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Czech Republic

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Forests (ISSN

1999-4907), freely accessible at: https://www.mdpi.com/journal/forests/special_issues/Woody_

Plants_Organisms.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-3423-5 (Hbk)

ISBN 978-3-7258-3424-2 (PDF)

https://doi.org/10.3390/books978-3-7258-3424-2

Cover image courtesy of Katarína Pastirčáková
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Katarína Pastirčáková is a senior scientist at the Department of Plant Pathology and Mycology,

Institute of Forest Ecology of the Slovak Academy of Sciences in Nitra, Slovakia. She is a plant

pathologist and specializes in mycology. She earned her M.Sc. in Mathematics and Biology from the

Faculty of Natural Sciences, Constantine the Philosopher University in Nitra in 1999 and her Ph.D. in

Plant Protection from the Institute of Experimental Phytopathology and Entomology SAS in Ivanka

pri Dunaji in 2003. Her main research interests include the taxonomy, species diversity, and ecology

of fungal pathogens on herbs and woody plants, as well as fungi associated with bark beetles. She

has been involved in national and international projects and has authored over 30 scientific papers
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Biodiversity and Ecology of Organisms Associated with
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1. Introduction

Woody plants serve as hosts for a vast array of organisms, ranging from herbivores and
pathogenic species—often considered detrimental—to beneficial organisms that contribute
to plant health and ecosystem stability. Natural enemies of pests, for instance, play a crucial
role in maintaining the health of wild woody plants, production forests, and ornamental
tree vegetation in urban green spaces, including city parks, gardens, and urban forests.
While interactions between woody plants and herbivores have been extensively studied,
much less is known about the intricate relationships among the diverse organisms that
inhabit these plants.

Recent research has highlighted the ecological significance of these interactions. For
example, mycoparasitic fungi and endophytic entomopathogenic fungi offer promising
avenues for the biological control of woody plant fungal pathogens and pests. Similarly,
certain deciduous tree species serve as reservoirs for predatory mites (Acari: Phytosei-
idae) [1,2], which contribute to the regulation of phytophagous mite populations in adjacent
orchards and vineyards [3]. The presence of abandoned leaf mines has also been shown to
enhance phytoseiid mite densities [4], further illustrating the complexity of these interac-
tions. However, our understanding of such ecological networks remains incomplete, and
further studies are needed to elucidate their roles in ecosystem functioning.

The impact of climate change on woody plant-inhabiting organisms is another pressing
issue [5]. Rising temperatures, prolonged drought periods, shifts in hydrological conditions,
and air pollution are contributing to the declining physiological activity of woody plants,
often triggering outbreaks of insect pests and fungal pathogens. The widespread decline in
forest trees due to bark beetles and their fungal associates continues to be a major research
focus, yet significant knowledge gaps persist regarding their biology, ecology, epidemiology,
and management [6,7]. Understanding the diverse types of bark beetle–fungus interactions
is critical for developing effective mitigation strategies [8].

This Special Issue aims to present the recent advances in our knowledge of the biodi-
versity and ecological interactions of both beneficial and harmful organisms associated with
woody plants. Relevant topics include, but are not limited to, the following: (1) above- and
below-ground communities, (2) micro- and macro-organisms, (3) population dynamics and
seasonal variations, (4) invasive pests and pathogens, (5) pollinators and natural enemies,
(6) mutualistic interactions and competition, (7) effects of pollution and climate change,
and (8) methods and modeling approaches for studying plant-associated organisms.

This Special Issue presented cutting-edge research on woody plant–pathogen and
woody plant–arthropod interactions, as well as studies exploring their combined effects.

Forests 2025, 16, 283 https://doi.org/10.3390/f16020283
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Contributions covered diverse ecosystems and geographical regions. While field studies
were particularly emphasized, laboratory-based research was also included. By compiling
the latest research in this field, this Special Issue will contribute to a deeper understanding
of the ecological roles of the organisms associated with woody plants and their implications
for forest health, conservation, and sustainable management.

2. Summary of Papers Included in the Special Issue

This Special Issue comprises 15 papers written by 72 authors from 11 countries, namely
Croatia, Czech Republic, Japan, Latvia, Norway, Portugal, Russia, Serbia, Slovakia, Spain,
and the USA. The collection represents a diverse array of studies on various organisms
associated with woody plants ranging from microorganisms to invertebrates and mammals.
As such, this Special Issue offers valuable examples of recent research activities in this
global discipline.

Four studies published in this Special Issue highlight the significant role of fungal
communities in forest health, resilience, and disease management. One study examined
the diversity of culturable endophytic fungi in symptomatic and asymptomatic Fraxinus
excelsior, identifying dominant species such as Diaporthe eres and Alternaria alternata. The
inhibitory potential of certain endophytes against Hymenoscyphus fraxineus, the causative
agent of ash dieback, was demonstrated, with Fusarium lateritium and Didymella aliena
showing the strongest suppressive effects in planta [9].

In clonal forestry, mycorrhizal associations play a critical role in tree performance.
Research on silver birch and hybrid aspen plantations revealed that mycorrhizal communi-
ties were moderately diverse, predominantly consisting of generalist ectomycorrhizal taxa.
Clone-specific differences in mycorrhizal richness were observed, with hybrid aspen pro-
ductivity showing an inverse relationship to fungal diversity, emphasizing the importance
of host–genotype interactions in forest regeneration [10].

Efforts to mitigate Fusarium circinatum, the pathogen responsible for pine pitch canker,
have focused on seed disinfection methods. A comparative study tested MennoFlorades,
Captan, ethanol, and hot water treatments, with hot water emerging as the most effective
and environmentally sustainable option for eliminating the pathogen without compromis-
ing seedling viability, providing a practical solution for nursery and forest management [11].

Finally, fungal biodiversity serves as a key indicator of forest habitat conservation.
An analysis of macrofungi and lichenized fungi in Pyrenean oak and chestnut forests re-
vealed greater species diversity in Quercus pyrenaica ecosystems. The presence of pollution-
sensitive lichens in oak forests and a higher proportion of ectomycorrhizal fungi in chestnut
groves highlight the ecological significance of these fungal communities and the need for
finer-scale conservation assessments [12].

Recent research on invertebrate pests highlights emerging threats to forestry and
agriculture, as well as the ecological complexities of pest population dynamics. A signifi-
cant discovery was made with the first report of Bursaphelenchus xylophilus, the pinewood
nematode, in Pinus sylvestris in Europe. Previously recorded in other Pinus species, its de-
tection in Portugal raises serious phytosanitary concerns, reinforcing the need for stringent
monitoring and management strategies to prevent further spread [13].

Understanding the dynamics of insect seed predators is crucial for predicting pest
outbreaks in fruit crops. Long-term data from Norway on Argyresthia conjugella and
Megastigmus brevicaudis revealed prolonged diapause as a key factor influencing their
population cycles. Both seed predators and their associated parasitoids exhibited delayed
emergence, sometimes spanning up to five years. These findings emphasize the need to
account for diapause when studying insect guilds in rowanberry ecosystems, particularly
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given the occasional shift of A. conjugella to apple as an alternative host during poor rowan
fruiting years [14].

Meanwhile, the increasing impact of Ips sexdentatus, a bark beetle species, has become
evident in the Czech Republic. Population monitoring over two years revealed seasonal
flight activity patterns, with peak swarming occurring in June and July. The study identified
ACUMIPROTECT as the most effective pheromone lure for monitoring purposes and
emphasized the potential influence of climate change on the voltinism and behavior of this
pest. Such insights are essential for refining forest protection strategies [15].

The research conducted by Takagi and Kajimura [16] sheds light on the ecological
traits of three species of Xiphydria woodwasps from Japan, emphasizing their host tree
preferences and the intriguing relationships with symbiotic fungi and mucus in their
bodies. As woodwasps play a significant role in forest ecosystems, understanding the
ecology of Xiphydriidae is crucial, especially given the limited knowledge compared to their
Siricidae counterparts. This study reveals new host records and highlights the complexity
of their ecological interactions, including the presence of specialized mycangia for fungal
associations and unique mucus characteristics. The findings contribute to the broader
understanding of woodwasp biology and their role in forest dynamics, which is vital for
effective pest management strategies.

Recent studies on natural enemies highlight their crucial role in regulating pest popu-
lations in diverse ecosystems, from urban trees to coniferous forests. A survey of preda-
tory mites inhabiting Aesculus hippocastanum revealed a diverse community dominated
by Euseius finlandicus, whose abundance was influenced by environmental factors such
as urban greenery and air pollution. These findings underscore the potential of horse
chestnut trees as reservoirs for phytoseiid mites, which could contribute to natural pest
control in urban landscapes [17]. Similarly, research on mite communities associated with
Ips typographus in Europe provided new insights into the diversity of these potential bio-
logical control agents. The study documented several mite species in Serbia for the first
time, expanding the known distribution of key taxa and reinforcing the need for the further
exploration of their ecological roles in bark beetle-infested forests [18].

Efforts to improve bark beetle management have also focused on reducing unintended
impacts on natural enemies. A modification to pheromone traps used for monitoring
Orthotomicus erosus in Croatia successfully reduced the capture of key predatory beetles,
such as Temnoscheila caerulea and Thanasimus formicarius, without significantly affecting
bark beetle captures. This approach offers a more balanced strategy for forest protection,
ensuring that beneficial predators continue to contribute to pest suppression [19].

In agroforestry, parasitoids play a vital role in controlling invasive leafminers. A long-
term study on Cameraria ohridella in the Czech Republic revealed fluctuations in parasitism
rates and a shift in the dominant parasitoid species over time. The increasing prevalence
of Pediobius saulius suggests an adaptive response of native parasitoid communities to the
invasive host, highlighting the dynamic interactions shaping biological control success [20].

Ecosystem engineers play a critical role in shaping habitats and influencing biodiver-
sity, often in ways that are underappreciated. Deadwood-dwelling beetles, particularly
those in the Eucnemidae family, are key contributors to forest decomposition processes,
yet their ecology remains poorly understood. A study conducted in a beech reserve in
the Czech Republic provided new insights into the distribution and habitat preferences of
these elusive beetles. Results indicated that lying logs offered a more stable microclimate,
supporting a higher diversity of species, including several endangered ones. This under-
scores the importance of maintaining diverse deadwood structures in forest management
practices to support saproxylic biodiversity [21].

3
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Similarly, the underestimated ecological role of subdominant ants is highlighted in
research on Formica lemani, a species capable of forming large nest complexes (NCs) that
restructure behavioral interactions within forest ecosystems. Within these NCs, F. lemani
exhibited higher population densities, increased aggressiveness, and more efficient tropho-
biotic relationships with aphids, particularly on birch trees. This behavior enhances the
species’ competitive ability, allowing it to play a significant role in plant protection against
herbivores. The study challenges traditional views of ant hierarchy in forest systems,
emphasizing that subdominant species can act as influential ecosystem engineers under
the right ecological conditions [22].

Understanding the intricate relationships between species and their environment
is key to predicting how ecosystems respond to change. One such complexity arises
from the interaction between non-native plants, vegetative structure, and the foraging
behavior of insectivorous bats. A study conducted in the forests of northern New Jersey [23]
explored these dynamics, revealing that non-native vegetation significantly alters midstory
clutter but does not directly impact insect abundance. Interestingly, bat activity was
highest in areas with a high percentage of non-native vegetation and reduced midstory
clutter, suggesting that structural openness is a stronger predictor of bat foraging than
prey availability. However, the response varied by foraging guild—bats adapted to open
spaces benefited from altered vegetation, while clutter-adapted species showed no clear
preference. These findings highlight the multifaceted ways in which invasive species
can reshape ecosystems, influencing not only plant communities but also higher trophic
levels, such as insectivorous bats. The study underscores the need for further research
to disentangle the indirect effects of non-native plants on predator–prey interactions and
habitat use.

3. Concluding Remarks

This collection of studies provides critical insights into the multifaceted roles of inver-
tebrates and microorganisms in forestry ecosystems, significantly enhancing our under-
standing of pest management and ecological interactions. The findings reveal how fungal
communities contribute to disease suppression, optimize tree performance, and serve as
bioindicators for forest health. By investigating pests like B. xylophilus and I. sexdentatus, as
well as their natural enemies, these studies highlight the necessity of continuous surveil-
lance and adaptive strategies in response to climate change and emerging pest threats.
Furthermore, the research underscores the importance of preserving natural enemy commu-
nities, including predatory mites and parasitic wasps, as integral components of sustainable
pest management in both forestry and urban environments. Recognizing the contribu-
tions of overlooked invertebrate groups, such as saproxylic beetles and ants, reinforces
their significant influence on ecosystem dynamics. Together, these studies advocate for a
holistic approach to biodiversity conservation and sustainable habitat management, em-
phasizing the need for further research into fungal-based biocontrol methods, mycorrhizal
associations, and the complex interactions within these ecosystems.

Author Contributions: Conceptualization: K.P. and R.Z.; writing—original draft preparation: K.P.
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European Spruce Bark Beetle Ips typographus (Linnaeus, 1758) in Europe, with New Evidence for the Fauna of Serbia. Forests 2022,
13, 1586. [CrossRef]
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Abstract: The species diversity of culturable endophytic fungi was studied in the leaves and twigs of
symptomatic and asymptomatic Fraxinus excelsior trees. Endophytic mycobiota was dominated by
Ascomycota species, with Pleosporales (44.17%) and Diaporthales (23.79%) endophytes being the
most frequently observed in the tree samples. The number of endophytic isolates and species richness
varied depending on the sampling date (May and October) and tissue location. Of the 54 species
identified based on ITS sequences, 14 were classified as dominant. The most frequently isolated
species were Diaporthe eres, followed by Alternaria alternata, Dothiorella gregaria, and Fraxinicola fraxini.
The inhibitory effect of 41 species (75 isolates) of endophytes on the radial growth of a Hymenoscyphus
fraxineus isolate was studied under in vitro conditions (dual cultures). The radial growth of H.
fraxineus was the most inhibited by four endophytic fungi from twigs (Fusarium lateritium, Didymella
aliena, Didymella macrostoma, and Dothiorella gregaria). The inhibitory effect of the four isolates was
also studied under in planta conditions. The isolates artificially inoculated into the trunks of ash
trees reduced the length of necroses formed by H. fraxineus co-inoculated in the same trunks. This
effect depended on the isolate, and the inhibition was most prominent only on trunks inoculated
with F. lateritium and D. aliena. Although the total length of necrotic lesions formed by the H.
fraxineus infection was shorter in the ash trunks co-inoculated with the endophytes, the difference
was not significant.

Keywords: ash dieback; European ash; endophytic mycobiota; diversity; inhibitory effect

1. Introduction

European ash (Fraxinus excelsior) plantations throughout Europe have been devastated
by the fungal pathogen Hymenoscyphus fraxineus, causing ash dieback disease since the 1990s.
Investigation into the etiology of F. excelsior decline in Europe has revealed a rich community
of other fungal species. Few species are very common, and many occur only sporadically.
In addition to H. fraxineus, ash branches and leaves are colonized by other parasitic and
saprophytic fungi [1–5], which are secondary invaders of tissue weakened or dying from
ash dieback. Frequently occurring fungi include Alternaria alternata, Diaporthe eres, Diplodia
mutila, Epicoccum nigrum, Fusarium spp., and Phomopsis spp. The fungus Phyllactinia fraxini,
which causes powdery mildew disease [6], is the most common foliage pathogen of ash
trees. Plagiostoma fraxini (anamorph Discula fraxinea) causes anthracnose disease in ash
trees grown in relatively cool regions [7,8]. Wood-inhabiting fungal communities in ash
trees include species such as Auricularia mesenterica, Bjerkandera adusta, Inonotus hispidus,
Perenniporia fraxinea, and Ganoderma spp., causing white rot and wood degradation [9,10].
Armillaria species (Armillaria cepistipes, A. gallica) attack the roots of ash trees and cause root
and butt rot [11].
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In Slovakia, Pastirčáková et al. [12] recorded a wide spectrum of parasitic and sapro-
phytic species of fungi commonly colonizing ash trees, but H. fraxineus was the most
widespread species in the country [13]. Hymenoscyphus fraxineus causes dieback of F. excel-
sior in Europe, but in its native East Asian range, it is typically a harmless endophyte in the
leaves of several Fraxinus species [14–16].

Endophytes can be characterized in a variety of ways [17], but in general, they are
microorganisms that spend at least part of their life cycle inside plant tissues without
generating visible symptoms or damage to their hosts [18]. A single plant can harbor many
endophytic organisms [19]. Fungal endophytes that asymptomatically colonize plants have
the capacity to promote host plant growth and can play an important role in increasing
host plant tolerance to abiotic stress, plant pests, and pathogens [20–24]. Endophytic
fungi are also active against pathogenic fungi. Endophytes Alternaria sp., Cladosporium
sp., Fusarium sp., and Penicillium sp. from Aristotelia chilensis and Embothrium coccineum
significantly inhibited the growth of the common fungal pathogen Botrytis cinerea [25]. An
endophytic isolate of Trichoderma koningiopsis from Hevea guianensis inhibited the causal
agent of Corynespora leaf fall disease (Corynespora cassiicola), both in culture and in plants [26].
Several studies have already been published on the endophytic microbiome of ash in recent
years, and the protective effects of some endophytic fungi against the ash dieback pathogen
have also been studied [27–34]. Although endophytes that inhibit H. fraxineus in vitro (e.g.,
Boeremia exigua, Botrytis cinerea, Clonostachys rosea, Epicoccum nigrum, Nemania diffusa, N.
serpens, Peniophora cinerea, Phoma macrostoma, Rosellinia corticium, Setomelanomma holmii,
and Xylaria polymorpha) [28,29,34] are promising candidates for a biocontrol agent for ash
dieback, their efficacy should be verified by in planta tests because the in planta situation is
more complex [35]. Preliminary research has revealed that Hypoxylon rubiginosum has an
antagonistic effect on H. fraxineus in planta trials [31]. Little is known about the endophytic
mycobiome of ash trees in Slovakia. Only a few endophytes (Alternaria alternata, Dothiorella
sarmentorum, and Fusarium oxysporum) colonizing F. excelsior branches and leaves have been
recorded [12,36,37]. However, there is a need to further characterize and study endophytic
fungi in ash trees to understand their potential role in the biocontrol of ash dieback disease.

The aims of this study were to (i) characterize species diversity of culturable fungal
endophytes in leaves and twigs from symptomatic and asymptomatic F. excelsior trees in
spring and autumn, (ii) evaluate interactions between ash dieback pathogen H. fraxineus
and isolated endophytes in vitro (dual cultures), and (iii) evaluate the inhibitory effect of
antagonistic endophytes under in planta conditions.

2. Materials and Methods

2.1. Fungal Cultures

The strain of H. fraxineus (D27) used in this study was isolated from necrotic lesions
on twigs of F. excelsior collected in central Slovakia (locality of Duchonka; 48◦42′53′′ N,
18◦02′33′′ E) in 2015 [38,39]. Malt extract agar (MEA) supplemented with 50 g/L of frozen
healthy ash (F. excelsior) leaflets removed after autoclaving [40], was used to isolate and
grow the H. fraxineus strain and for a dual culture bioassay. MEA supplemented with Rose
Bengal 10 mg/L and antibiotics (streptomycin sulphate 50 mg/L, penicillin G 50 mg/L;
both added after autoclaving) was used for fungal endophyte isolation. All of the media
were autoclaved at 120 ◦C for 20 min, and 20 mL per plate was poured into polystyrene
Petri dishes (90 × 16 mm). The fungal cultures were incubated at 25 ± 1 ◦C in darkness.
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2.2. Study Sites and Sampling

The collection of ash samples for fungal endophyte analyses was carried out in an F.
excelsior forest (17.03 ha; with 5% of Robinia pseudoacacia as an admixture species) in the
locality of Jarok (southwestern Slovakia, 48◦16′38′′ N, 17◦57′51′′ E). The forest was attacked
by ash dieback, which was confirmed by direct observations of disease symptoms on trees
(necrotic lesions on leaflets and petioles, dieback of branches, and sporadically whole tree
crowns dead) and by H. fraxineus apothecia presence on ash leaf petioles from the previous
year on the forest floor. In total, 20 trees showing symptoms of ash dieback disease and
20 asymptomatic trees were selected for sampling on 14 May and 14 October 2019. On
each sampling date, 5 leaves and 5 twigs (only those that looked healthy) were collected
from 10 symptomatic and 10 asymptomatic trees. Altogether, 100 leaves and 100 twigs
(two years old) were collected on each sampling occasion. The individual samples were
placed in polyethylene zipper bags and stored at 5 ◦C overnight.

2.3. Isolation of Fungal Endophytes

Collected leaves/twigs were processed for the isolation of fungal endophytes the next
day. Under aseptic conditions, 5 leaflets of individual leaf samples and a 40 mm segment
of each twig were surface-disinfected (96% ethanol for 1 min, followed by 2.5% sodium
hypochlorite for 5 min and 3× rinses in sterile distilled water for 1 min) and dried shortly
on sterilized tissue wipes (modified after Ibrahim et al. [41]). A single 10 mm diameter
leaf disc was cut off from the central part of each surface-disinfected leaflet (including a
midrib) by a cork borer. Five 5 mm sections were cut from the disinfected twigs. The leaf
discs and twig sections were placed on the surface of the MEA plate and incubated in the
dark at 25 ± 1 ◦C. In total, isolations were performed from 500 fragments of 100 leaves and
500 segments of 100 twigs. The plant fragments were checked daily, and all endophytic
colonies were aseptically transferred to fresh MEA plates and cultivated for 10 days. Most
cultures were transferred twice to obtain pure cultures. About 10% of cultures needed
3–4 transfers. Fungal colonies on agar plates were characterized as endophytic only if
mycelia grew from internal plant tissue at the edge of plant sections. The quality of the
surface-disinfection method was assessed by plating three replicates of the residual third
rinse water (500 μL) on MEA plates. A three-week incubation at 25 ± 1 ◦C resulted in no
fungal colonies on these plates, which confirmed the efficacy of the disinfection procedure.
Pure cultures of endophytes were used for molecular species identification, and identified
cultures were included in a dual culture bioassay. The colonization rate (CR) of the tissue
samples by endophytic fungi was calculated using the formula by Kumar and Hyde [42]:

%CR = EI/SS × 100, (1)

where EI is the number of endophytic isolates obtained from the particular tissue sample
(leaf or twig), and SS is the number of tissue sections from the tissue sample tested for
endophytes on the surface of the MEA plate.

2.4. Molecular Identification of Endophytes

DNA was extracted from two-week-old cultures using the EZ-10 Spin Column Fungal
Genomic DNA Kit (Bio Basic Inc., Markham, ON, Canada) according to the manufacturer’s
instructions. The internal transcribed spacer (ITS) region of the ribosomal RNA gene was
amplified using the primer combinations ITS1F/ITS4 [43,44] and ITS4/ITS5 [43]. PCR con-
ditions for the primer pair ITS1F/ITS4 were set as reported by Kádasi Horáková et al. [45].
The amplification reaction conditions for primers ITS4/ITS5 included initial denaturation at
95 ◦C for 14 min, followed by 30 cycles of denaturation at 95 ◦C for 25 s, annealing at 56 ◦C
for 50 s, elongation at 72 ◦C for 90 s, and final extension at 72 ◦C for 10 min. The PCR mix
consisted of approximately 10 ng of template DNA, 10 pmol/μL of forward and reverse
primers, 5x HOT FIREPol® Blend Master Mix (Solis Biodyne, Tartu, Estonia), and deionized
water of molecular grade (Pro injection, B. Braun). All PCRs were performed in a total
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volume of 20 μL in Bio-Rad T100TM Thermal Cycler (Bio-Rad Laboratories Inc., Hercules,
CA, USA). The PCR products were visualized on 1% (w/v) TBE agarose gel stained with
a SimplySafe stain (EURx, Gdansk, Poland). The target PCR fragments were purified
using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Sequencing was
performed in both directions using an ABI PRISM 3130 (Applied Biosystems, Waltham, MA,
USA) by SEQme Ltd. (Dobříš, Czech Republic). The retrieved sequences were processed
using SnapGene® Viewer 5.0.7 (GSL Biotech LLC, San Diego, CA, USA) and compared by
BLASTN ver. 2.13.0+ [46] against ITS sequences deposited in the NCBI GenBank database.

2.5. Dual Culture Bioassay

In total, 75 fungal endophytes were screened for their capacity to suppress the growth
of H. fraxineus (strain D27) in a dual culture bioassay on MEA (supplemented with ash
leaflets) in Petri dishes (90 × 16 mm). Mycelial plugs (5 mm in diameter) of the actively
growing margins of the H. fraxineus and endophyte colonies were placed at a fixed distance
of 55 mm on the MEA plates. The plugs were placed at the opposing end of the same
Petri dish. Due to the slower growth rate of H. fraxineus compared to the endophytes, H.
fraxineus plugs were first cultured for four days at 25 ◦C, and on the fifth day, plugs of
endophytes were placed on the MEA plates [47]. Dual culture tests of six slow-growing
endophytic isolates (TA31-4M, TA55-5M, TA93-1M, TS94-4M, LS25-1M, and LS42-3M) were
started simultaneously with the H. fraxineus strain on the MEA plates. Ten control plates
were inoculated in a similar manner, but two plugs of H. fraxineus were placed in Petri
dishes without endophytes. The plates for all combinations of H. fraxineus and endophytes
were incubated at 25 ± 1 ◦C in the dark. The interactions between the dual culture partners
were checked at three-day intervals, and the radii of colonies were measured using a
digital caliper on day 27 post-inoculation. Each combination of the H. fraxineus strain and
the endophytic isolates was performed in triplicate. Inhibition of radial growth of the H.
fraxineus strain by the endophytes in dual cultures was evaluated by the inhibition index of
radial growth (IRG), calculated using the following formula:

IRG = (R1 − R2)/R1, (2)

where R1 is the radius of the H. fraxineus colony from the control Petri dishes, and R2 is the
radius of the H. fraxineus colony measured on the line between the inoculation positions of
the H. fraxineus strain and the endophyte in the dual culture plates. The radial growth of
the H. fraxineus colony was inhibited by the co-culturing endophyte when the IRG value
was greater than zero. The higher the IRG value within the range of 0–1, the greater the
inhibition effect of the endophyte.

Interactions between colonies of H. fraxineus and endophytes were also visually as-
sessed, and the following interaction types [48] were recognized: physical contact of mycelia
in which neither isolate was able to overgrow the other (A), H. fraxineus colony partially
overgrown by an endophyte after initial deadlock with mycelial contact (B1), H. fraxineus
colony overgrown by an endophyte without initial deadlock (B2), an endophyte colony
overgrown by H. fraxineus (C), an inhibition zone present between the colonies with the
width of <2 mm (D1), the inhibition zone was >2 mm (D2).

