species.
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Our analysis of the abundance of Acute Oak Decline-associated bacteria showed dif-
ferences between the geographical sites. This is in line with a study of the oak rhizosphere,
which found differences in the bacterial composition of the root microbiome between
sites [13]. It is also in line with phyllosphere studies on other tree species, reviewed
by Rastogi et al. [63] in which geographical location has been shown to be a driver of
bacterial community composition. To our knowledge, this has not previously been shown
in the oak phyllosphere.

One site, Hatchlands Park, had a lower proportion of trees where the bacteria were
present than the other sites. The ecology of the selected trees at Hatchlands Park is
different from the other sites in that they are spaced further apart in wood pasture and
hedgerow settings rather than in closer planted woodland. The samples were also taken
from a wider geographical area in the site. This may have led to greater differences in
soil condition or exposure to rainwater, sunlight, and insect activity. Differences in the
microbiome and the abundance of Acute Oak Decline-associated bacteria are likely to
be partly due to environmental and climactic factors, but there may also be an effect
of genetics if the trees were naturally grown or planted from the same seed source at
each plantation site. Genotype has been shown to have an effect on the microbiome in
poplar, particularly of fungal foliar communities [64,65], and may have an impact on
the geographical differences in the full microbiome. AOD symptomatic trees at some
of these sites have previously been found in physical clusters [42], which could suggest
a mechanism passing the bacteria between the trees. However, the presence of AOD-
associated bacteria across many trees in the woodland or parkland could suggest that
these clusters may be related more to the action of adult A. biguttatus, or to soil or other
abiotic conditions in specific parts of the site.

The number of reads classified at species level for the Acute Oak Decline-associated
bacteria of interest were low. The developers of Kraken tested the original Kraken1
program against a simulated Hi-seq metagenome and found that precision at genus level,
defined as the proportion of correctly classified reads from all the classification attempts,
was 99.2% [66]. Although this precision is high, and Kraken and Kraken2 have been
found by other authors to be precise and accurate and in line with other metagenomic
pipelines [67,68], the low numbers of total AOD-associated bacterial reads classified may
put our results within the potential margin of error for false positives. The trends we
detected in the species level comparisons should therefore be verified, for example using
qPCR studies on the oak phyllosphere. Our classifications at the phylum level analysis
are more robust due to the greater likelihood of a correct classification at this level [68]
and the higher numbers of reads we classified in each phylum.

What is not clear from this study is whether the AOD-associated bacteria are part
of the leaf microbiome only at sites where Acute Oak Decline is present. The bacteria
were found in Chestnuts Wood, which is not currently showing any AOD symptoms,
although AOD is present in other parts of the Forest of Dean. A microbiome study by
Meaden et al. [31] of the Q. robur trunk microbiome in 64 trees at Wytham Woods, which
has no cases of AOD, found no 16S RNA signals for Brenneria goodwinii, but did not look
for the other AOD-associated bacteria. It is therefore possible that presence of the AOD-
associated bacteria indicates a symptomatic site, rather than symptomatic individuals,
and that these bacteria are not a normal part of the oak microbiome outside of these
sites. A useful further study would be to collect leaf samples from trees in woodlands
with no AOD present and use the recently developed real-time PCR assay to look for
AOD-associated bacteria at these sites [69]. In addition, a metagenomic study of oak
trees and other species from a variety of sites could shed further light on the range and
habitats of these bacteria. The presence of bacteria on the leaves in non-AOD woodlands
would confirm that these bacteria are indeed to be part of the normal oak microbiome. An
absence could indicate that AOD is a site-wide infection in which trees with predisposing
factors become symptomatic. A systematic survey across the Q. robur and Q. petraea

161



Forests 2021, 12, 1683

species range in Britain or Europe, including outside of the range of A. biguttatus, could
shed greater light on whether these species are symbionts of the oak tree.

5. Conclusions

In this study, we were able to identify the most abundant fungal and bacterial phyla
in the oak phyllosphere, and detect signatures of Acute Oak Decline-associated bacterial
genomes over a much larger number of samples than are typically used for metagenomic
studies. This was achieved using incidental read data from a whole-genome-sequencing
population genomics project on oak trees in England. We found sequence-read evidence
for the presence of AOD-associated bacteria on leaf and bud material in four Acute Oak
Decline affected sites and additionally at a site where AOD symptoms are not present
in the immediate vicinity. We found evidence that the AOD-associated bacteria were
present on trees in all health categories. There were no significant differences in either the
proportion of trees with AOD-associated bacteria present, or in the abundance of any of
the four AOD-associated bacteria between the symptomatic, remission, and healthy trees.
There were significant differences between geographical sites in both the proportion of
trees with the bacteria present and the abundance of bacteria, although the abundance
trend could not be demonstrated in the lower powered analysis of the more stringent
ten-read scoring. Interestingly, Brenneria goodwinii, the bacterial species believed to have a
necrogenic affect in AOD lesions was not detected on the leaves of symptomatic trees in
the more stringent ten-read scoring, but was found on healthy trees and those in remission
suggesting that its presence on the tree is not sufficient for infection to occur.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999
-4907/12/12/1683/s1, Table S1: ANOVA results of additive mixed effect models of abundance
scores for AOD-associated bacteria with samples in three health categories. Table S2: List of R
packages. [70–88].
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Abstract: In addition to the classic biotic and abiotic factors that have disrupted the health of
forests throughout history, lately, the balance of forest ecosystems has been disturbed by different
phenomena such as climate change, pollution, and, especially, biological invasions of invasive alien
species. One of the alien species that has invaded Europe relatively quickly is an insect species of
North American origin, the oak lace bug (Corythucha arcuata Say, 1832 Heteroptera: Tingidae). In
the context of the rapid spread of infestations and the severity of attacks on oak trees in infested
forests, this paper aims to assess measures to manage this species in the future. Namely, the effect
of aerial chemical treatments on oak lace bug has been investigated with two influencing factors:
the mode of insecticide action (contact and systemic) and the treatment volume (low volume and
ultra-low volume). The experiment was conducted in two forests over a total area of 350 hectares.
The results show that the reduction of the nymph population varied from 91% to 96%. However,
the residual population was sufficient to allow differentiated re-infestations over time, more quickly
after contact insecticide sprays (22 days after treatment) and slowly after systemic insecticide sprays
(more than a month after treatment). This re-infestation time difference had implications on attack
intensity as well, with stronger leaf discoloration observed in areas treated with a contact insecticide
compared with those treated with a systemic insecticide.

Keywords: forest health; forest pests; chemical control; invasive alien species; oak lace bug

1. Introduction

The capacity of forests to accomplish multiple functions can be reduced by the
harmful action of biotic and abiotic factors. Forests urgently need protection against
the harmful action of these factors, especially in the light of the risks posed by global
climate change, which is manifesting increasingly intensely in the last decade. People
rely on healthy forest ecosystems for energy, building materials, and food, as well as
services such as carbon storage, biodiversity management, and climate regulation [1].
During the lifespan of a forest, its health can be disrupted by biotic or abiotic factors,
especially insect outbreaks, phytopathogens, wind, rainfall, or fire. Lately, in addition
to these destabilizing factors, the health of forest ecosystems is endangered by different
phenomena such as climate change and pollution, and, especially, biological invasions of
invasive alien species (IAS) [1].

IAS are defined as organisms that have been introduced by humans, deliberately or
accidentally, out of their natural range, that have multiplied and begun to exert negative
effects on the new ecosystem [2–4]. The phenomenon by which they establish population,
spread, and negatively affect native species is called biological invasion [2,3,5–7].
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Against the background of increasingly intensive globalization, biological invasions
have caused multiple negative effects on the economy and health, but especially on the
environment [7–16], becoming one of the factors implicated in the loss of biodiversity and
changes in ecosystem services [4].

One of the alien species that invaded Europe relatively quickly is an insect species
of North American origin, the oak lace bug (Corythucha arcuata Say, 1832 Heteroptera:
Tingidae), which was first reported in Europe in 2000 in Northern Italy [17]. Two years
later, in 2002, it was also reported in Switzerland [18] and Turkey [19]. Meanwhile, oak
lace bug (OLB) expanded its range, reaching Eastern Europe. In 2012, it was first observed
in Bulgaria [20], and in 2013, in Hungary [21], Croatia [22], and Serbia [23–25]. Since
then, with the presence of the appropriate climatic conditions in Europe as well as a
lack of natural enemies, OLB has experienced explosive growth. Thus, at present, the
species has been reported in Russia [26], Romania [27,28], Albania [29], Slovenia [30],
Bosnia and Herzegovina [31,32], France [33], Ukraine [29], Greece [29], Slovakia [34], and
Austria [35].

After the first detection of the insect in many of the countries mentioned above, such
as Turkey, Hungary, Bulgaria and Romania, the further invasion and expansion of the
distribution of OLB was reported on the territory of the given country [36–39].

Both nymphs and adults of this species feed on the undersides of the leaves of host
trees, usually oaks, by piercing the epidermis and drawing out the cellular sap material.
The typical characteristics of OLB feeding are the spots resulting from small, separate
stings (1–3 mm), which then grow and merge into gray-yellow spots on the upper surface
of the leaf, resulting in chlorotic discoloration of the leaf [36,40,41].

In its area of origin, the OLB is not considered a significant pest, especially because
there are a noteworthy number of native predators, such as Hyaliodes vitripennis (Say,
1832), Deraeocoris nebulosus (Uhler, 1832), Erythmelus klopomor (Triapitsyn), Orius insidiosus
(Say, 1832), and syrphid larvae, which are used in integrated pest management [42–44].
In Europe, the way OLB has invaded the continent, as well as the extremely high pop-
ulation of OLB in consecutive years, suggests a high potential risk both ecologically
and economically [41].

Given the wide range of varied host plants available to OLB, which feed on almost
all Eurasian oaks [29], at least 30 million hectares of oak forest can be a suitable habitat
in Europe [41].

Considering that thus far in Europe, no natural enemies have been identified that would
significantly limit the population of OLB and thus limit the invasion of the species [41], it is
necessary to study possible removal methods to prescribe experimentally tested control
measures. In North America, where OLB is endemic, some insecticides are recommended
as being effective [45–47]; however, no research has yet been performed using these. In
Europe, small-scale experiments were carried out in a Serbian study [48] in which an
8 years old oak culture infested with OLB was treated with four chemical insecticides
based on the active substances bifenthrin, buprofezin, thiamethoxam, and abamectin. The
results showed that bifenthrin and thiamethoxam insecticides, which are neonicotinoids
and pyrethroids, respectively, are highly efficient for OLB control. Based on these results,
we set out to answer questions such as (i) whether the method chemical control used at
the nursery level could be replicated at the forest level and (ii) of the two recommended
insecticides, which is more effective, the neonicotinoid or the pyrethroid?

This research aims to assess the extent to which chemical control can limit the
population of Corythucha arcuata and therefore limit the invasion of the species in Europe.

2. Materials and Methods

2.1. Study Site and Data Collection

The experiment was carried out in two forests (Forest A and B) in Romania, Giurgiu
County (Figure 1). The forests are managed by the Bolintin Forest District and consist of
Turkey oak (Quercus cerris L.), Hungarian oak (Quercus frainetto Ten.), and pedunculate oak
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(Quercus robur L.) stands or a mixture of these species, with small numbers of secondary
species such as Norway maple, field maple, and European ash. The characteristics of the
two forests were extracted from the forest management plans of each and are summarized
in Table 1.

 

Forest A 

Forest B 

Figure 1. Location of the study area (Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aero
Grid, IGN, and the GIS User Community).

Table 1. Description of the two experimental forests.

Characteristics Forest A Forest B

Coordinates 44◦29′06” N 25◦27′16” E 44◦28′24” N 25◦29′53” E
Area (ha) 190 160

Dominant forest species Quercus cerris, Q. frainetto, Q. robur Quercus cerris, Q. frainetto, Q. robur
Secondary forest species Acer platanoides, A. campestre Acer platanoides, A. campestre

Regeneration mode natural regeneration (sprout) natural regeneration (sprout)
Age (years) 60 60

Average diameter (cm) 23 25
Average height (m) 19 20

Crown density of the stand (%) 70 90
Standing volume (m3 ha−1) 150 170

After monitoring OLB biology in previous years (data not yet published), we noticed
adult activity starting in mid-April, egg-laying after mid-May, and the appearance of
nymphs at the beginning of June. The experimental treatments were timed for the nymph
stage. Nymphs lack wings; therefore, this was determined the most suitable time, given
their inability to fly.

During the experiment, two factors were taken into account: the mode of action of
the insecticide (contact or systemic) and the treatment volume (low-volume (LV) at 30
L/ha and ultra-low volume (ULV) at 3 L/ha).

To avoid factors overlapping and influencing each other, the sprays were applied in
the following ways:

• Forest A was sprayed with a contact insecticide (Alfametrin 10CE) over an area of
190 ha. Both LV (0.1 L/ha commercial product in 29.9 L/ha water) and ULV (0.1
L/ha commercial product in 2.9 L/ha water) treatments were applied. Alfametrin
10CE is a synthetic pyrethroid insecticide that acts on harmful insects by contact and
ingestion, and it is based on the active substance alpha-cypermethrin.

• Forest B was sprayed with a systemic insecticide (APIS 200 SE) over an area of 160 ha.
Both LV (0.2 L/ha commercial product in 29.8 L/ha water) and ULV (0.2 L/ha
commercial product in 2.8 L/ha water) treatments were applied. APIS 200 EC is
a neonicotinoid insecticide that acts on harmful insects by systemic action, penetrat-
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ing rapidly into the plants’ leaves and acting on all stages of insect development, and
it is based on the active substance acetamiprid.

The sprays were applied on 24 June 2020, when the majority of the OLB population
was in the nymph stage of the first generation, but adults from the hibernating generation
were also present. The medium air temperature at the time of the experiment was 25–26
◦C. The manufacturer of Alfametrin recommends applying treatment when temperatures
do not exceed 23–25 ◦C; therefore, the temperature should have no influence on the
treatment efficacity. It is also worth noting that on the treatment day and the following
days no precipitation was registered in the atmosphere.

The sprays were applied using a Kamov KA-26 helicopter (Figure 2) equipped with
an Aera 660 GPS device (Garmin) for loading and tracking the preset route. Orientation
during the flights was made based on the flight polygons loaded in the GPS equipment,
with the distance between flight lines established at 35 m. Analysis of the flight routes
recorded by GPS device established that the distance between flight lines ensured ade-
quate coverage with the solution in both Forest A (Figure 2a) and Forest B (Figure 2b).
The flight speed was between 100 and 120 km/h, and the altitude above the canopy
was between 10 and 15 m. To spray the LV treatment, the helicopter was fitted with a
PIRNA installation, which pumped the solution through nozzles mounted under the
helicopter planes and evacuated it through slits in the nozzle body, creating a spectrum of
spray droplets with diameters between 150 and 400 μ. To spray the ULV treatment, the
helicopter was fitted with a Micronair AU5000 installation, which used a rotating woven
wire gauze to produce approximately equal spray droplets with diameters of about 100 μ.

  
 

 
(a) (b) 

Figure 2. Analysis of the flight routes recorded by the GPS device in (a) Forest A (contact insecticide) and (b) Forest B
(systemic insecticide).

To establish the effectiveness of each treatment, the density of nymphs on the day
of application (Moment 0) was compared with the density after approximately 15 days
(Moment 1). Next, to track the re-infestations, the density of nymphs was registered
every 5–9 days until the beginning of August, when the nymphs of the second generation
appear (Moments 2–5). We have a total of 6 moments during which monitoring was
performed, as follows:

• Moment 0 (24 June 2020): the day of spraying
• Moment 1 (9 July 2020): checking the effectiveness of control methods
• Moment 2 (16 July 2020): checking re-infestations
• Moment 3 (24 July 2020): checking re-infestations
• Moment 4 (29 July 2020): checking re-infestations
• Moment 5 (5 August 2020): checking re-infestations

The nymphs population density was determined by collecting 30 leaves from 10 test
trees for a total of 300 leaves at each monitoring moment. The number of OLB nymphs
were counted, thus allowing the average number of nymphs on a leaf to be calculated.
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To ensure as uniform a distribution of leaves as possible, half of the leaves was collected
from the lower canopy and the other half from the upper canopy of each tree.

To ensure a uniform working method, the test trees initially chosen were numbered
so that the same 10 trees were used in subsequent checks.

Furthermore, because OLB nymphs and adults attack host trees by piercing the
epidermis and drawing out the cellular sap material, we considered that another way
to verify the effectiveness of control methods might be to measure the level of damage
caused to insects in the active stage throughout the growing season. Thus, to assess the
level of damage caused by Corythucha arcuata (Say, 1832), in the two forests, a network
of observation points was evenly spaced over the area (Figure 3), in September, toward
the end of the vegetation season, using a Juno SB GPS device (Trimble) with Terrasync
software (Trimble), with an accuracy of five meters. Around each observation point,
assessments were made on the attack intensity of the first 10 closest point trees (Figure
3). The method established by Tomescu et al. [39] was used to assess the intensity of the
insect attack by visually evaluating the degree of foliage fading as a deviation from the
normal color of the host oak leaves. Therefore, the intensity of the attack was evaluated
by percentages of discoloration divisible by 5, ranging from 0% (not attacked) to 100%
(strongly attacked). For clarity and homogeneity of the evaluations, we created a scale of
discoloration (Figure 4).

The collected data regarding the attack intensity was statistically (see sub-chapter
2.2) and graphically (image analysis) interpreted on thematic maps based on the outline
of the two forests. The thematic maps rendering was obtained through the ArcMap 10.5
software (ESRI) using ArcToolbox-Special Analyst Tools–Interpolation–IDW, assuming
that each measured point had a local influence that diminished with distance and the
measured values closest to the prediction location had more influence on the predicted
value than those farther away. Subsequently, the ‘renderers’ raster data’ function was
applied for mapping, through the ‘classified’ method. To highlight the spatial differences
between the observation points’ attack by the degree of damage, we placed breaks at
predefined threshold values for the percentage of discoloration taken as an average of the
10 trees in the point, as follows:

• 0–10%—very weak discoloration indicated by yellow ( )
• 11–25%—weak discoloration, indicated by pink ( )
• 26–50%—medium discoloration, indicated by green ( )
• 51–75%—strong discoloration, indicated by light blue ( )
• 76–100%—very strong discoloration, indicated by dark blue ( )

2.2. Data Analysis

To assess the effects of both applied insecticides (contact vs. systemic) and both
treatment volumes (LV and ULV), and both treatment volume within each type of insec-
ticide on the nymph population, a nonparametric test was performed. Additionally, to
assess the effects of each type of insecticide on the lower canopy and upper canopy, and
to compare the effects of both types of insecticide within each canopy layer on the nymph
population, the same nonparametric test was applied. Before testing, Shapiro–Wilk and
Levene’s tests were used to check the normality of data and homoscedasticity of variances,
respectively. Because no data complied with the requirements of parametric tests such as
the two-way ANOVA (analysis of variance), we applied the Mann–Whitney U test. All
statistical significance tests were performed using STATISTICA 12.1 (StatSoft, Inc., Tulsa,
OK, USA).
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Figure 3. The network of observation points established to assess the level of damage caused by Corythucha arcuata.

  

(a) (b) (c) (d) (e) 

Figure 4. Scale showing different attack intensities of Corythucha arcuata nymphs and adults on oak leaves: (a) 5%; (b) 25%;
(c) 50%; (d) 75%; and (e) 100%.

3. Results

3.1. Effects of Applied Insecticide and Treatment on Nymphs’ Density

At the population level (Figure 5a,b), a high density of nymphs was observed at
Moment 0, before treatment. The nymph population immediately after spraying was
reduced by up to 95% in both forests under both LV and ULV treatments.

Next, there was a slight re-infestation over time, starting at the end of July and
being much more apparent in Forest A (Figure 5a), which was sprayed with a contact
insecticide, than in Forest B (Figure 5b), which was sprayed with a systemic insecticide. In
both forests, the population remained at a certain level and never rose to the initial level.

Given that at Moment 0 (24 June 2020), the average number of nymphs on a leaf was
calculated between 4.26 and 6.51, and no significant differences in population density
were observed among the four experimental areas in the two forests (Figure 6a), we
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presumed that all four areas in the experiment were homogeneously infested before the
experiment. In checking the treatment effectiveness, at Moment 1 (09 July 2020), we
found that the nymph population density was reduced to 0.24–0.50 nymphs per leaf,
without significant differences among the four experimental areas (Figure 6b). Thus, the
population was reduced by 91–96%.

 
 

(a) (b) 

Figure 5. Dynamics of nymphs over the observed period (Moment 0, before spraying, and M1–M5, five moments after spray-
ing) separated by treatment volume (LV or ULV) and insecticide type: (a) contact insecticide; and (b) systemic insecticide.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Effects of applied insecticide type (contact vs. systemic) and treatment volume (LV vs. ULV) on nymph density at
each measurement time: (a) M0 (before spraying)-24 June 2020; (b) M1-09 July 2020; (c) M2-16 July 2020; (d) M3-24 July 2020;
(e) M4-29 July 2020; and (f) M5-05 August 2020. ** = significant differences (U test, p < 0.05); n.s. = nonsignificant.

We began to record the re-infestation of the experimental area starting with Moment 2.
At Moment 2 (Figure 6c), there was a slight increase in the density of nymphs in the Forest
A–LV area, while the other three areas (Forest A-ULV, Forest B-LV and Forest B-ULV)
showed a clear decrease in nymph population.
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At Moment 3 (Figure 6d), while the Forest A-LV population noticeably increased,
the other three areas showed decreases in nymph density to values close to 0 nymphs per
leaf. At this time, there were significant differences between the population density in
contact-LV areas and systemic-LV areas.

At Moments 4 and 5 (Figure 6e,f) the hypothesis made in previous moments regard-
ing the strong re-infestation of the Forest A-LV area was confirmed, and an attempted
re-infestation was also observed in Forest A-ULV but was not statistically assured. Fur-
thermore, in Forest B–LV and Forest B-ULV, there were slight increases in the population
density without statistical differences between these areas. At both moments, there were
significant differences between the population density in Forest A-LV and the population
density in Forest B-LV and Forest A-ULV.

To identify the main reason Forest A was re-infested, we compared the nymph
population density at the upper and lower canopy after systemic and contact treatments.

The infestation was initially homogeneous at both upper and lower levels of the
canopy in both forest B (Figure 7a). Furthermore, even after treatment, at Moment 1
(Figure 7b), nymph population density decreased consistently at both canopy levels in
both forests.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 7. Effects of applied insecticide type (contact vs. systemic) on nymph density by leaf position (lower canopy vs.
upper canopy) at each measurement time: (a) M0 (before spraying)-24 June 2020; (b) M1-09 July 2020; (c) M2-16 July
2020; (d) M3-24 July 2020; (e) M4-29 July 2020; and (f) M5-05 August 2020. ** = significant differences (U test, p < 0.05);
n.s. = nonsignificant.

At Moment 2 (Figure 7c), there was a clear increase in the lower canopy population
in Forest A. This increase was statistically significant both compared with the population
density in the upper canopy in Forest A but also with that in the upper canopy in Forest
B.

At Moment 3 (Figure 7d), the population density in Forest B insecticide remained
low, with close to 0 nymphs per leaf and with no statistical differences between the two
canopy levels. However, in Forest A, the population density increased even in the upper
canopy, this time without any statistical differences between the two canopy areas. At
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the same time, the population level in the lower canopy in Forest A was statistically
significantly higher than that in Forest B.