2.6. Field Bioassay

Inoculation experiments were conducted on 5-year-old F. excelsior trees grown in the
experimental area of the Institute of Forest Ecology SAS in Nitra. The experimental trees had
an average trunk diameter of 15.4 mm at the inoculation point. Inoculations were performed
with one isolate of H. fraxineus (strain D27) and four isolates of endophytes exhibiting
inhibitory activity in a dual culture bioassay (TS105-4M—Didymella aliena, TA63-2O—
Didymella macrostoma, TA52-5M—Dothiorella gregaria, and TS94-4M—Fusarium lateritium).
For inoculum production, sterilized discs (4 mm in diameter) of F. excelsior sapwood were
colonized with fungal isolates on MEA plates for 3 weeks [49]. Inoculations of the trees
were carried out in the tree trunk (ca. 40 cm from the base of the trunk) on 21 April

10



Forests 2022, 13, 1098

2021. Two holes (4 mm in diameter) were drilled by a cork borer in the bark tissue at a
distance of 2 cm. The holes were patched with the colonized discs, one colonized with an
endophyte isolate, and one colonized with H. fraxineus. The endophyte was inoculated
upward. Combinations of H. fraxineus strain with each endophytic isolate were inoculated
in four replicates. As a negative control, a single sterile non-colonized disc was applied
to the trunk, whereas an H. fraxineus-colonized disc was applied to the trunk as a positive
control. In the case of positive and negative controls, three replicate inoculations were
performed. The discs were then covered with parafilm. Parafilm wrapping was removed
after 30 days. Together, 34 trees were inoculated. The host’s response to the fungal isolates
was measured by the formation of a callus or necrotic tissue at 30-day intervals. The length
of superficial necrosis on the bark was measured in the acropetal and basipetal directions
from the inoculation point. All experimental trees were cut down 180 days after inoculation
(on 18 October 2021) and transported to the laboratory for analysis. After the bark tissue
was removed, the length of the cambial necrosis was measured. The tree trunk was cut at
the inoculation point, and the depth of necrosis was measured.

Two samples of wood tissue, each approximately 5 × 5 mm, were taken from the
margin of necrosis that formed after inoculation of H. fraxineus on all experimental trees.
The samples were used to confirm the presence of H. fraxineus in the tissue. The samples
were homogenized in liquid nitrogen, and the total genomic DNA was extracted according
to the manufacturer’s protocol using the EZ-10 Spin Column Fungal Genomic DNA Kit.
DNA was suspended in 50 μL of elution buffer and stored at −20 ◦C. The identity of H.
fraxineus was confirmed by species-specific primers targeting the 18S gene and the ITS-2
region of the rDNA operon [50]. The PCR components and conditions were in accordance
with Pastirčáková et al. [51].

2.7. Data Analysis

Chi-square tests were performed to determine if the colonization rate by endophytic
fungi was affected by the tissue type (leaf and twig), the health condition of the studied
trees (symptomatic and asymptomatic), and from the sampling time (May and October).
The Shannon and Simpson diversity indices [52,53] were used to determine the diversity of
fungal endophytes found in ash tree samples. Species dominance was estimated for each
species of fungal endophyte according to Camargo [54]. A species was considered dominant
if its relative abundance was higher than 1/S, where S denotes species richness. IRG data
from the dual culture bioassay were arcsine transformed (n′ = arcsin

√
n) before analysis

of variance (ANOVA) was used to determine differences among fungal endophytes. If
significant differences were detected, the post hoc Tukey HSD test (p = 0.05) was performed.
All statistical analyses were performed using Minitab 17® (© 2013 Minitab Inc., State
College, PA, USA).

3. Results

3.1. Endophytic Mycobiota in Ash Leaves and Twigs

Altogether, 400 tissue samples (2000 tissue sections) were cultured from the leaves
and twigs of 40 ash trees. Endophytic fungi grew from all of the examined trees, and
799 tissue sections (39.95%) yielded fungal colonies. The colonization rate (CR) of samples
by endophytes varied depending on the tissue type, the health status of the trees, and from
the date of sampling (Table 1). The mean CR of the different tissue types ranged from 13.6
to 72.0%. The lowest rate of colonization was observed in leaves sampled in May, whereas
the highest CR was detected in twigs collected in May. Chi-square analysis identified a
significant difference in CR between leaves and twigs collected from both symptomatic
(X2

(1,N=500) = 63.51, p < 0.001) and asymptomatic trees (X2
(1,N=500) = 30.29, p < 0.001). This

was observed regardless of the sampling date, and twigs were colonized by endophytes
at a significantly higher rate than leaves in May (X2

(1,N=500) = 392.71, p < 0.001), but more
endophytes were retrieved from leaves than twigs in October (X2

(1,N=500) = 40.14, p < 0.001).
However, the health status of the sampled trees had no significant effect on the CR of leaf
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(X2
(1,N=500) = 3.51, p = 0.061) and twig samples (X2

(1,N=500) = 0.42, p = 0.517). The date of
sampling was a significant factor in retrieving endophytes from the trees. A significantly
higher CR was detected for leaf samples collected in October from both symptomatic
(X2

(1,N=500) = 66.59, p < 0.001) and asymptomatic trees (X2
(1,N=500) = 171.96, p < 0.001), but

the twig samples were significantly more colonized in May (X2
(1,N=500) = 73.63, p < 0.001

for asymptomatic trees and X2
(1,N=500) = 62.78, p < 0.001 for symptomatic trees).

Table 1. Isolation of endophytic fungi on malt extract agar plates from different types of tissue
samples collected from Fraxinus excelsior in Slovakia in 2019.

Date of
Sampling

Health Status of
Trees *

Tissue Location
on Trees

Mean Colonization Rate of
Tissue Samples (%) **

Total Number of
Isolates

Mean Number of
Isolates per

Tissue Sample **

May 2019
Asymptomatic Leaf 13.6 ± 2.0 34 0.7 ± 0.1

Twig 68.4 ± 4.8 197 4.0 ± 0.3

Symptomatic Leaf 19.2 ± 2.9 48 1.0 ± 0.2
Twig 72.0 ± 4.7 198 4.0 ± 0.3

October 2019
Asymptomatic Leaf 68.0 ± 4.1 179 3.6 ± 0.3

Twig 41.2 ± 3.3 103 2.0 ± 0.2

Symptomatic Leaf 54.4 ± 3.2 136 2.7 ± 0.2
Twig 44.8 ± 2.9 112 2.2 ± 0.2

* Trees displaying symptoms of ash dieback diseases were categorized “symptomatic”, and trees without symp-
toms of the diseases were considered “asymptomatic” in this study; ** mean with standard error (±SE).

Altogether, 1007 isolates of endophytic fungi were obtained from the analyzed ash
trees. The number of isolates obtained was not uniformly distributed across the collected
samples and was dependent on the sampling date, tree health, and tissue type (Table 1).
The highest number of isolates was retrieved from the twigs collected in May (197 and
198 isolates from asymptomatic and symptomatic trees, respectively) and the asymptomatic
leaves sampled in October (179 isolates). The lowest number of cultures was isolated from
the leaves in May. The mean number of isolates per tissue sample (twig or leaf) varied from
0.7 to 4.0 (Table 1) with a significant difference (F(7,72) = 15.57, p < 0.001) among sample
types, sampling dates, and the health status of trees. For example, leaf samples collected in
May yielded significantly fewer isolates than twig samples on the same collection date or
leaf samples in October (Figure 1). The sampling date was an important factor in obtaining
endophytes from a particular tissue type. In October, a significantly higher mean number
of isolates was recovered from leaves than in May, whereas more isolates were obtained
from twigs in May than in October.

Based on macromorphological characteristics, 206 endophytic isolates were selected
for molecular identification, 199 isolates were identified at the species level, 5 isolates
were determined at the genus level, and 2 isolates could only be placed in the order rank
(Table 2). Endophytic mycobiota isolated from the tissue samples comprised 54 species
from 42 genera and 13 orders. Sequences of four isolates provided a BLAST match with
the GenBank database of less than 98% and might therefore be different taxa than those
listed in Table 2. Interestingly, H. fraxineus was not isolated from the tissue samples of
symptomatic trees using the isolation method employed in this study. The numbers of
species varied depending on the sampling dates (May and October) and tissue locations
(leaf and twig) (Figure 2). As many as 43 endophytes were detected in either from leaves or
twigs, and 16 endophytes were identified in both tissue types. On both sampling dates,
20 endophytes were detected. Twelve endophytes were detected in both tissue types and
on both sampling dates.
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Figure 1. Box and whisker plot showing the mean number of isolates of endophytic fungi per tissue
sample (leaves or twigs) of ash trees displaying (symptomatic) or not displaying (asymptomatic)
symptoms of ash dieback disease collected in May and October 2019; mean values indicated by the
same letter are not significantly different (Tukey HSD test; p = 0.05).

The mycobiota of the endophytes from the ash tissue were significantly dominated
by Ascomycota (205 isolates, 99.51%) and included 13 orders. One isolate was identified
as Hygrophorus sp. (Agaricales) from Basidiomycota, however, with a low percent identity
(78.49%) after BLAST in the GenBank database. Therefore, the identity of this isolate must
be considered doubtful. Pleosporales endophytes were the most frequently identified
(91 isolates, 44.17%) from the tissue samples, and this order was the most species-rich
(29 species, 49.15%), followed by Diaporthales, with 23.79% of relative isolate frequency
(49 isolates) and six species (10.17%) (Figure 3c). The remaining fungal orders were rep-
resented by ≤5 species and ≤18 isolates. Relative frequencies of isolates by taxonomic
order and percentage proportions of species numbers in particular orders were similar
on both sampling dates (Figure 3a,b). Although the number of fungal orders discovered
in May and October was comparable (11 orders in May vs. 12 orders in October), the
structure of the identified orders varied. On both sampling dates, Pleosporales was the
most species-rich order (19 species in May and 20 species in October). Diaporthales was
the second most abundant order. Although only six Diaporthales species were detected
in May, the relative frequency of isolates reached 33.33% (38 isolates), which was higher
than the relative frequency of the Pleosporales isolates (29.82%, 34 isolates). Diaporthales
were less abundant in October (11 isolates, 11.58%) than in May. While Amphisphaeriales
and Eurotiales (each represented by a single species) were only detected in May, Helotiales,
Mycosphaerellales, and Agaricales (each represented by a single species) were detected
only in October. The species richness in the genera was variable. The most species-rich
genus, Diaporthe, was represented by five species; Cladosporium, Alternaria, and Didymella
were each represented by three species (Table 2). Most genera (29) were represented by
a single species. Of the 54 identified species, 14 were classified as dominant. Diaporthe
eres was the most frequently isolated species (25 isolates in May, and 4 isolates in October),
followed by Alternaria alternata (6 isolates in May, and 20 isolates in October), Dothiorella
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gregaria (8 isolates in May, and 4 isolates in October), and Fraxinicola fraxini (8 isolates in
May, and 1 in October).

Figure 2. Venn diagram showing the number of identified endophytes shared among different
sampling dates (May and October) and tissue locations (leaf and twig) on Fraxinus excelsior.

The species diversity indices calculated for all samples in May reached 0.925 and
3.152 for Simpson’s (D) and Shannon’s (H) indices, respectively, and they were similar to
the indices for samples collected in October (D = 0.929; H = 3.232) (Table 2). The highest
diversity indices were recorded for endophyte populations in asymptomatic leaves in May
(D = 0.934; H = 2.471), and the lowest values were recorded for symptomatic leaves in May
(D = 0.722; H = 1.525).

3.2. Inhibitory Effect of Endophytes against H. fraxineus on Artificial Medium

As many as 75 isolates of 41 species of endophytic fungi were tested for their inhibitory
effect on the radial growth of H. fraxineus in dual cultures. Various types of mycelial
interactions were observed between the H. fraxineus isolate and the endophytic fungi after
27 days of co-incubation on MEA (Table 3, Figure 4). The most frequent type of interaction
was the formation of an inhibition zone between the co-partners in the dual cultures.
This interaction type was observed for 49 endophyte isolates (31 species). The width of
the inhibition zone depended on the endophyte isolates. It was greater than 2 mm (D1
interaction type) for 25 isolates and less than 2 mm (D2 interaction type) for 24 isolates.
The largest mean zone of growth inhibition was formed around the colonies of Phoma
herbarum (9.33 mm) and Phaeosphaeria sp. (8.67 mm), both isolated from asymptomatic
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twigs collected in October. The H. fraxineus colony was overgrown by 20 isolates (13 species)
of endophytic fungi, 14 isolates (9 species) partially overgrew the H. fraxineus colony after
an initial deadlock with mycelial contact (B1 interaction type), and 6 isolates (4 species)
overgrew H. fraxineus without an initial deadlock (B2 interaction type). The capacity of H.
fraxineus to grow over endophyte colonies was also observed (C interaction type). Such
a situation was observed for one isolate of Sporormiella minima (Figure 4w) when the H.
fraxineus isolate partly overgrew the edge of the endophyte colony. The interaction of five
isolates of endophytic fungi from leaves resulted in physical contact with the colony of H.
fraxineus (A interaction type). In this case, neither the endophyte nor H. fraxineus could
overgrow the co-partner after mutual contact of mycelia. There was no observed variation
in the interaction type between replicates of the same isolate; however, isolates of the same
species could form different types of interactions with H. fraxineus, e.g., Didymella aliena
isolates: LS25-3O type B1, TS105-4M type D1, and TS43-1M and LS102-1M type D2. In
the dual culture experiment, the inhibitory effect of endophytes on the radial growth of
H. fraxineus was observed for 57 isolates (35 species). The radius of H. fraxineus colonies
adjacent to their endophytic co-partners was reduced compared to that in the control. The
mean inhibition index (IRG) varied significantly (F(56,114) = 6.37, p < 0.001) among the
endophytes (Table 3). The IRG values for most endophytes (52 isolates) did not exceed 0.25.
The highest value of IRG was observed for Fusarium lateritium isolate TS94-4M, reaching
0.575 ± 0.017. The radial growth of H. fraxineus was the most reduced by four endophytic
isolates from twigs (TS94-4M Fusarium lateritium, TS105-4M Didymella aliena, TA63-2O
Didymella macrostoma, and TA52-5M Dothiorella gregaria) (Table 3). These isolates were
selected for the in planta bioassay. Eighteen endophytic isolates (17 species) did not show
an inhibitory effect on the growth of H. fraxineus. In this case, the radius of the H. fraxineus
colonies was greater in the dual cultures than in the control.

Table 3. Inhibitory effect of endophytic fungi on the radial growth of Hymenoscyphus fraxineus in a
dual culture experiment.

Isolate Name Endophytic Fungus Interaction Type * Mean Inhibition Index ± SE **

TS94-4M Fusarium lateritium D2 (4.00) 0.575 ± 0.017 a
TS105-4M Didymella aliena D1 0.326 ± 0.019 b
TA63-2O Didymella macrostoma D2 (3.33) 0.318 ± 0.020 bc
TA52-5M Dothiorella gregaria D2 (3.33) 0.280 ± 0.041 bcd
LS92-2O Alternaria alternata D1 0.267 ± 0.026 bcde
TA93-2O Dothiorella gregaria D2 (3.00) 0.212 ± 0.010 bcdef
TA35-3O Ascochyta medicaginicola D1 0.202 ± 0.050 bcdef
LS25-3O Didymella aliena B1 0.197 ± 0.007 bcdef
TA31-4M Sporormiella minima C 0.196 ± 0.018 bcdef
TA31-3O Pyrenophora triseptata D1 0.195 ± 0.001 bcdef
LA45-4O Rosellinia corticium B2 0.191 ± 0.043 bcdef
LA74-1O Sordaria lappae D1 0.189 ± 0.029 bcdef
TS85-2M Diaporthe rudis D2 (2.00) 0.188 ± 0.038 bcdef
LS62-2O Alternaria alternata D1 0.176 ± 0.020 bcdef

TS102-1O Diaporthe eres B1 0.175 ± 0.007 bcdef
TA63-1O Ascochyta medicaginicola D1 0.174 ± 0.020 bcdef
TA34-1M Sordaria fimicola B1 0.153 ± 0.015 bcdef
TA23-1O Phoma herbarum D2 (9.33) 0.150 ± 0.019 bcdef

TA102-2O Didymella glomerata D1 0.139 ± 0.007 bcdef
TA63-1M Ascochyta medicaginicola D1 0.134 ± 0.024 bcdef
TA93-1M Microdiplodia sp. D2 (6.00) 0.128 ± 0.051 bcdef
TS31-1M Epicoccum nigrum B1 0.126 ± 0.007 bcdef
TS91-2M Rosellinia corticium D2 (5.00) 0.119 ± 0.014 bcdef
TA52-2O Hypoxylon fragiforme B1 0.117 ± 0.072 bcdef
LS21-1O Stemphylium vesicarium A 0.114 ± 0.028 bcdef
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Table 3. Cont.

Isolate Name Endophytic Fungus Interaction Type * Mean Inhibition Index ± SE **

LA44-5O Diaporthe eres B1 0.111 ± 0.031 bcdef
LA25-3O Stemphylium vesicarium A 0.106 ± 0.044 bcdef
LS31-2O Diaporthe rudis D1 0.104 ± 0.022 bcdef
TS43-1M Didymella aliena D2 (4.00) 0.101 ± 0.035 bcdef
LS102-1M Didymella aliena D2 (3.33) 0.100 ± 0.020 bcdef
LA94-1M Rosellinia corticium B2 0.100 ± 0.023 bcdef
LS61-2O Neodidymelliopsis camporesii D1 0.100 ± 0.028 bcdef
TS41-1M Diaporthe eres D2 (3.33) 0.098 ± 0.027 cdef
LA13-3O Alternaria alternata B1 0.086 ± 0.055 def
LS73-3O Sordaria fimicola B1 0.083 ± 0.032 def
LA52-1O Fraxinicola fraxini D1 0.077 ± 0.140 def
TS64-1O Cladosporium tenuissimum D1 0.077 ± 0.050 def
LA72-1O Anthostoma amoenum A 0.074 ± 0.017 def
LS22-1M Diplodia fraxini D1 0.072 ± 0.028 def
TA61-1M Dothiorella gregaria B1 0.071 ± 0.024 def
TS35-2O Diaporthe oncostoma D1 0.071 ± 0.021 def
LS103-3O Alternaria infectoria D1 0.070 ± 0.012 def
LA25-4O Nemania diffusa B2 0.068 ± 0.021 def
TS64-4O Epicoccum nigrum D2 (6.67) 0.057 ± 0.093 def
TA82-1O Stemphylium vesicarium D1 0.052 ± 0.011 ef
TA94-1O Phaeosphaeria sp. D2 (8.67) 0.052 ± 0.054 ef
TA91-3O Ascochyta pisi D2 (3.00) 0.052 ± 0.026 ef
TA55-5M Lepteutypa fuckelii B2 0.042 ± 0.022 ef
TA75-3M Diaporthe nobilis B1 0.041 ± 0.017 ef
LS44-1O Cladosporium tenuissimum D1 0.035 ± 0.006 f
TS52-2M Diaporthe eres B1 0.031 ± 0.044 f
TS43-1O Comoclathris incompta D2 (2.33) 0.030 ± 0.030 f
TS35-3O Foliophoma camporesii D1 0.018 ± 0.054 f
TS12-3M Diaporthe eres B1 0.017 ± 0.030 f
TA35-3M Neosetophoma aseptata B1 0.012 ± 0.022 f
TA55-2M Comoclathris incompta B2 0.010 ± 0.072 f
LA65-2O Aposphaeria corallinolutea D1 0.009 ± 0.034 f
TS62-1O Neodidymelliopsis camporesii D2 (4.33) −0.005 ± 0.045
LS15-1O Diaporthe oncostoma D1 −0.006 ± 0.015
TS12-1O Phoma sp. D2 (8.00) −0.015 ± 0.029
TS101-2O Fusarium lateritium D2 (3.33) −0.017 ± 0.045
LA21-5O Ramularia endophylla D2 (6.00) −0.019 ± 0.028
TS31-5M Diaporthe rudis D1 −0.022 ± 0.016
LS72-2O Rosellinia corticium B2 −0.027 ± 0.024
TA63-2M Dothiorella gregaria D2 (3.33) −0.027 ± 0.024
LA51-2O Aureobasidium pullulans D2 (3.00) −0.038 ± 0.008
TS24-1M Diaporthe eres B1 −0.039 ± 0.079
LS11-1O Neofabraea vagabunda D2 (8.00) −0.042 ± 0.040
TA92-1O Lophiostoma corticola A −0.053 ± 0.038
LS25-1M Fraxinicola fraxini D2 (3.33) −0.102 ± 0.029
LS42-3M Fraxinicola fraxini D1 −0.106 ± 0.007
TA71-6M Diaporthe rudis D1 −0.109 ± 0.030
LA93-1O Cladosporium allicinum A −0.111 ± 0.045
TS44-2M Diaporthe eres D1 −0.140 ± 0.009
LS85-2M Diaporthe oncostoma D2 (5.33) −0.201 ± 0.010

* Observed interaction types: A—physical contact of mycelia; B1—H. fraxineus colony partially overgrown by
an endophyte after initial deadlock with mycelial contact; B2—H. fraxineus colony overgrown by an endophyte
without initial deadlock; C—an endophyte colony overgrown by H. fraxineus; D1—an inhibition zone present
with a width of <2 mm; D2—an inhibition zone of >2 mm; the average width of the inhibition zone (mm) in
parenthesis; ** mean inhibition indices followed by the same letter are not significantly different (p = 0.05).
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Figure 3. Relative frequency of isolates by taxonomic order and percentage proportions of species
number in a particular order to the overall number of isolated species; (a) analysis of isolates from
May 2019; (b) analysis of isolates from October 2019; (c) total number of isolates in 2019.
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Figure 4. Mycelial interactions after 27 days of co-incubation between the isolate of Hymenoscy-
phus fraxineus (right) and selected isolates of endophytic fungi (left): (a) Alternaria infectoria,
(b) Ascochyta medicaginicola, (c) Aureobasidium pullulans, (d) Cladosporium allicinum, (e) Cladospo-
rium tenuissimum, (f) Diaporthe eres, (g) Diaporthe oncostoma, (h) Diaporthe rudis, (i) Didymella aliena,
(j) Didymella macrostoma, (k) Dothiorella gregaria, (l) Epicoccum nigrum, (m) Fraxinicola fraxini,
(n) Fusarium lateritium, (o) Hypoxylon fragiforme, (p) Lepteutypa fuckelii, (q) Microdiplodia sp., (r) Neo-
fabraea vagabunda, (s) Phaeosphaeria sp., (t) Rosellinia corticium, (u) Sordaria fimicola, (v) Sordaria lappae,
(w) Sporormiella minima, (x) Stemphylium vesicarium, (y) control—two plugs of H. fraxineus taken from
the same colony.
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3.3. In Planta Evaluation of the Inhibitory Effect of Endophytes

Four endophytic isolates from ash twigs of symptomatic (TS94-4M Fusarium lateritium
and TS105-4M Didymella aliena) and asymptomatic (TA63-2O Didymella macrostoma and
TA52-5M Dothiorella gregaria) trees that inhibited the H. fraxineus strain on MEA plates were
selected for the in planta bioassay. The endophytic isolates used to artificially inoculate
the trees formed no necroses, and the wounds made on the bark during inoculation were
covered by protective callus tissue and were almost totally regenerated 180 days after
inoculation (Figure 5b). The same situation was observed in the negative control when
the trees were treated with sterile, non-colonized discs. Following H. fraxineus inoculation,
typical ash dieback lesions appeared surrounding the inoculation points (Figure 5a). The
necrotic lesions developed on the surface of the bark and in the wood tissue. The length
of superficial necroses developed on the bark by the artificially inoculated H. fraxineus
isolate (Figure 6a) varied depending on whether (the positive control) endophytic fungal
isolates were co-inoculated on the experimental trees. Necroses were shorter on trees
co-inoculated with endophytes TS94-4M and TS105-4M (x = 24.25 ± 4.77 and 17.50 ± 4.29,
respectively) than on trees inoculated only with H. fraxineus (x = 34.00 ± 12.50 mm). This
indicates a suppressive effect of the endophytes on H. fraxineus growth and corresponds
with the results of the in vitro bioassay. However, the difference in necrosis length was not
significant (F(2,8) = 1.305, p > 0.05). No suppressive effect on H. fraxineus was observed in
trees inoculated with the endophytic isolates TA63-2O and TA52-5M. The lesions were of
the same length (x = 34.00 ± 12.29 mm) or longer (x = 37.25 ± 8.41 mm) than lesions in the
positive control.

The lengths of superficial necroses (on the bark) were shorter than the lengths of
cambial necroses (Figure 6a,b), but the difference was not significant (p > 0.05). The
average length of cambial necroses in the positive control reached 39.83 ± 14.61 mm, and
the necroses on the experimental trees co-inoculated with the endophytes TS94-4M and
TS105-4M were shorter (25.75 ± 4.46 mm and 17.75 ± 4.27 mm, respectively) than the
control necrosis.

The necroses did not develop evenly above or below the inoculation points. On
average, the length of necrosis in the acropetal direction (to the endophyte inoculation
point) was shorter by 79.26 ± 18.37% (superficial necroses) and 75.25 ± 14.69% (cambial
necroses) than the length in the basipetal direction (Figure 5a). However, the difference
was not significant (F(1,30) = 3.734, p > 0.05 for superficial necroses, and F(1,30) = 3.304,
p > 0.05 for cambial necroses). The growth of necroses depended on co-inoculated endo-
phytes. Necroses on experimental trees co-inoculated with isolates TA52-5M and TS94-4M
grew evenly in both directions, while necroses on trees co-inoculated with TA63-2O and
TS105-4M grew predominantly in the basipetal direction. Necrotic wood depth at the
inoculation point reached the pith of the tree trunk (Figure 5a), and the mean depth varied
from 5.25 ± 0.25 mm to 7.50 ± 2.25 mm, depending on the co-inoculated endophytes.

The presence of H. fraxineus was confirmed in all necrotic lesions by species-specific
PCR, which produced an amplicon of 456 bp.
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Figure 5. Necrotic lesions on the stems of five-year-old Fraxinus excelsior trees developed 180 days
after their artificial inoculation with Hymenoscyphus fraxineus (Hf) and endophytic fungi Didymella
macrostoma (TA63-2O), Dothiorella gregaria (TA52-5M), Fusarium lateritium (TS94-4M), and Didymella
aliena (TS105-4M): (a) necroses developed after inoculation of the bark with H. fraxineus alone (the
positive control) or in combination with endophytic fungal isolates including cross-sections through
the ash stems at the inoculation points; (b) trees recovered from wounds performed on the bark
of ash trees during inoculation with endophytic fungal isolates, including non-inoculated tree (the
negative control).
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Figure 6. Box and whisker plots showing the length of superficial (a) and cambial (b) necroses
developed by artificially inoculated Hymenoscyphus fraxineus on the bark of ash trees colonized or
not colonized (control) by selected endophytic fungal isolates (TA63-2O—Didymella macrostoma,
TA52-5M—Dothiorella gregaria, TS94-4M—Fusarium lateritium, TS105-4M—Didymella aliena).

4. Discussion

The results of this study revealed high species variability of culturable fungal endo-
phytes in leaves and twigs from asymptomatic and symptomatic ash trees. Species from
Pleosporales and Diaporthales were the most common endophytes, which corresponds to
the findings of earlier research on endophyte diversity in ash trees in Europe [4,29,55]. Only
limited information is available on fungal endophytes in ash trees in Slovakia [12,36,37],
and this work considerably expanded the existing data. Most endophytic fungi identified
in this study are not host-specific, e.g., Alternaria alternata, Cladosporium cladosporioides, and
Epicoccum nigrum, and only two are strictly host-specific fungi, namely, Diplodia fraxini
and Fraxinicola fraxini. The generalists were anticipated to predominate in the analyzed
samples because the method of tissue examination for endophytes favored this group of
fungi. Nemania serpens, Diaporthe eres, Venturia fraxini (a synonym for Fraxinicola fraxini),
and Diaporthe sp. were the most frequent endophytes found in the leaf petioles of F. excelsior
in Poland, as shown in a recent study [34]. Regardless of tissue type, the species structure
of the most frequent endophytes identified from the ash trees in this study was different.
Although D. eres was also the most frequently isolated species, F. fraxini and N. serpens
were recovered from only nine leaf samples or a single twig sample, respectively. This
discrepancy is possible because endophyte communities are not equal throughout the leaf
tissue. For example, Schlegel et al. [56] discovered considerable variations in endophyte
communities between leaf petioles and leaf laminae of ash and maple trees. It was evi-
dent that D. eres dominated in twig samples in May, whereas the second most frequent
endophyte, A. alternata, was more prevalent in leaf and twig samples collected in October.
The colonization frequency and species richness of endophytes increased with the age of
leaf tissue but slightly decreased with the age of twig tissue. These differences may reflect
the short life span of the leaves, and the nutrient composition and physiochemical varia-
tions between these two environments. We presume that leaf endophytes are transmitted
horizontally, and that leaf colonization exists via infections directly from the environment,
particularly in the case of generalist species that predominate in the analyzed samples.
Different species of fungi require different lengths of time to produce spores, colonize
tissue, and establish themselves in the hosts. Therefore, the colonization rate and species
richness were lower in the samples collected in the spring (May) than in the fall season
(October). It is generally accepted that the colonization rate of plant tissues by endophytic
fungi increases with tissue age. Numerous studies have observed this finding [57–60]. In
contrast to the leaf samples, the rate of colonization in twigs did not increase during the
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season but decreased. The decrease was more prominent in twigs from symptomatic trees,
and we presume that ash dieback disease has a negative effect on endophyte colonization.
The species diversity indices calculated for both sampling dates were similar to those
observed by Bilański and Kowalski [34] for endophytes in the leaf petioles of F. excelsior.
The diversity increased slightly with the age of the leaves, but not with the age of the twigs.

Factors influencing the abundance and diversity of endophyte communities in woody
plants have recently been discussed in detail by Sieber [61]. Because the identification of
endophytes in this study was limited to culturable fungi, the true diversity and abundance
of the endophytic community in the ash trees remained undiscovered. Many nonculturable
and obligate biotrophic species could not be detected by the method used to examine
endophytes in ash tree samples. Another important selection factor was the use of only
one type of agar medium for endophyte isolation. However, we expect that incorporating
ash leaf extract into the cultivating medium might facilitate the isolation of species that
have closer interactions with the host trees. Slower-growing endophytic fungi could be
outcompeted or inhibited in the medium by faster-growing species, and to eliminate this
effect, Rose Bengal was used to retard the growth of fast-growing species [62], while
allowing slower-growing fungi to emerge from ash tissues. Culture-dependent techniques
tend to favor dominant endophytic fungi [63], and rarer species with irregular occurrences
in ash trees might be missed with only two sampling occasions. Due to the limitations
of the methodology used in this study, it is possible that a range of potential candidate
endophytes with biocontrol capabilities was overlooked.

Fungal endophytes may interact with host plants in manifold ways, and a potential
protective effect against plant pathogens is one of them [63,64]. The use of endophytic
microorganisms to control plant pathogens is receiving increasing attention as a sustainable
alternative to synthetic pesticides. In the last decade, the mutual relationships between
endophytes and plant hosts have been studied to understand the effects of endophytes on
plant pathogens and their potential use for biological control. The endophyte-based biocon-
trol strategy is not a novel idea and has been studied in many agricultural and horticultural
crops [65–67]. Treatment of trees with endophytes with the purpose of inhibiting the de-
velopment of plant-pathogenic fungi is also under consideration [21,63,68–70]. Recently,
several studies have been published that have determined the antagonistic potential of
fungal endophytes against H. fraxineus [27,29,34,71]. This study confirmed the antagonistic
activity of several local endophytic isolates against H. fraxineus in a dual culture bioassay.
The strongest antagonistic effect was observed for F. lateritium, D. aliena, D. macrostoma,
and D. gregaria. The antagonistic effect was coupled with the production of a wide inhi-
bition zone in the cases of F. lateritium, D. macrostoma, and D. gregaria, which indicated a
release of metabolites into the culture medium with an inhibitory effect against H. fraxineus
growth. In a similar dual culture experiment, F. lateritium was listed among five endophytes
with the strongest inhibition effect against H. fraxineus [34]. This fungus is also known
as a natural antagonist of the plant pathogen Eutypa armeniacae (synonym of Eutypa lata),
causing sapwood necrosis in fruit trees, grapevines, and ornamental plants [72]. However,
F. lateritium is known as a globally distributed plant pathogen and has been reported in
approximately 180 hosts, mainly woody plants, where it causes wilt, tip, or branch dieback,
and cankers [73,74]. Dothiorella gregaria is also linked to branch and trunk canker in several
plants [75]. However, the Didymella genus mainly includes saprobes commonly found
in living or dead parts of plants [76]. In a recent study, another endophyte from the ash
tree Hypoxylon rubiginosum appeared to be a promising biocontrol endophyte with strong
fungitoxic properties and an antagonistic effect on H. fraxineus in planta [31]; however, it
is also a mild pathogen, sometimes causing cankers on plants, including ash trees [77].
In other in vitro bioassays, different endophytes demonstrated inhibitory effects against
isolates of H. fraxineus. For example, Sclerostagonospora sp., Setomelanomma holmii, Epicoccum
nigrum, Boeremia exigua, and Fusarium sp. [29] or Plenodomus biglobosus and Paracucurbitaria
corni [71] inhibited the growth of H. fraxineus in dual cultures. The inhibitory effect on
the germination of H. fraxineus ascospores has also been documented for several leaf en-
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dophytes isolated from F. excelsior, e.g., Fraxinicola fraxini, Paraconiothyrium sp., Boeremia
exigua, Kretzschmaria deusta, Pezicula sp., Neofabraea alba (synonym of Neofabraea vagabunda),
and Ampelomyces quisqualis [27].

Although several studies have confirmed the antagonistic effect of fungal endophytes
against H. fraxineus under in vitro conditions, their effect under in planta conditions has
not yet been verified. Laboratory studies may not be good predictors of biocontrol agents’
protective capacity, and, unfortunately, most research on tree pathogen–endophyte inter-
actions has been conducted in the laboratory. It is uncertain how the interactions would
change in the face of changing environmental conditions and existing competition with
other species in the tree ecosystem; therefore, in planta bioassays are necessary. More-
over, the modes of action of most endophytes as biocontrol agents are still unknown, and
bioassays on host plants may explain them. For example, the antagonistic effect of fun-
gal endophytes on trunk necrosis development has already been documented in plants.
Endophytic Trichoderma aureoviride used to inoculate the trunk was able to significantly
reduce the necrosis size compared to the control on 30-year-old beech trees artificially
inoculated with Phytophthora plurivora [69]. We evaluated the trunk inoculations of the four
endophytic isolates, showing a strong inhibitory effect in the laboratory against inoculated
H. fraxineus. Although the total length of necrotic lesions formed by the H. fraxineus infec-
tion was shorter in the ash trunks co-inoculated with the endophytes than in the trunks
without the endophytes, the difference was not significant. The presence of H. fraxineus
was confirmed in the necrotic lesions on all trunks (inoculated and non-inoculated with
endophytes) six months after inoculation, which demonstrated that the endophytes could
not eliminate the pathogen. The effect of endophytes on the development of necrosis was
most prominent in the direction of the inoculation points of Didymella macrostoma and
Didymella aliena. The weakest effect on H. fraxineus was Dothiorella gregaria. Although trunk
inoculations did not produce optimistic results in this research, trunk inoculation with
endophytes against phytopathogens has potential. It is likely that some fungal species can
stimulate the ash’s immune system against H. fraxineus infection, and this supports the
importance of further research in the fight against this pernicious pathogen.
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1 Latvian State Forests Research Institute “Silava”, Rı̄gas Str. 111, LV-2169 Salaspils, Latvia
2 Latvian Biomedical Research and Study Centre, Rātsupı̄tes Str. 1 k-1, LV-1067 Riga, Latvia
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Abstract: Mycorrhizal fungi contribute to crop growth, yields, and stress tolerance. In forests, com-
mon mycorrhizal networks are suggested to function as carbon storage and to transfer substances
and signals between trees, thus likely contributing to their resilience. Such properties are crucial
under increasing environmental stresses, particularly for clonal forestry. However, mycorrhizal
communities in relation to tree field performances have been scarcely studied. In this study, my-
corrhizal communities on the roots of clones of silver birch and hybrid aspen growing in distinct
trials in deep automorphous mineral soils (podzolic and fluvic) under hemiboreal conditions were
assessed using internal transcribed spacer sequencing, bioinformatics, and community analysis. The
mycorrhizal communities were moderately rich/diverse and were mostly formed by generalist taxa
(prevailingly ectomycorrhizal) common for the region. The differences in communities among the
tree clones were estimated for silver birch, while for hybrid aspen, the productivity of clones was
inversely related to the richness and diversity of the communities, suggesting a top-down effect of the
host. Accordingly, some mycorrhizal taxa (e.g., Hyaloscypha sp.) showed clone-specific abundances
indicating a preference for a specific host. These findings prompt further functional studies and
highlight the need to consider genetic differences of forest regenerative material for maximizing
mycorrhizal diversity, as well as for more effective inoculation.

Keywords: clonal plantations; community composition; forest productivity; ITS sequencing; mycor-
rhizal diversity

1. Introduction

Due to warming in Northern Europe, the abundance of deciduous trees is increas-
ing [1], expanding their commercial application throughout the region [2,3]. Still, the
ameliorating thermal conditions and extending vegetation season are counteracted by the
increasing frequency and severity of other climatic events, e.g., drought [4], and subse-
quent legacy biotic risks, particularly pest outbreaks [5]. Given the large-scale nature and
the economic importance of such effects, long-lasting and self-perpetuating solutions are
desirable for sustaining forest productivity [3,6].

In the eastern Baltic region, which is important for timber production in Europe, silver
birch (Betula spp.) and aspen (Populus spp.) are increasingly economically important
species [7]. The importance of birch within the region is highlighted by the advances
plywood industry [2] and subordinate breeding programs [3,8]. Hence, stands are be-
ing partially regenerated by improved material [8], which can be more homogeneous
genetically [9]. Given the weather sensitivity of birch [10], increasing its tolerance to
environmental risks is crucial [2].

Due to abundance, productivity, and efficient self-regeneration, trembling aspen (P.
tremula) [7], and particularly its hybrids, which have superior productivity, are a promis-
ing alternative, allowing a notable reduction in the rotation cycle [11]. The reproductive
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material of hybrid aspen (e.g., P. tremuloides × tremula) is vegetatively propagated and is
genetically homogeneous [11,12], which also increases its susceptibility to disturbances [13].
The superior productivity comes with the cost of reduced plant defense [14] and suscepti-
bility to herbivores [11,15]. In this regard, timely mobilization of the defense mechanisms
can potentially alleviate such risks [16–18].

As a strategy to mitigate environmental and, particularly, biotic risks, plants have
evolved the ability to eavesdrop on neighbor danger signals, allowing the proactive mobi-
lization of defense mechanisms [19,20]. Inter-plant signal exchange can occur by several
mechanisms, such as root exudates or airborne chemical signals [20–22]. In addition,
common mycorrhizal networks have been suggested as a much more efficient network
of substance and information exchange between plants, functioning as an “underground
internet” [17,19,23,24]. This highlights the potential to improve the stress tolerance of crops
and forest stands by the initial inoculation of planting material with relevant mycorrhizal
fungi (MF) to enable the formation of a mycorrhizal network [18,25,26]. However, the
underlying mechanisms of mycorrhizal-network-mediated inter-plant signal exchange
are not fully explored, and there are still large uncertainties regarding the involvement
of different species of ecto- and endomycorrhizal fungi [27,28]. Accordingly, attempts to
implement such biotic solutions emerge as highly knowledge-intensive endeavors and
require the characterization of the endemic MF communities [18,27].

The genetic background of various clones of silver birch and hybrid aspen is associated
with accelerated growth, increased productivity, and stress tolerance [3,8,11,29–33]. Never-
theless, clone-specific differences in MF communities may constitute functionally different
mycelial networks [18,34–37]. Therefore, as the initial step for the further assessment of
the role of mycorrhizas in inter-tree signal exchange and substance transfer regarding
the commercial forest reproductive material, an assessment of in situ MF communities is
needed [38,39], particularly accounting for spatial specifics [18,34–36,40].

The MF communities associated with birch and aspen in mesotrophic sites with
mineral soils in the Eastern Baltic region are scarcely studied [41,42]. Still, the genera
Cenococcum, Geopora, Helotiales, Scleroderma, Helobema, and Russula have been described to
occur on birch [43–47]. On aspen, Cenococcum, Helobema, Inocybe, Tomentella, Hymenogaster,
and Russula have been considered as common [37,48], while the communities on the
hybrids can be specific [37]. Nevertheless, due to spatial specifics, local data on MF and
their relationships with host genotypes are needed for further research and development of
practical applications. This study aimed to characterize MF communities on roots of clones
of silver birch and hybrid aspen, which are intended for wide commercial applications, in
trials in the hemiboreal forest zone in Latvia. Hence, it can be hypothesized that clones
may bear specific MF communities, which contribute to field performance [37,45].

2. Material and Methods

2.1. Trials

The study sites were located in the central part of Latvia (56.451◦ N, 22.874◦ E;
56.713◦ N, 23.840◦ E), which is situated in lowland conditions in the mid-part of the
hemiboreal forest zone. The studied trials were located in lowland conditions with a flat to-
pography on mineral soils. The site fertility was higher in the hybrid aspen trial, which was
established on former agricultural land (eutrophic fluvisoil with neutral reaction, fertility
grade 40) and had deep silty bedrock. The birch trial was situated on forest land with fresh
mesotrophic (Hylocomiosa; [49]) podzolic soil (pH ~3.5–4.5) with deep sandy bedrock. The
trial was established after the previous stand (mixed coniferous stand with birch admixture)
was removed in a clear-cut; hence, the soil had locally explicit podzolic characteristics.

The climate at the sites was cold moist continental with cool summers [50]. Accord-
ing to the gridded meteorological data (CRU TS4; [51]), the mean annual temperature
(±standard deviation) was 7.4 ± 0.7 ◦C with monthly temperature ranging from −2.5 ±
2.6 to 18.1 ± 1.7 ◦C in January and July, respectively (Supplementary Material, Figure S1).
The annual amount of precipitation was 667 ± 81 mm; the highest precipitation fell during
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the summer months (June–September), when the monthly precipitation sums ranged from
65 ± 21 to 83 ± 33 mm in June and July, respectively. Summer precipitation generally com-
prises half of the annual total. Climatic changes have manifested as warming, particularly
during the dormancy period, thus extending the vegetation season by approximately two
weeks during the last century [52]. Concomitantly, summer precipitation has been becom-
ing more heterogeneous with moist periods shifting with extending hot droughts [4,52].

The hybrid aspen trial was established in 2008 to test the field performance of clones
of the locally bred genotypes (hybrids) of P. tremuoides and P. tremula [12]. The clones
were progenies from a mother tree, growing in the National Botanical Garden (in the
central part of Latvia), and father trees (plus trees) collected in stands scattered across the
territory of Latvia [12]. One-year-old containerized microclonally propagated seedlings
were planted. Prior to planting, the soil was prepared by plowing. In total, six clones
with contrasting field performance were tested in the studied trial [12,53]. The design
of the trial was randomized blocks; each block had four to six replications. Initially, the
blocks consisted of 5 × 5 trees with the initial spacing of 3 × 3 m (1100 trees ha−1). In 2020,
the trial was thinned diagonally. After the thinning, the density of the trial decreased to
529 trees ha−1 (Supplementary Material, Figure S2). However, considering recent dis-
turbance, the formation of root suckers was quite common across the trial. The trial
was fenced.

The studied trial of silver birch was established in 2017 to test the geographic variation
in the field performance of clones of 34 best-performing individuals of half-sib progenies
of open-pollinated plus trees collected across Latvia. One-year-old containerized micro-
clonally propagated seedlings, representing clonal material from a 14-year-old trial, were
planted. The trial design was randomized blocks of 5 × 5 trees with the initial spacing of
3 × 2 m (1667 trees ha−1). Blocks had four or five replications. Prior to planting, the soil
was prepared by mechanized mound preparation. Planting was performed manually. No
management except mechanical weed control was implemented since the establishment
(Supplementary Material, Figure S2). The tested genotypes were also maintained in in vitro
collections, thus enabling further laboratory experimentation with MF inoculation of the
same genotypes of silver birch.

2.2. Clone Selection and Sampling

To evaluate the potential relationships between MF communities and tree growth,
clones with differing/contrasting field performance according to consolidated rankings
among other trials [12,53], which were also consistent in the studied ones, were selected.
For the hybrid aspen, clones “43” and “44”, which showed moderate and superior field
performance, respectively [53], were selected. According to the last inventory conducted
in 2020, when trees were 13 years old, the mean (±standard. error) height and diameter
at the breast height for the selected clones differed, being 21.2 ± 0.3 vs. 19.1 ± 0.5 m and
18.3 ± 0.4 vs. 14.5 ± 0.6 cm for the clones “44” and “43”, respectively. The mean stem
diameter of the clones was 117 and 92% of the trial mean, respectively.

For silver birch, clones “54-146-143” and “55-875”, which show above-average field
performance and exceed wild populations by 7%–30% in volume growth [3,8], were selected.
According to the last inventory in 2021, when trees were four years old, height and diameter
at the breast height for the selected clones were similar: 2.48 ± 0.06 vs. 2.54 ± 0.07 m (101.1%
and 103.8% of the plantation mean) and 1.37 ± 0.05 vs. 1.53 ± 0.06 cm (82.3% and 92.4% of
the plantation mean), respectively.

To represent fungal diversity associated with the clones within the plantations, strat-
ified tree selection was performed. Three trees from the interior part (avoiding the edge
trees) of four randomized blocks, which were visually healthy and represented the diame-
ter distribution of the clone (dominant/co-dominant and intermediate) were selected for
sampling. From each tree, a fine root sample was collected at a 60–90 cm distance from the
stem up to the depth of 25 cm. The size of the sample was approximately 5–10 g of fine
roots, which were cleaned from the bulk of the soil. Samples were kept in sealed plastic

32



Forests 2024, 15, 2123

bags at 5–10 ◦C during the transfer to the lab, where they were kept in a freezer (−20 ◦C).
The trials were sampled in June 2023 (a month after the onset of vegetation season), when
hybrid aspen and birch explants were 16 and 7 years old, respectively.

2.3. Preparations, Sequencing, and Bioinformatic Treatments

A random subsample of 1–3 g of fine roots was taken from each sample for DNA
extraction. The material was washed and rinsed with water. The DNA was extracted using
a modified CTAB–chloroform method [54]. The extracted DNA was diluted to 20 ng/μL;
40 ng of DNA per sample was used for amplification with the 5× HOT FIREPol Blend
Master Mix (Solis Biodyne, Tallin, Estonia) solution, with added 0.2 μM ITS9mun and
ITS4ngsUni primers [55]. The primers amplify 850 bp long fungal DNA fragments, which
contain ITS1 and ITS2 regions. The program used was 15 min at 95 ◦C, with a total of
30 cycles consisting of 30 s at 95 ◦C, 30 s at 57 ◦C, and 60 s at 72 ◦C. The duration of the
terminal extension was 600 s at 72 ◦C. The amplification was performed in two techni-
cal replications.

To prepare the amplified material for sequencing (purification, reparation, and barcode
ligation), Native Barcoding Kit 96V14 (SQK-NBD114.96, Oxford Nanopore, UK) with the
NEB Blunt/TALigase Master Mix (M0367, NEB, USA) and NEBNext Ultra II End repair/dA-
tailingModule (E7546, NEB, USA) set of enzymes was used. The Qubit® dsDNA HS Assay
and Agilent HS DNA Kit were used to determine library concentration and length prior
to pooling. R10.4.1 flow cells for long reads (FLO-MIN114, Oxford Nanopore, UK) and a
MinION (Oxford Nanopore, UK) sequencer were used. The session was approximately
72 h long.

The raw sequencing data were initially analyzed with a super accuracy base calling
model (SUP) and demultiplexed using the open source basecaller Dorado (v0.5.0, Oxford
Nanopore Technologies), which was run on a high-performance computing cluster (RTU
High-Performance Computing Centre). By using the program Seed2 [56], the sequences
were reordered properly, allowing up to two mismatches on each of the primers, and
filtered, leaving sequences of 300–1200 bp in length, with an average read quality above
Q25. Chimeric sequences were removed using the uchime de novo algorithm in the
program vsearch [57]. Full fungal ITS regions (ITS1 and ITS2) were extracted by the
program ITSx (v1.1.3; [58]). The clustering of the sequences was performed in the program
vsearch at the 86% similarity level [59]. The threshold was empirically lowered to avoid
the overinflating of genetic diversity, likely due to adopting the method for the Oxford
Nanopore platform. Taxonomy was assigned to operational taxonomic units (OTUs)
using BLAST and the UNITE fungal sequence database (v. 9.0, issued on 18 July 2023;
https://doi.org/10.15156/BIO/2938067).

2.4. Data Analysis

The estimated OTU (community) table was filtered for spurious records first by omit-
ting the entries with less than two reads (singletons). Further, OTUs showing occurrences
with less than 10 sequences per clone were omitted. The OTUs identified as mycorrhiza
according to FunGuild classification [60] were then selected for the analysis, thus reducing
and focusing the MF community matrix. The diversity of OTUs for clones and individual
trees (ramets) was estimated by the Shannon diversity index (H’). The differences in the
per-tree diversity and richness of OTUs according to clone for each species, as well as
between the species, were compared by ANOVA.

To assess the similarity of MF communities inhabiting roots of the studied clones of sil-
ver birch and hybrid aspen, nonmetric multidimensional scaling, which is an unsupervised
ordination technique, was used. Prior to the analysis, the community matrix was square-
root-transformed and normalized by scaling the sum of squares of trees to one, as the
scales of the OTU intensities were highly heterogeneous. The ordination was based on the
Bray–Curtis dissimilarity matrix allowing 20 starts. The analysis was conducted for silver
birch and hybrid aspen together, as well as separately. The significance of the differences in
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MF communities between the “species”/trials and between clones for each tree “species”
was estimated by the permutational multivariate analysis of variance (PerMANOVA,
1000 iterations). To account for spatial variation, replication (block) was included in the
model as a fixed effect.

To identify OTUs with the strongest clonal dependence, sparse partial least squares
discriminant analysis [61,62] based on the transformed and normalized community matrix
was used. This method allows one to distinguish the individual contributions of variables
in multidimensional space in pre-defined (fixed) groups. Considering the limitations of
the dataset, the analysis was restricted to distinguishing up to five principal components
with up to 40 variables (OTUs). The number of meaningful components was estimated
based on multiple error estimates according to M-fold validation, maximum distance, and
balanced error rate as the misclassification measures. The data analysis was performed in
R v. 4.4.1 [63] using the libraries “vegan” [64] and “mixOmics” [62].

3. Results

3.1. Fungal Taxonomic and Functional Diversity

The amplification of the fungal ITS region was successful (Supplementary Material,
Figure S3). The sequencing run yielded 204 ± 80 thousand (±st. dev.) reads per sample,
and the median number of raw reads was higher for silver birch compared to hybrid aspen
(Supplementary Material, Figure S4). The negative (no template) controls displayed a
small number of reads (raw) corresponding to OTUs compared to reads from root samples.
During the data decontamination, these OTUs were removed from further fungal diversity
estimates. In total, 1081 fungal OTUs were detected from the root samples, but 20 taxa
constituted >75% of the total fungal community in around 73% of all sequenced samples
(Figure 1A). The taxonomic diversity of the fungal communities from roots of hybrid aspen
was higher than that of silver birch, but without explicit uniform dominance structure. In
contrast, fungal communities from the roots of silver birch showed high dominance of
Scolicosporum irrespective of clone. Mycena and Tomentella were dominant in the roots of a
few scattered birch and aspen individuals.

Figure 1. The relative abundance of the most common fungal genera (A) and FunGuilds functional
groups (B) from the roots of hybrid aspen (clones 43 and 44) and silver birch (clones 54-146-143 and
55-875) in trial plantations in the central part of Latvia on deep automorphous mineral soils (podzolic
and fluvic soils).

The diversity and evenness of functional guilds were high, particularly for hybrid
aspen (Figure 1B). Symbiotrophs were the most abundant functional group in the sam-
ples from all clones of hybrid aspen and silver birch (Figure 1B). Root samples from
silver birch contained a high proportion of taxa that correspond to fungi associated with
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lichens, whereas hybrid aspen roots displayed a high abundance of ectomycorrhizal species.
Interestingly, the root fungal community of birch clone 54 contained a smaller propor-
tion of pathogenic and parasitic fungi compared to birch clone 55 or both aspen clones.
Noteworthily, fungal communities from both birch clones contained around 5%–10%
of endophytic fungi (Figure 1B), indicating them as a considerable component of tree
root microbiomes.