At Moment 4 (Figure 7e), the re-infestation of Forest A was apparent through homog-
enized population density at both canopy levels. Similarly, there was a slight increase in
population density with similar values between both canopy levels, in Forest B, although
the population values were statistically significantly lower than those in Forest A.

At Moment 5 (Figure 7f), we continued to observe an increase in population density
in both forests, without statistical differences between the indicators, but with lower
population values for the area treated with a systemic insecticide.

3.2. Attack Intensity Assessment at the End of Growing Season

The attack intensity of OLB nymphs and adults at the forest level (Figure 8) shows
that Forest A experienced the highest attack intensities, at 80.9% in the ULV area and 76.5%
in the LV area (no significant differences between them). Forest B showed statistically
significant differences both depending on the application method and compared with
Forest A, at 53.2% in the ULV area and 27.6% in the LV area.

Figure 8. Attack intensity assessment at the end of the growing season (three months after treatment)
by applied insecticide type and treatment volume. ** = significant differences (U test, p < 0.05);
n.s. = nonsignificant.

The thematic maps show higher discoloration intensity in Forest A (Figure 9a)
compared with Forest B (Figure 9b). Moreover, the treatment volumes resulted in higher
discoloration intensity ULV areas compared with LV areas.

  
(a) (b) 

Figure 9. Thematic maps showing attack intensity by insecticide type and treatment volume: (a) contact insecticide
(Forest A); and (b) systemic insecticide (Forest B). very weak discoloration (0–10%); weak discoloration (11–25%);

medium discoloration (26–50%); strong discoloration (51–75%); and very strong discoloration (76–100%).
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4. Discussion

Considering the initial nymph population, we can conclude that the experimental
treatments were 91–96% effective at Moment 1. If we look at the short term, immediately
after spraying, our results at the stand level match the results at the nursery level [48].
Both insecticide types and treatment volume were highly effective. However, in the
long term and regarding the dynamics of the population as a whole, we observed a
re-infestation tendency at the end of July (Moment 4, 29 July 2020) in all four experimental
areas, overlapping with the development of a new generation of nymphs, as observed in
OLB populations in Italy [49]. Consequently, this re-infestation phenomenon in all experi-
mental areas can be explained by the particular phenology of OLB and the hypothesis
that the residual population was sufficient to allow re-infestations over time.

Forest B showed an exponential increasing in population (the population density
increased sharply at Moment 4), while Forest A showed a linear increase (the population
density increased steadily from Moment 2). Therefore, Forest A registered population
increases immediately after spraying, which leads us to conclude that other factors
affected the experiment and, as a result, it was not successful.

One of the hypotheses to explain Forest A re-infestation could be the action mode
of the insecticide. The contact insecticide used may have performed best in the upper
part of the canopy, where the toxic particles reached. According to this hypothesis, the
re-infestation happened in the lower canopy (Figure 7), where the toxic substance would
not reach. This could be studied in future research by measuring the drop dispersion
pattern in the upper and lower canopy.

Another possible justification for the increase in nymph population at Moment 2
(16 July 2020) in Forest A is the known fact that contact insecticides generally persist
for a very short period. There are studies [50,51] in which experimental injections of
cypermethrin-based contact insecticide into the trunks of affected trees have shown
longer persistence against bark beetles. The injection method is even recommended for
systemic insecticides used for lace bug control [45]. Although this option is considered
highly effective in the native habitats of lace bugs, we believe this procedure would be
difficult to implement, given the large size of infested oak areas in Europe.

The highest nymph mortality was recorded in Forest B-LV, which received better
dispersion of particles and a slow-acting insecticide. In Forest A, although mortality was
high immediately after the application, the effect diminished over time and allowed for
faster re-infestations and higher population densities compared with Forest B.

The analysis of the attack intensity of OLB nymphs and adults shows that both the
action mode of the insecticide used (contact or systemic) and the treatment volume (ULV
or LV) have a significant impact on the degree of foliage discoloration.

The registered discolorations toward the end of the growing season were more
reduced after a LV application of a systemic insecticide, which offered a better spread of
toxic particles inside the canopy and thus ensured better foliage protection.

The significant difference in damage recorded in the two forests after treatment can
be explained by the different times of re-infestation. Forest A was re-infested at Moment
2 and Forest B only at Moment 5. During this entire time, in Forest A, both adults and
nymphs OLB fed continuously.

In addition to the damage caused to the foliage, if we consider that 80% of the radial
growth of oaks occurs in the first part of the growing season, until the end of July [52–54],
the treatments used on Forest B offer another advantage in protecting the trees during the
period of greatest growth, allowing re-infestation to begin in early August.

Therefore, although all four treatments seemed effective immediately after spraying,
by the end of the experiment, we could conclude that the systemic insecticide, especially
applied at LV, proved more effective than the contact insecticide, judging by the OLB
damage caused by the end of the growing season. Our results were therefore in agreement
with the hypothesis Paulin et al. [41] put forward, that systemic insecticides are likely to
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be the best treatments options because both larvae and adults are relatively concentrated
on the undersides of the leaves.

However, if we consider that in Europe, 27 oak species have been proven suit-
able hosts for OLB [29], it is difficult for the results of this experiment to be put into
practice. For example, as of autumn of 2019, it is estimated that OLB have infested
over 1.7 million hectares of forest in: Croatia, Hungary, Romania, Serbia, and Russia (in
Europe) [41].

Furthermore, if we take into account the recommendations of Dreistadt and Perry [45]
and Shetlar [47] that, for adequate control to prevent re-infestations, the undersides of
leaves must be thoroughly wet and spraying with toxic substances should be repeated,
we conclude that chemical control methods are not economically justifiable. However,
considering that lately, citizens have complained of discomfort caused by OLB stings or
bites [55], chemical control might still be applied in isolated cases, such as frequented
parks, park forests, private forests, forests of tourist interest, gardens, or isolated trees.
In these cases, based on the results of this study, we recommend the use of a systemic
insecticide, applied with discernment due to its persistence over time that could affect
natural OLB enemies or pollinators.

It is worth noting that in North America, OLB populations are not significant risks
to oak forests due to different control tactics such as cultural methods and, especially,
biological methods. Only after these methods are chemical methods considered [45–47].
Based on this model of good practice, we support the statement of Paulin et al. [41] that the
only viable OLB control method in the large forests recently invaded in Europe is classical
biological control, but this must also be preceded by isolated experimental studies on
ecological balance. Moreover, this method would be consistent with the general public’s
preference for biological control of invasive species over chemical control, as reported by
Japelj et al. [56].

5. Conclusions

In the short term, the population density of OLB nymphs was reduced in all four
experimental areas by 91–96%.

However, in Forest A, sprayed with a contact insecticide, re-infestation was observed
starting 16 July 2020, 22 days after treatment. In Forest B, sprayed with a systemic insecti-
cide, the re-infestation was observed more than a month later, starting 05 August 2020.

The analysis of attack intensity shows stronger discoloration in Forest A (sprayed
with contact insecticide) compared with Forest B (sprayed with systemic insecticides). Fur-
thermore, when using the same type of insecticide, stronger discoloration was observed
in ULV application areas compared with LV application areas.

The only viable option to control OLB in large forests is classical biological control,
but this must be preceded by isolated experimental studies on ecological balance.

Author Contributions: Conceptualization, F.B., C.N. and R.T.; methodology, F.B. and C.N.; software,
F.B., A.B. and I.C.P.; validation F.B., C.N., R.T., A.B., D.T., D.C.S. and I.C.P.; formal analysis F.B.,
A.B. and I.C.P.; investigation, F.B., A.B. and D.T.; resources, F.B., C.N. and A.B.; data curation, F.B.,
D.T. and A.B.; writing—original draft preparation, F.B.; writing—review and editing, C.N., R.T.,
A.B., D.C.S. and I.C.P.; visualization, R.T. and D.C.S.; supervision, C.N.; project administration,
F.B.; funding acquisition, R.T. All authors have read and agreed to the published version of the
manuscript.

Funding: The data collection for this paper was carried out within the project PN 19070201 “As-
sessment of the risk of new species of harmful insects with potential for outbreak of deciduous
forests in Romania”, and the writing was made in the project PN 19070202 “Improving methods of
surveillance and control of harmful insects using modern technologies”.

Acknowledgments: We thank the staff of the Forest Protection Department–ROMSILVA, Giurgiu
Forest District and INCDS ‘Marin Drăcea’ for their assistance in fieldwork. Likewise, we acknowl-
edge that this study is part of Flavius Bălăcenoiu PhD thesis (Bioecology of the invasive alien

176



Forests 2021, 12, 770

species Corythucha arcuata (Say.) in Romania). We would also like to thank the two anonymous
reviewers who made suggestions for improving the work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References

1. Trumbore, S.; Brando, P.; Hartmann, H. Forest health and global change. Science 2015, 349, 814–818. [CrossRef] [PubMed]
2. Williamson, M.; Fitter, A. The varying succes of invaders. Ecology 1996, 77, 1661–1666. [CrossRef]
3. Juliano, S.A.; Lounibos, L.P. Ecology of invasive mosquitoes: Effects on resident species and on human health. Ecol. Lett. 2005,

8, 558–574. [CrossRef]
4. European Environment Agency. Invasive Alien Species: A Growing Problem for Environment and Health. 2013. Available online:

https://www.eea.europa.eu/highlights/invasive-alien-species-a-growing (accessed on 26 April 2021).
5. Davis, M.A.; Grime, J.P.; Thompson, K. Fluctuating resources in plant communities: A general theory of invasibility. J. Ecol. 2000,

88, 528–534. [CrossRef]
6. Lounibos, L.P. Invasions by insect vectors of human disease. Annu. Rev. Entomol. 2002, 47, 233–266. [CrossRef] [PubMed]
7. Simberloff, D.; Martin, J.L.; Genovesi, P.; Maris, V.; Wardle, D.A.; Aronson, J.; Courchamp, F.; Galil, B.; Garcia-Berthou, E.;

Pascal, M.; et al. Impacts of biological invasions: What’s what and the way forward. Trends Ecol. Evol. 2013, 28,
58–66. [CrossRef] [PubMed]

8. Pimentel, D.; Lach, L.; Zuniga, R.; Morrison, D. Environmental and economic costs of nonindigenous species in the United States.
BioScience 2000, 50, 53–65. [CrossRef]

9. Lovell, S.J.; Stone, S.F.; Fernandez, L. The economic impacts of aquatic invasive species: A review of the literature. Agric. Resour.
Econ. Rev. 2006, 35, 195–208. [CrossRef]

10. Meyerson, L.A.; Mooney, H.A. Invasive alien species in an era of globalization. Front. Ecol. Environ. 2007, 5, 199–208. [CrossRef]
11. Vilà, M.; Basnou, C.; Pyšek, P.; Josefsson, M.; Genovesi, P.; Gollasch, S.; Nentwig, W.; Olenin, S.; Roques, A.; Roy, D.; et al. How

well do we understand the impacts of alien species on ecosystem services? A pan-European, cross-taxa assessment. Front. Ecol.
Environ. 2010, 8, 135–144. [CrossRef]

12. Vilà, M.; Espinar, J.L.; Hejda, M.; Hulme, P.E.; Jarošík, V.; Maron, J.L.; Pergl, J.; Schaffner, U.; Sun, Y.; Pyšek, P. Ecological
impacts of invasive alien plants: A meta-analysis of their effects on species, communities and ecosystems. Ecol. Lett. 2011, 14,
702–708. [CrossRef] [PubMed]

13. Jeschke, J.M.; Keesing, F.; Ostfeld, R.S. Novel organisms: Comparing invasive species, GMOs, and emerging pathogens. Ambio
2013, 42, 541–548. [CrossRef] [PubMed]

14. Blackburn, T.M.; Essl, F.; Evans, T.; Hulme, P.E.; Jeschke, J.M.; Kühn, I.; Kumschick, S.; Marková, Z.; Mrugała, A.; Nentwig, A.; et al.
A unified classification of alien species based on the magnitude of their environmental impacts. PLoS Biol. 2014, 12, e1001850.
[CrossRef] [PubMed]

15. Hulme, P.E. Invasive species challenge the global response to emerging diseases. Trends Parasitol. 2014, 30,
267–270. [CrossRef] [PubMed]

16. Schindler, S.; Staska, B.; Adam, M.; Rabitsch, W.; Essl, F. Alien species and public health impacts in Europe: A literature review.
NeoBiota 2015, 27, 1–23. [CrossRef]

17. Bernardinelli, I.; Zandigiacomo, P. Prima segnalazione di Corythucha arcuata (Say) (Heteroptera, Tingidae) in Europa. Informatore
Fitopatologico 2000, 50, 47–49.

18. Forster, B.; Giacalone, I.; Moretti, M.; Dioli, P.; Wermelinger, B. Die Amerikanishe Eichennetzwaanze Corythucha arcuata (Say)
(Heteroptera, Tingidae) hat die Südschweitz erreicht. Mitteilungen-Schweiz. Entomol. Ges. 2005, 78, 317–323.

19. Mutun, S. First report of the oak lace bug, Corythucha arcuata (Say, 1832) (Heteroptera: Tingidae) from Bolu, Turkey. Isr. J. Zool.
2003, 49, 323–324.

20. Dobreva, M.; Simov, N.; Georgiev, G.; Mirchev, P.; Georgieva, M. First record of Corythucha arcuata (Say) (Heteroptera: Tingidae)
on the Balkan Peninsula. Acta Zool. Bulg. 2013, 65, 409–412.

21. Csóka, G.; Hirka, A.; Somlyai, M. A tölgy csipkéspoloska (Corythucha arcuata Say, 1832—Hemiptera, Tingidae) els”o észlelése
Magyarországon. Növényvédelem 2013, 49, 293–296.
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Abstract: The efficacy of two formulations (Foray® 76B AVIO and Rapax® AS AIR) containing
different Bacillus thuringiensis kurstaki (Btk) strains (ABTS-351 and EG-2348, respectively) was
evaluated against Lymantria dispar larval populations in cork oak forests in Sardinia (Italy), in 2018
and 2019. The experimental design involved the following treatments: (I) untreated control; (II)
Foray® 76B at the dose of 2.0 L/ha; (III) Foray® 76B at the dose of 2.5 L/ha; (IV) Rapax® AS AIR
at the dose of 2.0 L/ha. Aerial applications were carried out using a helicopter equipped with
four electronic rotary atomizers adjusted to sprinkle 160 micron-sized drops. Btk efficacy was
evaluated by assessing the larval density reduction 7, 14, and 21 days after the application in each
experimental plot in comparison with an untreated check. In addition to field surveys, the mortality
of second and third instar larval samples, randomly collected from each plot after treatment and
fed with foliage from the same plot, was determined in the laboratory. All Btk treatments were
similarly effective, and no differences in larval density reduction among Btk strains and doses were
found in either year. Twenty-one days after application, the average larval density reduction in
the field was approximately 70% in all treated plots in 2018, whereas in 2019 it reached 80% only
in areas treated with Foray 76B at 2.5 L/ha. Laboratory observations showed that all Btk-based
products were effective against gypsy moth larvae, with significant differences in mortality between
untreated control and the different Btk treatments. Our results shed light on the possibility of
alternating different Btk strains for resistance management purposes and of applying lower doses
than labeled, in order to achieve cost savings for product shipment and distribution and to reduce
the environmental impact.

Keywords: Lymantria dispar; biopesticides; aerial application; entomopathogens; Bacillus thuringiensis

1. Introduction

Cork oak (Quercus suber L.) is an evergreen species typical of Mediterranean pure
and mixed forests or included in extensive agroforestry systems [1]. In addition to being
biodiversity hotspots [2,3], cork oak forests are important economic resources in regard to
cork production and their usefulness as pastureland.

A major threat to Mediterranean cork oak is the gypsy moth, Lymantria dispar (L.)
(Lepidoptera: Erebidae), one of the main forest pest defoliators worldwide [4–6]. Gypsy moth
is a univoltine species whose larvae can feed and develop on more than 300 different plant
species [7–9], even though Quercus species are the main hosts in natural environments [10,11].
Spring larval feeding behavior, mostly targeting young oak shoots, causes a significant loss
of the photosynthesizing surface, which leads to a tree growth decrease and consequent cork
production reduction of up to 60% in totally defoliated trees and 40% in partially defoliated
trees [12]. Moreover, the ordinary development of infested trees might be affected in the
following year too, resulting in delayed bud burst and additional cork growth reduction [13].
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In order to reduce gypsy moth infestations and consequent damage to trees, different
control strategies have been developed [14–18]. Of these, the application of Bacillus thuringien-
sis serovar kurstaki (Btk) is considered one of the most effective methods to reduce larval
population density [16,17] with few biological and practical limitations [19,20]. Btk application
success against L. dispar strictly depends on several technical aspects, including timing, which
should target second instar larvae [19,21], appropriate dose [14,22], and droplet size [23]. In
Sardinia (Italy), according to a multi-year experiment in which various strains and formula-
tions were applied by employing diverse aerial distribution methods against different gypsy
moth generations [24,25], Btk was able to protect cork oak forests from this pest [25]. Based
on these studies, Foray® 48B and Foray® 76B (Valent Bioscience Corporation, Libertyville,
Illinois, USA) suspension concentrates (SC) of strain ABTS-351 authorized against gypsy
moth were the Btk-based formulations providing the highest efficacy [26]. Among these two
products with equal effectiveness, Foray® 76B is recommended to be used at a nearly half
dose, which allows cost saving for product shipment and distribution [19].

Btk-based formulations normally used to control Lepidopteran defoliators are suspen-
sion concentrates (SC) of spores and crystals, containing insecticidal Cry proteins, acting by
ingestion. Activated Cry proteins bind to specific receptors covering the plasma membrane
of the insect’s midgut epithelium, determining the formation of amphiphilic pores and a
subsequent abnormal flux of ions and water into the epithelial cells [27]. Consequently,
affected gut cells lyse [28] and infected larvae undergo paralysis and death, eventually
exhibiting bacterial septicemia [29]. Although Btk acts specifically against Lepidoptera,
susceptibility to toxins can vary depending on Btk strains [30,31]. For example, the tent
caterpillar, Malacosoma neustria (L.) (Lepidoptera Lasiocampidae), which is often considered
a secondary pest of cork oak forests [5,11], was more susceptible to ABTS-351 strain than
L. dispar in application experiments conducted in cork oak forests in Sardinia [18]. Such
differences were shown to be related to different degrees of Cry toxin affinity for midgut
receptors, resulting in different amounts of amphiphilic pore formation on epithelial cells
in susceptible insect species [32]. On the other hand, full insecticidal action of a Btk-based
formulation is achieved when a sufficient number of spores and Cry proteins are ingested by
young larvae [22], which is strictly related to the intrinsic features of the formulation and the
way it is applied [33]. Therefore, the characteristics of the formulation and the insecticidal
traits of the Btk strain it contains represent key factors to maximize gypsy moth containment
efficacy in the field, enabling a longer residual effect.

Since the dose, formulation, and strain of Btk products are recognized as the main
features determining a successful application against L. dispar, large-scale comparative trials
with different Btk-based products and doses were performed in 2018 and 2019 in two cork
oak forests in Sardinia. Experiments, including field and laboratory work, involved the two
Btk strains ABTS-351 and EG-2348, containing a different assortment of Cry toxins.

2. Materials and Methods

2.1. Experimental Products

Two aqueous suspension concentrate (SC) Btk formulations were used in this study:
(1) Foray® 76B AVIO (Sumitomo Chemical Agro Europe S.A.S., Machelen, Belgium),
containing 20 billion international units (BIU)/L of Btk strain ABTS-351 expressing the
insecticidal crystal toxins Cry1A(a), Cry1A(b), Cry1A(c), and Cry2A and (2) Rapax® AS
AIR (Biogard, CBC Europe S.r.l., Grassobbio, Italy), containing 24 BIU/L of Btk strain
EG-2348 and Cry1A(a), Cry1A(c), and Cry2A proteins. Foray and Rapax were authorized
for aerial applications in Sardinian forests by Reg. n. 17,191 and 17,190 in 2018 and by
Reg. n. 17,393 and 17,394 in 2019, issued by the Italian Ministry of Health according to art.
53, p. 1, Regulation (CE) n. 1107/2009.

2.2. Study Area and Experimental Design

Trials were carried out in 2018 and 2019 in pure cork oak forests in northern and
eastern Sardinia, respectively, according to a randomized complete block design with

181



Forests 2021, 12, 602

three replicates (plots) of approximately 200 ha each, including the following treatments:
(1) Foray® 76B AVIO applied at the dose of 2.0 L/ha (hereafter called Foray 2.0); (2)
Foray® 76B AVIO applied at the recommended dose of 2.5 L/ha (hereafter called Foray
2.5); (3) Rapax® AS AIR applied at the dose of 2.0 L/ha (hereafter called Rapax); (4)
untreated check (control). Btk-based formulations were sprayed at an ultralow volume
using a helicopter equipped with a 12-m long bar with four rotary atomizers (model
AU) regulated to sprinkle 160 micron-sized drops. Spraying equipment included a flow
control system allowing for the management of insecticide distribution rates at variable
helicopter speeds. Btk applications were made on 12 May and 11 May in 2018 and 2019,
respectively, under optimal weather conditions, corresponding to an average temperature
ranging from 19 to 28 ◦C, 30–60% relative humidity, and wind speeds below 1–2 m/s.
Treatments targeted a gypsy moth larval population mainly in the second instar, being
highly susceptible to the Btk action [34].

In both years, the level of gypsy moth infestation in the study areas, estimated by
assessing the number of egg masses along a standardized 40-plant transect (economic
damage threshold = 100 eggs), clearly indicated this species fell in a retrogradation
phase within its multi-year cycle, as determined by analysis of data from network stations
established in Sardinia since 1980 [35] and including more than 680 permanent monitoring
sites [36]. Based on the close correlation between egg mass density and defoliation level in
the following spring, in Sardinia, total defoliation is expected when the 100-egg threshold
is reached [19]. Despite being in a retrogradation phase, the average density of L. dispar
recorded in both 2018 and 2019 was higher than the action threshold, thus justifying the
need for a phytosanitary application.

2.3. Evaluation of Btk Treatments

The effect of Btk applications against gypsy moth larvae was evaluated under field
and laboratory conditions. In the field, gypsy moth larval population density was esti-
mated in each plot before spraying and 7, 14, and 21 days after spraying. Larval density
was assessed by counting the number of larvae on four randomly chosen shoots (approxi-
mately 30 cm in length) per tree from 10 consecutive cork oak trees selected along a linear
transect (40 shoots/site/sampling date). In addition, larvae were identified according to
different instars. Larval density reduction in treatment x after t days (ΔDxt) was calculated
as

ΔDxt =
Dx0 − Dxt

Dx0
× 100 (1)

where Dx0 is the initial larval density in treatment x at sampling time 0 (i.e., before
spraying), and Dxt is the larval density t days after the Btk applications in treatment x.

In the laboratory, the larval mortality was evaluated on second and third instars
randomly collected from each plot a few hours after each spraying. Groups of one
hundred larvae from each plot were transferred into aerated plastic containers 18 cm in
diameter and 25 cm in height (KartellTM Inc., New York, NY, USA) with a perforated
cup. To prevent larvae escaping from the upper holes, a portion of non-woven fabric
was inserted between the cap and the top edge of the container. Throughout the entire
breeding period, the larvae were fed ad libitum with fresh cork leaves from their original
treated plot. Gypsy moth larvae were reared until pupation and the number of live
and/or dead larvae, as well as the total number of pupae, was recorded every 2–3 days.