3.2. Mycorrhizal Diversity and Community Structure in Birch and Aspen Clones

The MF communities in the studied clones of silver birch and hybrid aspen consisted
of 81 OTUs in total (Supplementary Material, Table S1), most of which were identified to
the genus or species level. The number of OTUs, and hence the richness of MF commu-
nities, however, was somewhat higher for the clones of silver birch compared to hybrid
aspen (mean of 47 and 35, respectively; Table 1). The diversity (Shannon index) of the
detected OTUs of MF ranged from 1.71 to 2.47 for clones “55-875” (silver birch) and “43”
(hybrid aspen), respectively, yet the differences were larger between the clones than tree
“species”. The individual-tree richness of MF OTUs was significantly higher on silver birch
(p-value = 0.02) than on hybrid aspen (13.0 ± 1.4 and 15.4 ± 1.3; means ± 95% confidence
interval), yet the diversity, as indicated by Shannon index, was similar (p-value = 0.16). The
clonal differences in richness (number) of OTUs lacked statistical significance
(p-value > 0.30) for both silver birch and hybrid aspen; yet significant clonal differences in
per-tree diversity of OTUs were estimated only for hybrid aspen (p-value < 0.01; 1.08 and
1.45 for clones 44 and 43, respectively).

Table 1. Richness and diversity (Shannon diversity index H´) of the mycorrhizal fungi communities
detected in the roots of silver birch and hybrid aspen clones. Numbers represent pooled data for each
clone. The lowercase letters indicate the results of the post-hoc comparison (within-clone); similar
letters depict a lack of significant differences at α = 0.05.

Species Hybrid Aspen Birch

Clone 43 44 54-146-143 55-875

Number of taxonomic units detected 38 32 44 50

Shannon diversity index of taxonomic units detected 2.47 1.99 2.20 1.71

The mean (±95% confidence interval) per-tree
number of taxonomic units detected 13.8 ± 1.9 a 12.2 ± 2.0 a 15.2 ± 2.1 a 15.6 ± 2.0 a

The mean (±95% confidence interval) per-tree
Shannon diversity of taxonomic units detected 1.45 ± 0.22 a 1.08 ± 0.21 b 1.48 ± 0.23 a 1.38 ± 0.21 a

The dominance structure of OTUs of MF (Figure 2) was intermediate to low, as the
relative abundance of single entities reached 0.44 for silver birch (Tomentella stipitobasidia),
indicating generally high competitiveness among several ectomycorrhiza taxa. For hybrid
aspen, the dominance of any particular MF was not observed, as the relative abundances of
the most common OTUs were relatively similar (10%–23%). Among the most abundant
MF taxa were several ectomycorrhizal fungi—Laccaria populina, Agricales spp., and Russula
emetica—which were found in the roots of both tree “species” relative abundances (Figure 2).
In comparison, endomycorrhizal fungi were less abundant and constituted 16% of the MF
taxa on both tree hosts. The most frequently found endomycorrhizal species in both
hybrid aspen and silver birch was Hymenoschypha finlandica. The total endomycorrhizal
richness appeared higher on roots of silver birch than on hybrid aspen (nine and six taxa,
respectively; 16% of the MF taxa). Most MF taxa identified were found in root samples
from both tree hosts across different trial sites, suggesting that MF communities mostly
consisted of generalist species.
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Figure 2. Relative abundance of the most common taxonomic units of mycorrhizal fungi detected on
roots of silver birch and hybrid aspen clones. The 15 most abundant taxa are shown. Asterisks denote
taxa associated with the endomycorrhizal guild. The other taxa are classified as ectomycorrhizal.

The communities of MF significantly differed between the tree “species”/trials
(Table 2), as highlighted by the distinct grouping in the ordination of trees (Figure 3).
The differences in the communities between the tree “species”/trials were highlighted by
the abundance of Peziza, Russula, Imleria, Hyaloschypha, and Pezoloma species. Marginal
clonal differences in MF communities were observed only for silver birch (Table 2), and
these differences were primarily related to the abundance of Inocybe, Russula, Lactarius,
Hebeloma, Pezoloma, and Hyaloscypha species (Figure 3). Nevertheless, the partial discrim-
inant analysis suggested that nine of the studied MF OTUs, which represented the sole
meaningful component (explaining 12% of variance), had the strongest contribution to
the clonal differences in birch (Figure 4). Among these, two OTUs were endomycorrhizal
(Hyaloscypha variabilis and H. vraolstadiae). Generally, these nine taxa were congruent with
the taxa identified by species loadings from the ordination (Figure 3). In both trials, there
was explicit local variability in MF communities, as indicated by the significant effects
of replication (block), particularly for silver birch (Table 2). In contrast, local variability
was weaker for hybrid aspen, which was older and had considerably larger trees than
silver birch.
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Table 2. The significance of the differences (MANOVA table) in mycorrhizal fungal community
composition from roots of the studied clones of silver birch and hybrid aspen.

R2 F-Value p-Value

Between tree species
Species 0.24 17.26 0.001

Replication (block) 0.31 1.66 0.002
Residual 0.46

Total 1.00
Between clones of silver birch

Clone 0.08 2.24 0.037
Replication (block) 0.38 1.86 0.004

Residual 0.54
Total 1.00

Between clones of hybrid aspen
Clone 0.05 1.37 0.223

Replication (block) 0.33 1.45 0.049
Residual 0.61

Total 1.00

Figure 3. The ordination (nonmetric multidimensional scaling) of mycorrhizal fungal communities
on the roots of the studied clones of silver birch and hybrid aspen. Ten taxa showing the strongest
correlation with axes are shown in each panel. The asterisks next to the species names denote taxa
associated with the endomycorrhizal guild.
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Figure 4. Contribution of species abundances to differences in mycorrhizal fungal community
structure between clones of silver birch and hybrid aspen. The partial least squares discriminant
analysis identified 9 OTUs explaining clonal variation in silver birch and 10 OTUs in hybrid aspen.
The length of the bar indicates the relative contribution of an OTU to clonal differences in community
structure. The asterisks next to the species names denote endomycorrhizal taxa.

Clones of hybrid aspen bared highly similar MF communities, as highlighted by
the overlap in the ordination plots (Figure 3) and lack of significant differences (Table 2).
The variability of the communities on trees was particularly related to the abundance of
Peziza, Laccaria, Entoloma, and Russula species. The discriminant analysis estimated a sole
meaningful component explaining only 8% of the variance, which highlighted ten OTUs as
having the strongest contribution to possible clonal differences for hybrid aspen (Figure 4).
Among those, the strongest contributions to the clonal differences were estimated for
Boletus satanas, Hymenoscyphus menthae, Russula emerica, Inocybe acriolens, Tomentella sp.,
and Hyaloscypha finlandica. Among these, three were associated with endomycorrhiza—
Hyaloscypha finlandica, Ceratobasidium sp., Hymenoscyphus menthae.

4. Discussion

4.1. Host and Trial Site Effects on Fungal Diversity

The dominant fungal and MF taxa (Figures 1–3) were similar to those observed in
other studies within the region [37,45], though with differing community structures, thus
highlighting spatial (local and regional) variability in MF communities [38]. The total
number of OTUs detected was relatively high, probably due to contamination from soil or
misidentification of the sequences [57,59]. While the root samples were washed in sterile
water prior to DNA extraction, fungal species from the tree rhizosphere are likely to be
captured in study data and contribute to some of the less abundant functional guilds, such
as soil saprotrophs or pathogens (Figure 1B). Rähn [37] suggests that saprotrophs were
more abundant in forests than plantations and are associated with a higher abundance
of arbuscular MF, as well as a lower abundance of pathogenic fungi. However, there
was a somewhat lower relative composition of saprotrophs and pathogens in birch clone
“54-146-143” compared to the other birch clone grown on forest soil or aspen plantations on
former agricultural land (Figure 1B). Such discrepancies might be related to the differences
in sampling, as the communities directly recruited by roots might deviate from those in
soil in general [65].
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The dominance structure in the entire community of OTUs on the roots of silver birch
(Figure 1A) can be related to plant-host-specificity of fungal taxa [43,45], as well as the
younger age of trees, as the colonization of later succession taxa could still be expected
to occur [40,60]. The dominance structure of MF was more expressed in younger birch
(Figure 2) with a high prevalence of the cosmopolitan ectomycorrhizal species T. stipito-
basidia [66], which may demonstrate relatively higher competitiveness in nutrient-poor
forest soils. Nevertheless, the diversity of functional guilds of the studied trees (Figure 1B)
was high, suggesting that the communities were balanced [67]. In addition to the host-
specificity and tree age, the soil preparation also differed between aspen and birch trials
and could have potentially contributed to the differences in fungal community structure.
Plowing was used in hybrid aspen trials, while mound preparation was used in silver
birch trials. Since mycorrhizal networks are sensitive to mechanical damage, this may
suggest that fungal communities were persistent or able to recover within the 7 (birch) to
16 (aspen) years after plantation [43,68]. The higher MF OTU richness in silver birch com-
pared to hybrid aspen might be related to the younger age and design of the trials (Table 1),
which had more open canopies with less shading, thus favoring herbs as additional plant
hosts for MF [37,69,70]. The generally low dominance of specific MF in hybrid aspen
(Figure 2) may indicate their even competitiveness in reclaimed agricultural soils and
explain the rapid recovery of MF after the disturbance (establishment and planting of trees),
indicating the good environmental quality of the sites [44,71].

4.2. Mycorrhizal Diversity in Silver Birch and Hybrid Aspen

The MF formed only a fraction of the fungal communities in the roots of deciduous
trees (Figure 2), similar to other studies within the region [37,44,45]. However, hybrid
aspen displayed typical ectomycorrhizal species associated with the Populus rhizobiome, e.g.,
Laccaria, Inocybe, Hebeloma, Cortinarius, and Tuber, as found in several studies [68,72–75].
Considering the abundance of common MF in remote stands (Figure 2), the most abundant
OTUs likely represented regional specifics of root fungal communities [18,36,37,39,45].
Among the MF (Figure 2), arbuscular (endo)mycorrhizas were less abundant compared to
ectomycorrhizas. This was also found in other studies [37,45,69] and is typically related
to differences in biomass and available space [38,39,42]. Although MF communities in
a plantation (represented by hybrid aspen) tend to be more specific compared to forest
habitats (silver birch) [37,45], several MF species were actually associated with both tree
hosts—Tormentella, Agaricales, Rissula, Hyaloscypha (Figure 2). Even though the occurrences
of most common taxa were comparable (Figure 2), the species and local dependence of MF
communities [38,44,45] was explicitly highlighted by the ordination (Figures 3 and 4) and
indicated shifts in certain ecto- and endomycorrhizal species abundances in a host- and
clone-dependent manner.

4.3. Clonal Effects on Mycorrhizal Communities

The abundance of endomycorrhiza, as well as the complexity of MF communities,
has been positively related to productivity in intensively managed ecosystems [35,36,70],
suggesting synergic interactions [18,69]. The clonal differences in the per-tree diversity
(H‘) of MF for hybrid aspen (Table 1) partially complied with the hypothesis; however, the
relationships were inverse, with the superior clone showing a less diverse MF community.
Probably, the higher productivity of a host resulted in an advantage for specific MF taxa,
allowing them to outcompete others [34,39,76,77].

Given that the birch clones “54-146-143” and “55-875” both showed equally high field
performance, differences in MF community diversity were not expected. Interestingly, the
clonal differences in MF communities for silver birch were significant (Figure 3, Table 2)
and might be related to the genetic differences of the hosts, while the hybrids of aspen were
progenies of the sole mother tree [12]. This might also explain the lower local variability of
MF communities, as indicated by the effect of the block (Table 2). Since the within-stand
diversity of MF communities has been related to the productivity and sustainability of
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stands [36], this points to the positive effects of genetic diversity of the tree clones within a
plantation on mycorrhizal diversity [13].

Furthermore, the discriminant analysis suggested that the clonal differences in myc-
orrhizal communities were small (≤12% in data variation; Figure 4) and were related to
the abundance of ecto- and endomycorrhizal taxa. The MF taxa, which differentiated the
clones (Figures 3 and 4), are commonly found within the Baltic region [37,45,78]; never-
theless, such specifics suggested that studied MF exhibit some preference for hosts, likely
resulting in spatial heterogeneity of distribution [38]. Although some clone-specific taxa
were identified for hybrid aspen (Figure 4), the abundance of those taxa was generally
low, suggesting a lack of clear relationships between specific MF and the productivity of
the host [34]. Nevertheless, the rare Boletus satanas [79], despite showing a low number of
reads (Figures 3 and 4), was specifically present on most of the ramets of the moderately
productive clone “43”, suggesting the conservation potential of hybrid aspen [37].

Generally, the study hypothesis that differences in MF communities are strongly
associated with different field performances of tree clones was partially rejected, rather
suggesting a top-down effect of host genetic differences on mycorrhizal community com-
position. Nevertheless, tree yield may be associated with particular fungal genotypes
rather than genus- or species-level OTUs detected by universal fungal primers ITS9mun
and ITS4ngsUni [55]. For example, AMS1 and AML2 primers may be better at resolving
intra-specific differences among mycorrhizal fungi ecotypes [80,81]. Therefore, comparing
different amplicon data and benchmarking long-read platforms such as Oxford Nanopore
with traditionally more robust shorter-read technologies like Illumina MiSeq may be useful
for accurately assessing MF community diversity in finer detail.

4.4. Implications for Sustainability and Functional Studies of Common Mycorrhizal Networks

The effects of mycorrhizal communities may not be limited to yields only, but likely ex-
tend to environmental resilience and resistance to pests and diseases [39,77]. The observed
specialization of the MF communities with host genotypes (Figures 3 and 4) appears to
increase the overall genetic diversity across forest stands and could potentially counteract
the increasing environmental hazards [5], while also highlighting the risks for large-scale
clonal forestry [9]. Therefore, for maximizing positive effects on soil microbial diversity,
genetic differences of forest regenerative material need to be considered [34]. The clonal
specifics in MF communities appear to be generalists (Figure 3), suggesting their adaptabil-
ity [39,77] and the potential of further exploring the clonal genetic diversity within trees,
such as silver birch.

Moreover, the ecto- and, especially, endomycorrhizal species are likely to be in-
volved in inter-plant communication networks [19,20] and signal transfer between host
plants [17,23,24]. Even though their abundance was relatively low (Figures 1 and 2), the
presence of endomycorrhizal and endophytic genera Hymenoscyphys, Hyalosscypha, Cer-
atobasidium, Serendipita, and Pezoloma in birch and aspen rhyzobiomes was confirmed.
Furthermore, in vitro propagated isogenic material of silver birch and hybrid aspen clones
can be an excellent host system for future functional studies on inter-plant defense signals
mediated by common mycorrhizal networks of endemic field-isolated fungi.

5. Conclusions

The MF communities on the roots of clones of silver birch and hybrid aspen prevail-
ingly consisted of the generalist taxa, among which the majority were ectomycorrhizal.
The clonal differences in the composition of MF communities were weak, yet significant
for the genetically distinct silver birch clones. In contrast, hybrid aspen clones, which
were progenies of a common mother tree, did not display differences in MF communities,
but showed higher species richness in the clone with a moderate field performance. The
estimated clonal differences suggested that MF communities display some preferences for
host genotypes. Accordingly, clonal preferences of MF communities should be considered
to maximize the positive effects of inoculation of forest reproductive material, particularly
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as a higher number of clones is recommended for the establishment of more resilient tree
plantations. Still, the level of the detected MF taxa varied due to the application of universal
primers, and some specific relationships might be overlooked, suggesting that the detection
of MF taxa using more specific primers might be needed. Also, an assessment of clonal
differences across edaphic and age gradients based on orthogonal design is needed.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f15122123/s1: Figure S1: Climatic diagram depicting mean
(±standard deviation) monthly temperature (lines) and precipitation sums (bars) for the trial sites
between 1992 and 2022; Figure S2: Amplification of 900 bp region between ribosomal SSU and LSU
genes using ITS4ungsUNI and ITS9Mun primer pair. Amplification performed with 20–30 PCR
cycles on DNA extracted from root samples. The amplicon includes ITS1, 5.8S, and ITS2 regions.
NK—negative (no template) control; Figure S3: The sequencing run summary: number of reads
for the studied clones of silver birch and hybrid aspen. The lines represent the median, the boxes
represent the quartiles (first and third), and the whiskers show the range of the subsets (up to
1.5 times the interquartile distance). The raw read number before data decontamination is shown;
Figure S4. The sequencing run summary: number of reads for the studied clones of silver birch and
hybrid aspen. The lines represent median, the boxes represent the quartiles (first and third) and the
whiskers show the range of the subsets (up to 1.5 times the interquartile distance). The raw read
number before data decontamination is shown; Table S1: List of mycorrhizal OTUs detected on roots
of silver birch and hybrid aspen.

Author Contributions: Conceptualization: R.M., Z.O. and D.R.; methodology: R.M., Z.O., D.R., K.B.
and D.K.; investigation: R.M., Z.O., K.T.B., M.B., B.K., K.B., M.R., B.K. and D.K.; formal analysis: R.M.,
Z.O., D.R. and K.B.; data curation: K.B., M.R., B.K. and M.B. ; writing—original draft preparation:
R.M. and Z.O.; writing—review and editing: R.M., Z.O., D.R., K.B. and M.Z.; visualization: R.M. and
K.B.; supervision: Z.O., D.R. and M.Z.; project administration: Z.O. and M.Z.; funding acquisition:
Z.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Latvian Council of Science Fundamental and Applied
Research grant lzp-2022/1-0283 and the University of Latvia Foundation (SIA MikroTik donation).

Data Availability Statement: Data are available with the NCBI Bioproject No. PRJNA1182978.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Buras, A.; Menzel, A. Projecting tree species composition changes of European forests for 2061–2090 under RCP 4.5 and RCP 8.5
scenarios. Front. Plant Sci. 2019, 9, N1986. [CrossRef] [PubMed]

2. Dubois, H.; Verkasalo, E.; Claessens, H. Potential of birch (Betula pendula Roth and B. pubescens Ehrh.) for forestry and forest-based
industry sector within the changing climatic and socio-economic context of Western Europe. Forests 2020, 11, N336. [CrossRef]

3. Jansson, G.; Hansen, J.K.; Haapanen, M.; Kvaalen, H.; Steffenrem, A. The genetic and economic gains from forest tree breeding
programmes in Scandinavia and Finland. Scand. J. For. Res. 2017, 32, 273–286. [CrossRef]

4. Allen, C.D.; Breshears, D.D.; McDowell, N.G. On underestimation of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere 2015, 6, 1–55. [CrossRef]

5. Seidl, R.; Thom, D.; Kautz, M.; Martin-Benito, D.; Peltoniemi, M.; Vacchiano, G.; Wild, J.; Ascoli, D.; Petr, M.; Honkaniemi, J.; et al.
Forest disturbances under climate change. Nat. Clim. Change 2017, 7, 395–402. [CrossRef]

6. Aitken, S.N.; Bemmels, J.B. Time to get moving: Assisted gene flow of forest trees. Evol. Appl. 2016, 9, 271–290. [CrossRef]
[PubMed]

7. Girdziušas, S.; Löf, M.; Hanssen, K.H.; Lazdin, a, D.; Madsen, P.; Saksa, T.; Liepin, š, K.; Fløistad, I.S.; Metslaid, M. Forest
regeneration management and policy in the Nordic–Baltic region since 1900. Scand. J. For. Res. 2021, 36, 513–523. [CrossRef]
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Abstract: Fusarium circinatum, the causative agent of pine pitch canker disease, is a pathogenic
fungus that poses a significant threat to pine forests globally. It infects various Pinus species, causing
resinous cankers, needle discoloration, and tree death. The disease severely impacts forest ecosystems,
necessitating cost-effective and environmentally friendly management strategies. Contaminated pine
seeds and seedlings are the main pathways for introducing this fungus to disease-free areas. To
mitigate this disease and prevent its spread, it is crucial to implement new processes in forest plant
production systems that align with the existing conditions of forest nurseries, ensuring effective and
sustainable management. With this in mind, a national collaborative study involving 14 Portuguese
partners was initiated to develop new prevention and mitigation strategies. In this work, four
different treatments—MennoFlorades, Captan, ethanol, and hot water—were tested for their ability
to eliminate F. circinatum from contaminated Pinus seeds in vitro. The most effective treatments were
selected for further in vitro assays and real-context nursery germination trials to assess their impacts
on seed germination, plant production, and certification. MennoFlorades, Captan, and hot water were
tested in the nursery, with hot water showing the most promising results due to its negligible impact
on seedlings, eco-friendly nature, ease of implementation, and cost-effectiveness. These findings
offer promising prospects for preventing pine pitch canker outbreaks in nurseries and, consequently,
in forests.

Keywords: forests; Fusarium circinatum; Pathogenic fungus; Pinus trees; preventive strategies; quarantine
pest; seeds

1. Introduction

Fusarium circinatum Nirenberg & O’Donnell, the causal agent of pitch canker disease, is
recognized as one of the most severe diseases affecting pine trees, posing a significant threat

Forests 2024, 15, 1154. https://doi.org/10.3390/f15071154 https://www.mdpi.com/journal/forests45



Forests 2024, 15, 1154

to forest nurseries and plantations worldwide [1–3]. This pathogenic fungus targets Pinus
species and Pseudotsuga menziesii (Douglas fir), displaying varying degrees of virulence,
depending on the host species and prevailing biotic and abiotic conditions [3–7]. The
pathogen’s impact is pervasive, affecting all stages of pine growth. Common symptoms
in seedlings include blight and damping-off, while on young and mature trees, dieback
of branches and stems is frequent, often accompanied by conspicuous cankers and resin
exudation. Additionally, dieback symptoms in the crown can also occur due to water flow
obstruction caused by cankers and the saturation of xylem by excessive resin, potentially
strangling the treetop and leading to tree death [2,3,8]. This pathogen was first recorded in
the US in 1946, and since then, sporadic outbreaks and epidemics have been reported in
numerous countries [4,9,10]. In Europe, occurrences have been reported in Portugal, Spain,
France, and Italy among various susceptible Pinus species [11–15].

In Portugal, the coniferous forest holds undeniable social, economic, and environmen-
tal importance, with native species like maritime pine (Pinus pinaster) and stone pine (Pinus
pinea) dominating the territorial landscape. The maritime pine stands as the third most
significant forest species in the country, covering 22.1% of the mainland area. However,
it has experienced a declining trend, primarily attributed to rural wildfires, surpassing
the expansion of new plantations and further compounded by forest pests like pine pitch
canker and pine wood nematode (Bursaphelenchus xylophilus), impacting productivity and
investment confidence in this species. In recent years, this decrease in area seems to have
been slowing down, showcasing the resilience of these ecosystems to disturbances [16].
The maritime pine industry, a major carbon reservoir in the Portuguese forest (90.3 Gg
CO2), accounts for 80% of employment and 88% of industrial companies in the forestry
sector, contributing to 52% of the Gross Value Added (GVA) and 3.2% of national exports
of goods [16,17]. Besides the maritime pine, the stone pine also holds a significant represen-
tation in the national forest, ranking as the fifth forest species in Portugal and covering 6%
of the mainland area, which corresponds to over 20% of its global distribution [16]. While
other species are also naturally present, they have less prominence. Noteworthy about the
stone pine is its potential for use in multifunctional agroforestry systems, ensuring a variety
of products and the provision of ecosystem services related to soil and water protection,
carbon sequestration, and biodiversity maintenance. Similarly to fruit species, it offers the
possibility of orchard cultivation in grafted plantations dedicated to pine nut production.
With an estimated pine nut production ranging between 70,000 and 120,000 tons annually,
equivalent to a value between EUR 75 million and EUR 128.5 million, exports of this
product reach approximately EUR 15 million per year [16,17]. The sustainability of these
vital economic sectors relies on forest resources and their effective management, including
afforestation and reforestation actions, which require access to high-quality plants free from
phytosanitary issues.

Efforts to manage the spread of tree pathogens, including F. circinatum, face significant
challenges due to the lack of economically viable treatments for large-scale control. Strate-
gies primarily revolve around preventing the pathogen’s introduction, early detection,
and eradication of outbreaks in previously disease-free areas. Since 2007, F. circinatum
has been categorized as a quarantine fungus within the European Union (EU), which has
imposed strict measures to prevent its transmission through infected materials and to curb
disease expansion [18,19]. Consequently, a zero-tolerance policy is enforced. According
to the pest risk assessment conducted by the European Food and Environment Safety
Agency (EFSA), contaminated pine seeds and seedlings represent the primary pathways
for potential fungus spread to disease-free areas [20]. Implementing efficient management
measures is crucial to minimize the likelihood of pathogen introduction and reduce the
associated costs of eradication and control efforts.

In Portugal, since its initial detection in 2008 in nursery plants [15], F. circinatum has
been identified in 27 locations across the country, including both nurseries and pine forests,
with a higher incidence in the northern and central regions. This has resulted in the de-
struction of 1.8 million plants and the quarantine of 2500 kg of seeds from host species. The
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presence of this fungus continues to pose both ecological and economic threats, emphasiz-
ing the urgent need to develop mechanisms to prevent or minimize its risk of dispersal.
Additionally, as previously mentioned, while current efforts to control the spread of this dis-
ease focus heavily on the early reaction to the presence of the fungus to mitigate outbreaks,
they should instead be redirected towards preventing infection altogether. In this context,
the operational group GO +PrevCRP was established as part of the Rural Development Pro-
gram PDR2020, bringing together 14 national partners. The action plan, spanning 4 years
(2017–2021), aimed to develop new, effective, and environmentally friendly prevention
and mitigation strategies across various crucial factors contributing to the spread of the
disease within nurseries, such as contaminated irrigation water and substrates, the results
of which were recently published [21–24]. These preventive measures must be grounded
in experimental findings, ensuring their feasibility and seamless integration into nursery
operations without compromising seed germination rates or the development and quality
of the resulting plants. Given that the primary means of pitch canker disease dispersal are
contaminated pine seeds and seedlings, the main goals of this study were (i) to assess the
effectiveness of certain treatments in eliminating F. circinatum inoculum from seeds; (ii) to
evaluate their impacts on seed germination; and (iii) to apply these experimental findings
in practical field settings. This included conducting large-scale experiments in nurseries to
gather a wider sample size and assess the feasibility of implementing treatment measures
in real-world scenarios. For this purpose, several treatments were selected based on their
previously reported fungicide activity. To the best of our knowledge, the efficacy of some of
these treatments as seed disinfectants against F. circinatum is being tested for the first time,
particularly on Pinus species commonly found in Portuguese production and conservation
forests.

2. Materials and Methods

2.1. Artificial Seed Inoculation

Seeds from different Pinus species, specifically Pinus pinaster, P. pinea and P. radiata,
potential hosts of Fusarium circinatum, were provided by the National Centre for Forest
Seeds (CENASEF). Pinus pinaster seeds were collected from 80-year-old parental trees,
P. radiata seeds from 27-year-old parental trees, and P. pinea seeds from 53-year-old parental
trees. All parental trees were healthy and showed no signs of disease. In a controlled
laboratory environment, these seeds underwent artificial inoculation (excluding a portion
kept for use as a control in later analyses) and subsequent assessment for successful
inoculation following the methodology outlined in the OEPP/EPPO Bulletin (2019) 49
(2), 228–247 [25] for fungal detection in seeds. Given the quarantine status of this fungus
in the European Union (EU), this procedure was conducted by the National Institute of
Agricultural and Veterinary Research, I.P. (INIAV), a state laboratory designated as the
National Reference Laboratory (LNR). Upon confirmation of successful seed inoculation,
preliminary seed disinfection treatments were initiated.

2.2. Treatment Selection

The tested treatments included MennoFlorades (Menno Chemie–Vertrieb GMBH,
Norderstedt, Germany), Captan 800 WDG (Adama, Lisbon, Portugal), ethanol (Biochem
Iberica, Montijo, Portugal) at various concentrations, and hot water treatment at different
temperatures (Table 1). This selection was made based on their overall fungicide efficacy,
as well as their accessibility and user-friendliness. All products were supplied by Biochem
Iberica—Agricultural and Industrial Chemicals, Lda.
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Table 1. Details of the treatments used for disinfecting Pinus seeds.

Treatment Concentration/Temperature Time (min)
No. of Treated Seeds
(per Pinus Species)

MennoFlorades 4% (v/v) 60 100

Captan 1.9 g/L 5 100

Ethanol
50% (v/v) 5 100
60% (v/v) 5 100
70% (v/v) 5 100

Hot Water
52 ◦C 30 100
55 ◦C 30 100
60 ◦C 15 100

Action mechanisms of the tested treatments are as follows:
MennoFlorades is a surface disinfectant with proven fungicidal efficacy, including

against various Fusarium species. Its active ingredient, benzoic acid (C6H5COOH), acts on
glycolysis, specifically on phosphofructokinase, which is inhibited by the acidification of the
intracellular content caused by the extracellular accumulation of benzoate. This inhibition
triggers a cascade effect inhibiting metabolic pathways and a consequent reduction in the
ATP concentration and production [26].

Captan (N-trichloromethylthio]-4-cyclohexene-1,2-dicarboximide) is a widely used
agricultural fungicide, acting at the mitochondrial level as an uncoupler of oxidative
phosphorylation. Its fungicidal capabilities also extend to its affinity for sulfhydryl groups
common in mitochondrial enzymes such as NADH dehydrogenase and β–hydroxybutyrate
dehydrogenase, leading to their inhibition and an ability to inhibit other crucial processes
in respiration [27].

Ethanol, like other alcohol molecules, serves as a base for many fungicides and exhibits
antifungal activity on its own. Its primary target is the fungal cell membrane, inducing
stress by interacting at the polar–apolar interface, weakening the hydrophobic barrier, and
allowing free exchange of polar molecules, thereby disrupting the membrane structure and
function. Additionally, it has other effects, such as protein denaturation and inhibition of
nutrient uptake [28].

Hot water treatment is a technique already used to combat various phytopathogenic
fungi [29] using high temperatures to inhibit fungal development (e.g., through protein
denaturation and cell membrane damage, among other mechanisms), and has shown
promising efficacy in eliminating Fusarium circinatum from Pinus radiata seeds [30]. Accord-
ing to Liao et al. [31], the lethal temperatures for conidia and mycelium are reported as
52 ◦C and 55 ◦C, respectively.

2.3. Treatment Application

The treatments were prepared and applied as specified in Table 1 provided below.
Sterile distilled water (dH2O) was employed to prepare the treatment solutions, and

was used for the hot water treatments. The treatments were conducted in sterile glass
containers, with seeds being agitated during the application time, following the conditions
as indicated in Table 1. In temperature-dependent treatments, the temperature was adjusted
and maintained using magnetic stirring hot plates. After the total treatment time, the seeds
were collected, allowed to dry at room temperature for 10 min, and then plated onto
Dichloran Chloramphenicol Peptone Agar (DCPA) medium plates supplemented with
0.5 mg/mL of streptomycin following the methodology outlined in the OEPP/EPPO
Bulletin (2019) 49 (2), 228–247 for F. circinatum detection in seeds [25]. Additionally, for each
Pinus species considered in the study, two controls were included: a positive control (C+),
where 100 artificially contaminated seeds (see Section 2.1) were left untreated and were
plated under the same conditions; and a negative control (C–), where 100 uncontaminated
and untreated seeds were plated under the same conditions (Figure 1).
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Figure 1. Stages of Pinus pinaster seed disinfection: (A) treatment with 1.9 g/L Captan; (B) plating on
DCPA media following treatment application; (C) observation of Fusarium circinatum growth on the
positive control after 5 days of incubation.

The disinfection percentage was calculated by considering zero contaminated seeds
(zero F. circinatum isolates) as achieving 100% successful disinfection and applying the
following formula when the count was greater than zero: % of disinfection = (no. of
contaminated seeds/total plated seeds) × 100. The results of the disinfection treatment
were analyzed via the non-parametric Kruskal–Wallis test and Dunn’s post hoc analysis
with p < 0.01 using PAST software, version 4.03 [32].

2.4. Fungal Isolation and Identification

For all treatments, the inoculated media plates were aerobically incubated in the
dark at 25 ◦C for 30 days. All emerging colonies were isolated into axenic cultures in
duplicate onto Potato Dextrose Agar (PDA, DifcoTM, Sparks, MD, USA) plates suitable for
isolation, and Synthetic Nutrient Agar (SNA) plates suitable for identifying F. circinatum
based on morphological features. These cultures were aerobically incubated in the dark at
25 ◦C for a minimum of 10 days. After this incubation period, the number of F. circinatum
isolates and the number of isolates of other fungi were documented, and photographic
records were also captured. The identification of F. circinatum was carried out accord-
ing to the protocol following the EPPO guidelines [OEPP/EPPO Bulletin (2019) 49 (2),
228–247, protocol available at https://gd.eppo.int/taxon/GIBBCI/documents (accessed
on 23 April 2024)] [25]. Colonies displaying morphologies significantly different from
Fusarium spp. were also identified using a combination of molecular and morphological
analyses following the standard procedures described below.

Morphological and Molecular Identification of Non-Fusarium Species

Genomic DNA was extracted from PDA pure cultures with the REDextract–N.Amp™
Plant PCR Kit (Sigma Aldrich, St. Louis, MO, USA), with several modifications. A small
portion (~1 mm2) of the colonies was scraped from the agar surface into a PCR–style
microtube, submerged in 20 μL of extraction solution, and incubated in the thermocycler
using the following protocol: 94 ◦C for 10 min, followed by 60 ◦C for 13 min and 10 ◦C for

49



Forests 2024, 15, 1154

15 min. After the incubation, 20 μL of dilution solution was added, and the resulting mixture
was vortexed for 2 min [33,34]. The obtained DNA was used for the amplification of the
ITS–rDNA region by PCR using the fungal universal primer pair ITS1–F and ITS4 [35,36].
PCR reactions, consisting of a final amplification volume of 25 μL, with 12.5 μL of NZYTaq
Green Master Mix (NZYTech™, Lisbon, Portugal), 1 μL of each primer (10 mM), 9.5 μL of
ultra-pure water, and 1 μL of template DNA, were performed using an ABI GeneAmp™
9700 PCR System (Applied Biosystems, Waltham, MA, USA) with the following conditions:
initial denaturation at 95 ◦C for 5 min, followed by 35 cycles of denaturation at 94 ◦C for
30 s, annealing at 52 ◦C for 30 s, and extension at 72 ◦C for 1 min, with a final extension
at 72 ◦C for 8 min. Visual confirmation of the overall amplification of the ITS region
was performed using agarose gel electrophoresis (1.2%) stained with GreenSafe Premium
(NZYTech™, Lisbon, Portugal) and visualized in an Molecular Imager Bio–Rad Gel Doc
XR™ (Bio–Rad, Hercules, CA, USA). The obtained amplicons were purified with the
EXO/SAP Go PCR Purification Kit (GRISP, Porto, Portugal), following the manufacturer’s
recommendations, and sequenced using an ABI 3730xl DNA Analyzer system (96 capillary
instruments) at STABVIDA, Portugal.

Sequence reads were quality checked and trimmed at both ends using BioEdit Se–
quence Alignment Editor© v.7.2.5 (https://bioedit.software.informer.com/download/ (ac-
cessed on 7 January 2019)). The newly generated sequences were deposited in the GenBank
database, and their accession numbers are included in Supplementary Table S1. Similar-
ity searches were performed, and sequences were queried against the National Center
of Biotechnology Information (NCBI) nucleotide database using a BLASTn search algo-
rithm [37]. For genera like Penicillium and Aspergillus, where the ITS region does not
provide sufficient differentiation at the species level, isolates were identified only to the
genus level. To ensure accurate species identification, molecular results were verified
through comprehensive macroscopic and microscopic analysis of taxonomic traits, resort-
ing to Index Fungorum (www.indexfungorum.org (accessed on 20 January 2019)) and
Mycobank (https://www.mycobank.org/ (accessed on 20 January 2019)) [38,39].

2.5. Nursery Germination Assays

The best-performing treatments identified in the previous disinfection phase were
chosen for nursery germination trials. Collaborative field trials were conducted in part-
nership with nurseries involved in the project to accommodate larger-scale assessments
of the selected treatments. Field trials exclusively employed P. pinaster seeds. Although
both P. pinea and P. radiata were included in the preliminary laboratory testing, their seeds
were unavailable during the nursery experimental period due to low seed stocks of these
species and the necessity to ensure seed availability for nurseries and private stakeholders
outside of this project. Nonetheless, as previously noted, P. pinaster is one of the most
prevalent species in Portuguese forests, thus representing the highest interest in field trials.
Certified seeds intended for commercial distribution (without inoculation) were distributed
by CENACEF to the nurseries designated for the trials, and the procedures were carried
out in accordance with the specifications outlined in Table 2. After applying treatments to
replicate laboratory procedures, the treated seeds were planted in containers filled with
substrate, with one seed per container cell. Regular irrigation was provided, and seed
germination was monitored at one and two months post-sowing (Figure 2).

Forest reproductive materials (FRM) must possess a genetic quality that enables
them to originate stable, adapted, resistant, and resilient forest ecosystems capable of
addressing both biotic and abiotic challenges that forests face. General standards applicable
to the production and commercialization of FRM are defined in accordance with the
applicable Portuguese legislation, Decree–Law No. 205/2003, of 12 September, amended
and republished by Decree–Law No. 13/2019, of 21 January. To be deemed marketable,
a batch of plants must ensure that 95% of its plants exhibit intact and marketable quality
and are devoid of any of the following defects: injuries unrelated to pruning or caused
by damage during uprooting; absence of buds with potential for producing a main shoot;
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presence of multiple stems; malformed root systems; indications of desiccation, overheating,
mold, rot, or other harmful organisms; or unbalanced growth. Additional criteria, such
as the maximum age and size, must also be considered for plant marketing, with specific
limits defined for height (ranging from 7 to 45 cm, depending on the species) and for
the minimum root collar diameter (ranging from 2 to 3 mm, also species-dependent).
To ensure compliance with the established general standards for FRM production and
commercialization of plants produced from seeds subjected to the disinfection treatments,
the procedures used by ICNF, I.P., for plant certification, considering the aforementioned
parameters, were applied. For that, plants from each trial were observed 7 months after
sowing to assess their average height, average collar diameter, and the presence or absence
of any deficiencies. Statistical analysis of the data obtained in nursery A for the germination
results was undertaken via a t test and via one-way analysis of variance (ANOVA) for
nursery B. For the latter, whenever significant differences were found (p < 0.05), post hoc
Tukey’s pairwise test was performed to further elucidate differences between treatments at
a significance level of α = 0.05 using PAST software, version 4.03 [32].

Table 2. Number of containers per treatment, number of cells per container, and total number of cells
per treatment used in the nursery germination assays for Pinus pinaster seeds.

Nursery Treatment
No. of Containers

per Treatment
No. of Cells per

Container
Total No. of Cells

per Treatment

A
MennoFlorades 4%—1 h 25 54 1350

Control N/A 25 54 1350

B
Captan 1.9 g/L—5 min 24 60 1440

Hot Water 60 ◦C—15 min 24 60 1440
Control N/A 24 60 1440

N/A—not applicable.

Figure 2. Records of the different stages of the field trials: (A) preparation of containers for sowing;
(B) preparation of treatments; and (C) plant certification process.

2.6. In Vitro Germination Assay

Concurrently with the field trials, the top-performing treatments identified in the
previous disinfection stage were also subjected to a preliminary germination assay to
evaluate their impacts on P. pinaster seed germination. This assessment was conducted by
CENASEF in accordance with the standards of the International Seed Testing Association
(ISTA, https://www.seedtest.org/en/home.html (accessed on 4 June 2020)). The general
conditions of the germination tests were as follows: 200 seeds in sets of 100 seeds each; filter
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paper substrate soaked in water; temperature set at 20 ◦C; humidity maintained at 85%
inside the germination chamber; photoperiod of 8 h of light followed by 16 h of darkness;
and a test duration of 35 days with counts performed every 7 days. Finally, the germination
rate was assessed for all treatments and statistically analyzed using one-way analysis of
variance (ANOVA).

An important note regarding the field trials and their respective germination tests
must be highlighted. Both trials were conducted during the period declared as a pandemic
due to the ongoing COVID–19 crisis. Consequently, experiments involving ethanol at
various concentrations, previously conducted in the laboratory, could not be reproduced in
the field because of limited access to ethanol. Therefore, although promising results were
obtained in the laboratory, it was decided to retain this information, despite the inability to
conduct further tests. Consequently, no additional conclusions could be drawn regarding
its impact on germination or its performance in the field.

3. Results and Discussion

3.1. Effect of Treatments on Fusarium Circinatum-Contaminated Pinus Seeds

The isolation of F. circinatum from seeds was assessed for each Pinus species and
treatment. The resulting data, showing the average number of contaminated seeds for each
combination, are presented in Figure 3 and in Supplementary Table S2.

Figure 3. Average numbers of Pinus pinaster, P. radiata and P. pinea seeds contaminated with F.
circinatum after treatment application. Error bars shown in the graph correspond to the standard
deviations. For each species, data (n = 10) associated with different letters represent significantly
different results in accordance with Dunn’s post hoc test, p < 0.01.

As observed, multiple treatments per species achieved a 100% seed disinfection rate,
significantly reducing F. circinatum contamination. For P. pinaster, treatments with 50%
ethanol (v/v), hot water at 55 ◦C and 60 ◦C, and MennoFlorades at a 4% (v/v) concen-
tration achieved complete disinfection in all replicates. The statistical analysis indicated
that there were no significant differences between the following treatments: ethanol at
60% and 70% concentrations, 1.9 g/L Captan, and the negative control. Additionally,
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significant differences were found between the previous group and the group composed
of the positive control and hot water at 52 ◦C treatment (p < 0.01). A similar trend was
seen in P. radiata seeds, where hot water at 60 ◦C, MennoFlorades at 4% (v/v), and 60%
ethanol (v/v) all showed no F. circinatum growth. The data analysis confirmed that there
were no significant differences between the following treatments: ethanol at 50% and 70%,
1.9 g/L Captan, and the negative control. Furthermore, significant differences were ob-
served between the previous group and a second data group comprising hot water at
52 ◦C and 55 ◦C, and the positive control (p < 0.01). For P. pinea seeds, the statistical analysis
identified two significantly different groups: one solely comprising the positive control
and another including all evaluated treatments and the negative control (p < 0.01). In the
latter group, only treatments with 60% and 70% ethanol (v/v) showed no F. circinatum
colonies. An interesting aspect of these results is the apparent importance of seed morphol-
ogy. Pinus pinea seeds, which are larger and possess smoother surfaces, responded better
to all treatments, with each treatment significantly reducing the number of contaminated
seeds. In contrast, P. pinaster and P. radiata seeds, which are smaller and have more rugged
surfaces, showed varied responses to two of the three tested temperatures for the hot
water treatments. For ethanol, Captan, and MennoFlorades treatments, similar results were
observed across all concentrations and Pinus species.

Previous studies on disinfection of Pinus seeds contaminated with F. circinatum have
explored various methods, including hydrogen peroxide [40], non-thermal plasma [41],
commercial fungicides, antagonistic organisms, thermotherapy, and essential oils [42].
Non-thermal plasma seed disinfection, despite showing promising results, was found to
negatively affect P. radiata seed germination when exposed for 60 s or more [41]. However,
this negative impact was not observed in P. sylvestris seeds contaminated with F. oxyspo-
rum [43]. Nevertheless, implementing non-thermal plasma in a nursery setting would be
impractical. The use of antagonistic organisms like Trichoderma spp. has proven to be inef-
fective in seed disinfection, despite their effectiveness in in vitro plate assays [42]. Essential
oils have also shown generalized seed germination inhibition, limiting their potential as
viable treatments [42].

Among the treatments tested in this study, ethanol, particularly at a 60% concentration,
effectively eliminated the F. circinatum inoculum from all three tested Pinus species. This
efficacy aligns with previous reports and is attributed to protein denaturation and the
disruption of cell membranes [28,41]. The results of hot water treatments were similar to
those of previous studies [30,31], but we found that higher temperatures (above 60 ◦C)
yielded the best outcomes. This indicates the potential of hot water treatments for use in
Pinus plant production to prevent phytopathogenic fungi infection, similar to their success-
ful application in vineyard production where they effectively eliminate fungal pathogens
from grapevine cuttings [29]. The efficacy of Captan, known for its fungicidal activity
against F. circinatum [42], was confirmed in our assays. MennoFlorades also demonstrated
significant results across all tested seeds, suggesting that its metabolic inhibition, primarily
due to benzoic acid [26], effectively suppresses fungal growth, as previously reported [44],
including F. circinatum growth.

Across all Pinus species, treatments including 60% ethanol, hot water at 60 ◦C, Men-
noFlorades at 4% (v/v), and Captan at 1.9 g/L showed promising results and were selected
for further assays to assess their impacts on germination both in vitro and in a nursery
context. However, due to an ethanol shortage mentioned in Section 2.6, it was not feasible
to continue using it in subsequent germination tests. Therefore, only hot water at 60 ◦C,
MennoFlorades at 4% (v/v), and Captan at 1.9 g/L were utilized for the subsequent steps
of the study.

3.2. Isolated and Identified Non-Fusarium Species

On P. pinaster seeds, the identified isolates included Aspergillus sp., Botrytis cinerea,
and Leptobacillium chinense. Botrytis cinerea was only detected in the negative control, while
L. chinense was found only in the ethanol 50% treatment. Aspergillus sp. was found in
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all treatments except for the positive control, hot water at 52 ◦C, and 1.9 g/L Captan.
The absence of B. cinerea on treated seeds, despite its presence in the negative control, is
noteworthy, as this species can pose a threat to nurseries due to its ability to infect container
grown seedlings, potentially leading to their death [45].

Pinus radiata seeds showed higher fungal diversity, with 4% MennoFlorades being
the only treatment with no fungal growth. The following species were identified on
P. radiata seeds: Echria macrotheca, Irpex laceratus, Chromelosporiopsis carneum, Cladosporium
cladosporioides, Neurospora crassa, Peziza varia, Pezizaceae sp., Aequabiliella effusa, Sistotrema
sp., Coniochaeta decumbens, Coniochaeta hoffmannii, Coniochaeta acaciae, and Trichodelitschia
bisporula. None of these species have been reported as potential Pinus pathogens, with most
being endophytes or saprophytes [46–53].

No fungal growth was detected on P. pinea seeds, aside from the F. circinatum colonies
and some Trichoderma sp. isolates on the negative control.

3.3. Nursery Germination Assays

To evaluate the impacts of the selected treatments (4% MennoFlorades, hot water at
60 ◦C, and 1.9 g/L Captan) on Pinus pinaster seed germination and plant quality, large-scale
germination assays were conducted in partnering nurseries. The germination rate for
each treatment was determined at 1 and 2 months post-sowing, with a control group of
non-treated seeds included in each nursery, and these results are presented in Table 3 and
in Supplementary Materials Table S3.

Table 3. Average germination rate (%) after Pinus pinaster seed disinfection with the different
treatments in nurseries at 1 and 2 months post-sowing. In each column, data followed by different
letters were significantly different according to Tukey’s pairwise test (p < 0.05).

Germination Rate Post-Sowing (%)

Nursery A B

Treatment 1 Month
2

Months
1 Month

2
Months

MennoFlorades at 4% for 60 m 54.30 a 63.19 a - -
Captan at 1.9 g/L - - 15.63 a 48.54 a

Hot Water at 60 ◦C for 15 m - - 16.32 a 59.03 b
Control 59.41 a 66.96 a 17.5 a 55.21 b

In nursery A, the germination rate for seeds treated with MennoFlorades were not
significantly different from the control group in both months. In contrast, in nursery B,
seeds treated with 1.9 g/L Captan had a significantly lower germination rate compared
to the control group. The hot water treatment, while not significantly different from the
control group, showed an average germination rate of 59.03% at two months post-sowing,
compared to 55.21% observed in the control group. The overall low germination rate ob-
served across both nurseries, for both treated and non-treated seeds, is likely due to the late
sowing in June instead of the usual sowing in March as a result of the COVID-19 pandemic
and associated restrictions. This delay, combined with the extremely high temperatures
during the summer period, negatively impacted germination rates, a phenomenon also
observed in our irrigation water nursery assays [21].

The plant certification process evaluated the P. pinaster plants that resulted from the
germination of treated and control seeds in both nurseries. This evaluation took place
7 months post-sowing and assessed compliance with several standards defined by the
applicable Portuguese legislation, as mentioned previously in Section 2.5. For P. pinaster
plants, the species-specific parameters include a maximum age of 1 year, a minimum height
of 7 cm, a maximum height of 30 cm, and a minimum root collar diameter of 2 mm. The
results of the plant certification evaluation are presented in Table 4.
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Table 4. Number of certified Pinus pinaster plants and respective parameters per nursery and treatment.

Certification

Nursery A B

Treatment
4%

MennoFlorades
Control Hot Water at 60 ◦C 1.9 g/L Captan Control

Alveoli (total) 1350 1350 1440 1440 1440
No. of plants/lot 853 904 1236 1163 1156

No. of certified plants 0 10 1150 1000 1075
% of certified plants 0.00 1.11 93.04 85.98 92.99

Mean height (cm) 4.88 4.63 17.11 16.78 18.33
Mean diameter (mm) 1.04 0.96 2.03 2.00 2.10

In nursery B, a high percentage of plants met the certification standards across all
treatments and the control group. The lowest certification rate was observed in plants
from 1.9 g/L Captan-treated seeds, where approximately 86% of the plants fulfilled the
certification requirements. The mean height of the plants was significantly above the legal
minimum of 7 cm, and the mean diameter was equal to or greater than the legal minimum of
2 mm for all tests. Conversely, in nursery A, the number of certified plants was significantly
lower. Only ten plants from the control group met the certification parameters, and no
plants from the MennoFlorades treatment did so. Both the mean height and diameter were
below the legal minimums in both the treatment and control groups. The late sowing and
intense heat during the period are likely reasons for these poor results obtained from this
nursery. However, it remains inconclusive whether MennoFlorades would negatively affect
the certification of Pinus seedlings under regular conditions.

Unlike a different study that had previously reported on P. radiata seeds treated with
hot water, where the germination percentage was as low as 45%–50%, even at lower
temperatures (54 ◦C) [30], our study showed promising results for P. pinaster seeds. These
differences could be attributed to the shorter exposure time of seeds to high temperatures,
which was one-half to one-third of that tested by Agustí-Brisach et al. [30]. Among all
the treatments, hot water at 60 ◦C for 15 min demonstrated no negative impacts on seed
germination or the percentage of certified plants and had a negligible effect on the mean
height and diameter of the resulting plants. These findings, combined with its low economic
impact for forest reproductive material (FRM) producers and its eco-friendly nature, make
this treatment an ideal candidate for application in nurseries as a preventive measure
against F. circinatum.

3.4. In Vitro Germination Assays

Alongside the nursery trials, in vitro germination assays were conducted by CENASEF
in accordance with ISTA standards. The treatments evaluated in these assays were the
same as those tested in the nurseries: MennoFlorades at 4% (v/v), Captan at 1.9 g/L,
and hot water at 60 ◦C. The results, shown in Figure 4 and in Supplementary Table S4,
indicate that the germination rate was close to 90% for most treatments and the control
group, with no significant differences between them (F = 3.87; df = 2.09; p = 0.20), with
1.9 g/L Captan showing an average germination rate of 84% compared to the 88.5% verified
for the control group. These findings are consistent with the ones of the nursery assays,
where Captan was the only treatment resulting in a pointedly lower germination rate
compared to the control. Moreover, hot water treatment did not negatively impact seed
germination, corroborating our nursery results. This is further supported by the study
of Jones et al. [54], which reported similar outcomes for seeds of another Pinus species,
namely, P. palustris. However, extended periods of hot water treatment (30 to 45 min), even
at lower temperatures (50–54 ◦C), have been reported to significantly impact P. radiata seed
germination [30].
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Figure 4. Average germination rate of Pinus pinaster per treatment from the in vitro CENASEF assays.
Error bars shown in the graph correspond to the standard deviations.

Higher germination rates were observed in the in vitro tests compared to the nursery
assays, which was expected given that ISTA standards ensure ideal conditions for seed
germination, conditions that are not always replicable in a real nursery context.

4. Conclusions

Given the significance of Pinus forests to the Portuguese environment and economy,
any strategy that can mitigate threats like potential contamination by Fusarium circinatum
is highly valuable. This is particularly true if the strategy is effective, environmentally
friendly, and economically viable on a large scale, such as in nurseries where most forest
reproductive material (FRM) for reforestation is produced.