2.4. Statistical Analysis

All statistical analyses were performed using R statistical software version 3.10 [37].
Differences among treatments in instars composition were evaluated before Btk applica-
tion for all years using a χ2 test for independence (p < 0.05). Moreover, one-way Analysis
of Variance (ANOVA) followed by Tukey post hoc test at 0.05 level of significance were
performed to test for differences in larval infestation (i.e., average number of larvae
counted on 40 shoots) before treatment.
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The efficacy of different Btk treatments was evaluated by considering larval density
reduction compared to initial density. In order to take into account the natural population
decrease, larval reduction due to Btk treatments were corrected for natural mortality (Cxt)
using the Schneider–Orelli formula [38]:

Cxt =
ΔDxt − DCt

100 − DCt
× 100 (2)

where ΔDxt is the larval density reduction in treatment x after t days, and DCt is the
average larval density reduction t days after the Btk applications in untreated control.
Differences in corrected larval reduction among Btk treatments were tested separately
within sampling times (i.e., 7, 14, and 21 days after application) using ANOVA followed
by Tukey’s test at significance level of 0.05.

Data obtained from laboratory assessments were used to evaluate both larval survival
and density reduction under controlled conditions. Survival analysis was performed
separately for each year of observation using a mixed effects Cox proportional hazard
model using survival (version 3.2-11) [39], and coxme (version 2.2-16) [40] packages in R.
In each model, treatments were considered as fixed factors and cage (i.e., replicate) as a
random effect factor. Further post-hoc analysis was performed using multcomp (version
1.4-16) package in R [41], applying a Bonferroni correction for multiple testing. Larval
density reduction corrected using Schneider–Orelli was calculated at 7, 14, and 21 days
after treatment in order to evaluate the individual effect of Btk against gypsy moth larvae
under laboratory conditions. One-way ANOVA followed by Tukey’s test at 0.05 level of
significance was used to test for differences among treatments.

3. Results

In both experimental years, Btk formulations were applied when the gypsy moth
larval population was mainly in the second instar (Table 1). Statistical differences in instar
distribution among treatments were found in 2018 (χ2 = 108.3, df = 6, p < 0.05), and 2019
(χ2 = 282.4, df = 6, p < 0.05). In 2018, plots treated with Foray 2.5 were characterized by
a higher proportion of third instars than other plots, whereas plots sprayed with Rapax
showed a significantly higher proportion of first instars (Table 1). In 2019, although
treatments targeted a larval population mainly in the second instar, the presence of
fourth instars was observed in all treated areas except those treated with Rapax (Table
1). No statistical differences in larval density among treatments were found before
microbiological applications in either 2018 or 2019 (Table 2), indicating a similar level of
infestation in all experimental areas.

Table 1. Occurrences of Lymantria dispar larval instars observed in 2018 and 2019 in untreated
(control) areas and areas treated with Foray® 76B AVIO and Rapax® AS AIR 2018 in Sardinia (Italy).
Pearson standardized residuals measuring the deviation from expected values are reported in
brackets (+ = positive deviation; − = negative deviation).

Year Treatments First Instar Second Instar Third Instar
Fourth
Instar

2018 Foray 2.0 L/ha 242 521 121 -
Foray 2.5 L/ha 278 527 (−) 218 (+) -
Rapax 106 (+) 120 8 (−) -
Control 192 467 (+) 65 (−) -

2019 Foray 2.0 L/ha 11 (−) 190 (−) 163 (+) 24 (+)
Foray 2.5 L/ha 15 118 61 (+) 2
Rapax 42 308 46 (−) 0
Control 48 394 (+) 26 (−) 1 (−)
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Table 2. Average (mean ± standard error) Lymantria dispar larval density occurred in 2018 and 2019
in untreated and Btk treated plots before insecticide applications. Analysis of Variance (ANOVA)
statistics and p-value are reported.

Year Foray 2.0 L/ha Foray 2.5 L/ha Rapax Control F p

2018 294.7 ± 101.3 247.0 ± 19.2 78.0 ± 35.7 241.3 ± 65.9 2.20 0.17
2019 129.7 ± 61.6 65.3 ± 13.7 132 ± 12.2 156.3 ± 51.9 0.89 0.49

The analysis of larval density reduction in the field exclusively due to Btk treat-
ments applied in 2018 showed a comparable percentage of reduction among treatments
7 (F2,6 = 0.27, p = 0.77), 14 (F2,6 = 1.13, p = 0.39), and 21 (F2,6 = 0.12, p = 0.89) days after
spraying (Figure 1a). Similarly, no differences in corrected larval reduction were found
in 2019 throughout the sampling period (7 days after application: F2,6 = 3.31, p = 0.12;
14 days after application: F2,6 = 0.08, p = 0.93; 21 days after application: F2,6 = 0.88, p =
0.50) (Figure 1b).

Figure 1. Percentage reduction of Lymantria dispar larval population caused by application of Foray 76B® (2.0 L/ha and
2.5 L/ha) and Rapax AVIO® 7, 14, and 21 days in (a) 2018 and (b) 2019 panel. Larval reductions were corrected with the
Schneider–Orelli formula.

Survival of field-collected larvae maintained in the laboratory in 2018 was different
among treatments (χ2 = 210.03, p < 0.01), with a significantly higher survival rate in
untreated control than other treatments. Survival observed in larvae fed with foliage
sampled from areas treated with Rapax was comparable to larvae from Foray 2.0-treated
areas (z = −2.48, p = 0.08), whereas it was significantly lower in respect to larvae fed with
Foray 2.5-treated foliage (z = −3.96, p < 0.01).

No difference in survival was found between larvae fed with Foray 2.0- and Foray
2.5-treated foliage (z = 1.49, p = 0.81). The survival of larvae fed with untreated foliage
was approximately 80% at the end of the laboratory observations (30 days), in contrast to
24.7%, 10.0%, and 6.3% in larvae fed with foliage treated with Rapax, Foray 2.0, and Foray
2.5, respectively (Figure 2a). A similar pattern was observed in laboratory observations
conducted in 2019 (Figure 2b), in which the survival of larvae fed with Btk-treated foliage
after 30 days was slightly lower than that observed in larvae from untreated areas (Foray 2.0
= 1.3%; Foray 2.5 = 4.3%; Rapax 2.0 = 10.0%; untreated control = 68.3%). In these experiments,
significant differences in survival among treatments were found (χ2 = 339.92, p < 0.01), with
a higher survival rate of larvae fed on untreated foliage than those fed with Foray 2.0 (z =
−17.25, p < 0.01), Foray 2.5 (z = −15.66, p < 0.01), and Rapax (z = −15.76, p < 0.01).
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Figure 2. Survival of Lymantria dispar larvae fed in the laboratory with untreated and Btk-treated foliage in (a) 2018 and (b) 2019.

The corrected larval mortality observed in the laboratory in 2018 and 2019 is illus-
trated in Figure 3a,b, respectively. In 2018, larval mortality attributable exclusively to Btk
formulations was similar 7 (F2,6 = 3.79, p = 0.09) and 14 (F2,6 = 5.24, p = 0.05) days after
their application in all treatments (Figure 3a). However, significant differences among
Btk-based formulations were found 21 days after sprayings, with a lower mortality in
larvae fed with Rapax than those fed with Foray at both assayed doses (F2,6 = 9.69, p =
0.01). In 2019, the average corrected larval mortality observed in the laboratory seven
days after application was, respectively, 75.4%, 73.9%, and 59.2% for larvae fed with
Foray 2.0, Rapax, and Foray 2.5. Larval density decreased over time and the reduction
of reared larvae reached more than 80% in all treatments 21 days after the application.
No differences in larval mortality among treatments attributable to Btk were found at
different times of observation (7 days after application: F2,6 = 0.51, p = 0.62; 14 days after
application: F2,6 = 1.03, p = 0.41; 21 days after application: F2,6 = 2.39, p = 0.17) (Figure 3b).

Figure 3. Lymantria dispar mortality (%) under laboratory conditions caused by Foray 76B® (2.0 L/ha and 2.5 L/ha) and
Rapax AVIO® 7, 14, and 21 days in (a) 2018 and (b) 2019 panel. Mortality was corrected with the Schneider–Orelli formula.

4. Discussion

All Btk applications in this study successfully contributed to the reduction in L.
dispar larval populations in the forest. Foray® 76B AVIO, commonly used in large-scale
gypsy moth management programs in Sardinia [19], caused a significant decrease in
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larval density when applied either at a standard (2.5 L/ha) or lower (2.0 L/ha) dose. The
efficacy of Rapax® AS Air, which is characterized by a different Btk strain (i.e., EG-2348),
was generally comparable to Foray® 76B AVIO (i.e., ABTS-351). However, the latter, as
a whole, appeared more effective in controlling the L. dispar larval population. On the
other hand, the efficacy of these Btk products observed in 2018 and 2019, compared to
the untreated control areas, was less evident than expected due to the target population
being under retrogradation. Another aspect affecting efficacy comparisons between the
two experimental years is the larval age at the time of application, which is a factor
correlated to Btk effectiveness [22]. In 2019, the larval population at the time of application
was characterized by a higher larval age than that in 2018. Therefore, to achieve the
same level of mortality when targeting older larvae, a higher dose would have been
needed [14,22]. Nevertheless, differences in larval age are also related to other natural
control factors affecting population. Older larvae which survive Btk treatments are
exposed for a longer time to several biotic and abiotic mortality factors, which act more
consistently during a gypsy moth retrogradation phase [42]. Among these, the biological
control agent community, whose population is host-density dependent, expresses its
highest potential during retrogradation [42–45]. The effects of the complexity of natural
phenomena affecting Btk efficacy evaluations based on population density measurements
before and after treatments and during retrogradation were mitigated in this study by
including laboratory observations of larval samples collected from treated plots. This
approach allowed the demonstration of clear treatment efficacy, with larvae feeding on
non-treated foliage showing a significantly higher survival rate than that of larvae from
treated areas in both years (Figure 2a,b).

Based on this study, both Btk formulations were equally effective in attaining larval
density reduction in the field. The EG-2348 strain characterizing Rapax® AS Air formula-
tion was previously assayed against L. dispar and M. neustria populations, proving to be
effective when applied on individual cork oak trees [17]. However, in those experiments,
Btk suspension was diluted with water and applied from the ground with an atomizer at a
volume of 10 L/100 m2. No recommendations for aerial application of this product were
available, but our results demonstrated that the same procedures in use in Sardinia since
the 1990s for aerial application of Foray® [19,24,25] can also be used effectively for Rapax®.
This aspect is not secondary to achieving an appropriate size and density of suspension
droplets, which is strictly dependent on the type of distribution and the physico-chemical
features of the formulation [33]. These results provide important practical information
for the aerial application of Foray® 76B AVIO and Rapax® AS AIR, as both are aqueous
suspensions. Our results align with previous trials reporting the effectiveness of Btk-based
SC formulations on different Lepidopteran species affecting forest and agricultural crops,
under different field conditions [17,46].

Another relevant finding emerging from this work is the availability of two formula-
tions containing Btk strains bearing different Cry genes, both resulting in a satisfactory
pest control capability. This relates to the need to develop a longer-term control strategy
involving the alternate or combined use of different strains, according to a resistance
management approaches based on modes of action diversification. Insect resistance to Bt
toxins was in fact reported in both laboratory and field conditions [47–49], being devel-
oped by different mechanisms, most of which are still under investigation [32]. Possible
adaptation to Bt toxins by natural populations should therefore also be considered in the
forest environment, where the selection pressure caused by the application of the same
active substance for several years may facilitate the onset of resistance [50]. In addition to
strains rotation, resistance management should include the maintenance of treatment-free
areas as a reserve of Bt-sensitive populations.

The present study indicated similar efficacy of using the standard dose of 2.5 L/ha
or a reduced dose of 2.0 L/ha for Foray® 76B AVIO. This dose was also adequate for
Rapax® AS AIR. The consistent employment of reduced doses is recommended in order
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to minimize the possible environmental impact and the costs related to product shipment
and distribution [19].

In conclusion, our results confirmed the high efficiency of Btk applications to manage
L. dispar infestations in the Mediterranean area, which represents an effective method to
protect forests from defoliation. The two formulations containing different Btk strains (i.e.,
ABTS-351, EG-2348) did not show significant differences in efficacy against gypsy moth
larval population, providing a choice of alternative products to be considered in insect
resistance management strategies. In addition, Foray® 76B AVIO proved to be equally
effective at a lower dose than that labeled, which allows treatment cost saving or the
opportunity to use locally available budgets to increase the surfaces of the forest to be
protected. On the other hand, the use of different doses might be calibrated according to
the typical spatial heterogeneity of gypsy moth infestations, applying lower doses in less
infested areas and standard doses in areas with higher population density.
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Abstract: Insects, fungi, and diseases play an important role in forest stand development and
subsequently, forest management decisions and treatments. As these disturbance agents commonly
occur within and across landscapes, modeling has often been used to inform forest planning and
management decisions. However, models are rarely benchmarked, leaving questions about their
utility. Here, we assessed the predictive performance of a Bayesian hierarchical model through on–
the-ground sampling to explore what features of stand structure or composition may be important
factors related to eastern spruce dwarf mistletoe (Arceuthobium pusillum Peck) presence in lowland
black spruce (Picea mariana (Mill.) B. S. P.). Twenty-five state-owned stands included in the predictive
model were sampled during the 2019 and 2020 growing seasons. Within each stand, data related
to the presence of eastern spruce dwarf mistletoe, stand structure, and species composition were
collected. The model accurately predicted eastern spruce dwarf mistletoe occurrence for 13 of the
25 stands. The amount of living and dead black spruce basal area differed significantly based on
model prediction and observed infestation, but trees per hectare, total living basal area, diameter at
breast height, stand age, and species richness were not significantly different. Our results highlight
the benefits of model benchmarking to improve model interpretation as well as to inform our
understanding of forest health problems across diverse stand conditions.

Keywords: forest health; lowland conifers; boreal forest; Arceuthobium; black spruce; eastern spruce
dwarf mistletoe; modeling

1. Introduction

Insects, fungi, and diseases are important components of forest ecosystems and are
frequently at the center of discussions regarding forest health. During the maximum
sustained yield era of forestry, these disturbance agents were largely considered threats
that needed to be “controlled” to reduce the losses to timber production and quality [1].
However, as goals and objectives have expanded beyond commercial timber production,
forest health has shifted to exploring how insects, diseases, and other disturbances agents
influence stand structure, composition, and development [2]. Here, we define forest
health as the maintenance of resilience, defined as the recurrence and persistence of
processes that lead to sustainable ecological conditions as well as timber and non-timber
forest products [3].

As biotic disturbance agents interact in novel ways with changing climate conditions,
non-native forest health threats continue to be introduced, and data on the subsequent
impact on stand development becomes better understood [4–10], more information about
the distribution, prevalence, and effects of these disturbance agents is being sought. This
information, in turn, is used to inform forest management decisions that increasingly
require adaptability and flexibility [11,12].
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Modeling is often used to supplement data collected through forest inventories
or more intensive sampling for a specific disease or insect [13]. However, in some
forest communities, locations may be difficult to access or prohibitively expensive to
sample [14]. Additionally, forest cover types can cover large areas, increasing the utility
of modeling. The ability to model systems using previously collected forest inventory
data allows researchers and natural resource managers to address many different forest
health questions. Modeling has been used to predict the occurrence of forest disturbance
agents [15], risk factors [8,16], rates and patterns of spread [17], and their effects on
growth [1,2,18], among other objectives.

While models can provide insight into the distribution, potential impact, and other
aspects of biotic disturbance agents related to forest management, they are still mathe-
matical representations of systems, not the systems themselves [19]. As such, each model
should be carefully evaluated [20]. Evaluation of a model can include, but is not limited
to, examining the data used to create the model (what the original purpose was, etc.),
asking if model complexity reflects the system or our understanding of the system [21],
and, critically, benchmarking to assess model performance [20,22].

A system where modeling of forest health threats has occurred is in lowland black
spruce (Picea mariana (Mill.) B. S. P.) forests of Minnesota that are infected with eastern
spruce dwarf mistletoe (Arceuthobium pusillum Peck; hereafter ESDM) [15,17]. Lowland
black spruce is an important component of the southern boreal forest, providing many
ecological and economic benefits [23–26]. ESDM, the only dwarf mistletoe on Picea spp. in
Minnesota, is a native, parasitic plant that has long been present on the landscape and is
an important but not well understood component of disturbance regimes in black spruce
forests [27]. In the region, black spruce is the main host of ESDM; though, at extremely
high levels of infestation, it has been known to also parasitize tamarack (Larix larcina (Du
Roi) K. Koch) [28].

Historically, black spruce forests were affected by large, stand-replacing disturbances
(e.g., fire) at infrequent intervals with smaller, more frequent disturbances occurring
at shorter intervals [29,30]. These fires are hypothesized to have maintained ESDM
populations at a lower level than is currently observed, as ESDM requires a living host
to survive and reproduce [27]. With fire largely absent from the landscape, clear-cut
regeneration harvest is now the most common stand-replacing disturbance, resulting
in mostly even-aged stands that often are affected by windthrow or ESDM infestations
between rotations. Management of ESDM infestations occurs at the time of regeneration
harvest, with best practices recommending cutting everything at least 1.5-m tall [31].

Long-range dispersal of ESDM by birds and other species such as small mammals is
hypothesized to result in new infection locations [32]. When a black spruce tree is infected
with ESDM, there is an initial reduction in growth accompanied by the development of
witches’ brooms—bushy, compact masses of branches and twigs that grow at the site of
infection [27]. After 15 to 20 years, 75% of black spruce will succumb to mortality [33].
Infestations spread radially within stands and create a unique spatial distribution of
ESDM at both the stand and landscape levels.

This spatial distribution of ESDM has been the focus of much of the modeling done
in this system. Baker et al. [17] developed a model (DMLOSS) to predict the within-
stand spread and resulting black spruce volume loss; their model estimated significant
volume loss over the course of a single rotation using previously published rates of
spread and mortality [33]. Moving from the stand level to the landscape, Hanks and
colleagues [15], developed a model to predict the occurrence of ESDM utilizing a Bayesian
hierarchical framework. However, this model has not been benchmarked to assess the
model’s predictive performance. Our objective is to assess the predictive performance of
the model through on–the-ground sampling to explore what features of stand structure
or composition may be important factors related to ESDM infection modeling at the
landscape scale.
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2. Materials and Methods

2.1. Study Area

Northern Minnesota, USA, falls within the Laurentian Mixed Deciduous forest and
is a transition zone between northern hardwood forests to the south and east and boreal
forests to the north [34]. The growing season in the region is short, ranging from 98
to 111 days [35]. The average annual temperature is between 1 ◦C and 4 ◦C; winter
temperatures regularly reach −31 ◦C while summer temperatures above 30 ◦C have been
recorded. Precipitation ranges between 650 and 800 mm per year, with the majority
occurring during the summer months as rain [36].

The region contains mixed hardwood and conifer forests, as well as conifer swamps
and bogs. Conifer bogs and swamps include peatland forests, which have deep, acidic,
nutrient-poor, and poorly drained soils and are dominated by very few tree species,
including black spruce and tamarack [30,35].

Black spruce peatlands are an important component of the region’s forests, compris-
ing 648,000 hectares of the 7.04 million hectares of forest in the state [37], occurring in
both managed and unmanaged stands. When managed, black spruce is often found in
pure stands with an even-aged distribution. However, black spruce can also occur in
mixed stands with tamarack and balsam fir (Abies balsamea L. Mill.) with components of
birch (Betula spp.), quaking aspen (Populus tremuloides Michx.), and northern white cedar
(Thuja occidentalis L.) which are more likely to be multi-aged [35].

2.2. ESDM Model

Given that ESDM is one of the major disturbance agents of black spruce forests, there
was interest in modeling the probability of its occurrence. Hanks et al. [15] developed
a Bayesian hierarchical model to predict the probability of occurrence of ESDM for
25,235 state-owned stands across northeastern Minnesota, USA, using multiple data sets.
These data included the Minnesota Department of Natural Resources Forest Inventory
Management database (FIM; MNDNR, 2019) and an independent intensive survey for
ESDM (Baker et al., unpublished manuscript). The variables used in the model include
measures of species composition, stand conditions, environmental conditions, and spatial
autocorrelation (Table 1). This represents the only published predictive model of ESDM
occurrence in the study region. However, the predictive accuracy of the model has not
been assessed.

Table 1. Variables included in the Bayesian data reconciliation model used to predict occurrence of ESDM; for full model
description see Hanks et al. (2011).

Regression Coefficients for y Regression Coefficients for Φ Regression Coefficients for Ψ

Cover type size class Mortality of dominant species Cover type size class
Stand “wetness“code Presence of tamarack Understory size class

Stand density (1000 board-feet/acre) Lowland black spruce cover type Mortality of dominant species
Height of dominant species Understory density

Mortality of dominant species Presence of northern white cedar
Understory density Spatial autocovariate (ac Ψ)

Presence of tamarack
Presence of northern white cedar
Presence of lowland black spruce

Presence of balsam fir
Stagnant spruce cover type

Aspen cover type
Jack pine cover type

Spatial autocovariate (acy)

Notes: The variable y is the presence (yi = 1) or absence (y1 = 0) of mistletoe in a stand, as identified in the intensive survey; Φ is the
probability of the DNR survey finding mistletoe if it is present in the intensive survey; and Ψ is the probability of the DNR survey reporting
mistletoe present if it is not present in the intensive survey. “DNR”is the Minnesota Department of Natural Resources.
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2.3. Model Benchmarking

To assess the accuracy of the ESDM model [15], we applied the predicted probability
of ESDM occurrence in black spruce stands to the MN DNR FIM database. Using ArcMap
10.5.1 (ESRI) twenty-five stands for on-the-ground sampling were selected (Figure 1).
Selection criteria included stand size (≥4.04 hectares in area), age (between 60 and
100 years old at the time of the survey), dominant species (black spruce; as denoted
by the DNR), surveyed since at least 1995, and within 200 m of a navigable road. This
sampling frame was further reduced after selecting an equal number of stands predicted
to either have ESDM present or absent. A greater than 80% predicted probability of ESDM
occurrence was used to label stands where ESDM was predicted to occur. Stands with
less than 20% predicted probability of occurrence were labeled as ESDM free. These
percentages were chosen as conservative thresholds indicating presence or absence.

Figure 1. Study area, showing state-managed black spruce stands (green), stands including in the
Hanks et al. (2011) model (light green), and stands sampled for model benchmarking (black).

Twenty-five black spruce stands were sampled during the summers of 2019 and
2020; 13 predicted to be ESDM free, and 12 predicted to have ESDM present. Within
each stand, sampling occurred across three units, each comprised of six plots, consistent
with previous work in this system [28]. The location of the first unit was selected by
placing a GPS point within at least 30 m of the stand boundary. The second unit was 100
m away from the sixth plot of the first unit. The third unit was 100 m away from the
final plot of the second unit, and all azimuths were chosen to fit within the shape of the
stand (given many have highly irregular shapes). Each unit contained six 1/100th hectare
overstory plots spaced 30 m × 60 m in a 2 × 3 design; in some irregularly shaped stands,
the rectangular configuration could not be met, but the number of plots and spacing
remained consistent.

Within each overstory plot, all trees with a diameter at breast height (DBH) of at
least 3 cm were measured. For each tree, species, DBH, status (alive or dead), live crown
ratio, and presence or absence of ESDM was recorded. On trees with ESDM present, the
proportion of crown occupied by witches’ brooms was recorded (<50%, ~50%, or >50%)
in a simplified version of the dwarf mistletoe rating system [38]. A simplified version was
utilized because, unlike other mistletoes, any level of ESDM will result in the eventual
mortality of the black spruce. Height was measured on every fourth tree, provided the
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tree remained upright (leaning less than 45◦ from vertical) and the crown was unbroken.
Height of snags was also recorded as long as these criteria were met.

2.4. Analysis

The accuracy of the model was assessed by creating a confusion matrix and cal-
culating overall accuracy, type I error, and type II error. Additionally, stand structure
characteristics were compared across predictive groups (true negative, false negative,
false positive, true positive) using an analysis of variance and Tukey’s honest significant
difference test when significance was found. All analyses were performed in R [39].

3. Results

Of the 25 stands sampled, the model accurately predicted the presence or absence
of ESDM for 13 stands—7 stands without infestation and 6 stands with infestation. We
found an overall error rate of 48% and type I and II error rates of 46% (Table 2).

Table 2. Confusion matrix comparing observed occurrence of eastern spruce dwarf mistletoe
(ESDM) with that predicted by Hanks et al. (2011).

Predicted
Observed

ESDM Absent ESDM Present Total

ESDM absent 7 6 13
ESDM present 6 6 12

Total 13 12 25

A comparison of stands across predicted and observed occurrence of ESDM shows
groups diverging in few characteristics, while many remain similar (Table 3, Figure 2).
There was no significant difference in trees per hectare across all predictive groups
(p = 0.637, F-value = 0.593), nor was there a significant difference in total live basal area
(p = 0.389, F-value = 1.056), diameter at breast height (p = 0.764, F-value = 0.386), stand
age (p = 0.603, F-value = 0.631), or species richness (p = 0.31, F-value = 1.271) (Table 3).

Table 3. Stand structure characteristics of the 25 sampled stands with or without eastern spruce dwarf mistletoe (ESDM),
calculated from field surveys, and classified as true negative, false negative, false positive, and true positive. Unless
otherwise specified, all values reflect those of living trees only. Means followed by the same letter are not significantly
different by Tukey’s HSD test at a 0.05 level of significance for predictive group.

Observed ESDM Free/Predicted ESDM Free
(n = 7)

Observed ESDM/Predicted ESDM free
(n = 6)

Mean SE Min Max Mean SE Min Max

Trees per hectare 2218 a 91.8 1089 3117 2252 a 107.0 1238 3444
Basal area (m2/ha) 26.3 a 0.85 22.3 34.7 25.4 a 1.26 18.6 34.9

Black spruce BA (m2/ha) 21.6 a 0.81 17.8 31.3 19.8 a,b 0.98 14.8 24.5
Dead black spruce BA (m2/ha) 2.3 a 0.24 0.7 3.6 3.4 a 0.34 1.3 5.0

Mean DBH (cm) 12.2 a 0.31 9.7 17.0 11.6 a 0.40 7.8 14.5
Species richness 4.4 a 0.81 3 9 4.2 a 0.87 2 7

DNR reported age 88.4 a 4.85 66 105 87.7 a 4.78 73 107

Observed ESDM Free/Predicted ESDM
(n = 6)

Observed ESDM/Predicted ESDM
(n = 6)

Mean SE Min Max Mean SE Min Max

Trees per hectare 2483 a 139.5 1244 3861 1870 a 107.6 883 3439
Basal area (m2/ha) 22.2 a 1.0 15.1 28.3 21.9 a 1.16 14.0 29.0

Black spruce BA (m2/ha) 17.1 b,c 0.89 13.6 25.9 15.0 c 1.08 7.1 21.8
Dead black spruce BA (m2/ha) 1.6 a 0.18 0.6 2.4 7.4 b 0.92 2.5 18.0

Mean DBH (cm) 10.7 a 0.36 6.6 14.5 11.4 a 0.40 8.0 14.0
Species richness 4.0 a 0.93 2 7 6.2 a 1.01 2 9

DNR reported age 96.3 a 6.70 73 111 90.2 a 4.15 77 103
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Figure 2. Living overstory basal area (A), living black spruce overstory basal area (B), and dead black spruce overstory
basal area (C) within each of the four predictive groups (true negative (TN), false negative (FN), false positive (FP), and true
positive (TP)). Panels with the same letter are not significantly different by Tukey’s HSD test at a 0.05 level of significance
for each predictive group.

Predictive groups diverged when looking at black spruce individually, with sig-
nificant differences in both living black spruce basal area (p = 1.97 × 10−6, F-value =
10.09) and dead black spruce basal area (p = 2.42 × 10−15, F-value = 26.4) (Table 3). The
amount of living black spruce basal area was not significantly different between true
negative and false negative groups, between false negative and false positive groups, nor
between false positive and true negative groups (Table 3). However, the true negative
group had significantly more living black spruce basal area than both the false positive
and true positive groups; similarly, the true positive group had significantly less living
black spruce basal area than both the true negative and false negative groups (Table 3).
The true positive group also had significantly more dead black spruce basal area than all
other predictive groups (Table 3).

4. Discussion

The results from this analysis showed the challenges of predicting the occurrence of
ESDM, as indicated by the overall accuracy of 52% (Table 2). Model performance did not dif-
fer between absence and presence of ESDM (true negative rate = 54%, true positive rate = 50%,
Table 2), indicating it is not biased towards either over or under prediction.

Some of the limitations of the model developed by Hanks and colleagues [15] for
ESDM are common across many models. Data used to create the Hanks model represents
a single point in time, creating static predictions of ESDM occurrence. In this case, it is for
the inventory year for each stand in the FIM dataset, which ranges from the early 1980s to
the current year (all stands used in field verification were sampled no earlier than 1995;
inventory year used in original modeling not available). Given the lag between stand
inventory, model development, and field verification (up to 25 years in our analysis), some
discrepancies would be expected. However, if this were the main reason for the inaccurate
predictions, we would expect a lower false-positive rate and a higher false-negative rate
(i.e., with the passing of time, more stands would have become infested).

With this temporal lag, it is also important to consider climate change and its potential
effects on this disturbance regime as the elapsed time represents a period of shifting
climate in the region. While the role of climate in the distribution and prevalence of ESDM
has not been studied, the effects of climate change on black spruce are more well known.
Overall, climate change is predicted to significantly negatively affect black spruce at the
landscape scale [40], which would likely increase stress in black spruce and potentially
the amount and rate of mortality due to ESDM infestation. However, the effects of climate
change at the stand (and tree) level, may rely more on microsite conditions and water
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table dynamics [41] which could further increase the spatial complexity of ESDM across
the state.

The patterns observed in stand structure and composition among all four predic-
tive groups provide insight into ESDM presence. Most of the included stand structure
characteristics did not differ significantly across predictive groups; the only significant
differences were found in living and dead black spruce basal areas (Table 3). Live black
spruce basal area shows a gradient of significant differences, with the true-negative group
having more living black spruce basal area than both the false and true positive groups,
the true positive group having significantly less black spruce basal area than the false
and true negative groups and the false negative and positive groups having intermediate
amounts (Figure 2). This gradient shows that, as stands become infested with ESDM, the
amount of living black spruce declines, but that low levels of black spruce basal area do
not always indicate infestation. Stands in the true positive group also had significantly
more dead black spruce basal area than any other predictive group, perhaps indicating
more advanced levels of infestation (and thus mortality due to ESDM infestation) (Figure
2).

The difference in patterns observed between the predicted/observed groups indi-
cates that the Hanks model may be characterizing stand structure trends that could be, but
are not necessarily, related to ESDM infestation or are only identifying stands at a specific
stage of infestation. The model appears to be well suited to identifying stands with more
established or more severe infestations, picking up trends of lower living black spruce
basal area and higher dead black spruce basal area (Figure 2). Our results show, however,
that there may simply be greater variation in black spruce stand conditions than originally
hypothesized, in both the presence and absence of ESDM. Though ESDM in black spruce
has been studied for decades, it has largely been from a plant pathology perspective
and focused on spread and mortality rates, rather than effects on stand structure and
composition [33,42]. It is only in recent years that the effects of ESDM on stand structure
have started to be explored [28].

This new research has shown that stands at different levels of ESDM infestation
exhibit differing stand structures. Stands with no ESDM present are predominately
composed of living black spruce, while stands with low (<50% of stand infested) levels
of ESDM still have low levels of black spruce mortality as well as additional species
becoming established, and stands with high (>50% of stand infested) levels of ESDM had
both increased black spruce mortality as well as a greater number of species present [28].
These differences indicate that predicting the occurrence of ESDM without considering the
severity or extent of the infestation may not be possible, as different levels of infestation
appear to have differing effects on stand structure.

Though mortality of the dominant species was included as a variable in this model,
all infested stands were included as one group (ESDM presence was coded as a binary
variable), which reflects opinions that any ESDM in a stand will result in an undesirable
loss of timber volume [17]. A better approach may be to include multiple levels of
severity to better reflect how ESDM infestation progresses or to focus on a specific stage
of infestation (establishment, for example) that may have a more unique signature for a
model to identify.

Our results show some of the difficulty of modeling the presence of disturbance
agents that affect forest health—particularly those with strong spatial considerations.
In modeling ESDM, mountain pine beetle, spruce budworm, or similar forest health
threats, considering not just the presence or absence but the level of infestation could
allow for more useful predictions [43,44]. Our results also indicate the value of looking
beyond the main effect of the disturbance agent—mortality, in the case of ESDM—and
considering broader ecosystem effects, such as species composition shifts or changes to
stand development [28,45]. These considerations are important not only for predicting
the occurrence of important disturbance agents but also for accurate growth and yield
models that are necessary for forest management decision-making [2].
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The Hanks et al. 2011 model, as well as our analysis, highlights the benefits of model
benchmarking to improve model interpretation as well as the importance of understand-
ing the data used in modeling and basing models on the ecological understanding of a
system (here, how stand structure characteristics vary based on the severity of infestation).
Our analysis also provides direction for future modeling work in this, and other, systems
that may improve our ability to predict the occurrence or severity of disturbance agents
and aid in monitoring and managing for improved forest health.
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Abstract: The population densities of I. typographus and P. chalcographus inside the Carpathian
Mountains increasing mostly because of the non-synchronized and divers management strategies.
The growing loss of trees from one year to another indicates assessment to determine the influence of
the current management practices (or the absence of such) on bark beetle densities. A comprehensive
tree-year assessment were made inside the Apuseni Natural Park, with a surface of 75,784 ha,
to assess the population density of bark beetles. High abundance of both species were detected
from one year to another, both in managed and unmanaged forests, the latter explained by the
presence of scattered wind falling trees which represent favorable places for oviposition. General
linear modelling revealed that the effect of environmental variables (forest mean age, forest density,
altitude and slope) on I. typographus density were only significant under management systems,
and only forest age has significantly negative effect on bark beetles densities. Overall, we conclude
that there is little difference in population between non-intervention and intervention areas and
even over a relatively short period of time (2011–2013), the population of both species expanded,
and new uninfected habitats were infected both in unmanaged and managed forests, therefore
a synchronized management system has to be developed. Climate variables as temperature and
precipitations has more significant effects on population density than management.

Keywords: conservation areas; management systems; spruce forest; climate change; population
density

1. Introduction

Bark beetles (Coleoptera: Curculionidae: Scolytinae), are the most important pests
of coniferous trees [1]. Of those belonging to the genus Ips, Ips typographus is the most
destructive species, damaging spruce forests across Eurasia [2], and causing economically-
significant attacks in spruce forests [3–5]. In addition, beetles of the genus Pityogenes can
also be of considerable economic importance. For example, Pityogenes chalcographus is one
of the most abundant bark beetle species in Europe and can be detected widely in Picea
(Picea abies (L.) H. Karst) forests, ranging from Scandinavia to the Balkans [6]. Damaged
produced by this latter species was found to increase from one year to another throughout
Eurasia [7], with more severe damage to Picea trees being widely reported [8,9]. Damage is
frequently detected in combination with that of I. typographus (Linnaeus, 1758), cases when
the two species occur together producing more severe losses that when found alone,
as frequently described in the literature, even early papers [10]. Several studies have
reported that P. chalcographus prefers young trees, with enhanced physiological demands
and thus more sensitive to attack [11–13], with the highest density of infestation detected
in trees between 25–45 years [14].
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Economic thresholds (the individual number which requires already intervention
to protect trees) for I. typographus were detected at different levels, and were reported at
8000 individuals/trap/year by Faccoli & Stergulc (2004), with a strong correlation found
between individual numbers and tree numbers. Other papers have reported 10,000 indi-
viduals/trap/year [15], or sometimes even as high as 15,000 individuals/trap/year [16].
With P. chalcographus, economic thresholds were reported as 20,000 up to 60,000 individ-
uals/trap/year [17]. In Romania, 3000 individuals/trap/year have been reported for
I. typographus and 30,000 individuals/trap/year for P. chalcographus [18]. While high vari-
ations in economic thresholds can be detected, the effect of management, which usually
follows the practices that dead trees and wood residuals are left after harvest for a longer
time near healthy growing trees, are rarely considered. Previous related researches have
mentioned that tree mortality was most strongly determined by standing trees killed
by bark beetles in the previous year and left in the forest, followed by wind-felled trees.
Precise and timely removal of infested trees is a suitable method to control bark beetle
infestation [19]. Another study also reported that the application of selective control
methods reduced mainly the populations of I. typographus (results detected by using
pheromone traps), and no effect on P. chalcographus were detected. This is because a large
volume of fresh logging residues, mainly tree tops and branches remaining in stands,
offer excellent breeding conditions for P. chalcographus. It was also reported that the fast
increase of this species population seems to be a consequence of recent human errors
concerning insect control and forest management [14].

Overall, it appears that the increasing densities of these insects should be further
investigated and management practices compared in other regions (i.e., Carpathian
Mountains) with large protected forest areas. Also, the effect of climate change has to
be considered in such assessments. Therefore in the present study, our main goal was
to assess the population density of I. typographus and P. chalcographus inside the Natural
Park Apuseni, Romania and to determine whether or not current management practice
(‘non-intervention’ and ‘intervention’ strategies) have a marked effect on bark beetles
densities.

2. Materials and Methods

2.1. Study Area

The Apuseni Natural Park (Western Carpathian Mountains, Central Europe, (46.604◦ N,
22.810◦ E), with a surface of 75,784 ha, is one of the most important protected area from
Western Romanian Carpathians. Covered mainly with forests, about 75%, with a spe-
cial karst heritage, the natural park of the Bihor Mountains is included in category V
IUCN-Protected Landscape (Figure S1). The main trees species which compose the
forests are spruce, Picea spp. (70%), fir, Abies spp. (2%) and beech, Fagus sylvatica (27%).
Other resinous species like pine and larch and few species of deciduous trees like ash,
sessile oak, sycamore, birch and elm, can be found.

2.2. Forests Status and Management

In the past, the forests of Apuseni Mountains, composed mainly by European spruce,
were owned and managed, in the respect of Romanian forest protection standards,
by three state forest directorates: Alba, Bihor and Cluj (common named with coun-
ties). Valuable forests of spruce or spruce mixed with beech and fir were included in
conservation areas (20% from total forests surfaces) and the remaining 80% of spruce
mixed with beech and fir in buffer areas in 2004, during this time the protected natural
park was established. All over of these surfaces, the internal zoning of the park imposed
including of the forest stands in conservation areas (unmanaged forests) and buffer areas
(managed forests). In unmanaged forest, no interventions are allowed. Just in case of
major disturbances created by abiotic and/or biotic factors, in unmanaged forests inter-
ventions are allowed after a long and hard procedure, which take years (elimination of
dead trees as example). Parallel, in the last three decades, a complex and yet un-finalized

201



Forests 2021, 12, 760

process of restitution of the forests takes place. Either unmanaged or managed stands
changed properties, from the state to the private entities or private persons. These created
difficulties to apply all forest protection measures in managed forests and to respect non-
intervention in unmanaged forests. In August 2006, a highly destructive storm affected
the forests in both conservation and buffer areas of the park, resulting in a huge quantity
of wind felled trees. In every year since then, interventions have been performed in both
areas to assess natural calamities and involving delineation of the protected areas by
special minimally-planted buffer zones. However, starting in 2010, no more intervention
was allowed in forests belonging to the conservation areas. In this context the population
densities of I. typographus and P. chalcographus inside the Apuseni Natural Park, increased,
especially after wind throw from 2006 which affect more than 200,000 cubic meter of
spruce trees in unmanaged and managed forests and as an effect of climate change.

2.3. Site Selection and Environmental Conditions

Selection of the research sites (Table S1), were the following: the forests are included
in conservation areas (unmanaged forests), with a non-intervention strategy (i.e., no dead
trees were removed from the forest or no other management activity were followed).
In buffer areas (managed forests), with an intervention strategy (i.e., all dead trees in-
vestigated and removed from the forests, with pheromone traps used to assess bark
beetle densities, with trap trees to decrease the bark beetles population level. All other
forest protection measures applied); the forests covering a range of stand conditions; the
existence of minimum three spruce trees per site colonized by the bark beetles; the forests
are accessible.

In total, 48 permanent research sites have been established (Figure 1) inside the
Forest Directorates/counties (Alba–site A, Bihor–site B and Cluj–site C). From these, 24
infested by I. typographus (16 unmanaged forests and 8 managed forests) and 24 infested
by P. chalcographus (17 unmanaged forests and 7 managed forests) were established (Figure
S1). We used site as differences (independent variables) because sites located in different
counties have different administrative strategies with independent regime. Forest manage-
ment reorganization is under progress in Romania and not even the property rights were
clarified yet.

 

Figure 1. Map of the areas investigated in the Apuseni Natural Park (46.604◦ N, 22.810◦ E), Romania. Unmanaged sites are
marked with green, managed sites with red.

Of these sites, in 80% of the research forest stands, spruce comprised between 90 to
100% of the trees, whilst 75% had a mean age between 60 to 120 years old, 28% 120 to
170 years old, and just 8% 20 to 60 years old. The altitude of the sites was between 800 to
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1500 m a.s.l. The climate characterizing the whole area may be described as temperate-
continental, with multiannual mean temperature of 4.6 ◦C and mean precipitation of
1600 mm per year. Climate conditions during the assessment period are presented in
Figure 2. During the research, no significant gale conditions were registered; however,
downwind trees were observed scattered around the forests, whilst dying trees caused by
the bark beetles attack were also seen to be present and similarly scattered in the forest.

 

Figure 2. Temperature and precipitation values in the target areas between 2011–3013.

2.4. Data Collection

In each site, Theysohn slot traps baited with synthetic pheromones were used.
Placement of the traps was performed as much as possible in sunshine, at 15–20 m distance
by the spruce trees stands, and at 1.3 m above the ground. The synthetic pheromone used
for I. typographus was S-cis verbenol 3.3%, namely (1S, 2S)-4,6,6-trimethylbicyclo (3.1.1)
hept-3-en-2-ol (IT-Ecolure Tubus Mega) and for P. chalcographus, Chalcogran 4%, namely
2-ethyl-1,6 dioxaspiro (4,4) nonane (PC-Ecolure Tubus Mega). The pheromones were
active for 22 weeks according to the manufacture’s advice and cover the period of spring
and summer beetle flights. The level of pheromone in the tubes was simultaneously
checked with that of the beetle collection. The traps were active between the end of
April until the end of September of each sampling year. Trapped beetles were collected
weekly in plastic boxes, labeled according to the particular trap and date of collection,
and stored in the fridge at −20 ◦C. Periodically, the boxes were transported from the
Forest Entomology Laboratory to the University of Timisoara for analysis. Beetles from
each sample were physically counted up to 500 individuals, whereafter bigger samples
were measured volumetrically.

2.5. Data Analysis

Insect density values for each sampling period, location and year were averaged
between the same traps. Thereafter, all data were log10 transformed to reduce the influ-
ence of high values (by adding 1 to each value and then log10 transforming it). This was
followed by a normality test and homogeneity of variance. As all data were normally
distributed, one-way ANOVA followed by Tukey HSD test were used to compare abun-
dances between sites and treatments. Each year was considered separately in this analysis.
Statistically significant differences were considered at a level of p < 0.05. Next, all data
were again compared, this time as each year, site and treatment using one-way ANOVA
followed by Tukey HSD test (p < 0.05 level). In the following analyses, heat-map matrices
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were constructed to compare abundances between sites, treatments and flying periods
for each year and species. In this approach, matrices blue colors represents low abun-
dances, red colours high abundances. General linear model (GLM) was used to test the
effect of environmental variables (forest age, forest density, altitude and slope) on beetle
density using forest mean age, forest density, altitude and slope as independent variable,
and each species group as a dependent (response) variables. Lastly principal component
analyses (PCoA) was used to test the effect of sites climate variables (temperature and
precipitations) and treatments on species abundances, where treatments and climate
variables were considered as main components and species abundances as variables.
The method was replicated again using separately temperatures and precipitations as
main components. All data analyses were made in PAST 4.02. Analyses were also made
in PAST 4.02.

3. Results

Altogether more than 400,000 individuals of I. typographus and more than 600,000
individuals of P. chalcographus were captured and used for analyses. This means that in
unmanaged forests site A the I. typographus abundance varied between 10.1 (early spring)
and 849.7, (summer), in site B between 2.3 and 2237.3, while in site C between 2.2 and
4565.6 during the assessment period. In managed forests, this variation was between 9
and 598.2 in site A, 1.8 ad 5733.8 in site B and between 3.5 and 11,667.5 in site C.

The abundance of P. chalcographus wearied in unmanaged forests between 12.1 and
6172.8 in site A, between 5 and 12,695.8 in site B and between 6.8 and 15,804.5 in site C.
The species variation in managed forests was 7 to 46,386.2 in site A, 3 to 7012.3 in site B
and 6.3 to 19,831.7 in site C during the assessment period.

High abundance of both species were detected in all years of the investigation,
both following ‘unmanaged forests’ (control) and ‘managed forests’ (treatment). While in
2011 the abundance of I. typographus was significantly higher in site C, its abundance
increased in 2012, and high abundance in site B, under managed forests were also de-
tected. Further increase in 2013 were observed also in site A, both in the unmanaged
and managed forests (Figure 3A–C). Similar trends at P. chalcographus was detected,
with higher abundance in 2011 on site B managed forests, in 2012 on site B unmanaged
forests, and significantly higher abundances on site C managed forests in 2013 (Figure
3D–F). By comparing all the data together, significantly higher abundances on site B
unmanaged forests for I. typographus and site C managed forests were detected; however,
other differences in mean abundances can be detected (Table S2, supplementary online
materials).

Heat map analyses also revealed that the abundance of I. typographus in 2011 was
concentrated at site C, mostly during the spring flying period; this concentration, however,
expanded in 2012 and in 2013, higher abundance developing also at sites B and A as
well. Low abundance was observed in each year on site A, under managed forests
(Figure 4A–C). A rather different trend for P. chalcographus was detected, but only in 2011,
when higher abundances were observed during the summer flying period (Figure 4D),
while the expansion of high abundance in 2012 and 2013 were also detected, although
at lower density in site A under managed forests (Figure 4E,F). Additional analyses
on beetles flight dynamics (Supplementary online materials, Figure S1), revealed high
synchronization between the two species, but also differences between sites and years
were detected.
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Figure 3. Mean abundances of I. typographus (A–C) and P. chalcographus (D–F), compared between sites and treatments using
one-way ANOVA followed by Tukey HSD tests. Each year was considered separately. Different letters represents statistically
significant differences (p < 0.05) according to the Tukey’s multiple comparison test. Co = control (non-intervention zone),
Tr = treatment (intervention zone). Differences in letters (a, A or X) are used to mark significances inside the years and species.