Our study took an innovative lab to nursery approach, thus ensuring that the strate-
gies developed were based on scientific data and results, but always working in close
collaboration with FRM producers to ensure the viability of said strategies in practical and
economical contexts. This approach allowed us to identify several promising treatments
for seed disinfection that can be implemented in nurseries to prevent the spread of pine
pitch canker. When combined with other measures, such as irrigation water disinfection,
alternative substrates, as presented in our previously published work [21–24], and good
nursery practices, these treatments can significantly reduce the spread of F. circinatum in
both nurseries and forests. A technical manual based on our findings was composed [55]
and distributed to FRM producers’ nationwide, who are already implementing some of
the suggested strategies to prevent F. circinatum outbreaks in their nurseries, thus en-
suring healthier and more resilient pine populations and contributing to the long-term
sustainability of forest ecosystems.
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P. pinea seeds contaminated with Fusarim circinatum after disinfection treatment application; Table S3:
Germination rate (%) after Pinus pinaster seed disinfection with the different treatments in nurseries
at 1 and 2 months post-sowing; Table S4: Germination rate of Pinus pinaster per treatment from the
in vitro CENASEF assays.
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Abstract: Fungi can be used as bioindicators to assess the biodiversity and conservation status
of different habitats because of their high adaptability and sensitivity to changes in water, air,
and soil quality. In this study, records of macrofungi and lichenised fungi were extracted from
GBIF, surveyed using GIS software, and used to compare the fungal diversity of the Pyrenean
oak and chestnut groves of Castilla y León, analysing the possible implications of their
presence for the conservation of these forest habitats. In Quercus pyrenaica forests, a greater
number of lichen and macrofungi species and records were recorded than in Castanea sativa
forests, although the greater area occupied by the former could have influenced this diversity.
The higher presence of ectomycorrhizal macrofungal species in chestnut groves, as well as the
higher sensitivity to pollution of lichens in Pyrenean oak-dominated environments, showed
the relevance of the analysis of these data for a better understanding of the conservation status
of forest habitats. However, in order to obtain more accurate results, it would be necessary to
carry out specific studies on a smaller scale.

Keywords: chestnut groves; fungal diversity; Iberian Peninsula; lichens; macrofungi;
lichens; fungal diversity; Pyrenean oak

1. Introduction

The fungi kingdom is highly diverse, both taxonomically and in terms of life forms [1].
Macrofungi, which are distinguished by having spore-bearing structures visible to the
naked eye, belong mostly to the division Basidiomycota (although some may be Ascomy-
cota or even zygomycetes fungi). These organisms are usually saprobes or mycorrhizal
symbionts, but some are also pathogens of plants or other fungi [2]. Lichenised fungi are
an ecologically diverse and successful group living in symbiosis with photoautotrophic
organisms (algae or cyanobacteria) [3]. It is one of the most important life forms among
the Ascomycota, although some Basidiomycota also live as lichens [4]. The study of fungal
diversity is very valuable for assessing ecosystem quality because fungi participate in the
recycling of organic matter and improve the living standards of plant species through
symbiotic associations [5].

The detection of anthropogenic pollution impact is usually conducted through chemi-
cal tests, and physical parameters are measured directly from the environment [6]. However,

Forests 2025, 16, 9 https://doi.org/10.3390/f16010009
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in recent decades, bio-indicators have gained a lot of relevance and have been widely ap-
plied to assess alterations in the environment because they are cheaper than physical and
chemical indicators of environmental quality and can provide additional information on
the health status of ecosystems [7]. Biological indicators can be defined as species, groups of
species, or communities of a wide range of organisms whose presence, quantity, and nature
allow us to make inferences about the quality of the environment [8]. Usually, a group of
organisms or even a species is selected as the most appropriate bio-indicator in each envi-
ronment, depending on the studied habitats, the local conditions, and disturbances [9]. A
good bioindicator must have several characteristics, such as being easily identifiable, being
sensitive to small changes in the environment, or playing a relevant role in the dynamics
of ecosystems, among others [10]. However, it must be taken into account that no taxon
fits all these premises [11]. The main reflection of these biological indicators is manifested
through the biodiversity observed in an established area [12], and they can also act as early
warning signals as they provide information on measurable qualitative environmental
aspects according to their presence, absence, abundance, activity, morphology, physiology,
or behaviour [8]. This information could be used to identify negative or positive effects on
the environment so that conservation strategies may be considered [12].

The most commonly used biological indicators are plants, algae, and animals [13],
with fewer references to the use of fungi as bioindicators. Despite this, it is considered
that fungi possess the potential to act as efficient bioindicators due to their life cycle
characteristics, such as ubiquitous distribution, sensitivity, survivability, and tolerance
to a changing environment [14]. Their adaptability and sensitivity enable them to show
real-time responses to environmental changes and stressors in their habitats, making them
versatile and reliable tools for assessing the quality of the environment [5].

Fungi, given their diversity and wide range of ecological adaptations, are suitable
as bio-indicators for monitoring the following: water, air, and soil quality; the state of
agricultural and forest habitats; and the impact of climate change [15]. For example, lichens
are used as bioindicators of air quality because they acquire all their nutrients from direct
exposure to the atmosphere, which promotes the accumulation of air pollutants [16]. On
the other hand, the presence or absence of certain species of macrofungi can be used as
an indicator of the degree of disturbance of forest habitats [17], with poorly growing trees
producing fewer sporocarps from mycorrhizal species than healthy ones. In this context,
both lichens [18] and macrofungi [19] have been used in forest governance to identify forest
habitats in need of management measures.

The main objective of the present work is to analyse the diversity of macrofungi and
lichenised fungi in the chestnut (Castanea sativa Mill.) and Pyrenean oak (Quercus pyrenaica
Willd.) forests of the Castilla y León region (Central Spain) through the combined use of
records in databases and Geographic Information Systems (GIS). This diversity analysis
also makes it possible to assess the application of these organisms as bioindicators and to
understand the implications for the conservation of forest habitats.

2. Materials and Methods

2.1. Study Area

The study area was limited to chestnut and oak forest formations in the Castilla y
León region. For this purpose, the digital cartography of the Spanish Forest Map at a scale
of 1:25,000 [20] was obtained. The forest areas located within the boundaries of Castilla
y León were selected using the ArcGIS10.8 software package [21]. The main information
related to the forests analysed is summarised in Table 1. Then, the two types of habitats
studied were chosen from this area (Figure 1) and assigned to codes 9230 and 9260 within
the codification of the Habitats of Community Interest (HCI) of the European Union [22].
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Table 1. Main characteristics of the analysed forests in Castilla y León (C-NW Iberian Peninsula).
BioR: Biogeographic region; Nplot: number of plots; Has: number of hectares; Age: percentage of
trees with the indicated age; Other trees: second most reported tree species. Source: MFE [20].

Forest BioR Nplot Has
Age (in %)

Other Trees<30 Years 30–70 Years >70 Years

Pyrenean oak
Med 18,116 449,384 7.55 56.90 35.66 Quercus ilex L., Pinus pinaster Ait.,

Castanea sativa, Pinus sylvestris L.

At 4460 96,006 13.69 57.72 28.68
Quercus petraea (Matt.) Liebl., Betula
pendula Roth., Castanea sativa, Fagus

sylvatica L.

Chestnut
Med 1094 15,499 3.84 14.01 82.17 Quercus pyrenaica, Quercus ilex,

Pinus pinaster

At 305 4013 0.08 3.42 98.50 Quercus pyrenaica, Betula pendula,
Quercus robur L.

Figure 1. Distribution of Pyrenean oak (Quercus pyrenaica) and chestnut (Castanea sativa) forests in
Castilla y León region (C-NW Spain).

The territory of Castilla y León is spread over two different biogeographical regions,
the Atlantic region and the Mediterranean region, although the former is restricted to a small
area in the north of the region [23]. Precisely, the presence of these two biogeographical
regions underlines the relevance of the selected territory, as these two biogeographical
regions cover a large part of the European territory, with consequent climatic and ecological
differences. In order to compare the data from the two regions, the hectares occupied by
chestnut and Pyrenean oak in both biogeographical regions were calculated by GIS analysis.

2.2. Data Collection

The GBIF (Global Biodiversity Information Facility) database was used to obtain
the records of macrofungi and lichens [24,25]. First, all records of the fungi kingdom
and the phyla Ascomycota and Basidiomycota were downloaded. From this dataset,
the citations involved in the analysed area were selected (16,684 records), checking that
they were correctly georeferenced (non-georeferenced records and those with erroneous
georeferencing were excluded: 2020 records, mainly due to confusion between zone 29
and the correct zone 30) as well as their correct taxonomic categorisation [26] (information
was supplemented for some citations in which their Phylum, Class, Order, or Family was
not specified). Once the dataset was reviewed, occurrence citations were separated into
lichens (lichenised fungi) and macrofungi. In addition, the lichens and macrofungi present
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in the Pyrenean oak forests or chestnut groves of the studied area were selected separately,
with a buffer of 200 metres to avoid data loss due to inaccurate georeferencing because
of the orography. Thus, we worked with 5706 records (1484 records of macrofungi and
4222 records of lichens). Of these records, 93% were preserved records, and 7% were
human observations. Regarding the contribution of collections or institutions in this study,
90% of the data came from the herbaria of the University of León and the Royal Botanical
Garden of Madrid. A few fungal species were also eliminated from the records obtained
(80 records), which could fall under the definition of macrofungi [2] but are pathogens of
crop plants, e.g., Taphrina populina Fr.

2.3. Data Analysis

Different aspects such as species richness (alpha diversity), similarity between the two
habitats (beta diversity), macrofungi lifestyles, as well as lichen habit and sensitivity to
pollution were evaluated. The alpha diversity was calculated separately for both forest
habitats through the elaboration of lists of lichen and macrofungi species, both at the
general level for the whole study area and in the 10 × 10 km grids. In the latter case,
differences in alpha diversity in the study territory can be assessed within each of the
habitats and groups analysed. Beta diversity was assessed using the Sørensen Similarity
Index to compare the likeness in species of each fungal group in both forest types [27,28].

The assessment of the conservation status of the forest habitats was carried out by
analysing the life history of the macrofungi species and the sensitivity to pollution of the
different species of lichenised fungi present in the two forest types. To determine the mode
of life (mycorrhizal, saprophytic, and parasitic), basic literature was reviewed [29,30], while
data from various sources were used to assess the habit (corticolous, epiphytic, lignicolous,
muscicolous, saxicolous, and terricolous) and sensitivity to lichen contamination (low,
medium and high), according to scientific literature [31,32].

3. Results

3.1. Species Richness

The number of macrofungal species present in Quercus pyrenaica forests was 560 and
127 in Castanea sativa forests, while the number of lichen species was 526 in the former and
85 in the latter (Table S1). Therefore, fungal composition showed a higher alpha diversity in
Pyrenean oak forest formations for the two fungal groups, about 4.5 times higher in the case
of macrofungi and up to 6 times higher for lichenised fungi. In any case, these data must be
contextualised in relation to the surface area of each forest formation. The spatial analysis
showed that the hectares occupied by this species of oak in Castilla and León region were
about 545,390 ha, which is 5.78% of the total area of this region. Chestnut groves covered
about 19,512 ha, i.e., 0.21% of the study area. In relation to the number of species per UTM
10 × 10 grid squares (Figure 2), in Castanea sativa forests, the highest number of species
for lichens and macrofungi corresponded to the distribution of these forest ecosystems
(NW and SW of the region analysed). In the case of environments dominated by Quercus
pyrenaica, differences were detected for both groups of fungal organisms. There were more
species of macrofungi in the north and south-west of the study area, while lichenised fungi
were more numerous in the north-west and some south-eastern squares.

In both forest environments, species of macrofungi belonging to the phylum Basid-
iomycota predominated, with percentages above 90%, although the presence of species
belonging to Ascomycota was higher in the ecosystems dominated by Pyrenean oak, where
they accounted for 7.5% of the species recorded. As for the diversity of macrofungal orders,
10 orders were present in chestnut groves (one of Ascomycota), while 21 were present in
Quercus pyrenaica communities (three belonging to Ascomycota). The most represented
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orders were the same in both plant formations: Agaricales, Boletales, Polyporales, and
Russulales, except for the order Pezizales, which was not present in Castanea sativa forests.
The first four orders mentioned accounted for 71.5% and 78.7% of the macrofungal species
recorded in Pyrenean oak and chestnut groves, respectively, with the order Agaricales
being the most diverse, hosting just over 43% of the species in both ecosystems (Table S2).

Figure 2. Number of species of macrofungi (upper part) and lichenised fungi (lower part) in forest
formations of Castanea sativa (A,C) and Quercus pyrenaica (B,D) in Castilla y León (C–NW Spain).

In lichenised fungi, all belonging to the phylum Ascomycota, this pattern of diver-
sity was repeated in relation to the orders, with 19 in Pyrenean oak and 11 in chestnut
woods. The four most represented orders were the same in both environments (Cali-
ciales, Lecanorales, Peltigerales, and Pertusariales), accounting for 69.1% and 83.6% of the
lichens recorded. Among these orders, Lecanorales was notable, as it included 38.6% of
lichenicolous species in oak communities and 48.2% in chestnut communities.

The fifteen most abundant species of macrofungi and lichens were identified according
to the records assigned to Pyrenean oak and chestnut forests, and it was observed that only
five species coincide in both environments. These species are shown in Table 2 with grey
background. For lichens, among the fifteen most cited species in the two forest habitats,
twelve species coincided, as also shown in Table 2. Therefore, when comparing the two
environments, there was greater overlap between the dominant species of lichens than
of macrofungi.
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Table 2. Most frequent species of lichenised fungal macrofungi on Pyrenean oak and chestnut forest
formations in the study area. In brackets, number of records. In grey background, species identified
in both ecosystems.

Macrofungi Lichenised Fungi

Pyrenean Oak Chestnut Pyrenean Oak Chestnut

Peniophora quercina (Pers.)
Cooke (26)

Hymenochaete rubiginosa (Dicks.)
Lév. (5) Parmelia sulcata Taylor (137) Evernia prunastri (14)

Athelia epiphylla Pers. (22) Amanita muscaria (4) Evernia prunastri (L.) Ach. (108) Parmelia sulcata (12)
Peniophorella praetermissa (P.

Karst.) K.H. Larss. (17)
Hygrophoropsis aurantiaca (Wulfen)

Maire ex Martin-Sans (4)
Physconia distorta (With.) J.R.

Laundon (95) Lepra albescens (10)

Botryobasidium subcoronatum
(Höhn. & Litsch.) Donk (16)

Hyphoderma anthracophilum
(Bourdot) Jülich (4)

Parmelina tiliacea (Hoffm.)
Hale (88) Hypogymnia physodes (L.) Nyl. (8)

Ramaria formosa (Pers.) Quél. (16) Phanerochaete sordida (4) Ramalina fraxinea (L.) Ach. (86) Melanelixia glabra (7)
Phanerochaete sordida (P. Karst.) J.

Erikss. & Ryvarden (15)
Amanita pantherina (DC.)

Krombh. (3) Lecanora chlarotera Nyl. (78) Melanohalea exasperata (6)

Auriscalpium vulgare Gray(14) Byssomerulius corium (Pers.)
Parmasto (3)

Lepra albescens (Huds.)
Hafellner (75)

Pertusaria flavida (DC.) J.R.
Laundon (6)

Rhizopogon roseolus (Corda) Th.
Fr. (13)

Fistulina hepatica (Schaeff.)
With. (3)

Pseudevernia furfuracea (L.)
Zopf (75)

Hypocenomyce scalaris (Ach.) M.
Choisy (5)

Stereum hirsutum (Willd.)
Pers. (13)

Lyomyces crustosus (Pers.) P.
Karst. (3)

Physcia aipolia (Ehrh. ex Humb.)
Fürnr. (70) Lecanora chlarotera (5)

Efibula tuberculata (P. Karst.) Zmitr.
& Spirin (12) Peniophora quercina (3) Ramalina farinacea (L.) Ach. (65) Lobarina scrobiculata (Scop.)

Nyl. (5)
Mycena polygramma (Bull.)

Gray (11)
Radulomyces confluens (Fr.) M.P.

Christ. (3) Xanthoria parietina (L.) Th. Fr. (60) Nephroma laevigatum (5)

Phanerochaete velutina (DC.) P.
Karst. (11) Stereum hirsutum (13)

Melanelixia glabra (Schaer.) O.
Blanco, A. Crespo, Divakar, Essl.,

D. Hawksw. & Lumbsch (59)
Pertusaria pertusa (L.) Tuck. (4)

Amanita muscaria (L.) Lam. (10) Trametes versicolor (3)
Melanohalea exasperata (De Not.) O.
Blanco, A. Crespo, Divakar, Essl.,

D. Hawksw. & Lumbsch (55)
Physconia distorta (4)

Amphinema byssoides (Pers.) J.
Erikss. (10) Amanita gemmata (Fr.) Bertill. (2) Peltigera collina (Ach.) Schrad. (51) Ramalina farinacea (4)

Trametes versicolor (L.) Lloyd (9) Amanita rubescens Pers. (2) Nephroma laevigatum Ach. (50) Lecanora intumescens (Rebent.)
Rabenh. (3)

When comparing species richness between biogeographical regions, both in Quercus
pyrenaica and Castanea sativa communities, it was observed that the species richness of
macrofungi and lichens is much higher in the Mediterranean region than in the Atlantic
region (Table 3).

Table 3. Beta diversity between the two biogeographical regions of Castilla y León, both of lichenised
fungi and macrofungi in Castanea sativa and Quercus pyrenaica forests. SpAt: number of species in the
Atlantic region; SpMed: number of species in the Mediterranean region; SC: Species in common; Is:
Sørensen similarity index.

Forest Type Fungal Group SpAt SpMed SC Is

Pyrenean oak Macrofungi 240 408 88 0.27
Lichenised fungi 284 433 191 0.53

Chestnut
Macrofungi 2 126 1 0.01

Lichenised fungi 24 76 15 0.30

3.2. Beta Diversity

Macrofungi and lichenised fungi shared 87 and 79 species, respectively, between the
two forests. In the case of chestnut groves, they accounted for 68.5% and 92.9% of the
total number of species referenced for both groups of organisms. The results obtained
for Sørensen’s index in these two fungal groups were almost identical, 0.25 and 0.26,
respectively. The results obtained for Sørensen’s index were higher for lichens in Pyrenean
oak forests and showed very low values for macrofungi in chestnut forests (Table 3).
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3.3. Macrofungi Lifestyle, Habit and Environmental Sensitivity of Lichenised Fungi

Most of the macrofungal species were found to be saprophytic in both studied forest
formations. However, the proportion of saprophytic species was higher in Pyrenean oak
forests, with 71.8% compared to 55.1% in chestnut forests (Figure 3A). Similarly, chestnut
groves showed a higher proportion of mycorrhizal species (44.1% vs. 27.7%), while the
representation of parasitic species was less than 1%.

 

Figure 3. Lifestyle percentage of macrofungi registered species (A), percentage of lichen reported
species habit (B) and sensitivity to contamination of lichen registered species (in %) (C) in Castanea
sativa and Quercus pyrenaica forest ecosystems of Castilla y León region (C-NW Spain).

When comparing the habits of the lichenised fungi present in the two forest forma-
tions, it was observed that the three most common habits were epiphytic, saxicolous, and
corticolous (Figure 3B). However, in Pyrenean oak, saxicolous species dominated, whereas
in Castanea sativa trees, most were epiphytic. In addition, differences were also observed in
terricolous species, which were twice as common in Quercus pyrenaica. When analysing the
sensitivity to pollution of the lichen species present in both forest habitats, it was observed
that most of the Pyrenean oak species had a high sensitivity, in contrast to the chestnut
species, which mostly had a medium sensitivity (Figure 3C).

4. Discussion

The higher number of species of macrofungi and lichenised fungi in Quercus pyrenaica
forests compared to those recorded in Castanea sativa forests seems to be related to the extent
of these ecosystems in the studied region [2]. However, when assessing the relationship
between the species number and hectares of each forest formation, the chestnut groves
revealed higher species richness per hectare for both fungal groups. Similar results were
obtained in field works carried out in the NW Spain for epiphytic lichens [33] and in the
CW of the Iberian Peninsula for macrofungi [34]. Other studies carried out in smaller
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plots occupied by the analysed forest formations revealed higher alpha diversity associated
with Quercus pyrenaica than with Castanea sativa [35]. These results showed the importance
of local studies for a more accurate understanding of fungal diversity [36], but larger-
scale studies may have greater applicability for analysing phenomena such as global
change [37]. In any case, both forest types had a higher specific fungal richness than
other forest environments, such as pine forests of different species [33,38], although in this
case, greater human intervention in the management of these formations must be taken
into account [39]. Differences in the most frequent species might have been caused by
specific habitat characteristics such as resource availability, soil composition, or tree species
characteristics such as pH and bark texture [40].

The analysis of the species with the highest number of records in the consulted
databases led to the presence of typical species in other forest environments than that of
these two trees of the family Fagaceae. In Quercus pyrenaica forests, Auriscalpium vulgare or
Rhizopogon roseolus were frequently cited, while in chestnut forests, Hygrophoropsis auranti-
aca was registered (Table 2). All of these species are typical of coniferous forests [39]. The
presence of macrofungi associated with various pine species can be explained by the com-
position of Pyrenean oak forests in many areas of the Iberian Peninsula, where some species,
such as Pinus sylvestris L. may occur, sometimes to a remarkable extent [41]. The choice
of a 200 m buffer in the delimitation of mapped areas for Quercus pyrenaica habitats may
also have influenced a higher number of records of pine-associated macrofungal species,
although this type of buffer is commonly used in geographic vegetation analysis [42]. It
should be noted that other fungal species were also recorded in association with other
deciduous forest species, e.g., Xylaria carpophila (Pers.) Fr. on beechnuts of Fagus sylvatica L.
The growth of certain macrofungi associated with dominant tree species, such as Peniophora
quercina or Lanzia echinophila (Bull.) Korf indicates their ecosystemic role as recyclers of
plant material and their influence on the proper functioning of both environments [17].

The assessment of the most diverse macrofungal genera on chestnut groves revealed
that Amanita Pers., Cortinarius (Pers.) Gray., and Lactarius Pers., all essentially mycor-
rhizal [30], had the highest number of species. Other studies carried out in the same
environments in the northwest of the Iberian Peninsula [43] also showed a great diver-
sity of mycorrhizal genera. The higher species richness of the genus Cortinarius has been
highlighted as an indicator of mature forests [44], which for Castanea sativa forests in the
studied area could indicate a better conservation status compared to those in northeastern
Portugal [43]. The presence of ectomycorrhizal macrofungi also seems to have a relevant
role in the prevention of forest pathologies in chestnut groves, such as those caused by
various species of the genus Phytophthora de Bary [45]. In Pyrenean oak forest formations,
mycorrhizal genera such as Cortinarius, Russula Pers., and Lactarius also stood out for
their specific richness, although other saprophytic genera appeared, such as Mycena (Pers.)
Roussel and Marasmius Fr. The presence of saprophytic genera among the most diverse has
already been reported in other macrofungal analyses carried out in Quercus pyrenaica forests
in the Iberian Peninsula [46], which may indicate a greater use of these formations for
livestock [47] in relation to the smaller areas occupied by chestnut forests. A high stocking
rate could lead to a lower degree of conservation of Pyrenean oak ecosystems [48] and a
higher presence of saprophytic species [49].

The dominance of Basidiomycota taxa has already been reported in other studies [49,50],
although a higher diversity of Ascomycota associated with Pyrenean oak was observed.
This could be influenced by habitat-specific factors or particular ecological interactions,
as Ascomycota decrease with stand age and are displaced by Basidiomycota at those
developmental stages where mycorrhizal fungi are more abundant [50,51]. The lower
richness of Ascomycota in chestnut groves coincides with the findings of other studies [52]
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and could, according to these records, be related to a higher degree of maturity of chestnut
groves compared to Pyrenean oak forests in the Iberian Peninsula.

Some studies revealed a greater interest in fungal diversity in peninsular forest for-
mations in the Mediterranean region [53], which may explain the results obtained in the
analysis of records for the studied area, although the large surface area represented by the
Mediterranean region compared to the Atlantic region must also be taken into account. The
species number per hectare, however, was higher in the Atlantic region, except for the case
of the macrofungi that developed their fruiting bodies in Castanea sativa forests. These data
could be biased by the low number of citations in the Atlantic region, probably due to lower
sampling in that area and perhaps conditioned by the locations of chestnut groves in these
areas [54]. The higher species richness per unit area in the Atlantic biogeographic region is
probably due to the existence of more favourable climatic conditions for the development
of favourable habitats, as has been shown by comparing fungal diversity between the two
biogeographic regions [55] in other geographical areas where they coexist.

Beta diversity between the two forest environments showed a low similarity when
using any of the two fungal groups considered. The values obtained are similar to those
presented in other peninsular studies comparing macrofungal diversity in tree habitats of
various species of the genus Quercus L. [56] or even other wooded ecosystems in several
areas of the Mediterranean Basin [28]. In the case of lichenised fungi, some studies suggest
a greater species similarity between native trees in relation to other exotic species [57],
although the presence of many taxa is conditioned by factors other than the species acting
as a phorophyte, such as the age of the trees [58]. The use of other biological indicators
assessing the influence of bioclimatic regions on species similarity or divergence also
revealed that species distribution is influenced by other factors [59], such as the dominant
tree species [38]. Forest structure and dynamics, with circumstances such as forest age
or tree age, promote forests with more diverse structures, different substrate types and
microhabitats, which positively influences species diversity, especially rare, threatened, or
late successional species [40].

The analysis of macrofungal life forms in these two forest formations was carried out
in order to contribute to the assessment of the conservation status of the Pyrenean oak and
chestnut forests of the studied area. The predominance of saprophytic taxa in Pyrenean
oak ecosystems, as well as that of mycorrhizal species in chestnut forests, coincided with
analyses carried out in NE Portugal [35], although the percentage of saprophytic species
present in Quercus pyrenaica formations was higher in the studied area. An optimal con-
servation status in Mediterranean forest environments estimates an approximate presence
of 51% of saprophytic species, 47% of symbiotic species, and 2% of parasitic species [60],
which would indicate that the Pyrenean oak formations in the administrative region of
Castilla y León did not have an optimal conservation status [19]. The high percentage of
saprobes in the Pyrenean oak habitats was very similar to that obtained in studies carried
out in Mediterranean mixed Quercus forests, in which livestock use is considered to be
the main cause that may have conditioned the increase in macrofungal species with this
lifestyle [48,56]. The poor state of conservation of Pyrenean oak forest formations could be
due to the fact that many of them have been configured as pastures and a high stocking
rate, which would increase the level of organic matter and thus the amount of saprophytic
fungi, as pointed out in the analysis of the diversity of macrofungal genera. In contrast,
similar levels of saprophytic and mycorrhizal species were observed in the chestnut groves
of the study area, as was the case in a study carried out in a mature Mediterranean forest
dominated by holm oak in which the percentage of saprophytes decreased because the
forests were more closed with a diverse shrub substrate [49]. These factors, together with
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the orography and other issues [54], could have influenced Castanea sativa forests to show a
better degree of conservation than Quercus pyrenaica forests [19].