General linear modelling (GLM) revealed that the effect of environmental variables
(forest mean age, forest density, altitude and slope) on I. typographus density were only
significant under treatment sites, and only forest age has significantly negative effect on
density in 2011 and 2012. The abundance of P. chalcographus was positively influenced by
altitude in 2012 and negatively influenced by the forest age and altitude in 2013 in control
sites. Forest altitude had also negative effect on density under intervention strategy in
2012 and 2013 (Table 1).

Principal component analyses (PCoA) revealed that the greatest variation in den-
sities were explained primarily by sites environmental variables (temperature and pre-
cipitations) in all years and flying periods and less influenced by non-intervention or
intervention strategy systems. In most of the cases, climate variables together explained
up to 80%, while treatments only up to 30% (in 2011), but several times only up to 10%
species densities (Figure 5). By considering separately temperature and precipitations,
they explaining only up to 30–40% species densities, while no change in treatments effects
were detected.
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Figure 4. Heat-map matrices comparing abundances of I. typographus (A–C) and P. chalcographus (D–F), between sites,
treatments and flying periods for each year and species. Blue colours represents low abundances, red colours high abundances.
All data were log10 transformed and presented. Co-control (non-intervention zone), Tr-treatment (intervention zone).

Table 1. General linear model (GLM) using the effect of environmental variables on bark beetle
density. Log10 transformed data were used for analyses. Arrows before value show the direction of
main effects: ↑ indicates a positive relationship; ↓ a negative one. Significant values are in bold.

I. typographus Density (Dep Variable) in Unmanaged Forests

2011 2012 2013

Indep. Var. Std.err. p Std.err. p Std.err. p

Mean age (year) 0.135 0.062 0.282 0.111 0.185 0.384
Forest dens. 0.025 0.796 0.052 0.386 0.034 0.675
Altitude (m) 0.041 0.124 0.086 0.516 0.056 0.715

Slope 0.123 0.198 0.258 0.414 0.169 0.789

I. typographus density (Dep variable) in managed forests

Mean age (year) 3.557 0.054↓ 3.557 0.054↓ 0.619 0.669
Forest dens. 0.617 0.374 0.617 0.374 0.347 0.620
Altitude (m) 1.393 0.385 0.393 0.385 0.630 0.421

Slope 1.084 0.613 1.084 0.613 0.594 0.892

P. chalcographus density (Dep variable) in unmanaged forests

Mean age (year) 0.101 0.152 0.075 0.074 0.068 0.034↓
Forest dens. 0.046 0.409 0.033 0.103 0.030 0.110
Altitude (m) 0.033 0.270 0.024 0.015↑ 0.022 0.059↓

Slope 0.116 0.786 0.085 0.730 0.078 0.871

P. chalcographus density (Dep variable) in managed forests

Mean age (year) 1.674 0.220 2.196 0.102 1.729 0.720
Forest dens. 0.393 0.142 0.708 0.509 0.305 0.065
Altitude (m) 4.472 0.051↓ 4.411 0.005↓ 5.253 0.266

Slope 1.802 0.746 2.589 0.508 1.615 0.900
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Figure 5. Principal component analyses (PCoA) to test the effect of site climate variables (temperature and precipitations)
and treatments on species abundances, where climate variables and treatments were considered as the main components
and species abundances as variables. Figures A–C represents year 2001, figures D–F 2002, and figures G–I year 2003.
Yellow plains represent site A, green site B, and blue site C. Differentiations inside years were made to have a proper
comparison between site climate variables. As example year 1–29 July 2011 was similar or very closed in mean temperature
and precipitation with 13 July–10 August 2012 and with 23 June–28 July 2013.

Principal component analyses (PCoA) revealed that the greatest variation in den-
sities were explained primarily by sites environmental variables (temperature and pre-
cipitations) in all years and flying periods and less influenced by non-intervention or
intervention strategy systems. In most of the cases, climate variables together explained
up to 80%, while treatments only up to 30% (in 2011), but several times only up to 10%
species densities (Figure 5). By considering separately temperature and precipitations,
they explaining only up to 30–40% species densities, while no change in treatments effects
were detected.

4. Discussion

High abundance of both species was detected in all years, both after non-intervention
and intervention strategies. Increase in the abundance of I. typographus in 2011 was
significant in site C; its abundance increased in 2012, and high abundance in site B,
under managed forests were also detected. A further increase in 2013 was observed also
at site A, both in unmanaged forests and managed forests. This can be partially explained
because of the effect of environmental variables (forest mean age, forest density, altitude
and slope) on I. typographus density were only significant under treatment sites, and only
forest age has significantly negative effect on density in 2011 and 2012.

P. chalcographus showed a similar trend (Figure 4). The increase in its abundance
in the unmanaged forests can be explained by the presence of scattered wind felled
trees, which represent favorable places for oviposition and by the existence of standing
trees attacked by beetles, and in the managed forests, by late removal of the mentioned
categories of trees.

The high insects’ density due to the high wood biomass probably influenced tree
mortality, which further increased the insects’ abundances until the end of 2013. This can
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be clearly observed when insect abundances are presented in the form of heat maps
(Figure 4A–F), but also a synchronization in flight of the two species (Figure S3).

Other research has reported another six bark beetle species inhabiting in the same
area of the National Park Apuseni: I. amitinus (Eichhoff, 1872), I. acuminatus (Gyllen-
hal, 1827), P. chalcographus, Dryocoetes autographus (Ratzeburg, 1837), Hylurgops palliatus
(Gyllenhal, 1813), and H. glabratus (Zetterstedt, 1828) [20].

The decision not to extract highly infected and dead trees by 2010 from unmanaged
forests may also explain the high insect abundances. Some studies have also revealed that
the reproduction of P. chalcographus increased significantly in wood residuals when these
are collected near forest for a longer time [20–22]; however, damages to the nearest young
and healthy trees through drying out were not significant [23].

Overall, general linear modelling (GLM) revealed that the effect of environmental
variables (forest mean age, forest density, altitude and slope) on I. typographus density
were only significant under the managed system, and only forest age has significantly
negative effects on density in 2011 and 2012, but not in 2013. This further explains why
the management strategies employed had increasing effect on insect abundance and this
was followed by higher levels of captures in 2012 and 2013. A more detailed field survey
revealed that within the unmanaged forests in 2011–2013, the felled tree biomass and
old tree densities favoured insect reproductions and thereby density increase that influ-
enced the nearest regions too. Principal component analyses (PCoA) revealed however
that the greatest variation in densities was explained primarily by site climate variables
(temperature and precipitations) in all years and less influenced by management systems.
In most of the cases examined, site explained up to 80%, while management only up to
30% (in 2011), and on several occasions, only up to 10% of recorded species’ densities
(Figure 5). Considering separately temperature and precipitations they explained only up
to 30–40% density variations of both species. This result seems to contradict our previous
findings; however, if the management strategies are considered in the intervention zone
(i.e., late extraction of felled wood biomass and noting of the wood residuals, which fa-
vorited mostly P. chalcographus developments), we conclude that site has generally a more
accentuating effect than management strategies.

Earlier studies claim that the two species cause increasing tree mortality when
occurring together. The effect of P. chalcographus alone on Picea abies produced 8% tree
mortality, while together with I. typographus, damage increased significantly [24].

Effect of the multiannual change in temperature and precipitations has to be more
considered in the future. Higher temperature in association with low precipitations
also had a catalytic effect on both species abundance, as observed when annual flight
periods are compared (Figure 4, Figure S1). While in both 2011 and 2012, three flight
period per year can clearly be discerned, this is less obvious in 2013, whereupon a more
continuous flight period was observed. Species started showing activity at 16.8–17 ◦C
until a temperature of 35.6 ◦C was reached [25]. The effect of climate change on these
species’ activity are now more often detected, the result of increasing global temperatures
in forests with decreasing precipitation (e.g., in the Carpathian Mountains during the last
few years), effects that have had a deleterious effect on tree physiology, thereby increasing
their susceptibility to these insects [26,27].

5. Conclusions

It can be concluded that even over a relatively short time period (three years), as here
examined, the population of both bark beetle species studied expanded, with new un-
infected habitats being infected both under unmanaged and managed regimes, mostly
due to the management involved, but also as a consequence of climate change. No rele-
vant differences in population densities between unmanaged and managed forests were
detected, this underlines the question as to how forest management, even in protected
areas, should be followed in light of the insidious effects of ongoing climate change.
If such practices continue to be followed in the future, a mass-extinction of resinous
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forests, mainly composed by spruce in the Carpathian Mountains, is to be expected,
primarily due to these two bark beetle species (and evidently other species occurrences
which have yet to be investigated), even under the guise of so called ‘management’ sys-
tems, as currently practiced. New habitat conservation, wood-management protocols
and legislation urgently need to be introduced and followed to prevent these predicted
forest mass extinctions, which seemingly are already happening over a relatively small
time period (less than a decade), as here highlighted. From the standpoint of Biological
Pest Management involving natural biological control agents, i.e., predators, parasitoids
and/or natural products (i.e., entomopathogenic fungal treatments with Metarhisium or
Beauveria), to combat these economically serious bark beetle pests, such an approach is to
be recommended, especially when wood residuals are collected near healthy trees [28].

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/6/760/s1, Figure S1: Flight dynamics in 2011, 2012 and 2013 Ips + Pityogenes, Table S1:
Research sites and details, Table S2: Statistical analyses comparing insect densities between sites,
treatments and years (ANOVA). Above diagonal are probability (p) values; significant values are in
bold, below diagonal are F values.
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Abstract: We quantified the extent and severity of Asian gypsy moth (Lymantria dispar) defoliation
in Wonju, Korea, from May to early June in 2020. Landsat images were collected covering Wonju and
the surrounding area in June from 2017 to 2020. Forest damage was evaluated based on differences
between the Normalized Difference Moisture Index (NDMI) from images acquired in 8 June 2020
and the prior mean NDMI estimated from images in June from 2017 to 2019. The values of NDMI
ranged from −1 to 1, where values closer to 1 meant higher canopy cover. The NDMI values for
7825 ha of forests were reduced by more than 0.05 compared to the mean NDMI values for the
prior 3 years (2017 to 2019). The NDMI values of 1350 ha of forests were reduced by >0.125 to 0.2,
and the NDMI values for another 656 ha were reduced by more than 0.2. A field survey showed
that these forests were defoliated by gypsy moth and that forests with NDMI reductions of more
than 0.2 were heavily defoliated by gypsy moth. A 311 ha area of Japanese larch (Larix kaempferi)
was severely damaged by gypsy moth and the proportion of larch damaged was higher than that of
other tree species. This intense damage to larch suggests that gypsy moths preferentially attack
Japanese larch in Wonju. Our study shows that the use of NDMI values to detect areas defoliated
by gypsy moth from satellite images is effective and can be used to measure other characteristics of
gypsy moth defoliation events, such as host preferences under field conditions.

Keywords: gypsy moth; Landsat; normalized difference moisture index (NDMI); remote sensing;
satellite image

1. Introduction

The quantification and mapping of forest areas damaged by outbreaks of forest pests
offer insights into the causes of outbreaks and their impacts on forest stands, which is
information that can be used for pest management [1]. Several methods exist for the quan-
tification and mapping of forest insect damage, including field surveys, aerial sketching,
and remote sensing [1,2]. Among these options, remote sensing using satellite images is
considered to have merit due to the lower amount of labor required, the speed of data
processing, and improved accuracy [1].

The quantification of area damaged by forest pests using remote sensing technolo-
gies has been extensively reviewed [3–8]. In Canada, forest areas damaged by eight
major forest pests, including mountain pine beetle (Dendroctonus ponderosae Hopkins),
forest tent caterpillar (Malacosoma disstria Hübner), and gypsy moth (Lymantria dispar (L.)),
were quantified using satellite images from MODIS, Landsat, and Kompsat-3, etc. [3].
That study also showed that the Normalized Difference Moisture Index (NDMI) was
useful in detecting damage by mountain pine beetle. The forest area damaged by gypsy
moth outbreaks caused by the spring drought from 2015 to 2017 in southern New England,
USA, was quantified and mapped using Landsat images and the index of forest canopy
greenness [5]. In Pennsylvania and Maryland, USA, Landsat satellite images were used
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to relate the size of gypsy moth outbreaks to nitrogen concentrations in stream water in
the Fifteenmile Creek watershed [9].

Gypsy moth is native to Europe and Asia [10]. In North America, gypsy moth
was introduced from Europe in the 1860s, and is considered a major forest pest and a
significant invasive species in North America [5]. In contrast, gypsy moth in Korea is the
Asian subspecies and is only an occasional pest [11,12], although local outbreaks were
observed in the 1990s and 2000s [13,14]. Until the 1990s, there was little information
about the outbreak of gypsy moth in Korea, except for a small outbreak in 1200 deciduous
trees in Seoul in 1959 [12]. Gypsy moth in Korea has a wide host range, including
both deciduous and coniferous trees, but the host preference of the moth has not been
recorded [14]. The fact that the egg masses of gypsy moth were collected in mainly
Quercus spp. forests in the early 1990s suggest that Quercus spp. are potentially preferred
hosts in Korea [12]. Similarly, gypsy moth in North America prefers Quercus, Populus,
and Salix spp., and outbreaks of the moth usually occurred in these forests [10]. In Korea,
gypsy moth outbreaks are more commonly observed in forests near human residences
than in natural forests [14].

The aim of this study was to quantify the extent and severity of gypsy moth defo-
liation in and around Wonju, Korea, in 2020 using Landsat Satellite Images and NDMI,
documenting the extensive outbreak of gypsy moth reported there by Jung et al. [15].
By analyzing defoliated areas, we determined the pest’s field host preference and the
physical characteristics of the areas defoliated by gypsy moth in Korea.

2. Materials and Methods

2.1. Study Site

The forest area examined was located in Wonju, Gangwon-do, Korea (37◦21′5′′ N,
127◦56′43′′ E). Wonju is an urban area with 350,000 residents and an area of 867.30 km2.
The climate at the survey area is continental, with an annual mean temperature of 12.3 ◦C
and an annual precipitation of 1276 mm over the last decade (Korean Meteorological
Administration, http://www.weather.go.kr (accessed on 26 April 2021)).

2.2. Satellite Image Acquisition and Analysis

To assess the area of forest damaged by gypsy moth, serial Landsat images (Path/Row
115/34) covering Wonju and the surrounding area from 2017 to 2020 were obtained from
the USGS EarthExplorer homepage (https://earthexplorer.usgs.gov (accessed on 26 April
2021)). Basically, one scene of Landsat covered Wonji city and its vicinity. To estimate
baseline information for each year, 20 images per year were collected. Therefore, 60 im-
ages were collected to estimate 3 prior years baseline information. The Landsat-8 images
used in this study were orthorectified, radiometrically corrected, and included a cloud
mask. Landsat images from 2017 to 2019 were used to produce baseline information
before the event using a pixel-based time-series gap filling method [16]. Additionally,
images from 2020 were used to evaluate the damage caused by the event compared to
the past. Damaged forest areas were evaluated based on the difference between the
Normalized Difference Moisture Index (NDMI) estimated from images acquired in 8 June
2020, and the mean NDMI estimated from images acquired in June from 2017 to 2019.
NDMI is an effective index to evaluate the extent of forest damage from natural or an-
thropogenic disturbances [3]. The values of NDMI ranged from −1 to 1, with values
closer to 1 meaning higher canopy cover [17]. The mean NDMI value from 2017 to 2019
(pre-defoliation) was calculated by the methods proposed by Kim et al. [16], such as
NDMI = (NIR−SWIR1)/(NIR + SWIR1), where NIR is the pixel value from the near
infrared band (0.85–0.88 μm) and SWIR1 is the pixel value from the short-wave infrared 1
band (1.57–1.65 μm) [18]. A mean NDMI map from 2017 to 2019 was produced by the
time-series gap-filling method using clear sky pixels [16]. This map provided baseline
information before the event.
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Through the visual inspection of satellite images for Wonju in June 2020, forest areas
with a red or brown color were selected, and those areas where the NDMI value had
decreased by 0.2 compared to the values from 2017 to 2019 were noted. To minimize
errors during the imaging process, areas where the NDMI was reduced by over 0.05 were
considered to be defoliated by gypsy moth. The degree of forest defoliation was classified
into three levels: (1) Severe (NDMI reduction of ≥0.2), (2) moderate (NDMI reduction
of >0.125 to 0.2) or (3) light (NDMI reduction of 0.05 to 0.125). The forest types used for
the classification of stands were based on a forest type map (http://www.forest.go.kr
(accessed on 26 April 2021)). The Korean forest type map was produced with 5-year
intervals using aerial photography and field observations at two spatial scales: 1:5000 and
1:25,000 [19]. In our analysis, a 1:5000 scale map was used. Forests with >75% coniferous
trees or >75% deciduous trees were classified as coniferous or deciduous. Coniferous
stands were further divided into Korean red pine (Pinus densiflora Siebold & Zucc.), Korean
white pine (P. koraiensis Siebold & Zucc.), Japanese larch (Larix kaempferi (Lamb.) Carrière),
and other forests. The deciduous stands were divided into oak (Quercus spp.) forests and
other forests. Areas with >25% but <75% of either coniferous or deciduous trees were
considered as mixed forests. To exclude reduction in NDMI due to the inclusion of non-
forested area, forest areas were selected based on the forest type map of the Korean Forest
Service (http://www.forest.go.kr (accessed on 26 April 2021)). Forests that had been
heavily thinned or artificially damaged were also excluded from the analysis. For satellite
image analysis and spatial information analysis, the ENVI + IDL software (Version 5.5,
Harris Geospatial, Boulder, CO, USA) and ArcGIS (Version 10.4, ESRI, Redlands, CA,
USA) were used.

2.3. Field Survey

To validate the results of the analysis of satellite images, a field survey was conducted
at Wonju on 17 June 2020. At first, information on stands that were heavily defoliated by
gypsy moth was collected in the center of Wonju, where the damage caused by gypsy
moth was concentrated. Stands that are heavily defoliated look red and the density of
gypsy moth larvae there was extremely high. These stands were considered as defoliated
stands and were delimited based on forest address and forest type map according to
the tree species defoliated. In addition to the heavily defoliated stands, damage and the
presence of gypsy moth in nearby stands were also observed. The degree of damage by
gypsy moth in the field was not classified at the stand level since the level of defoliation
was dependent on tree species [15] and the stands were heavily fragmented (Figure 1).

2.4. Data Analysis

To measure the host preference of gypsy moth, an χ2-test was conducted based on
the area of each forest type and the area of forest damaged by gypsy moth. The degree
of preference was estimated based on Manly’s alpha feeding preference [20]. This was
performed using the package selectapref [21] and R (http://cran.r-project.org (accessed
on 26 April 2021)).
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Figure 1. Comparison between field survey results and Landsat-based gypsy moth defoliation maps in the center of Wonju.
Damage degree represents the mean reduction in Normalized Difference Moisture Index (NDMI) scores calculated using all
the available observations in June from 2017 to 2019. The closed curves indicated the larch stands defoliated by gypsy moth
observed through a field survey.

3. Results

For the total forested area (60,186 ha) in Wonju, the NDMI values of 7825 ha were
reduced more than 0.05 (our criterion for at least light defoliation) when compared to
the location mean NDMI values for the prior 3 years (2017 to 2019), suggesting that this
area had been affected by gypsy moth defoliation (Figure 2, Table 1). The estimates of
areas with moderate and heavy defoliation were 1350 and 656 ha, respectively. At least
13.0% of the forest area in Wonju was at least partially defoliated by gypsy moth.

The field survey results showed that eighteen stands were defoliated by gypsy moth
and all of them were L. kaempferi stands (Figure 1). Among them, 93.0% of stands were
judged as defoliated stands by our satellite image analysis, with severe defoliation at
37.4%, moderate defoliation at 30.6%, and light defoliation at 25.0%. In addition to the
larch stands, extensive defoliation by gypsy moth was observed (Figure 2). These results
suggested that the Landsat satellite image analysis using NDMI is a useful method to
detect the extent and severity of defoliation caused by forest pests in Korea.

The host preferences of gypsy moth based on the satellite image analysis showed
that the occurrence of gypsy moth concentrated on the specific forest type (χ2 = 759.3,
df = 6, p < 0.01). The preference indexes of gypsy moth ranged from 36.1 to 100 according
to the forest stand type and was the highest for the larch stand. The preference for P.
koraiensis was lowest and the preference for Quercus spp. was 37.6.
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Figure 2. Landsat-based gypsy moth defoliation maps in Wonju and the surrounding area in 2020.
Mapped results represent the mean reduction in Normalized Difference Moisture Index (NDMI)
scores calculated using all the available observations in June from 2017 to 2019.

Table 1. Area defoliated by gypsy moth at Wonju in 2020 according to the defoliation severity and forest type. The areas
were estimated based on the reduction in NDMI in 2020 compared to the prior 3 years.

Defoliation
Severity

Forest Type

TotalPinus
densiflora

Pinus
koraiensis

Larix
kaempferi

Other
Coniferous

Quercus
Spp.

Other
Deciduous

Mixed

Severe
27 14 274 24 82 178 57 656

(0.3%) (0.5%) (5.2%) (2.2%) (0.4%) (1.1%) (0.7%) (1.1%)

Moderate
119 44 301 47 235 404 198 1350

(1.5%) (1.6%) (5.7%) (4.4%) (1.2%) (2.5%) (2.6%) (2.2%)

Light 788 184 626 108 1457 1573 1084 5820
(10.1%) (6.7%) (11.8%) (10.1%) (7.6%) (9.7%) (14.0%) (9.7%)

None
6843 2491 4105 894 17,511 14,139 6378 52,361

(88.0%) (91.1%) (77.4%) (83.3%) (90.8%) (86.8%) (82.6%) (87.0%)

Total 7777 2734 5306 1073 19,285 16,294 7717 60,186

4. Discussion

Remote sensing, including satellite images, has been extensively used in Canada
and the USA to quantify and map outbreaks of forest pests [3,5]. In Korea, remote
sensing studies have been carried out mainly for oligophagous forest pests, such as
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pine wilt disease and Korean Oak wilt [22,23]. Our study shows that remote sensing
images, with the use of an appropriate index, are also useful for detecting the damage of
polyphagous forest pests. Moreover, unexpected outbreaks of new or occasional forest
pests are increasing due to climate change and invasions of exotic pests. Under these
circumstances, remote sensing using satellite images is useful for detecting or monitoring
outbreaks of forest pests that cause widespread defoliation. For example, in Sweden,
the invasive scale insect Physokermes inopinatus was effectively monitored using satellite
images [4].

Outbreaks of gypsy moths have been extensively studied in North America since
gypsy moth is one of the most serious forest pests in the region, where it has a long
history of spreading and attempted control [10]. After the first occurrence of gypsy moth
in the 1860s, it dispersed eastward and south. An entomophagous fungus, Entomophaga
maimaiga, is considered one of key natural enemies currently regulating its population [15].
In southern New England, a wide outbreak of gypsy moth was observed from 2015 to
2017, following a 30-year period without significant outbreaks. The recent outbreak was
due to reduced levels of larval mortality from the fungus due to a series of dry springs
from 2014 and 2016 [3]. In addition, higher winter temperatures may have increased the
survival of gypsy moth eggs [24].

Interestingly, the 5.2% of the stands of Japanese larch severely damaged by gypsy
moth in Korea was greater than the amount damaged for other stand types (e.g., oak at
0.4%) (Table 1). Among forests defoliated by gypsy moth, the area of Japanese larch
stands was the highest (22.7% of the total of the larch stand) (Table 1). The preference
index was also highest for the larch forests. The results of the field survey also showed
that Japanese larch was the most heavily attacked tree species. Although deciduous
stands were not identified at the species level by forest type maps or satellite images,
our results showed that oak forests are less heavily defoliated than other deciduous forests,
suggesting that Quercus spp. were not the most preferred species among deciduous
species (Table 1). Previous field surveys in Wonju showed that Euonymus alatus, L.
kaempferi, P. rigida, Populus davidiana, Q. serrata, Prunus sargentii, and a shrub, Rhododendron
schlippenbachii, were severely defoliated tree species, while oaks such as Q. acutissima, Q.
aliena, Q. mongolica, and Q. palustris were only moderately defoliated [15]. These results
contradicted with previous studies showing that Quercus spp. are some of the most
preferred hosts for gypsy moth [10,12]. Further studies on host preferences are necessary
to clarify the host preference of Korean gypsy moth.

Our analysis showed that defoliated areas were mainly concentrated near urban areas
rather than more remote mountain areas. This was also observed in Chungju, Jecheon,
and Hoengseong, in the vicinity of Wonju (Figure 1). This phenomenon was similar to
earlier outbreaks of gypsy moth in Korea that were observed primarily in or near urban
areas [14]. It has been hypothesized that the natural enemy regulation of gypsy moth may
be weaker in or near urban areas compared to more remote forests in mountains. In the
case of Lymantria mathura, a species similar to L. dispar, many natural enemies such as
the parasitoid Cotesia melanosceifus (Ratzeburg) and several entomophagous pathogens
stabilized the density of L. mathura in Korea [25]. The activities of these natural enemies
probably decreased due to dryness or disturbance in or near urban forests. The second
possible explanation for the spatial pattern of gypsy moth defoliation is that urban
environments offer more opportunity for increase in gypsy moth populations. The lights
from urban areas attract adult moths, which may then lay their eggs locally. Moreover,
the winter temperatures near urban areas can be higher than those in forested areas,
and this may increase the winter survival of gypsy moth eggs.

5. Conclusions

Our study showed that areas defoliated by gypsy moth may be effectively detected
using satellite images and that such information may help us understand the characteris-
tics of outbreaks of gypsy moths. Gypsy moth populations in Wonju severely defoliated

216



Forests 2021, 12, 545

Japanese larch trees at higher rates than other tree species or groups. Additionally,
gypsy moth damage was concentrated in or near urban areas. Our results showed that
remote sensing methods are useful for detecting or monitoring damage caused by some
forest pests, such as those that occasionally reach outbreak densities or that are newly
invasive species. Moreover, the defoliation maps estimated by remote sensing techniques
can be basic information for outbreak risk analysis using numerical and mathematical
methods [26–30].
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Abstract: Machine learning algorithms (MLAs) are used to solve complex non-linear and high-
dimensional problems. The objective of this study was to identify the MLA that generates an
accurate spatial distribution model of bark beetle (Ips typographus L.) infestation spots. We first
evaluated the performance of 2 linear (logistic regression, linear discriminant analysis), 4 non-linear
(quadratic discriminant analysis, k-nearest neighbors classifier, Gaussian naive Bayes, support
vector classification), and 4 decision trees-based MLAs (decision tree classifier, random forest
classifier, extra trees classifier, gradient boosting classifier) for the study area (the Horní Planá
region, Czech Republic) for the period 2003–2012. Each MLA was trained and tested on all subsets
of the 8 explanatory variables (distance to forest damage spots from previous year, distance to spruce
forest edge, potential global solar radiation, normalized difference vegetation index, spruce forest
age, percentage of spruce, volume of spruce wood per hectare, stocking). The mean phi coefficient
of the model generated by extra trees classifier (ETC) MLA with five explanatory variables for the
period was significantly greater than that of most forest damage models generated by the other
MLAs. The mean true positive rate of the best ETC-based model was 80.4%, and the mean true
negative rate was 80.0%. The spatio-temporal simulations of bark beetle-infested forests based
on MLAs and GIS tools will facilitate the development and testing of novel forest management
strategies for preventing forest damage in general and bark beetle outbreaks in particular.

Keywords: machine learning; classifier; spatial distribution model; geographical information
system; forest damage; bark beetle

1. Introduction

Wind damage to forests and subsequent spruce bark beetle (Ips typographus L.)
outbreaks have increased in Central Europe in recent decades [1]. Bark beetle outbreaks
are closely related to wind-caused forest damage, and the two factors interact to create
wind–bark beetle disturbance systems [2]. There are also connections between bark
beetle outbreaks and other forest disturbances related to climate change [3,4]. Rising
mean annual temperatures, increases in drought duration and intensity, and shifts in
growing seasons increase the risk of forest infestation by bark beetles [5]. To respond to
this problem, forest managers require adequate forest management strategies based on
knowledge of the forest damage spatial distribution and factors influencing the risk of
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wind damage and bark beetle dispersal [6]. The understanding of bark beetle dispersal
processes and spatial patterns is important for the effective management of infested
forests [7]. Forestry decision support systems profit from the integration of high-resolution
remote sensing data, forest mapping and field inventories, advances in silviculture and
forest ecology, and the use of modern statistical and machine learning approaches [8–10].

Spaceborne and aerial images are used to map the spatial and temporal distributions
of forest damage caused by wind or bark beetles [11]. Damaged and infested forests
are identified, and bark beetle spots are localized by classification of medium- or high-
resolution images. Spatial and temporal changes in forest damage over large territories
can be detected in time series of satellite images. Intra-annual satellite image series
improve the detection of forest disturbance [12]. The derived multi-temporal digital maps
of human and natural forest disturbances can be used to study the dynamics of forest
damage.

The spatial dispersal of bark beetle infestations is driven by various environmental
factors, including solar radiation, temperature, wind speed and direction, precipitation,
soil moisture, distance to forest damage areas, spruce age, diameter at breast height,
and stocking [13]. Bark beetle outbreaks and the spatial distribution of forest damage
are influenced by the spatial structure of bark beetle populations, forest and landscape
characteristics, and by factors at a wider, regional-scale [14]. Because the ecological and
spatial relationships are complex, the development of a reliable spatial forest damage
model (FDM) is a difficult and computationally intensive task.

Machine learning algorithms (MLAs) have been applied to solve non-linear and
high-dimensional problems in forestry and ecology. A support vector machine and a
random forest algorithm have recently been used to estimate the volume and basal area
of eucalyptus stands from satellite images [15]. Proportions of planned end products
were forecasted by Dirichlet regression and neural networks [16]. The stand volume
of a rapidly growing forest plantation was estimated by random forest, support vector
machine, and neural network regressions from aerial laser scanning data [17].

As noted earlier, forest damage by wind, insects, fire, and other factors is a complex
spatial phenomenon that is difficult to model and predict. Advanced spatial modeling
techniques are needed to develop accurate and reliable FDMs. Many MLAs are designed
to handle large volumes of multi-dimensional data, including geographical data. MLAs
learn from existing data and can adapt to hidden spatial patterns and unknown rela-
tionships among environmental variables. Rodrigues and de la Riva [18] modeled the
risk of human-caused wildfire by random forest, boosted regression tree, and support
vector machine algorithms. Mayfield et al. [19] calculated the risk of deforestation with
generalized linear mixed models, Bayesian networks, neural networks, and Gaussian
processes. Evolutionary and non-evolutionary MLAs were tested for predicting forest
burned areas [20]. The potential of modeling forest insect dynamics by cellular automata
was demonstrated by [21]. Neural network-based regression was used by Hlásny and
Turčáni [22] to analyze the influence of site and stand characteristics on forest damage
caused by the spruce bark beetle.

Here, we summarize the results of numerical experiments with MLAs for modeling
the spatial distribution of forest damage. Our main objective was to select the MLA with
the highest predictive accuracy for modeling the spatial distribution of forest damage in
an open-source geographical information system (GIS).

2. Materials and Methods

2.1. Study Area

MLAs were tested for the Horní Planá region in Central Europe (Figure 1). The forests
in this region are managed by the Military Forests and Farms of the Czech Republic, State
Enterprise [23]. The Military Forests and Farms of the Czech Republic, State Enterprise, is
a special-purpose organization that manages 19,960 ha of land in military training areas.
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Forests represent 16,569 ha of this area, and water reservoirs cover 203 ha; the remaining
area is represented by grassland that is used for intensive military training.

The region is characterized by hills that differ in elevation by 100–150 m. Most of the
study area is located at 600 to 800 m a.s.l., and the highest point (Lysá Mt) is at 1228 m
a.s.l. Part of the area belongs to the Bohemian Forest (the Šumava Mts.), and part belongs
to the Šumavské podhůři Mts. The annual mean temperature ranges from 5 to 7 ◦C, and
annual precipitation ranges from 700 to 800 mm [24].

The dominant tree species in forests is Norway spruce (Picea abies L. Karst) (69%).
Less common are Scotch pine (Pinus sylvestris L.) (12%), Silver fir (Abies alba Mill.) (6%),
and European beech (Fagus sylvatica L.) (5%). Among the forest stands, 23.5% are younger
than 40 years, and 32.0% are older than 100 years. At higher altitudes, forests are parts of
complexes that include meadows and pastures.

 

Figure 1. Location of the study area in the Czech Republic.

Spruce forests in the Horní Planá region are disturbed mainly by snow, bark beetles,
and especially wind. In recent years, incidental felling caused by forest damage has
represented about 50% of total felling. Bark beetle outbreaks in the region follow the
trends exhibited over the whole of the Czech Republic, with peaks in the mid-1980s and
mid-1990s. The last long-term outbreak of I. typographus began in 2003 as a result of
a severe drought that occurred throughout Central Europe. This outbreak was partly
extended by the winter storm “Kyrill” (January 2007), which destroyed more wood than
any other factor over the last 30 years. At the beginning of 2014, the volume of wood
infested by bark beetles decreased to under 0.5 m3·ha−1 [25]. The cyclic nature of forest
damage in the study region is depicted in Figure 2. The bark beetle is a prevailing cause
of forest damage in the study region.
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Figure 2. Size of forest damaged areas in the study region (calculated from classified LANDSAT
images).

2.2. Input Data

In our study, spatial distribution models of spruce forest damage were developed for
the period 2003–2012. The period was limited by years for which raster layers representing
explanatory variables were available (Table 1). The spatial resolution of the raster layers
was 30 m, which corresponds to the spatial resolution of LANDSAT images.

Table 1. List of the explanatory variables used in forest damage models (FDMs).

Code Explanatory Variable

DAS distance to forest damage spots from previous year
DFE distance to spruce forest edge
PSR potential global solar radiation
NDVI normalized difference vegetation index
AGE spruce forest age
PCT percentage of spruce
VOL volume of spruce wood per hectare
STO stocking

A time series of LANDSAT images were used to identify damaged forest locations in
the study area. Raster maps of forest health status were used to delineate the damaged
forest locations. These forest health maps are based on LANDSAT images and have
been prepared by standardized methods since 1984 by the Forest Management Institute,
Brandýs nad Labem, Czech Republic [26]. Forest damage locations were not classified by
forest damage factors. Only classes of strong and very strong damage of spruce forest
stands [27] were considered for this study. A similar approach was used by [28,29].

Normalized difference vegetation index (NDVI) values were derived from LANDSAT
scenes (Table 2). Cloud-free scenes from the growing season were preferred. Processing
included manual removal of clouds and shadows and the mosaicking of two scenes based
on linear regression using corresponding pixels that represented forest.

Information on spruce age (AGE), percentage of spruce in forest stands (PCT), vol-
ume of spruce per hectare (VOL), and stocking (STO) was imported from forest manage-
ment plans. There are four management units within the study area, each with its own
management plan. The forest management plans are prepared for 10-y periods. The age
of a forest stand was specified in 5-year increments, and the percentage of spruce was
based on basal area. Volume was derived from the stand mean diameter at breast height
and the stand mean tree height for each species. Stocking was calculated as the relative
density using yield tables. The raster layer representing spruce forest stands included
only spruce stands with age >49 years and stocking >49%.

Distance to forest damage areas was calculated from the layer of actual forest damage.
The actual forest damage layer was subtracted from the spruce forest stand layer to derive
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a layer of actual spruce forest. The raster layer of the actual spruce forest was used to
calculate the distance to the spruce forest edge layer. Potential global solar radiation (PSR)
was computed from a digital elevation model (DEM) by the GRASS GIS module r.sun [30]
with a 1-h step.

Table 2. LANDSAT scenes used for NDVI calculation.

Date Scene

16.07.2003 LT05_L1TP_191026_20030716_20161205_01_T1
10.08.2004 LT05_L1TP_192026_20040810_20161130_01_T1
28.07.2005
29.08.2005

LT05_L1TP_192026_20050728_20161125_01_T1
LT05_L1TP_192026_20050829_20161125_01_T1

15.07.2006
24.07.2006

LT05_L1TP_192026_20060715_20161120_01_T1
LT05_L1TP_191026_20060724_20161120_01_T1

25.06.2007
19.07.2007

LT05_L1TP_191026_20070625_20161112_01_T1
LE07_L1TP_191026_20070719_20170102_01_T1

29.06.2008
21.08.2008

LT05_L1TP_191026_20070625_20161112_01_T1
LT05_L1TP_192026_20080821_20180116_01_T1

24.08.2009 LT05_L1TP_192026_20090824_20161021_01_T1
10.07.2010 LT05_L1TP_192026_20100710_20161014_01_T1
23.08.2011 LT05_L1TP_191026_20110823_20161007_01_T1
23.07.2012
01.08.2012

LE07_L1TP_192026_20120723_20161130_01_T1
LE07_L1TP_191026_20120801_20161130_01_T1

EU-DEM 25 [31] was used as an input to compute PSR. Its original spatial resolution
of 25 m is close to the resolution of LANDSAT scenes. The DEM was projected to
the national spatial reference system (EPSG 5514, epsg.io/5514/) and resampled at a
resolution of 30 m.

Samples representing damaged and undamaged forest were generated for each year
of the period. All grid cells representing damaged forest were used as samples. An equal
number of cells representing undamaged forest was randomly generated. Among the
samples, 75% were used for model training, and 25% were used as controls. All FDMs
were trained and validated using the same sample sets.

2.3. Computer Simulations and Data Processing

The FDM consists of a forest damage probability function and a classification function.
The FDM F can be expressed in the following form:

F(x, y, t) = C
(

P
(→

u (x, y, t)
))

(1)

where C is a classification function; P is a forest damage probability function;
→
u is an

environment vector function; x, y are point (grid cell) coordinates; and t is a time.
The probability function P calculates the risk of forest damage at a given location

(x, y) and time t. Environmental factors, e.g., distance to existing forest damage areas,
drought stress, forest stand openness, and solar radiation, are described by independent
variables of the forest damage probability function P. Each component ui(x, y, t) of the
environment vector function

→
u corresponds to an independent variable that varies over

space and time. In GIS, the independent variable is represented by a time series of raster
layers.

The open source-software GRASS GIS [32] was used for computer simulations. All
suitable MLAs from the GRASS GIS add-on r.learn.ml were tested for modeling the spatial
distribution of forest damage (Table 3). r.learn.ml is a front-end to the scikit-learn toolkit [33]
for the Python programming language. A set of scripts in Python programming language
was developed to automate the processing of forest damage layers, the processing of
training and control samples, model training, and the analysis of FDM performance.
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In the study, the spatial distribution of forest damage was modeled by linear MLAs
(LR and LDA), non-linear MLAs (QDA, KNC, GNB, and SVC), and classification trees
(DTC, RFC, ETC, and GBC).

Table 3. List of the tested machine learning algorithms (MLAs).

Code Algorithm

LR logistic regression
LDA linear discriminant analysis
QDA quadratic discriminant analysis
KNC k-nearest neighbors classifier
GNB Gaussian naive Bayes
DTC decision tree classifier
RFC random forest classifier
ETC extra trees classifier
GBC gradient boosting classifier
SVC support vector classification

Each MLA was trained and tested on all subsets of the explanatory variables (Table 1).
All combinations of explanatory variables were used as inputs of FDMs because the most
suitable combinations of explanatory variables for different MLAs were unknown. The
total number of FDMs tested was a product of the number of MLAs (10) × the number
of combinations of exploratory variables (255). Each of the 2550 models was calculated
for each year of the period 2003–2012. The probability of forest damage was calculated
by each MLA. The internal classifier of each MLA was applied to identify locations (grid
cells) of forest damage.

In a computer environment, a spatial forest damage model is defined by MLA
m and a non-empty subset S of the explanatory variables. The forest damage spatial
distribution model f dm(m, S, y) was calculated for every year y of the period. The
confusion matrix, true positive rate TPR(m, S, y) true negative rate TNR(m, S, y), and phi
coefficient φ(m, S, y) were calculated for each f dm(m, S, y).

The true positive rate (sensitivity) describes how many locations (grid cells) of forest
damage estimated by the FDM correspond to locations of actual forest damage. Similarly,
the true negative rate (specificity) is a measure of the correspondence between estimated
and actual undamaged forest locations. A reliable spatial FDM is characterized by high
sensitivity and high specificity.

The overall performance of the spatial FDM was measured by the arithmetic mean
of the phi coefficient for the period under study Y:

Φ(m, S) =
1
l ∑

y∈Y
Φ(m, S, y), (2)

where l is the length of the period Y, m is an used MLA, S is a non-empty subset of the
explanatory variables, and y is a year of the period. The mean true positive rate TPR(m,S)
and the mean true negative rate TNR(m,S) of the spatial FDM were calculated similarly.

Data were statistically processed with the R package [34]. All statistical hypotheses
were tested at a 0.05 significance level. Modules from the packages lmPerm and RVAide-
Memoire were used for permutation tests of statistical hypotheses. Permutation one-way
repeated measures ANOVA was used to compare the mean phi coefficients of the FDMs.
Significances of mean phi coefficient differences were tested by a permutation pairwise
t-test with Benjamini, Hochberg, and Yekutieli corrections [35].

The generated FDMs were sorted in descending order by φ (Equation (2)). A unique
ranking number r was assigned to each FDM. The ranking number 1 corresponded to the
FDM with the highest mean phi coefficient for the period Y. Results were evaluated in
terms of FDM performance and simplicity.
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3. Results

As stated earlier, the current study evaluated the use of MLAs for modeling the
spatial distribution of forest damage. A simple spatial dispersion model was used
(Equation (1)). The locations of damaged forest areas were modeled with the machine
learning classifiers.

The top FDM (i.e., the FDM with the highest mean phi coefficient for the period
2003–2012) was selected for each studied MLA (Table 4). As suspected, the optimal
combination of input explanatory variables differed among the top FDMs.

Table 4. Top FDMs generated by machine learning algorithms (MLAs).

r 1 nV
2 MLA 3

Variable 4

TPR 5 TNR 6 φ 7

DAS DFE PSR NDVI AGE PCT VOL STO

1 5 ETC + + + + + 0.804 0.800 0.605
5 7 RFC + + + + + + + 0.814 0.778 0.594

89 3 SVC + + + 0.724 0.818 0.546
219 3 GBC + + + 0.761 0.733 0.495
273 2 DTC + + 0.750 0.728 0.479
286 8 LDA + + + + + + + + 0.764 0.707 0.474
295 5 KNC + + + + + 0.790 0.678 0.472
388 4 LR + + + + 0.769 0.679 0.452
421 7 QDA + + + + + + + 0.815 0.618 0.444
436 5 GNB + + + + + 0.827 0.602 0.441

1 ranking number, 2 number of explanatory variables, 3 machine learning algorithm used to generate FDM, the MLA codes are given in
Table 3, 4 codes of the variables are listed in Table 1, 5 mean true positive rate, 6 mean true negative rate, 7 mean phi coefficient, “+” indicates
the presence of an explanatory variable in FDM.

The arithmetic mean and median of phi coefficients were higher for the top ETC-based
model with five explanatory variables than for the other top FDMs for the period 2003–2012
(Table 4, Figures 3 and 4). The influence of MLA on the mean phi coefficient (φ) of the top
FDMs was significant (one-way repeated measures ANOVA, p-value < 2.2×10−16). Results
of the permutation pairwise t-test of the top FDMs’ φ are presented in Table 5.

Figure 3. Boxplot of phi coefficients (φ) of the top FDMs generated by MLAs. Box plots show
median plus upper and lower quartiles of the phi coefficient for the period 2003–2012. Minimum
and maximum values are indicated by the upper and lower whiskers (1.5 × interquartile range).
Circles are outliers. The MLA codes are given in Table 3.
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Figure 4. Preview of the bark beetle spots generated by the top ETC-based model. Green color
represents unaffected spruce forest; blue color represents bark beetle infestation spots generated by
the top ETC-based model; red color represents damaged forest identified on LANDSAT images.
The MLA codes are given in Table 3, and the variables of the top models are listed in Table 4.

Table 5. p-values of the pairwise permutation t-test of φ of the top FDMs.

MLA 1 GNB QDA LR KNC LDA DTC GBC SVC RFC

QDA 0.827 - - - - - - - -
LR 0.338 0.687 - - - - - - -

KNC 0.338 0.406 0.348 - - - - - -
LDA 0.020 0.154 0.054 0.906 - - - - -
DTC 0.124 0.202 0.177 0.827 0.851 - - - -
GBC 0.073 0.124 0.124 0.576 0.338 0.126 - - -
SVC 0.013 0.011 0.013 0.034 0.010 0.010 0.010 - -
RFC 0.011 0.010 0.011 0.011 0.010 0.013 0.011 0.020 -
ETC 0.011 0.013 0.010 0.011 0.010 0.013 0.010 0.010 0.312

1 the MLA codes are given in Table 3.

Overall performance as indicated by the mean phi coefficient was slightly lower for
the best RFC-based model than for the best ETC-based model. However, performances
for these best models were not significantly different. Performance for the other top
FDM models was significantly different from performance for the best ETC- and RFC-
based models (Table 5). Moreover, as evident in Figure 5, most of the ETC-based FDMs
out-performed the FDMs generated by the other MLAs.

The performance of the FDMs generated by SVC was highly variable (Figure 5).
SVC generated many low-performance FDMs as well as a few models that performed
better than the models generated by the other tested MLAs except for those generated by
ETC and RFC (Table 4). The performance of the best SVC-based model was significantly
different from the performance of the other best FDMs (Table 5).

The mean TPRs were highest for the SVC-, QDA-, and GNB-based models (Figure
6). These models were highly sensitive because they significantly overestimated the
area of damaged forest. On the other hand, SVC also generated several FDMs with low
specificities (Figure 7).
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Figure 5. Box plots of mean phi coefficients (φ) of FDMs generated by MLAs. Box plots show
median plus upper and lower quartiles for mean phi coefficients of all FDMs generated by a given
algorithm. Minimum and maximum values are indicated by the upper and lower whiskers (1.5 ×
interquartile range). Circles are outliers. See Table 3 for MLA codes.