The most common habit of the lichenicolous species differed according to the forest
environment studied. This difference in the dominant habit might be conditioned by the
nature of each of these habitats since the distribution pattern of epiphytes and saxicolous is
very different, with saxicolous being more abundant in exposed rocky substrates of moun-
tainous habitats and epiphytes in mixed-use landscapes with a variety of substrates [61,62].
Thus, the dominance of saxicolous lichens in Pyrenean oak could be related to more rocky
substrates that favour these preferences [33]. Moreover, epiphytes need a certain degree of
shade and humidity to live, so in Mediterranean areas characterised by low rainfall, high
temperatures, and seasonal droughts, they would be more dependent on the nature of the
forest canopy and shrubs that provide shade and higher humidity to tree trunks [61,63].
Forests of both trees are able to create distinct microclimates under their canopy [64], so
the abundance of epiphytic lichens in chestnut groves could be due to the more suitable
environmental conditions for this habit, with sufficient light and less water deficit [65].

The known sensitivity of lichenised fungi to air quality, mainly sulphur and nitrogen
dioxide deposition, influences the richness and composition of forest lichens [66]. The
occurrence of species more vulnerable to pollution in Pyrenean oak might suggest that
these areas have better air quality in the study area. Air quality limits the possibility of
recolonisation of highly sensitive species characteristic of unpolluted environments [67],
which could have an impact on lower air quality in environments linked to chestnut forests.
In a study carried out in chestnut groves in southern Italy [68], it was observed that lichen
species less tolerant to environmental pollution were found further away from agroforestry
areas. Part of these tree formations in the study area were related to various human uses of
this tree (e.g., chestnut harvesting, basketry, etc.), as shown in a study carried out in the
northwest of the Iberian Peninsula [69].

Studies combining the use of databases and GIS are very rare, although this work
aims to show that databases with records of presence could be very useful for diversity
studies and for assessing the degree of conservation of forest formations, at least for initial
or preliminary evaluations. It should be noted that further studies and fieldwork on this
group of organisms are needed to better understand their ecology and their efficient use in
the management of the plant communities in which they develop their life cycles.

5. Conclusions

The use of biodiversity databases or repositories could be very useful for preliminary
analyses of the diversity of a given group of organisms over a large area. This type of
analysis with data taken in the field would be extremely complex to obtain for large
territories, so the use of these databases combined with the management of geographic
information systems would be a valuable tool.

Similarly, the use of these tools to use a group of organisms as assessors of the con-
servation status of forest ecosystems could be interesting as a preliminary step in more
comprehensive studies in more localised areas. More focused work planning in specific
areas could then be carried out in a more systematised and effective way.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f16010009/s1, Table S1. Species of macrofungi and lichens occurring
in Quercus pyrenaica and Castanea sativa forests of Castilla y León (C-NW Spain; in alphabetical order).
Source: GBIF (2023). Table S2. Main fungal Orders (in number of species) registered in Quercus
pyrenaica and Castanea sativa forests of the Castilla y León region (Spain). Source: GBIF (2023).
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Abstract: The pinewood nematode (PWN), Bursaphelenchus xylophilus, is the causal agent of pine wilt
disease and is considered an A2 quarantine organism by the European Plant Protection Organisation.
In Europe, this nematode has been reported in Pinus pinaster, P. radiata, and P. nigra. In May 2024,
severe wilting symptoms were observed in P. sylvestris trees at Serra da Lousã (Coimbra, the central
area of continental Portugal). Wood samples were collected from six wilted trees, and the presence of
PWN was investigated. From these, B. xylophilus specimens were detected in five out of the six trees.
Species identification was performed based on species-specific morphological diagnostic characters,
and this was confirmed by real-time PCR using species-specific primers targeting the B. xylophilus
satellite DNA region. This study presents the first detection of B. xylophilus in P. sylvestris in Portugal
and in Europe.

Keywords: detection; morphology; pinewood nematode; Pinus sylvestris; real-time PCR

1. Introduction

The pinewood nematode (PWN), Bursaphelenchus xylophilus (Steiner & Buhrer, 1934)
Nickle, 1970, an A2 quarantine organism according to the European Plant Protection
Organisation (EPPO) is the causal agent of pine wilt disease (PWD) and is a major pathogen
of conifers, which has negative impacts on forest health, natural ecosystem stability and
on international wood trade. Species belonging to the genus Pinus are the main PWN
hosts, and PWN transmission is carried out by insects, mostly belonging to the genus
Monochamus (Coleoptera-Cerambycidae) [1]. Pinus mugo Turra, 1764 (dwarf mountain
pine), P. nigra J.F. Arnold, 1785 (black pine), P. pinaster Aiton, 1789 (maritime pine) and
P. sylvestris Linnaeus, 1753 (Scots pine) are among the most susceptible European Pinus
species [2]. The P. sylvestris species are considered at risk in the northern and central areas
of the EPPO region, whereas P. mugo, P. nigra, and P. pinaster are threatened in central and
southern areas [1].

Bursaphelenchus xylophilus is a native species from North America, and it spread to
Japan in the early XXth century and then into China, Korea, and Taiwan [1]. In Europe, the
first detection was in 1999, in Continental Portugal, associated with P. pinaster [3]; in 2008, it
was detected for the first time in Spain [4,5]; and in 2009, in Madeira Island in P. pinaster [6].

Following the detection of PWN in Portugal and in Europe, strict measures and control
actions were immediately designed and implemented to prevent further PWN dispersal
into other European countries. According to national and European Union rules, thousands
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of Pinus spp. wood samples have been collected and analyzed. Since then, the PWN was
also reported in P. radiata D. Don, 1836 in Spain [7] and in P. nigra, in Portugal [8].

The Scots pine (P. sylvestris) is the most widespread species of the Pinus genus in the
world and is native to Eurasia. It occupies naturally a territorial range from the Iberian
Peninsula in the west to the far east of Russia [9,10]. It grows at a wide range of altitudes,
from sea level to high mountains, in different soils, and in areas with different mean annual
precipitation levels and extreme temperatures. Portugal represents the outermost western
limit of Scots pine’s natural range, and this species appears naturally in forest areas of high-
altitude mountains from the north and central regions of Portugal (Marão, Peneda-Gerês,
Lousã, Estrela) [11].

In the United States of America (USA), Canada, and Japan, B. xylophilus was already
detected in P. sylvestris declining trees [12–17]. In Europe, to date, several field surveys
have been conducted to determine the incidence and distribution of Bursaphelenchus species
in P. sylvestris stands. Although there were no records of PWN in P. sylvestris, several other
species, including B. mucronatus Mamiya & Enda, 1979 of the Xylophilus group, have been
found associated with trees showing different degrees of decline [17–20]. This study has a
main objective to assess the presence of B. xylophilus in P. sylvestris trees displaying wilting
symptoms at Serra da Lousã, Portugal, using species-specific morphological diagnostic
characters and real-time PCR.

2. Materials and Methods

2.1. Wood Sampling and Nematode Extraction

Six P. sylvestris trees displaying severe wilting symptoms, without needles, were
sampled for the presence of PWN at Serra da Lousã, a mountain located at the south-
western extremity of the European Central Cordillera with 15,158 ha and with 1204 m at
the highest point [21]. Wood samples (one sample per tree) were collected at different
points of the main trunk, at breast height, using a low-speed drill, and kept in plastic
bags until nematode extraction. Nematodes were extracted by the tray method [22]. After
48 h, nematodes were collected, handpicked for morphological and molecular studies, and
transferred to the fungus Botrytis cinerea Persoon, 1794 grown at 25 ◦C on malt extract agar
medium (BD Difco, Franklin Lakes, NJ, USA) to obtain a nematode isolate [23].

2.2. Morphological Characterization

Females and males extracted from the wood samples were killed by heat in a drop
of water on a cavity glass slide, mounted in water, immediately photographed, and mor-
phologically characterized based on the species-specific diagnostic characters [17,24,25].
Photographs were taken with a Leica DM 2500 bright field light microscope using a Leica
DFC 450 digital camera (Wetzlar, Germany).

2.3. Real-Time PCR

DNA from five nematodes collected from each wood sample was extracted by a sim-
plified procedure described by [26] and included in EPPO standard diagnostic PM 7/4 (4)
Bursaphelenchus xylophilus [25]. Real-time PCR reactions were performed using the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) in 20 μL reactions
containing 5 μL of extracted genomic DNA, 10 μL of 2× NZYSpeedy qPCR Probe Master
Mix (NZYtech, Lisbon, Portugal) and 200 nM of each primer and probe. Primers BSatF (5′-
TGACGGAGTGAATTGACAAGACA-3′) and BSatRV (5′-AAGCTGAAACTTGCCATGCTA
AA-3′) and the fluorogenic TaqMan probe BSatS (5′-ACACCATTCGAAAGCTAATCGCCTG
AGA-3′) were designed by [27] for B. xylophilus species-specific detection based on the
determined sequence of B. xylophilus satellite DNA and were used in this assay for the
specific detection of PWN by real-time PCR, as recommended by EPPO [25]. Thermal
cycling conditions consisted of 3 min at 95 ◦C, followed by 30 cycles of 5 s at 95 ◦C and
30 s at 60 ◦C. Data were analyzed using Bio-Rad CFX Manager 3.1 software, according to
the manufacturer′s instructions. Ct values were calculated by the software by determining
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the PCR cycle number at which the reporter fluorescence surpassed the background. The
following controls included (i) negative isolation control (NIC) to monitor contaminations
during DNA extraction—DNA extracted from five nematodes isolated from wood samples
belonging to other families; (ii) positive isolation control (PIC) to ensure that DNA of
sufficient quantity and quality is isolated—DNA extracted from five cultured B. xylophilus
nematodes (isolate BxPt17AS); (iii) negative amplification control (NAC) to discard false
positives due to contamination during reaction mix preparation—with molecular grade wa-
ter used to prepare reaction mixs; and (iv) positive amplification control (PAC) to monitor
the efficiency of the amplification—DNA previously extracted from cultured B. xylophilus
(isolate BxPt17AS). Triplicate reactions for each control and sample were performed.

3. Results

Morphologically, the presence of B. xylophilus was detected in five out of the six
wood samples collected from P. sylvestris trees. In trees 3 and 6, different developmental
stages were detected (adults, propagative, and JIII dispersive juvenile stages) (Table 1).
The males (Figure 1A–D) and females (Figure 1E–G) exhibited the main characteristics
of B. xylophilus [17,24,25]: all specimens displayed a high cephalic region offset by a
constriction, with six lips; a stylet with weakly developed basal knobs; a large medium
bulb (Figure 1B,C); and an excretory pore either at or behind the median bulb (Figure 1C).
Males (Figure 1A) had a strongly curved ventral tail, conoid, with a small terminal bursa,
which could be seen in the dorso-ventral position, long spicules, a capitulum flattened with
small condylus and a distinct rostrum, with a disc-like projection (cucullus) at the distal
extremity (Figure 1D). Females presented a long post-uterine sac and vulva, usually at
70%–80% of the body length; a distinct vulval flap (Figure 1F); and a rounded tail with the
absence of a mucro was observed (Figure 1G).

Table 1. Number of Bursaphelenchus xylophilus and other nematodes/100 g of wood collected from six
Pinus sylvestris trees in Serra da Lousã (Coimbra, Portugal).

B. xylophilus/100 g
P. sylvestris Wood Sample (g)

Juveniles Females Males
Other Nematodes/100 g

Tree 1 140 3 * ---- ---- 185

Tree 2 145 ---- ---- ---- 131

Tree 3 134 212 ** 345 370 376

Tree 4 136 4 * ---- ---- 52

Tree 5 133 5 * ---- ---- 79

Tree 6 139 91 ** 29 28 286
* JIII dispersive juvenile stages; ** propagative and JIII dispersive juvenile stages.

In trees 1, 4, and 5, only JIII dispersive juvenile stages were detected. In all samples,
other nematodes (bacterivores and fungivores) belonging to the orders of Rhabditida and
Panagrolaimida [28] were detected (Table 1).

Real-time PCR amplifications (Figure 2) confirmed the morphological identification.
Genomic DNA from the five nematodes extracted from trees 1, 3, 4, 5, and 6 was specifically
amplified as in the positive controls (PIC and PAC), while fluorescence remained below the
threshold values for the negative controls (NIC and NAC) (Figure 2).
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Figure 1. Light microscopic photographs of Bursaphelenchus xylophilus from Pinus sylvestris, collected
at Serra da Lousã (Coimbra, Portugal), killed with heat and mounted in water. (A) Male (entire body);
(B) anterior region; (C) medium bulb region; and (D) male tail. (E) Female (entire body); (F) vulvar
region; and (G) female rounded tail. St: stylet; EP: excretory pore; MB: median bulb; Sp: spicules; Cu:
cucullus; VF: vulvar flap; and An: anus.

Figure 2. Real-time polymerase chain reaction assay for Bursaphelenchus xylophilus for species-specific
detection based on a sequence of B. xylophilus satellite DNA using the Bio-Rad CFX96 Touch™
Real-Time PCR Detection System. The assays were conducted with five nematodes collected from
suspensions obtained from six Pinus sylvestris trees (trees 1, 3, 4, 5, and 6—see Table 1). NIC: negative
isolation control; NAC: negative amplification control; PIC: positive isolation control; and PAC:
positive amplification control. Data from 1 of 3 technical replicates.
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4. Discussion

This study represents the first report of PWN, an A2 EPPO quarantine organism, in
P. sylvestris in Europe’s natural environment. The presence of the PWN in Europe exempli-
fies the severe environmental and economic impacts that an invasive forest organism can
have on pine forests and forest-based industries. The detection of PWN in Portugal has
prompted severe control measures on the movement of susceptible wood products and
coniferous wood within the EU. To prevent the introduction of PWN and its spread to new
areas, Portugal has faced strict restrictions on the movement of plants, woody material,
and forest products and implemented control and management strategies in forested areas,
including (i) prospection and field surveys; (ii) the eradication of infected trees (iii) the
management of tree decline and monitoring of the insect vector and other agents of decline;
(iv) insect trap installation; and (v) the treatment and processing of host coniferous prod-
ucts [29]. To date, in Europe (Portugal and Spain), the PWN has been reported in P. pinaster,
P. radiata, and P. nigra [3–8].

Scots pine is one of the most commercially important species, not only in Central
Europe but also across Eurasia. The wood is workable and is one of the strongest softwoods.
It is widely used in building and construction, furniture, pulp, and paper. The wood is
durable in wet conditions, making it historically valuable for mining props, waterwheels,
and piles. Additionally, Scots pine is often employed in land reclamation and for stabilizing
loose sand due to its tolerance for poor soils [10,30].

The PWN detection in P. sylvestris within the context of climate change presents
an ecological and economic threat to European forests due to the high susceptibility of
this pine species to the PWN and due to its great distribution in European territories.
Warmer temperatures and altered precipitation create more favorable conditions for PWN
dissemination. In Europe, under current climate conditions, only 4.7% of P. sylvestris
habitats are predicted to be at risk of being infected by the PWN, but by 2070, this percentage
will rise to 61.9% on average, according to a predicted climate change scenario [31].

The high susceptibility of this pine species to the PWN has been confirmed in several
research studies under artificial conditions [32–37]. Moreover, injured roots and stems
of P. sylvestris seedlings could be infected with the PWN through nematode-infected
sawdust [38], and PWN can persist for at least six years in 20-year-old inoculated P. sylvestris
trees [39]. Concerning the insect vector, in Europe, Monochamus galloprovincialis (Olivier,
1795) is the main vector, and the most important hosts of M. galloprovincialis are pines,
mainly P. sylvestris, P. nigra, P. halepensis Mill., 1768, and P. pinaster [1,40]. In Portugal,
P. pinaster seems to be the favorite host for M. galloprovincialis; however, studies on feeding,
oviposition, and attractive volatiles revealed that P. sylvestris can also be a good host for the
insect vector [40–43].

5. Conclusions

This study presents the first detection of PWN in P. sylvestris in Portugal and in Europe.
Species identification was based on species-specific morphological diagnostic characters
and on real-time PCR, using species-specific primers targeting the B. xylophilus satellite
DNA region. This study also adds valuable information to the current situation of the PWN
in the EPPO zone, underlines the need for comprehensive PWN surveys across various
pine species in Europe, and highlights the need for the implementation of integrated
preventive measures by European countries to prevent the spread of PWN to uninfected
areas where P. sylvestris is predominant, especially considering the challenges posed by
climate change scenarios.
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Rostislav Zemek

Received: 28 February 2023

Revised: 10 April 2023

Accepted: 13 April 2023

Published: 20 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Distribution and Prolonged Diapause of the Rowan Seed
Predators Argyresthia conjugella (Lepidoptera: Yponomeutidae)
and Megastigmus brevicaudis (Hymenoptera: Torymidae) and
their Parasitoids in Norway
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Abstract: The seed predator Argyresthia conjugella Zeller has rowan as its preferred host plant. In
years of poor fruiting in rowan, it oviposits on apples. To improve the knowledge of this apple pest,
rowanberries were collected from localities all over Norway from 1971 to 1985, and seed predators
and their parasitoids were allowed to emerge for up to five years. Two species of seed predators,
A. conjugella and Megastimus brevicaudis Ratzeburg, and seven species of parasitic Hymenoptera
were common. The distribution of these species is shown on EIS (European Invertebrate Survey)
maps of Norway. The biology of the parasitoids is summarized based on the published literature
and their behavior during emergence. The tendency for delayed emergence, which is an indication
of prolonged diapause, was more pronounced in M. brevicaudis than in A. conjugella, the former
appearing in all five years. Five of the parasitoids also delayed their emergence, and three of them
to a high degree, up to five years. Prolonged diapause must be taken into account in studies of
rowanberry insect guilds.

Keywords: apple fruit moth; masting; Microgaster polita; mountain ash seed chalcid; natural enemies;
Sorbus aucuparia; Torymus aucupariae

1. Introduction

Rowan (mountain ash), Sorbus aucuparia L., is distributed in the forest belt of the
northern temperate zone [1]. Rowan grows along the forest edges, in mixed stands of
deciduous trees, or in open places in the forest [2]. The fruiting of rowan is intermittent,
which is a phenomenon called masting [3]. The masting of rowan is synchronous over large
areas and has probably evolved as a defense against seed predators [4]. In Scandinavia,
two univoltine seed predators are common in rowan, the apple fruit moth, Argyresthia con-
jugella Zeller, and the mountain ash seed chalcid, Megastigmus brevicaudis Ratzeburg [4–6].
Both species are seed predators in their larval stage but differ in their overwintering habits.
When fully grown in the autumn, A. conjugella larvae vacate the berries and hibernate as
cocooned pupae in the litter layer [5,7], whereas M. brevicaudis larvae stay in the seeds
through the winter and pupate there in the spring [8–10].

Prolonged diapause is a counter-adaptation to masting that allows seed predators
to escape the poor crop years [11,12]. This trait is common in seed predators [11,13–15]
and has also been found in M. brevicaudis [4,5] and A. conjugella [4,16,17]. Both masting
and prolonged diapause will obviously affect parasitoids and other natural enemies of
A. conjugella and M. brevicaudis [18–20], and prolonged diapause has been reported for
some of the species at this trophic level as well [4,5].

Another way for the seed predators to escape poor crop years is to search for other
host plants. In Fennoscandia, A. conjugella has long been known as a serious pest of apple in
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the intermasting years of rowan [21]. However, A. conjugella is usually not able to complete
its life cycle in apple ([17], N.T. and S.K. pers. obs.). Thus, the risk of A. conjugella attacking
apple at a certain location depends on the relationship between the local population size
of viable moth larvae emerging from rowan one year and that of the rowanberry crop
next year [22,23]. Based on this principle, a warning system for Norwegian apple growers,
now incorporated in the VIPS platform [24,25], was developed during the 1970s [23]. This
warning system has also generated a valuable long-term data series on rowanberries [26,27],
apple fruit moth larvae, and their parasitization rate [4,19].

The research made back in the 1970s and 80s to increase the knowledge on A. conjugella
also produced some data that are still largely unpublished. In this paper, we summarize
the data from two such studies, one on the geographical distribution of rowanberry seed
predators and their parasitoids, and one on the occurrence of prolonged diapause in these
insects. Only some of the data on the four most common species have been briefly presented
elsewhere as support for a co-evolutionary relationship between rowan and associated
insects [4]. Our objectives are to (1) increase the knowledge of seed predators and their
parasitoids in Norwegian rowanberries and compare it to a Swedish rowanberry study
conducted by O. Ahlberg 50 years earlier [5], and (2) explore the propensity for prolonged
diapause in these species, thereby indicating which ones may be underestimated in (1).

2. Materials and Methods

2.1. Sampling of Rowanberries

The first Norwegian large-scale sampling of rowanberries to map the apple fruit
moth and other insects in the berries was carried out in August 1971, when the research
entomologist T. Edland collected berries from more than a hundred sites in South Norway.
The mapping continued in 1975 and lasted till 1984, aiming to cover the whole European
Invertebrate Survey (EIS) grid of Norway. This grid consisted of 189 modified 50 × 50 km
UTM squares [28]. Most samples contained 1–3 kg of berries, preferably from more than one
tree per site, and were collected by agricultural advisors through the Norwegian warning
system for apple fruit moth [23]. In the study period, this system encompassed 26–105 sites
with rowan trees in regions with commercial apple production, and all of them were in
South Norway. From each site, samples of 100 berry clusters were collected in early August
and transported to NIBIO at Ås, which is 30 km south of Oslo. The surplus berries from
these samples not spent in the warning system were used to rear adult insects for the
mapping. In addition, hundreds of berry samples were collected from North Norway and
parts of South Norway not covered by the warning system, mostly in the period 1975–1982.

2.2. Rearing of Insects for the Mapping

Before 1978, each berry sample was put in a clay pot with Sphagnum in the bottom and
overwintered at 3 ◦C in the dark. From 1978, the overwintering took place under outdoor
conditions in an insectarium, storing each sample in a 30 × 60 cm paper bag with a roll of
corrugated cardboard (diameter 5–8 cm, length 5 cm). The Spaghnum and the cardboard
served as preferred pupation sites for A. conjugella emerging from the berries, enabling
easy sampling of this stage for the warning system. In early spring, about 1 kg of berries
from each clay pot or paper bag was transferred to flowerpots (diameter 14 cm) with a
transparent lid. The cardboard roll was also transferred. The inside of the flowerpots was
lined with black cloth at the bottom and white filter paper on the walls for easier inspection.
The flowerpots were kept in a greenhouse until the night frost had ceased, and then under
outdoor conditions. They were checked for living imagines at least three times a week for
as long as A. conjugella or any hymenopterans emerged.

2.3. Study of Prolonged Diapause

Some of the berry samples collected through the warning system in the years 1978–1984,
i.e., from apple production areas in South Norway, were kept to study delayed emergence
after they had been used for the mapping described above. They were pooled into plastic
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buckets from the flowerpots and kept for 4 more years. There were three such buckets from
each year in the period, with each bucket containing berries and cardboard rolls equivalent
to about 5 kg of fresh material. The buckets were wrapped in black plastic and stored at
3 ◦C in the dark. In mid-May, the buckets were exposed to outdoor conditions for as long
as A. conjugella or any hymenopterans emerged in a glass collector mounted at the top,
usually for two to three months. Emerging insects were removed and counted.

2.4. Identification of Emerged Imagines

Usually, more than 50 mounted specimens of each Hymenoptera species were sent to
K.-J. Hedqvist, Swedish Museum of Natural History, Stockholm, for identification. Some
were also sent to K. Horstmann, Zoologisches Institut, Würzburg. Based on reference
specimens and additional information given by Hedqvist, T. Edland and S. Kobro identified
and counted the emerging Hymenoptera and A. conjugella. Voucher specimens were de-
posited at the entomological collections at NIBIO, the University of Oslo, and the University
of Bergen.

3. Results

3.1. The Species Found and Their Geographical Distribution

In addition to the two seed predators, seven species of hymenopteran parasitoids
emerged from the rowanberry samples in significant numbers (Figures 1 and 2). The
fruit moth was more numerous than the seed chalcid, even if some fruit moths had
been removed with the cardboard rolls. All nine species emerged from berries, and only
A. conjugella and its specialist parasitoid, Microgaster polita Marshall [5], emerged from the
corrugated cardboard.

 

Figure 1. Numbers of the two seed predators and seven parasitoids emerging from rowanberry
samples the year after berry collection. Pooled data for berry samples collected 1977–1981 and used
for EIS-mapping. The two species of Bracon were not separated before 1980.

The distribution of the nine species found during this study is shown in Figure 3.
Most EIS grid squares were sampled at least twice, but some were not sampled due to a
lack of rowan or rowan with berries. A. conjugella was found north of 70◦ N in all three
northernmost squares where it occurred. A few berry samples were collected in two squares
north of this (no. 182 and 183), but no insects emerged. M. brevicaudis was found north of
69◦ N in two squares.

The parasitoid M. polita closely followed the distribution of its host A. conjugella, also
in the far north. The host associations of the other parasitoids are probably looser and will
be discussed later. Only two of them were confined to South Norway, but one of these
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(Bracon pulcher Bengtsson) was also the least abundant species (Figure 1); moreover, it was
not distinguished from Bracon conjugellae Bengtsson before 1980.

 

Figure 2. Photos of the nine species commonly reared from rowanberries (date of hatching):
Two seed predators, Argyresthia conjugella (living specimen) and Megastigmus brevicaudis (25 April
1980), and seven parasitoids, Bracon conjugellae (10 May 1982), Bracon pulcher (August 1982),
Dicladocerus westwoodii (3 August 1980), Enytus neoapostata (20 May 1985), Microgaster polita (10 May
1976), Scambus calobatus (30 March 1981), and Torymus aucupariae (24 April 1981). Photos by K.
Westrum/NIBIO, except for A. conjugella by S. Kobro/NIBIO.

Figure 3. Geographical distribution of the insects commonly reared from rowanberries col-
lected 1971–1984, plotted in The European Invertebrate Survey (EIS) grid of Norway [28].
Argyresthia conjugella and Megastigmus brevicaudis are seed predators; the others are parasitoids.
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3.2. Prolonged Diapause

The ability of prolonged diapause, as indicated by the adult emergence two or more
seasons after collecting the berries, was found in both species of the seed predators and in
five of the seven parasitoids. A much bigger fraction of M. brevicaudis than A. conjugella
delayed their emergence, and for a longer period (four vs. two years of maximum delay;
Figure 4a). The fraction of delayers in the five parasitoid species was either small or
large: two species delayed to a small degree (<20%) and three to a large (>80%; Figure 4b).
One species, Torymus aucupariae Rodzianko, even peaked three years after sampling and
also emerged in the fifth year. Dicladocerus westwoodii Westwood and Scambus calobatus
Gravenhorst were not found to delay their emergence at all.