Figure 6. Box plots of mean sensitivities (TPR) of FDMs generated by MLAs. Box plots show
median plus upper and lower quartiles for mean sensitivities of all FDMs generated by a given
algorithm. Minimum and maximum values are indicated by the upper and lower whiskers (1.5 ×
interquartile range). Circles are outliers. See Table 3 for MLA codes.

We then compared the performance of the FDMs when the number of explanatory
variables was constant in a range from one to eight. Regardless of the number of ex-
planatory variables, performance was always best for the models generated by the ETC,
RDC, and SVC MLAs (Table 6). Performance of FDMs generated by most of the MLAs
increased with the number of variables, except in the case of SVC- and KNC-based models
(Appendix A).
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Figure 7. Box plots of mean specificities (TNR) of FDMs generated by MLAs. Box plots show
median plus upper and lower quartiles for mean specificities of all FDMs generated by a given
algorithm. Minimum and maximum values are indicated by the upper and lower whiskers (1.5 ×
interquartile range). Circles are outliers. See Table 3 for MLA codes.

Table 6. Top FDMs among models with equivalent numbers of explanatory variables.

r 1 nV
2 MLA 3

Variable 4

TPR 5 TNR 6 φ 7

DAS DFE PSR NDVI AGE PCT VOL STO

1055 1 SVC + 0.691 0.685 0.376
116 2 SVC + + 0.719 0.811 0.534
43 3 RFC + + + 0.794 0.773 0.568
16 4 ETC + + + + 0.800 0.784 0.585
1 5 ETC + + + + + 0.804 0.800 0.605
6 6 ETC + + + + + + 0.791 0.800 0.592
2 7 ETC + + + + + + + 0.793 0.806 0.600
3 8 ETC + + + + + + + + 0.804 0.790 0.596

1 ranking number, 2 number of explanatory variables, 3 machine learning algorithm used to generate FDM, the MLA codes are given
in Table 3, 4 codes of the variables are listed in Table 1, 5 mean true positive rate, 6 mean true negative rate, 7 mean phi coefficient, “+”
indicates the presence of an explanatory variable in FDM.

The Φ of ETC-based models generally increased as the number of explanatory
variables increased (Figure A1). The computer simulations showed that the ETC-based
model that included distance to actual forest damage, potential solar radiation, spruce
forest age, percentage of spruce in forest stands, and volume per hectare had the highest
mean accuracy and phi coefficient. Nearly the same performance, however, was achieved
by ETC-based models that included different explanatory variables (Table A1).

4. Discussion

Given climate change and the increased emphasis on ecological and cultural services
rather than on the economic services provided by forest ecosystems, new forest manage-
ment strategies are needed. Forest damage by abiotic and biotic factors not only causes
timber loss, but also has negative effects in terms of forest diversity, soil erosion, landslides,
recreation, and landscape aesthetics. The spatial pattern of forest damage is driven by
complex spatio-temporal environmental processes. Rammer and Seidl [36] have shown the
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effectiveness of MLAs for the spatial prediction of I. typographus infestations in unmanaged
forests.

We found that FDMs based on traditional linear and non-linear methods generally
performed less well than FDMs based on classification trees. LR and LDA are commonly
used linear classification MLAs. Hernandez et al. [37] developed a spatial logistic regres-
sion model of the probability of bark beetle (Dendroctonus frontalis Zimmermann) attack in
coniferous forests; the overall accuracy of the model was 68.7%. LR, which is a special case
of the generalized linear model, models the log-odds as a linear function by minimizing
the sum of the squared residuals. LDA minimizes the probability of misclassification by
maximizing the separation between the classes. LR and LDA create the linear boundaries
of classes in the explanatory variables’ space. LDA is less sensitive than LR to correlations
between explanatory variables.

QDA uses class-specific covariance matrices and separates classes by quadratic
surfaces in the predictors’ space. It is sensitive to collinearity between explanatory
variables within a class. Because of a higher complexity of the discriminant function,
QDA may perform better than linear MLAs. KNC calculates class probability as the
proportion of the class in the set of k-closest neighbors from the training data. KNC
is susceptible to measurement scales and local over-fitting. GNB estimates prior and
conditional probabilities from the training set and then uses Bayes’s rule to calculate the
probability of outcome class. An important assumption of GNB is the independence of
explanatory variables, which is rarely satisfied in practice.

Only the performance of the top SVC-based FDM was significantly different from
the best models generated by the other tested linear and non-linear algorithms. SVC is
considered one of the most flexible and effective MLAs and is widely used. It belongs
to the family of kernel methods, which allow the separation of classes by non-linear
boundaries.

In our study, the FDMs generated by classification trees performed better than those
generated by linear and non-linear MLAs. Classification trees describe patterns in data
by complex hierarchies of simple rules. The performance of a single classification tree is
usually weak. The performances of DTC-based FDMs were inferior to those of the FDMs
generated by MLAs based on an ensemble of classification trees.

An ensemble of classification trees usually performs better than a single classification
tree, because an ensemble can detect more complex patterns in the data. The RFC
MLA is an ensemble of classification trees that are trained on bootstrap samples. The
randomness of the tree construction process reduces correlations between trees. Mi
et al. [38] investigated Stochastic Gradient Boosting, RFC, CART (Classification and
Regression Tree), and MaxEnt (Maximum Entropy) for the modeling distribution of three
crane species. The RFC-generated species distribution models were found more reliable
and accurate than models generated by the other algorithms under their study.

The process of GBC ensemble construction is iterative. The newly constructed
classification tree of the GBC ensemble is forced to learn unexplored data. However, the
boosting process was not effective in the case of FDMs. In our study, GBC-based FDMs
performed less well than the RFC- and ETC-based models.

The best results in our study were achieved by FDMs generated by ETC. In the
ETC ensemble, classification trees are trained on all samples. The randomly selected
exploratory variable and random value are used to split the nodes of the classification
trees [39]. ETC-based models were responsive to the spatial variance of environmental
conditions, they accurately modeled the spatial distribution of forest damage. In addition,
ETC-based models are computationally efficient.

Default settings were used for testing the MLAs in the current study. These default
settings were selected by developers based on their knowledge of algorithms. Although
these settings provide a good starting point for experiments with MLAs, optimization of
settings may improve the performance of the tested algorithms.
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Input variables for FDMs vary over space and time. Field measurements and access
to historical records or remote sensing data are needed to prepare corresponding inputs
for spatial distribution models. PSR, NDVI, and distance to existing forest damage areas
can be calculated for past periods. Archives of satellite images can be used to calculate
NDVI and to identify bark beetle infestations for past years. Thanks to the archiving of
satellite images, it should be possible to identify past and current infestations and to build
spatial distribution models that predict future forest damage.

We tested all combinations of the explanatory variables as input to the studied MLAs.
However, only eight explanatory variables were available for our study area (Table 1). As
indicated in Tables 4 and A1, some explanatory variables occurred more often than other
explanatory variables in FDMs. The most common explanatory variables in the top FDMs
were distance to damaged forest, potential solar radiation, forest age, and spruce volume
per hectare (Table A1). These variables may carry substantial information for modeling
the spatial distribution of forest damage [40–43].

5. Conclusions

In the study, we evaluated the performance of 10 MLAs and combinations of eight
input variables for the spatial modeling of spruce forest damage. Our computer simulations
confirmed the suitability of the ETC MLA for modeling the spatial distribution of spruce
forest damage. We also found that the number of input explanatory variables could be
reduced without significant spatial modeling accuracy loss. A smaller number of input
explanatory variables simplifies data preparation and processing and therefore reduces
financial costs.

Various MLAs are currently ready for use in spatial decision support systems. We
evaluated the MLAs available in the open-source GRASS GIS. The identification of
suitable MLAs and key environmental variables is an essential step in the development
of GIS tools for forest damage modeling and prognosis. Our findings will facilitate the
development of the open-source spatial decision system TANABBO for modeling the
spatial distribution of forest damage related to I. typographus.

The risk of forest damage is affected by many interrelated environmental factors, for-
est stand parameters, and forest management practices. MLAs are effective for modeling
non-linear, complex phenomena like the spatial distribution of forest damage. This study
provides researchers and forest managers with an accurate method of modeling spatial
forest damage. The integration of the FDM with a spatial decision support system will
facilitate novel tools for managing forests.
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Appendix A

Figure A1. Box plot of mean phi coefficients (φ) of the FDMs generated by ETC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.

Figure A2. Box plot of mean phi coefficients (φ) of the FDMs generated by RFC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.
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Figure A3. Box plot of mean phi coefficients (φ) of the FDMs generated by GBC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.

Figure A4. Box plot of mean phi coefficients (φ) of the FDMs generated by DTC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.
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Figure A5. Box plot of mean phi coefficients (φ) of the FDMs generated by LDA as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.

Figure A6. Box plot of mean phi coefficients (φ) of the FDMs generated by QDA as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.
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Figure A7. Box plot of mean phi coefficients (φ) of the FDMs generated by LR as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.

Figure A8. Box plot of mean phi coefficients (φ) of the FDMs generated by GNB as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.
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Figure A9. Box plot of mean phi coefficients (φ) of the FDMs generated by KNC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.

Figure A10. Box plot of mean phi coefficients (φ) of the FDMs generated by SVC as affected by the
number of explanatory variables. Box plot shows median plus upper and lower quartiles for φ of
FDMs with a given number of explanatory variables. Minimum and maximum values are indicated
by the upper and lower whiskers (1.5 × interquartile range). Circles are outliers.
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Appendix B

Table A1. Forest damage models not significantly different from the best ETC-based model.

r 1 nV
2 MLA 3

Variable 4

TPR 5 TNR 6 φ 7 p 8

DAS DFE PSR NDVI AGE PCT VOL STO

1 ETC 5 + + + + + 0.8043 0.8002 0.6052 -
2 ETC 7 + + + + + + + 0.7927 0.8058 0.5997 0.5537
3 ETC 8 + + + + + + + + 0.8038 0.7905 0.5959 0.5037
4 ETC 7 + + + + + + + 0.8045 0.7898 0.5957 0.4998
5 RFC 7 + + + + + + + 0.8140 0.7782 0.5937 0.2509
6 ETC 6 + + + + + + 0.7910 0.8001 0.5919 0.1819
7 ETC 5 + + + + + 0.8035 0.7856 0.5902 0.1029
8 ETC 6 + + + + + + 0.8103 0.7782 0.5898 0.2369
9 ETC 7 + + + + + + + 0.7989 0.7890 0.5897 0.2859

10 ETC 7 + + + + + + + 0.8004 0.7869 0.5896 0.1759
12 ETC 6 + + + + + + 0.7807 0.8069 0.5888 0.1829
13 RFC 6 + + + + + + 0.8036 0.7833 0.5882 0.0770
14 ETC 7 + + + + + + + 0.7980 0.7882 0.5877 0.1479
16 ETC 4 + + + + 0.8004 0.7844 0.5855 0.0800
18 ETC 6 + + + + + + 0.7813 0.8027 0.5851 0.0860
21 ETC 6 + + + + + + 0.7983 0.7787 0.5783 0.0820
36 ETC 7 + + + + + + + 0.7881 0.7798 0.5693 0.0510

1 ranking number, 2 number of explanatory variables, 3 machine learning algorithm used to generate FDM, the MLA codes are given
in Table 3, 4 codes of the variables are listed in Table 1, 5 mean true positive rate, 6 mean true negative rate, 7 mean phi coefficient for
the period 2003–2012, 8 p-value of pairwise permutation t-test with the best model, “+” indicates the presence of an explanatory variable
in FDM.
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[CrossRef]

237



Article

Comparison of Ips cembrae (Coleoptera:
Curculionidae) Capture Methods: Small Trap Trees
Caught the Most Beetles

Karolina Resnerová 1,*, Jaroslav Holuša 1, Peter Surový 2, Jiří Trombik 1 and Emanuel Kula 3
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Abstract: Ips cembrae is the most important bark beetle pest of larches and has had several local
outbreaks in recent decades in Europe. In this study, we compared the numbers of I. cembrae captured
by pyramid-trap piles, trap trees, pheromone traps, and poisoned and baited tripods. We also studied
how the properties of trap trees and trap logs (volume, sun exposure, and position relative to
the ground once deployed) affected the trapping of I. cembrae. We found that both sexes avoided
infestation at the bottom of the logs and more than 15 times the number of beetles were captured by
traditional trap trees than by pheromone traps or baited and insecticide-treated tripods. The number
of I. cembrae per trap tree did not decrease with trap volume; therefore, it is appropriate to use traps
of small dimensions. Baited tripods, pyramid-trap piles, and pheromone traps could be useful
for detection of the beginning of flight activity, but trap trees are the most useful for reducing
I. cembrae numbers.

Keywords: large larch bark beetle; pheromone traps; trap trees; tripods; trap tree volume; insecticide

1. Introduction

European larch (Larix decidua Mill.) is native to the Alps and to several mountainous ranges in
Central Europe. Its early introduction outside its native range, especially in the lowlands of western
and northern Europe, has been problematic for ecological and phytosanitary reasons [1]. Outside of
plantations, its current natural distribution is fragmented and spans about 500,000 ha. Beyond its
native range, plantations of European larch cover an additional 500,000 ha [2]. In the Czech Republic,
L. decidua covers a total area of 100,263 ha—i.e., 3.2% of the forested area in the country. Larch has been
recently considered as useful for the regeneration of areas that have been cleared following bark beetle
outbreaks in spruce stands [3].

Ips cembrae (Heer, 1836), one of several Ips species native to Europe, is an aggressive pest of larch,
and local outbreaks of I. cembrae have been recorded in Europe [4–7]. In the years 2009–2019 in the
Czech Republic, a total of 39,000 m3 of larch was harvested, which is more than 1000 times less than
the spruce harvested in the same period. This is the main reason why larch bark beetles are currently
receiving less attention than spruce bark beetles by both researchers and foresters.

Ips cembrae attacks larches (Larix spp.) [6,8,9] of all ages without significant preference for altitude
(400–2400 m) [10–12] It has no competitors for the use of the trunk and can multiply in monocultures
that have been established as substitute tree stands in areas with serious air pollution, but also on
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individual larches within forests dominated by other tree species [13]. The beetle will occasionally
attack other conifers (Picea spp., Abies spp., or Pinus spp.) [10,14]. In addition to reproducing in
weakened trees, I. cembrae also reproduces in healthy trees [6,15,16] and in felled wood [6]. Predicted
changes in climate are likely to increase the effects of this species [17,18], especially outside the natural
range of larch where outbreaks on stressed trees may occur [19–21]. Apart from the damage caused by
the adult beetles, some ophiostomatoid fungi associated with I. cembrae are likely to harm the attacked
trees [22–24].

The life cycle of I. cembrae can be considered to begin when males search for and penetrate suitable
host trees. One to seven (most often three) females join each male in a nuptial chamber [9], and each
female then creates a maternal gallery, which first radiates in a stellate pattern and then follows the
fibers of the phloem [25]. Up to about 50 eggs are laid singly along each maternal gallery. The adults
often emerge from their first gallery system and start a sister brood in another tree. Depending on
altitude and climate, there is one generation or two overlapping generations per year. Ips cembrae
can benefit from climatic warming because it can complete up to two generations in a hot growing
season [7,16]. Before producing their own brood, the young adults must undergo maturation feeding,
either within the phloem of the tree where they developed or in 2- to 18-year-old branches [25,26].

As with all bark beetles, the most effective control of I. cembrae is the consistent searching for
and removal of infested trees (including branches) [4,27–29]. Monitoring of I. cembrae includes visual
inspection and capture with pheromone traps, trap trees/logs, and poisoned traps [25]. In this study,
we compared these methods of capturing I. cembrae with the goal of both monitoring and reducing
its numbers.

A review of the literature indicated that little is known about the effectiveness of methods that
could be used to capture I. cembrae. Based on the literature for other bark beetles, we assumed that the
use of pheromone lures and trap trees would have similar abilities to reduce the population densities
of I. cembrae. We also assumed that trap trees used to capture I. cembrae should be relatively large as
is the case with I. typographus (Linnaeus, 1758) spruce trap trees—i.e., the I. cembrae larch trap trees
should have a diameter at breast height of about 30 cm [30]. We also recognize that the ability of trap
trees to capture the beetles and reduce their number could be small due to trap saturation or to the
limited area for establishing galleries [31]. In contrast, pheromone traps and “tripod traps” (described
in the next section) have a theoretically unlimited capacity to capture bark beetles [32] and thus to
reduce I. cembrae abundance.

When attacking larch, I. cembrae establishes gallery systems from the bottom to the top of the
tree [13]. Consequently, I. cembrae is able to develop on thin trunks, thick branches, and logging
residues [33]. We therefore assessed how the ability of trap trees and trap logs to capture I. cembrae
is influenced by their diameter and volume, exposure to sunlight, and position relative to the soil.
This knowledge will help forest managers optimize defense measures.

The aims of this study were to compare I. cembrae capture methods and to find the best ways
to install and use trap trees and trap logs against this pest. To accomplish our main aims above,
we propose the following specific subaims: (i) to evaluate, in experiment 1, the number of I. cembrae
captured that were affected by exposure of deployed trap logs to sunlight and the position of trap logs
relative to their location relative to the soil surface once deployed; (ii) to compare, in experiment 2,
the effects of larch logs arranged in standing pyramid-trap piles vs. trap trees laid on the ground on
the number of I. cembrae captured; (iii) to determine, in experiment 3, whether the number of imagoes
of I. cembrae captured on trap trees is affected by the volume of trap; to determine, in experiment 4,
whether the type of the baited traps affects the numbers of I. cembrae beetles captured and whether
there will be differences in the catches of both sexes; to evaluate, in experiment 5, and select the most
effective conventional I. cembrae capture method applicable to forestry operations.
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2. Materials and Methods

2.1. Study Sites

Experiments 1 and 2 were conducted on sites with monocultures of Larix decidua, and experiments
3–5 were conducted on sites that were mainly monocultures of spruce, Picea abies (L.) H. Karst., with a
5 to 10% mixture of larch trees that were more than 60 years old. Based on the willingness of forest
owners to cooperate and older data on sites with high I. cembrae abundance in the last 15 years [34],
we selected 11 study sites and one transect (experiment 2), which were located across the entire territory
of the Czech Republic and at elevations ranging from 320 to 680 m a.s.l. (Figure 1). The selection of
suitable study sites for the study of I. cembrae populations is complicated in the Czech Republic, in part
because I. cembrae is considered less important than spruce bark beetles. As a consequence, the records
of forest managers with respect to I. cembrae are seldom detailed, and I. cembrae abundance is very
often underestimated, even though the quantity of the larch timber harvested has greatly increased in
recent years [35].

Figure 1. Study sites in the Czech Republic where experiments 1–5 were conducted from 2014 to 2019.
As indicated, most experiments were conducted at more than one site, and two experiments were
sometimes conducted at the same site.

2.2. Experiment 1: Influence of Sun Exposure and Position on Infestation of Trap Logs by I. cembrae

In February 2014, several healthy larch trees (L. decidua) were felled at the Sněžník study site
(GPS: 50◦47′43” N, 14◦05′34” E; Figure 1) at an altitude of 600 m a.s.l. These trees were then cut into
150 cm-long logs that were leaning against a wooden railing (Figure 2). A total of 139 logs were installed
in an east–west direction in an open area that was established by the harvesting of Picea pungens
Engelm. and that was adjacent to an extensive larch monoculture. The bottoms of the logs were kept
separate from the soil by a birch board. The volume, diameter in centimeters, and width of the phloem
were measured for each log: averages (±SD) were 13.2 ± 10.0 dm3 for volume, 9.9 ± 3.7 cm for diameter,
and 2.3 ± 0.7 mm for phloem width.
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Figure 2. Design of experiment 1: larch logs installed at the Sněžník study site in 2014. Photograph
by Kula.

In May 2014, after I. cembrae had infested the logs and developed galleries, the numbers of entry
holes and maternal galleries were determined on two sides of each log (the sunny and shaded side)
and at three positions on each side (top = 30 cm below the top of the log; middle = in the middle of the
log; bottom = 30 cm above the bottom of the log). The area of each bark sample was 10 × 10 cm. As a
consequence, six bark samples (2 sides × 3 positions per side) were assessed on each log.

The effects of log side (sunny or shaded) on the numbers of entry holes and maternal galleries were
determined with a two-sample t-test in R version 4.0.2. A GLM model (also in R version 4.0.2) with
family of binomial distributions was used to compare the effects of position (top, middle, or bottom
of deployed trap logs relative to the soil surface), and log diameter on the number of I. cembrae
males (i.e., the number of nuptial chambers) and the number of I. cembrae maternal galleries (number
of females).

2.3. Experiment 2: Numbers of I. cembrae Captured by Pyramid-Trap Piles vs. Trap Trees

Experiment 2 was conducted in 2015–2019 near the town of Sněžník (GPS 50.4849 N, 14.0717 E;
10–14 plots) at altitudes between 500 and 600 m a.s.l. (Figure 1). Pairs of traps (each pair consisting of
one pyramid-trap pile and one trap tree, which are described in the following paragraphs) were located
along the edge of the larch stand but at least 20 m from the stand. A total of 59 pairs of pyramid-trap
piles and trap trees were deployed during the research—i.e., 13, 11, 14, 11, and 10 pairs were deployed
in 2015, 2016, 2017, 2018, and 2019, respectively. Pairs of traps were always prepared and deployed in
the first half of March.

Before they were cut, the trees used to make trap trees had diameters of 17.7 ± 3.7 cm at a height
of 1.3 m above the soil surface. Each trap tree was a healthy larch that was cut about 0.3 m above
the soil; the trap tree consisted of the top portion that was left in place on the soil surface (Figure 3).
Each trap tree was cut into 1.5 m-long sections that were left in place; the upper sunlit side and the
lower shaded side of each section was marked, and three positions (upper, middle, or lower) on each
side were also marked with the upper section always being the thinner section.

Non-baited pyramid-trap piles were prepared to match the trap trees—i.e., the trees used were
from the same site and were of similar size and age (Figure 3). The trees that were used to construct
the piles were felled at the study site, and the felled portions were cut into 1.5 m-long logs; the logs
were 15.6 ± 2.9 cm thick. Each pyramid-trap pile consisted of 3–8 logs (depending on the height of the
tree), which were arranged as shown in Figure 3.

As indicated, the trap tree and pyramid-trap piles were arranged in pairs with 10–15 m between
each member of the pair and with 100–500 m between pairs. The volume of wood was 0.1 ± 0.1 m3 per
trap tree and 0.2 ± 0.1 m3 per pyramid-trap pile.
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Figure 3. Larch trap tree (left) and pyramid-trap pile (right) and at the study site near Sněžník in 2019
(experiment 2). Photograph by Kula.

The traps were evaluated in May/June in the year of their deployment. Each trap tree was
debarked at six sections (2 sides × 3 positions per side) and the number of I. cembrae in each section
was determined. The pyramid-trap piles were evaluated in a similar manner—i.e., six sections were
sampled on each of the logs in each pile (2 sides × 3 positions per side). For both kinds of traps,
the number of I. cembrae was determined per section and was expressed as the number per dm2.

The studied parameters were analyzed using the GLM model family of binomial distributions.
Population densities on trap trees and pyramid-trap piles were compared using Wilcoxon matched
pairs test. All analyses and figures were carried out in R version 4.0.2.

2.4. Experiment 3: Number of I. cembrae Captured as Affected by Trap Tree Wood Volume

A total of 62 trap trees were deployed at five study sites at altitudes ranging from 390 to 680 m
a.s.l. during the years 2017–2019 (Table 1, Figure 1). Healthy larch trees were felled in mid-March.
The trap trees were cut, debranched, and left at a distance of 20 m from the nearest trap and at least
20 m from the nearest stand. The traps trees were cut into 1.5 m-long sections.

Table 1. Study sites in years 2017–2019 in experiment 3.

Study Site
Altitude
(m a.s.l.)

GPS N GPS E Year
Number of
Trap Trees

Dolní Babákov 560 49.7985 15.8961 2017 4
Húzová 680 49.8189 17.3523 2017 3

Jiřetice u Neustupova 480 49.5917 14.7247 2017 10
Kristin Hrádek 510 50.8044 14.1301 2019 5

Rožmberk 680 48.6628 14.3776 2017 12
Soběšice 390 49.1536 16.3654 2019 28

The trees were evaluated in May/June—i.e., at the end of the I. cembrae infestation period at the
larval stage of development. Four sections (sample areas) were designated on each trap tree according
to the method of [36]. The first section (bottom) was located 0.5 to 1.0 m from the bottom of the tree;
the second section (stem) was located midway between the bottom section and the beginning of the
crown; the third section (middle) was located at the beginning of the crown; the fourth section (crown)
was located in the center of the crown. Each trap tree was debarked, and the numbers of I. cembrae entry
holes and maternal galleries were determined in each section. The total number of beetles on the entire
surface of the trap tree was calculated based on the total numbers on the individual sections divided
by the proportion of the total surface represented by the sum of the individual sections. The volume
of wood in each trap tree was calculated according to the volume table of woody plants [37] using
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data on the height of the tree and the diameter at a height of 1.3 m. The volume of wood per trap tree
ranged from 0.14 to 1.40 m3 with an average of 0.56 ± 0.29 m3.

The relationships between the number of captured beetles and the volume of wood per trap were
assessed with a Poisson Regression model in R version 4.0.2.

2.5. Experiment 4: Numbers of I. cembrae Beetles Captured by Baited Tripods vs. Pheromone Traps

Five pairs of tripods and pheromone traps were installed just before the expected start of I. cembrae
flight activity during March and early April of 2016 and 2017 at each of four study sites (Table 2,
Figure 4). The study sites were at altitudes ranging from 320 to 420 m a.s.l. The pairs of traps were
left in the study sites throughout the flight activity periods, which usually ended late in August.
The two traps composing each pair were 20 m apart, and the pairs were located 20 m from the forest
stands and from other traps. Pheromone traps of the Theyson® type were placed at a height of 1.5 m
from the ground on two wooden poles; a pheromone lure was hung inside the trap on a metal wire.
A Cembräwit® pheromone lure (Witasek Pflanzenschutz GmbH, Vienna, Austria) was used for both
types of traps and was replaced after 8 weeks.

Table 2. Study sites for experiment 4.

Study Site Altitude (m a.s.l.) GPS N GPS E Year

Nouzov 405 50.2202 13.9445 2016
Stříbrná Skalice 420 49.9196 14.8432 2016

Žehrov 320 50.5224 15.0913 2016
Raduň 400 49.8809 17.9548 2017

 

Figure 4. Baited tripod (left) and pheromone trap (right) at the Nouzov study site in 2017 (experiment 4).
Photograph by Resnerová.

Tripod traps were constructed from felled healthy larch trees. For each tripod trap, three logs
about 2 m long and 20 cm in diameter were cut and transported to the deployment location. The tops
of the three logs were firmly connected to each other with a T-shaped piece of iron. After the iron was
attached to the tops of the logs with nails, the logs were arranged in a tripod shape above two partially
buried logs of non-target wood (spruce). Two 12 mm-diameter pieces of iron that extended from the
spruce logs (one piece of iron per spruce log) were inserted into the bottoms of two of the three logs
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that formed the larch tripod. A Cembräwit® pheromone lure was suspended at the top of each tripod
so that it was at least partially protected from direct sunlight. The entire surface of each tripod was
then treated with a mixture of Vaztak 10 SC® insecticide and a 1% solution of Scolycid® dye in water.
The tripods were generally sprayed at 4- to 5-week intervals as needed, depending on the weather.
Beetles that were attracted to the tripod and that died and fell were collected on a stainless-steel screen
that was located beneath the tripod and that had narrow (<1 mm) openings. A second screen made of
plastic and that had wide openings (15 mm) was positioned above the stainless-steel screen. The plastic
screen allowed beetles to fall through but caught branches and other unwanted material and prevented
animals from feeding on or otherwise removing the beetles on the stainless-steel screen.

Ips cembrae were collected every 7–10 days from the traps and tripods. In the laboratory, individuals
of I. cembrae were identified with the aid of a stereomicroscope, and the sex was determined based on
examination of genitals for at least 20 individuals per sample, datum, and site.

The total number of I. cembrae trapped and the proportions of males and females were compared
for pheromone-baited tree traps vs. baited tripods with two-sample t-test in R version 4.0.2. We did
not take into account the issue of different years though we do not expect differences.

2.6. Experiment 5: Number of I. cembrae Captured by Trap Trees, Baited Tripods, and Pheromone Traps

Experiment 5 was conducted in 2017 at four study sites at altitudes ranging from 480 to 680 m
a.s.l. The experiment included 18 groups of traps with each group containing three types of traps
(Table 3, Figure 1). The design of the experiment with respect to pheromone traps and baited tripods
corresponded to that of experiment 4, but in addition to a pheromone trap and a tripod, each group
included a trap tree.

Table 3. Study sites for experiment 5. Each group included three kinds of traps.

Study Site
Altitude
(m a.s.l.)

GPS N GPS E Year
Number of

Groups

Dolní Babákov 560 49.7985 15.8961 2017 4
Húzová 680 49.8189 17.3523 2017 3

Jiřetice u Neustupova 480 49.5917 14.7247 2017 5
Rožmberk 680 48.6628 14.3776 2017 6

The trap trees (mean wood volume 0.7± 0.4) were cut, debranched, and laid on the soil as described
for experiment 3. Trap trees were cut and deployed in March. In May/June, the beetles captured
by the trap trees were counted according to the methods described by [36] and for experiment 3.
The following data were collected: the dimensions of the trap trees including the diameter at breast
height (1.3 m from the base of the trunk), the number of entry holes and the number of maternal
galleries on the debarked sections.

According to the phloem area of each trap tree and the number of entry holes (equivalent to the
number of males) and maternal galleries (equivalent to the number of females), the total number of
individuals in the entire trap tree was calculated.

Overall differences in beetle catches in the three types of traps were tested using Friedman’s test
(ANOVA). Poisson generalized linear mixed model (GLMM) with study site as a random effect was
used to determine the relationships between the number of beetles captured and trap type. All analyses
and figures were carried out in R version 4.0.2.

3. Results

3.1. Experiment 1: Influence of Sun Exposure and Position on Infestation of Trap Logs by I. cembrae

Ips cembrae penetrated logs with a diameter > 3.6 cm and a phloem width > 2 mm. The number
of entry holes per dm2 (mean ± SE) did not significantly differ between the sunny side (0.8 ± 0.6)

244



Forests 2020, 11, 1275

vs. the shady side (0.8 ± 0.5). The number of maternal galleries per dm2 was higher on the sunny side
(2.9 ± 1.7) than on the shady side (2.5 ± 1.6), but the difference was statistically insignificant according
to the two-sample t-test (t = 1.69; p < 0.10).

The GLM model indicated that the number of I. cembrae males (i.e., the number of nuptial
chambers) and females per dm2 was positively related to log diameter (Tables 4 and 5). Both sexes
avoided forming gallery systems at the bottom position of the deployed logs (i.e., the position closest
to the ground); the latter position was included in the intercept of the model (Tables 4 and 5, Figure 5).

Table 4. Results of a GLM model describing the relationship between the number of entry holes of
Ips cembrae per dm2 and the following variables in experiment 1: position on the log (top, middle,
and bottom = included in Intercept); diameter. Corrected Akaike’s Information Criterion (AIC) = 210.09.
Number of Fisher Scoring iterations was 5. ***, and * indicate significance at p< 0.001, and 0.05, respectively.

Variable Estimate Std. Error z Value p Value

(Intercept) −2.38 0.41306 −5.758 <0.001 ***
top 0.31 0.31184 1.005 0.3150

middle 0.30 0.31228 0.968 0.3330
diameter 0.30 0.03239 2.279 0.0227 *

Table 5. Results of a GLM model describing the relationship between the number of maternal galleries
of Ips cembrae per dm2 and the following variables in experiment 1: position on the log (top, middle,
or bottom = included in Intercept); diameter. Corrected Akaike’s Information Criterion (AIC) = 330.33.
Number of Fisher Scoring iterations was 4. *** and ** indicate significance at p < 0.001 and
0.01, respectively.

Variable Estimate Std. Error z Value p Value

(Intercept) −2.01 0.36960 −5.428 <0.001 ***
top 0.45 0.27417 1.657 0.09758

middle 0.14 0.28219 0.521 0.60220
diameter 0.08 0.02953 2.709 0.00675 **

 

(a) (b) 

Figure 5. Number of entry holes (a) and maternal galleries (b) at top, middle, and bottom positions of
the logs in experiment 1. The boxes indicate medians and interquartile range, the whiskers indicate
minimum and maximum values, and circles indicate outliers. *** indicate significance at p < 0.001.
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3.2. Experiment 2: The Abundance of I. cembrae in Unbaited Pyramid-Trap Piles vs. Trap Trees

The number of I. cembrae entry holes averaged 0.6 ± 0.8 per dm2 in trap trees and 0.4 ± 0.6 per dm2

in pyramid-trap piles. The numbers of entry holes were not significantly affected by trap type, diameter
of wood, or volume of wood according to a Wilcoxon matched-pairs signed ranks test (z = 1.65, p > 0.05;
Figure 6) and to a GLM analysis, which also showed no effect of year.

 
(a) (b) 

 
(c) 

Figure 6. Number of entry holes as affected by trap type (trap trees vs. pyramid-trap piles) (a), wood
volume (b), and wood diameter (c) in experiment 2. For trap type, the boxes indicate medians and
interquartile range, the whiskers indicate minimum and maximum values, and circles indicate outliers.

3.3. Experiment 3: Number of I. cembrae Captured as Affected by Wood Volume of Trap Trees

In experiment 3, a total of 62 trap trees were analyzed at six study sites at altitudes ranging from
390 to 680 m a.s.l. A total of 257,010 I. cembrae were trapped, with a mean of 5039 (±5887) I. cembrae per
trap tree.

The presented Poisson Regression model indicated that the number of I. cembrae per trap decreased
with trap tree volume (Table 6, Figure 7).

Table 6. Results of a GLM model describing the relationship between the number of Ips cembrae per
trap tree and the volume of wood per trap (experiment 3). Corrected Akaike’s information criterion
(AIC) = 312953. *** indicates significance at p < 0.001.

Variable Estimate Std. Error z Value p Value

(Intercept) 9.03 0.00398 2268.5 <0.001 ***
volume −1.11 0.00705 −156.9 <0.001 ***
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Figure 7. Relationships between the number of I. cembrae (points) per trap tree and wood volume per
trap tree in experiment 3.

3.4. Experiment 4: Numbers of I. cembrae Beetles Captured by Baited Tripods vs. Pheromone Traps

A total of 13,617 I. cembrae were captured by baited tripods, and 10,789 were captured by pheromone
traps. The sex ratio (males to females) was on average 1.5 for tripods and 0.9 for pheromone traps
(Table 7). Although more individuals tended to be caught by tripods than by pheromone traps at all
study sites (Table 7), the difference was not statistically significant (two-sample t-test: t = 1.62, p > 0.05).

Table 7. Numbers of I. cembrae captured by pheromone traps and tripods in experiment 4.

Capture Methods and
Variables/Study Site

S. Skalice Raduň Žehrov Nouzov

Tripods—total number captured 1655 3813 1200 6949
Number of beetles identified as males 490 483 606 666

Number of beetles identified as females 395 197 594 486
Mean number ± SD per trap 331 ± 269 763 ± 91 240 ± 44 1390 ± 916

Sex ratio 1.2 2.5 1.0 1.4
Pheromone traps—total number captured 340 3293 1038 6118

Number of males 144 356 353 437
Number of females 196 244 685 573
Mean ± SD per trap 68 ± 22 659 ± 135 208 ± 62 1224 ± 87

Sex ratio 0.7 1.5 0.5 0.8
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Significantly more males were captured by pheromone-baited tripods than by pheromone traps
(two-sample t-test: t = 6.38, p < 0.00001). The number of females captured did not significantly differ
between the two kinds of traps (two-sample t-test: t = −0.13, p > 0.05) (Table 7, Figure 8).

  
(a) (b) 

Figure 8. Number I. cembrae females (a) and males (b) captured in pheromone traps and tripods in
experiment 4. The boxes indicate medians and interquartile range, and the whiskers indicate minimum
and maximum values. * indicate significance at p < 0.05.

3.5. Experiment 5: Number of I. cembrae Captured by Trap Trees, Baited Tripods, and Pheromone Traps

More I. cembrae were captured with trap trees than with baited tripods or pheromone traps except
at the Dolní Babákov study site (Table 8, Figure 9). The total number of I. cembrae captured was 5432 for
tripods, 5676 for pheromone traps, and 91,364 for trap trees. On average, trap trees captured 16 times
more individuals than pheromone traps and 17 times more individuals than tripods during I. cembrae
flight activity (Table 8). The number of trapped beetles was significantly higher with tree traps than
with pheromone traps or tripods according to Friedman’s test (ANOVA) ((N = 18, df = 2) = 8.33;
p < 0.05). The difference between tripods and pheromone traps was minimal (Table 9).

Table 8. Numbers of I. cembrae captured in baited tripod traps, pheromone traps, and trap trees
in experiment 5.

Capture Methods and
Variables/Study Site

Dolní
Babákov

Húzová Jiřetice u N. Rožmberk

Tripods—total number captured 1881 810 1029 1712
Mean ± SD per trap 479 ± 147 270 ± 24 205 ± 137 285 ± 196

Pheromone traps—total number captured 1819 1037 2348 472
Mean ± SD per trap 455 ± 79 346 ± 154 470 ± 361 79 ± 24

Trap trees—total number captured 8 58,555 17,260 15,541
Mean ± SD per trap 2 ± 2 19,518 ± 9588 3452 ± 3121 2590 ± 1669
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Figure 9. Numbers of I. cembrae captured by pheromone traps, trap trees, and tripods in experiment 5.
The boxes indicate medians and interquartile range, and the whiskers indicate minimum and maximum
values. *** and * indicate significance at p < 0.001 and 0.05, respectively.

Table 9. Results of a generalized linear mixed model (GLMM) describing the relationship between
the number of Ips cembrae beetles per trap and trap type method and study site as random effect in
experiment 5. Corrected Akaike’s information criterion (AIC) = 67330. *** and * indicate significance at
p < 0.001 and 0.05, respectively.

Variable Estimate Std. Error z Value p Value

(Intercept) 5.37 0.54996 9.767 <0.001 ***
trap trees 2.78 0.01368 203.126 <0.001 ***

baited tripods −0.04 0.01898 −2.315 0.0206 *

4. Discussion

In the current research, we compared the ability of several kinds of traps to capture I. cembrae.
For traps that use wood, we also assessed the effects of the following variables on capture of I. cembrae:
the volume of wood in the trap, the position on the wood relative to sun exposure, and the position on
the wood relative to trunk height or the soil surface. In addition to assessing several methods that use
pheromone lures, we assessed traditional trap trees and trap logs without pheromone lures.

Our results indicate that larch trap trees performed better than the other methods for the capture
of I. cembrae, apparently because the beetle responds quickly to this resource and is attracted to wood
regardless of its original location along the trunk. In contrast to other bark beetles, I. cembrae does not
have a strong preference for a certain part of the tree, although some authors have noted a preference
for relatively large-diameter trees [38]. As a control measure against I. cembrae outbreak, it is possible
to choose trap trees of low volume within a given stand (experiment 3). This is inconsistent with the
hypothesis that the effectiveness of spruce trap trees could depend on the size of the trees because tree
size could determine the amount of host-specific substances released [39]. Unlike trap trees deployed
against spruce bark beetles [30], larch trap trees deployed to control I. cembrae should not be covered
with branches that lack needles in March.

Our results regarding the effects of sun exposure and position (experiment 1) provide strong
evidence that I. cembrae attacks logs with a thickness> 3 cm, which confirms a similar study [13] and that
I. cembrae may attack young larch stands between 2 and 18 years of age [7,25,40] and branches during
maturation feeding [25]. I. cembrae beetles probably fly at many heights above the soil, but in some
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cases, they apparently prefer to infest higher in the crown than in the lower sections [13]. The latter
result was supported by the current results, which indicated a preference for higher positions on the
traps logs. The results of experiment 1 indicate that both sexes showed no side (sunny vs. shady)
preference when creating a gallery system on trap logs. One reason for the lack of preference by beetles
might be that the phloem of larch trees exhibits similar defense reactions against I. cembrae regardless
of the position along the trunk [41].

In the current research, we were interested in determining whether natural logs were more
attractive to I. cembrae if they were positioned vertically rather than horizontally. For example,
our comparison of trap trees and pyramid-trap piles indicated whether capture would be different
when the same source material differed in arrangement. Trap trees should be more similar to the
natural host resources used by bark beetles because they have a larger surface area than pyramid-trap
pile. According to a previous study, trap logs, regardless of their arrangement, capture similar numbers
of beetles whether they have or do not have a pheromone lure [42]. The latter study also found that,
among trap log arrangements, crossed trap logs and pyramid-pile traps (as used in experiment 2) were
the most effective at capturing I. cembrae. With pyramid-pile traps, I. cembrae produced substantially
more entry holes per dm2 in the study by [42] than in the current study. Our results (experiment 2)
confirm that the addition of pheromone lures to trap logs, pyramid-trap piles, or trap trees is useless,
because fresh wood is sufficiently attractive to I. cembrae (see also [42]). Baited and unbaited traps
composed of larch logs have similar attractiveness because the traps look like a tree or its parts,
or because they release attractive volatiles. The high number of beetles captured in the baited traps in
experiments 4 and 5 confirm that pheromone lures attract I. cembrae but are more useful for monitoring
I. cembrae in the forest (i.e., for determining the timing and peak of flight activity) than for defending
against infestation [42]. A potential disadvantage of using pheromone traps for mass trapping is that
they may attract beetles from long distances and thereby increase I. cembrae numbers in areas where
the beetles’ abundance was previously low, as has been reported for other bark beetle species [43].
Even though pheromone-baited traps captured large numbers of beetles, enough beetles would
remain untrapped to colonize susceptible hosts, quickly replenishing the population density due to
low intraspecific competition. In agreement with other researchers [44,45], we recommend using
pheromone traps for detection in locations where the occurrence of I. cembrae has not been confirmed.

Both males and females respond to I. cembrae aggregation pheromones [46,47]. In the current
study, the female:male sex ratio in pheromone traps fluctuated between 1 and 2, but the frequency of
female and male beetles in traps was not significantly different [34]. I. cembrae was attracted more to
tripods than to pheromone traps in experiment 4 of the current study, which differs from the results
previously obtained for I. duplicatus (Sahlberg, 1836) and I. typographus [48,49]. The significantly greater
number of males captured in tripods than in pheromone traps in experiment 4 was consistent with
previous reports for other species of bark beetles in the genus Ips [48–50]. Males or females establishing
gallery systems of bark beetles and ambrosia beetles are usually attracted in greater numbers to traps
with visual stimuli that resemble tree trunk silhouettes than to traps baited only with host odors or
pheromones [43,51–54].

Pheromone-baited tripod traps that have been sprayed with insecticide are effective against
I. cembrae because such traps attract males, and it is males that establish the gallery systems.
The possibility of underestimating the capture of I. cembrae on poisoned tripods because of a
sublethal effect has been ruled out by a number of laboratory and field observations that used
lambda-cyhalothrin [55] or alpha-cypermethrin as an insecticide [56,57], as was the case in our study.

The use of baited tripods is thus more effective than pheromone traps in monitoring I. cembrae,
but due to the complexity of baited tripod installation, it is up to the forest managers to decide which
trap to use. On the other hand, among the best defenses in addition to the timely detection and removal
of bark beetle-infested trees is the use of trap trees. In studies comparing trap trees and baited tripods
for monitoring I. typographus, trap trees were found to be more effective for all generations [58] or at
least for the overwintering generation of I. typographus [56].
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A previous study found that the area of the trapping surface of commercial traps was insufficient
for optimal trapping efficiency [59]. Because a trap tree has a larger trapping surface than a commercial
trap, trapping efficiency should be greater with trap trees than with commercial traps. When the
population density of I. cembrae is low, however, the aggregation pheromones seem to be especially
effective in attracting the beetles that initially fly into a site, such that baited and poisoned tripods and
pheromone traps may be more effective than trap trees early in the season, as appeared to be the case
at the Dolní Babákov study site in experiment 5 (Table 8).

The results of experiment 5 showed that, except at the the Dolní Babákov study site (where the
population density of I. cembrae was probably low), trap trees captured at least 15 times more beetles
than pheromone traps or baited poisoned tripods. This difference in efficacy was even greater than that
previously reported for comparisons of the trapping of spruce bark beetles by spruce trap trees and
artificial traps [31,60]. Similarly, standing spruce trap trees baited with pheromones and treated with
insecticides caught up to 30 times more beetles than pheromone traps [61]. In contrast to our results
with baited tripods vs. pheromone traps, the number of I. cembrae captured did not significantly differ
between standing trap logs (1–3 m long) vs. pheromone traps in a previous study [32]. The use of
short logs rather than complete trees seems to greatly reduce the treated bark surface and consequently
the natural attractiveness. Because the amount of host volatiles decreases with the surface area of the
trap trees, the surface area of trap trees greatly influences their effectiveness [32].

5. Conclusions

As is the case for control of other bark beetles, control of I. cembrae requires the ongoing and
timely search for infested trees or logging residues and their timely elimination, or the processing of all
materials suitable for bark beetle reproduction. Traditional trap trees of relatively small size are the
most effective tool for I. cembrae capture. Unbaited tripods or pyramid-trap piles can be used, but they
are less effective than trap trees. Unbaited tripods and pyramid-trap piles should be placed in sunlit
locations near the forest edge and should be raised above the ground (to increase the area suitable for
infestation). Baited tripods and pheromone traps are suitable for monitoring I. cembrae in stands, ports,
or landfills with imported timber, with tripods being more efficient because they capture more males
than pheromone traps. The pheromone trapping is effective and useful, especially in areas with a high
proportion of larch, where early detection of I. cembrae flight activity is required. However, the detection
of I. cembrae presence with pheromone traps is unnecessary if the beetle is already known to be present
in a stand. Similarly, the detection of I. cembrae flight activity with pheromone traps is unnecessary
because I. cembrae does not have clear peaks of flight activity—i.e., its adults fly continuously during
the growing season. If I. cembrae is known to be present in a stand, all larch material that is infested or
that is likely to be infested should be removed and processed.
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Výzkumný ústav Lesního Hospodářství a Myslivosti, v. v. i.: Strnady, Czechia, 2020.

36. Grodzki, W. Some reactions of Ips typographus (L.) (Col.: Scolytidae) to changing breeding conditions in a
forest decline area in the Sudeten Mountains, Poland. J. Pest. Sci. 2004, 77, 43–48. [CrossRef]
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