  
(a) (b) 

Figure 4. Relative annual emergence of adults for each of the insect species exhibiting delayed
emergence from the rowanberry samples kept for five years. Pooled data for berries collected
1978–1984; species sorted by proportion emergence in year n + 1: (a) The two seed predators. (b) The
five parasitoids.

4. Discussion

4.1. Geographical Distribution of the Seed Predators

The two seed predators of rowan, A. conjugella and M. brevicaudis, were found in
most of Norway, with the fruit moth occurring somewhat further north than the seed
chalcid (70 vs. 69◦ N). Such a close relationship between the geographical distribution of
A. conjugella and its host plant, rowan, was hypothesized in 1906 [29] and was also found
almost 100 years ago in the Swedish rowanberry study [5].

A third seed predator of rowan, the sawfly Hoplocampa alpina (Zetterstedt), is present
in Scandinavia [30], but it did not emerge in the study presented here. This was also the
case in the older Swedish study [5]; a possible reason for this being that its larvae exit
the berries earlier than A. conjugella and thus were absent when samples were taken. A
gall midge may also be part of the herbivore complex living in rowanberries ([31], S.K.
pers. obs.). Rowanberries could thus be a good model system for studying competitive
interactions in a confined space.

4.2. Biology and Distribution of the Parasitoids

The seven parasitoid species regularly emerging from the collected berries were from
four families of Hymenoptera (Table 1). As the rowanberries were picked from the trees
before A. conjugella larvae exited the berries and M. brevicaudis does not pupate until spring,
all seven species must be larval parasitoids that are able to locate the larvae inside the
berries. M. polita is a koinobiont as it allowed its host A. conjugella to enter the corrugated
cardboard before killing it. The preferred host in rowanberries for the other six parasitoids
is less clear. In the Swedish study [5], where at least five of these occurred, Ahlberg did
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make an effort to find the host of each (Table 1). However, most of the parasitoids are
idiobionts and, therefore, are likely to be able to exploit more than one of the host taxa
present in rowanberries [32,33].

Table 1. Overview of the seven larval parasitoids (Hymenoptera) regularly emerging from rowanber-
ries collected in Norway 1971–1984 and what is known about their biology.

Species Family
Type of Parasitoid
(Host Groups Known)

Host in
Rowanberries
(Ahlberg 1927) [5]

References

Bracon (Glabrobracon)
conjugellae
(Bengtsson, 1924)

Braconidae
Idiobiont ectoparasitoid of concealed
hosts (Megastigmus brevicaudis,
Argyresthia conjugella, and Pontiana)

M. brevicaudis [5,34–36]

Bracon(Glabrobracon)
pulcher
(Bengtsson, 1924)

Braconidae
Ectoparasitoid of concealed hosts
(M. brevicaudis, A. conjugella, and
Metzenera lapella)

M. brevicaudis [5,34–36]

Dicladocerus westwoodii
Westwood, 1832 Eulophidae Idiobiont ectoparasitoid

(various Lepidoptera and Diptera) A. conjugella 1 [37,38]

Enytus neoapostata 2

(Horstmann, 1969)
Ichneumonidae Koinobiont endoparasitoid

(Depressaria assimilella)
This parasitoid not
found by Ahlberg? 3 [39,40]

Microgaster polita 4

Marshall, 1885
Braconidae Koinobiont endoparasitoid

(A. conjugella) A. conjugella [5,41,42]

Scambus calobatus
Gravenhorst, 1829 Ichneumonidae

Idiobiont ectoparasitoid
(various Lepidoptera, Coleoptera,
and Hymenoptera)

A. conjugella 5 [5,29,40,43]

Torymus aucupariae
Rodzianko, 1908 Torymidae Not known?

(Megastigmus) M. brevicaudis 6 [5,37]

1 In Ahlberg (1927), the name of D. westwoodii was Diglyphus rugifrons Thomson 1878 [37]. 2 At the time of the
study, this species was in the genus Diadegma. 3 Ahlberg found Angitia exareolata (Ratz.). Horstmann 1969 [39]
synonymized this with Diadegma apostata (now Enytus apostata, [44]), and noted some confusion on the identity
of apostata specimens collected by Thomson. 4 At the time of study, the name of this species was M. politus.
5 In Ahlberg (1927), S. calobatus was in the genus Epiurus. 6 In Ahlberg (1927), T. aucupariae was in the genus
Syntomaspis [37].

Moreover, most of the parasitoids are also known from other habitats than rowan
trees (Table 1), and some of them are found on exophytic hosts. In particular, S. calobatus
is reported to have a wide range of hosts and host habitats [34,43], including other para-
sitoids. D. westwoodi is also a habitat generalist and is reported as a parasitoid of various
Lepidoptera that feed on conifer needles [38,45]. However, there is still a lot we do not
know about these wasps. For example, B. conjugellae was recently reared from Pontania
galls on Salix [35], after more than a hundred years with only rowanberry associations in
the literature. Nevertheless, the conclusion from the Swedish study [5] also holds for the
Norwegian one: M. polita is the most important parasitoid of the apple fruit moth, both
because of its abundance and because it seems to be the only A. conjugella specialist. For
M. brevicaudis, the little studied T. aucupariae may be the most important parasitoid.

Berry sampling has been the approach in all the studies on parasitoids of endophytic
insects in rowanberries that we are aware of [5,16], including this one. Thus, nothing is
known of any parasitoids specializing on A. conjugella larvae or pupae on the ground, or
on the endophytic M. brevicaudis pupae in the spring. Predation of A. conjugella pupae on
the ground has been briefly studied [46]. Egg parasitoids were looked for in the Swedish
study without success [5], but on apples, Trichogramma has been reared from A. conjugella
eggs in Latvia [47].

4.3. Prolonged Diapause

The rowanberry crop is rarely very low (with close to zero berries) for several years
in a row. In a 22-year time series from the Norwegian apple fruit moth warning system,

85



Forests 2023, 14, 847

a very poor crop year occurred 5–6 times, but not for more than two years in a row [4].
Based on this, delayed emergence for 1–2 years should be relatively common in seed
predators dependent on rowanberries, and longer delays rare. This was certainly the case
for M. brevicaudis; in this species, one year of delay was almost as common as no delay.
In a later study, a specimen of M. brevicaudis emerged 7 years after the berry crop [S.K.
pers. obs.]. In contrast, only three percent of A. conjugella appeared delayed, and only for
one or two years. Hanski [11] suggested that interspecific competition may lead to such
quantitative differences in the distribution of diapause lengths, thereby easing coexistence.

The response of the two seed predators may also have been affected by the 9–10 months
in a cold and dark storage room each year, but the same type of difference between a moth
and a seed chalcid has been found in other studies, for example, between Megastigmus
strobilobius Ratzeburg and the seed moth Cydia strobilella (L.) in spruce cones [11,14]. In the
comprehensive Swedish study of rowanberry insects [5], prolonged diapause was noted in
M. brevicaudis, but not in A. conjugella. In general, prolonged diapause is rather common
in species of Megastigmus [15], while we have not found reports of it in other species of
Argyresthia than A. conjugella.

Additionally, the seven parasitoid species differed in their pattern of delayed emer-
gence: either they did not display it at all (two species), or to a small extent (two species), or
as their most common strategy (three species). Explaining such patterns at the third trophic
level in a food chain with masting at the first level is not easy [19]. An added complication
is the possibility of parasitoids receiving physiological cues about prolonged diapause from
their host, especially for koinobionts, while the host is still alive [20]. The delay pattern of
the koinobiont M. polita was similar to that of its host, A. conjugella. The same was true for
the pair of T. aucupariae and M. brevicaudis.

Prolonged diapause is costly, and in herbivores feeding on plant structures with
intermittent occurrence, it only occurs in specialists that are not able to feed on anything
else [48,49]. The same is probably true for parasitoids, meaning that species capable
of exploiting hosts in other niches than rowanberries will be less inclined to prolong
their diapause. In accordance with this, both parasitoid species were not found to delay
emergence, S. calobatus and D. westwoodi, have a broad host spectrum (Table 1). As they
were more abundant in the mapping samples than two of the species found in the delay
study (Figure 1), their absence from the delay study probably was not due to a small
sample size.

It should be noted that the two rarest species in the mapping samples, B. pulcher and
Enytis neoapostata Horstmann, were among the three parasitoids with the most pronounced
delay pattern (the third was T. aucupariae). More studies are needed on their biology and
host preferences to understand their propensity for delayed emergence, taking into account
the fact that standard rearing for one season will not give a complete picture. For example,
if all the mapping samples in our study had been kept for five years, the relative abundance
of these three parasitoids would have increased, possibly along with their geographical
distribution. This is also true for the seed chalcid.

Improved knowledge on prolonged diapause in parasitoids and their hosts is impor-
tant to understand the potential effects of climate change in temperate ecosystems [50].
This includes how the attacks of the apple fruit moth on apples will develop in the future.
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Abstract: Recently, an outbreak of Ips sexdentatus (Börner, 1776) has caused considerable damage in
the pine forests of the Czech Republic. As historical data on the biology of this pest are scarce due to
its rare occurrence in recent decades, our work focused on monitoring flight activity and voltinism
and investigating methods for monitoring its activity during the growing season. Observations
were conducted from March to September 2021 and 2022 at three sites using 12 Theysohn traps
with four types of pheromone lures (ACUMIPROTECT, ACUWIT, SEXOWIT and Pheagr IAC)
together with data loggers to record weather conditions. The first beetles occurred in early May (daily
mean temperatures above 13 ◦C). After the first egg laying stage, females re-emerged to establish
a sister brood. The maximum flight activity appeared between late June and mid-July (daily mean
temperatures about 20 ◦C), and the offspring occurred at the turn of June/July and in the first half of
August. Since then, flight activity had a downward trend and quietened in September. According to
the data, monitoring of I. sexdentatus should be conducted between May and September using the
ACUMIPROTECT pheromone bait exhibiting the highest capturing efficacy. In future, however, the
behavior of I. sexdentatus might alter due to climate change.

Keywords: monitoring; Ips sexdentatus; flight activity; voltinism; population dynamics

1. Introduction

Climate change is triggering significant changes in the bionomy of many bark beetle
species. The effects are particularly pronounced in primary spruce pests such as Ips typogra-
phus (Linnaeus, 1758) and Ips duplicatus (Sahlberg, 1836). However, recent observations
have also revealed dramatic changes in bark beetles previously considered to be of less
importance [1–4]. Under favorable conditions, epidemic population levels are quickly
reached, causing significant damage to both weakened and healthy trees [5]. In fact, even
endemic species can become major pests, exacerbating the severity of infestation [6]. While
outbreaks of these beetles were relatively rare in the past [1], climate change is now cre-
ating optimal living conditions such as rapid changes in their voltinism, reproduction,
development rate and overwintering success [7–11].

Such a species is Ips sexdentatus (Börner, 1776) (Supplementary Figure S1), which is
distributed across warm regions, including Portugal, Central Europe, Turkey, and Rus-
sia [12,13]. While it causes enormous damage in the forests of Caucasian spruce in Turkey
(Picea orientalis (L.)) [14], its reproductive success is limited in Central Europe [15]. However,
rising temperatures are creating favorable conditions for it to thrive in areas where it was
previously scarce or absent. In fact, several European countries have reported an increase in
occurrence and damage caused by pine bark beetles, including Austria, the Czech Republic,
and Bulgaria [16–19].

Forests 2024, 15, 961. https://doi.org/10.3390/f15060961 https://www.mdpi.com/journal/forests90
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In the Czech Republic before the 1990s [20], Ips sexdentatus was rare, but since the
dry periods documented in the 1990s and 2000s [21,22], it has been found regularly in the
original refuges and it even proliferated in central and south Bohemia where it had not been
observed before [13,18,23,24] (Supplementary Figure S2). This expansion is attributed to
the absence of effective pest management strategies, which contributes to delayed detection,
accelerates spread of I. sexdentatus [25], and boosts heavy infestation of trees [2].

In Turkey, Ips sexdentatus populations typically begin to swarm in late April or early
May when daily maximum temperatures reach 18–20 ◦C [14,15,26]. The pioneering sex, the
males, colonize in the area near the base of trees with a bark thickness of 5–15 mm [15,27,28],
create a nuptial chamber, and produce the aggregation pheromone to attract other males
and lure females [29–31]. After mating, females bore maternal tunnels and lay eggs [32].
Environmental conditions affect the developmental time and number of generations during
the season [14,29]. The higher humidity and colder climate in northern Europe extend
the development time, allowing only one generation to complete its development (uni-
voltine population) [14,15,29]. Conversely, the low humidity and warm conditions of
Central and Southern Europe shorten the development time, and so two to six genera-
tions can evolve [33,34]. The flight period of Turkish populations typically ends in early
September [10].

Overall, the I. sexdentatus population dynamics are influenced by environmental con-
ditions. Understanding these factors is crucial for developing effective monitoring and
prevention methods for pest control in the Czech Republic. In our work, we therefore
focused on (1) mapping flight activity during the season in three affected localities in the
Czech Republic, (2) revealing the number of generations under local environmental condi-
tions, and (3) providing a preliminary insight into the typology of available pheromone
lures against I. sexdentatus.

2. Materials and Methods

2.1. Study Sites

This study was conducted at three sites over two consecutive years, 2021 and 2022.
All sites were located on dry sandy-gravelly soils with moderate nutrient supply and low
water retention capacity [34–36].

Locality1 was located near Brandýs nad Labem–Stará Boleslav (GPS: 50.2109169N,
14.7128108E; Supplementary Figures S2 and S3) in a clear-cut surrounded by a stand of
80–100-year-old Scots pines (Pinus sylvestris (L.)) on podzols [36,37] with an approximate
mean plant density (MPD) of 506 trees per hectare. This locality is characterized by an
altitude of about 187 m above sea level, a mean annual temperature (MAT) of 9.5 ◦C, and a
mean annual precipitation (MAP) of 575 mm [38]. Locality1 was the most recent western
edge of the distribution.

Locality2 was located near Šemíkovice in the Jevišovická Highlands (GPS: 49.0487050N,
16.0878489E; Supplementary Figures S2 and S3) in an 80-year-old Scots pine stand after
extensive felling of spruce (Picea abies (L.)) on cambisols–luvisols [36,37] of approximately
MPD 198 trees per hectare. The locality is characterized by an altitude of about 411 m above
sea level, MAT of 8.9 ◦C, and MAP total of 482 mm [39]. Locality2 was the area where the
species spread in the 1990s.

Locality3 was located near Bzenec in South Moravia (GPS: 48.9498897N, 17.2159839E;
Supplementary Figures S2 and S3) in a clear-cut surrounded by a 100-year-old Scots pine
stand on cambisols [36,37] of approximately MPD 482 trees per hectare. This locality is
characterized by an altitude of about 216 m above sea level, MAT of 9.7 ◦C, and MAP total
of 537 mm [38]. Locality3 was a location where I. sexdentatus had been observed before
1995 [39].
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2.2. Air Temperature Measurements

From the beginning of March to the end of September in both years, data loggers
(Comet system, Rožnov pod Radhoštěm, the Czech Republic) were installed in all localities
to measure air temperature at 30 min intervals.

2.3. Flight Activity

Theysohn pheromone traps (RIDEX, Vrbno pod Pradědem, the Czech Republic) were set
up in April 2021 and 2022. Twelve traps created a transect placed approximately 20 m from
the forest edge and 2 m above the ground at a distance of 30 m (Supplementary Figure S4).
A set of four different synthetic pheromone baits (Table 1) was distributed in triplicate at
the sites and the same bait types were distributed at 80 m intervals. The positioning of
the baits was not changed during the sampling dates. The pheromone baits were replaced
every eight weeks according to the manufacturer’s instructions. Samples were removed
from the traps weekly and taken to the laboratory where they were separated, identified,
and numbered. Observations were completed in September in both study years.

Table 1. An overview of the synthetic pheromone baits used at selected sites during the growing
season in both years of the study.

The Lure Name The Manufacturer The Composition Targeted Species

ACUMIPROTECT SEDQ s.l., Barcelona, Spain ipsenol, ipsdienol, verbenol,
2,6-di-terc-butyl-4-methylphenol Ips acuminatus

ACUWIT Witasek-Pflanzenschutz GmbH,
Feldkirchen, Austria ipsenol, ipsdienol Ips acuminatus

Pheagr IAC Scitech s.r.o., Prague, the Czech Republic
ipsdienol, ipsenol, verbenol,

2-methylbut-3-en-2-ol,
2,6-di-terc-butyl-4-methylfenol

Ips acuminatus

SEXOWIT Witasek-Pflanzenschutz GmbH,
Feldkirchen, Austria 2-fenylethanol, ipsdienol, α-pinene Ips sexdentatus

2.4. Statistical Analysis
2.4.1. Temperatures

The temperature recordings were downloaded from the data loggers at the end of
September. The daily minimum (Ti) and maximum (Tm) temperatures were detected.
Average temperatures (Ta) were calculated as an average of temperatures (Ti and Tm)
measured in interval among two consecutive midnights.

2.4.2. The Thermal Sum

The thermal sums for certain occasions correspond to an accumulation of degree days
(DD) from March 1. The daily DD were counted as the sum of the daily Tm and Ti divided
by two and subtracted from the temperature threshold for the development of each day [40].
The temperature threshold (TT) for I. sexdentatus flight is considered to be 20 ◦C [14].

2.4.3. Cumulative Percentage of Captured Beetles

The cumulative percentage of I. sexdentatus was calculated as the division of the
cumulative number of beetles in traps trapped in a one-week interval by the total number
of beetles found in the season. Then the result was multiplied by one hundred.

2.4.4. Analyses in R

The analyses were performed with the statistical language R (Posit®, Boston, MA,
USA; version 4.2.2; [41]) on Windows 10 x64 (build 19045) using the packages ‘Matrix’
(version 1.5.1; [42]) and ‘lme4’ (version 1.1.31; [43]). First, the D‘Agostino and Pearson
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omnibus normality test was applied to the data before other statistical tests were performed.
Based on the result, parametric tests were used.

To test the effect of pheromone lures on catches, we fitted generalized linear mixed
models for Poisson distributed data [44] using the package ‘lme4’ (version 1.1.31; [43]) and
the package ‘Matrix’ (version 1.5.1; [42]). In the model, our locations and the position of
the traps were included as a random effect (1|locationlocality:trap position) to account
for a nested design. The season and bait type were included as fixed-effects variables.
ML (maximum likelihood estimation) [45] and BOBYQA optimizer [46] were used to
optimize model output. We compared our model with simplified models that included
only locality as a covariate to assess treatment significance. Post hoc comparisons between
bait efficacy were also performed for parametric models with simple adjustment of p values
(stepwise method) provided by the ‘glht’ function from the R package ‘multcomp’ (version
1.4-23; [47]). A mixed Poisson model (estimated with ML and BOBYQA optimizer) was
used to estimate differences in the abundance of catches of I. sexdentatus due to bait type.

3. Results

3.1. Flight Activity

The first captured beetles were observed in early June 2021, when the accumulated
thermal sum was 56.5 ± 46.6 DD, corresponding to 35.0 ± 1.0 days of positive daily heat
sum, calculated from early March above the 11 ◦C threshold [48]. In 2022, the first records
occurred at the beginning of May, when the thermal sum amounted to 63.5 ± 16.7 DD, after
30.3 ± 15.7 days with a positive daily thermal sum.

3.1.1. Locality1

In the first decade of May in 2021, Ta reached TT suitable for flight. However, due
to the cold weather, the first adults of I. sexdentatus were not captured until early June
when maximum temperatures regularly reached 22 ◦C. Flight activity peaked in early July.
About two weeks later, catches increased again. Two further increases were recorded in
mid-August and early September. In the following weeks, low temperatures prevailed, and
flight activity dropped to zero, so that no more beetles were caught (Figure 1).

Figure 1. Cumulative percentage of captures of Ips sexdentatus at Locality1 in period 2021–2022.
The dotted line corresponds to mean daily air temperature and the solid line to maximum daily air
temperature. The horizontal (dashed) line corresponds to the temperature threshold of 20 ◦C for the
flight activity of I. sexdentatus. The sampling dates are indicated on the x-axes.

In 2022, the Ta exceeded flight TT shortly at the start of May; however, during the whole
season, the temperature oscillated around TT. The first swarming adults were recorded at
the beginning of May. At this time, the average daily Ta reached 16 ◦C. In the following
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weeks, daily Ta dropped and fluctuated around 15 ◦C, which led to an interruption in flight
activity (zero catches) until the end of June, when flight activity increased again together
with temperature. Due to the cold weather with daily mean temperatures of only about
17.5 ◦C, in mid-July, catches dropped and remained low or at zero until early September
when the last flying adults were caught (Figure 1).

3.1.2. Locality2

In the second week of 2021, the Ta reached TT values for flight. The swarming of
I. sexdentatus began in early June after a six-week period in which the daily Tm rose to
31 ◦C, even though the Ta at that time was around 11 ◦C. The beetles flew out when the
daily Ta exceeded 19 ◦C and the daily Tm reached 23.8 ◦C. At this point, in the following
weeks, catches decreased with temperature, and an increase in flight activity was observed
in mid-July when daily Ta exceeded 23 ◦C. A further increase in activity was recorded in
early August. From this point onwards, the daily Ta remained below 20 ◦C, so that the
catches showed a downward trend. The last flying adults were detected in early September
(Figure 2).

Figure 2. Cumulative percentage of captures of Ips sexdentatus at Locality2 in period 2021–2022.
The dotted line corresponds to mean daily air temperature and the solid line to maximum daily air
temperature. The horizontal (dashed) line corresponds to the temperature threshold of 20 ◦C for the
flight activity of I. sexdentatus. The sampling dates are indicated on the x-axes.

In 2022, flight activity started about six weeks after a week in March with a Tm of
about 24 ◦C and the second half of April with a daytime Tm of 20 ◦C. However, the Ta
necessary for flight occurred no earlier than in the second half of May. The first bark
beetles emerged in early May when daily Ta reached 17 ◦C and daily Tm reached 22.5 ◦C.
Thereafter, the temperature decreased, and so only small numbers of beetles were caught
until early June. The next time any flight activity was observed was in the second half of
July and at the end of August. In September, the temperature dropped, and flight activity
came to a standstill and no beetles were caught (Figure 2).

3.1.3. Locality3

In 2021, although the Tm was regularly above 20 ◦C, Ta oscillated only around 11 ◦C;
however, the flight TT was exceeded for a short time in the second decade of May. Moreover,
the week-long cold snap in mid-April probably led to a shift in spring swarming, which did
not begin until early June with a maximum in the first June decade, when daily Ta fluctuated
around 20 ◦C and daily Tm was 32 ◦C. Thereafter, temperatures dropped, and catches
were low until mid-July. Since then, the number of beetles caught tended to decrease with
temperature, and the last catches were monitored in the first half of September (Figure 3).
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Figure 3. Cumulative percentage of captures of Ips sexdentatus at Locality3 in period 2021–2022.
The dotted line corresponds to mean daily air temperature and the solid line to maximum daily air
temperature. The horizontal (dashed) line corresponds to the temperature threshold of 20 ◦C for the
flight activity of I. sexdentatus. The sampling dates are indicated on the x-axes.

In 2022, a warm week at the end of March (daily Tm up to 23 ◦C, Ta about 10 ◦C),
followed by a drop in daily Tm to 3 ◦C, and a five-week period with a mean daily Ta of
about 8 ◦C caused the start of swarming that year in early May, when daily Ta fluctuated
around 18 ◦C and the maximum Ta reached 23.9 ◦C. Daily Ta was low in May and June, so
the next catches were not recorded until the second half of June. In the second half of July
and in August, flight activity remained at a minimum. Flight activity decreased thereafter
and came to a halt in September (Figure 3).

3.2. The Efficiency of Pheromone Lures

A total of 5538 individuals of I. sexdentatus were caught at all our sites in both years (Table 2).
From other representatives of the genus Ips, I. typographus, I. duplicatus and I. acuminatus were
found in the traps in quantities of 19,832, 218, and 2768 individuals, respectively.

Table 2. The total number of Ips sexdentatus caught at our sites in 2021 and 2022 with four different
pheromone baits.

2021 2022

Lure Locality1 Locality2 Locality3 Locality1 Locality2 Locality3

ACUMIPROTECT 834 1526 403 406 320 834

ACUWIT 38 311 151 4 119 38

Pheagr IAC 20 352 89 18 35 20

SEXOWIT 26 319 117 9 77 26

3.3. Lure Attractiveness

The number of I. sexdentatus in the traps in 2021 and 2022 (df = 1, χ2 = 1974.3, p < 0.001)
differed significantly between the sites (Table 2; df = 1, χ2 = 3614.4, p < 0.001). In general, the
lowest number was caught at site 1 in 2021 (Table 2), and the highest number was observed
at Locality2 in 2021 (Table 2). Comparing the abundance of first- and second-generation
beetles caught, large differences can be observed at Locality1 (Figure 4). The number of
beetles caught depending on the type of bait differed significantly for I. sexdentatus (df = 23,
χ2 = 2518.9, p < 0.001). The highest number of catches was observed in traps with ACP
bait (3775 individuals), and conversely, the lowest number of catches was in traps with
PH bait (563 individuals). However, the less effective baits SX, PH and AW had similar
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attractiveness values, with a significant difference observed between AW and PH (p < 0.05)
(Figure 4). On the other hand, I. typographus and I. duplicatus responded most positively
to PH (19,227 and 171 captured individuals, respectively). In addition, the number of
catches was influenced by the minimum temperatures in the week prior to sampling (df = 4,
χ2 = 55.19, p < 0.001).

Figure 4. Differences in catching Ips sexdentatus with different pheromone lures. Different letters
above the boxplots indicate statistically significant differences (p < 0.05). The type of bait is shown
on the x-axes: ACP (ACUMIPROTECT), AW (ACUWIT), PH (Pheagr IAC) and SX (SEXOWIT). The
linear predictor shown on the y-axes refers to a combination of the factors considered in the model
(location, season, trap position).

4. Discussion

Compared to the bark beetle species on pine trees (e.g., Tomicus piniperda (Linnaeus,
1758), Tomicus minor (Hartig, 1834), Orthotomicus erosus (Wollaston 1857)), Ips sexdenta-
tus is considered “the late swarmer”, as the first active beetles are usually caught in
June [49–51]. The flight activity of I. sexdentatus at the studied sites follows the pattern
previously reported in northern Italy, Turkey, eastern Romania, and France [14,48,52–55]. In
contrast, I. sexdentatus only emerged at our sites when daily temperatures exceeded 13 ◦C.
Similarly to Turkish populations, mass flight occurred at temperatures above 20 ◦C [14].
The first increase in abundance occurred two to three weeks after the peak in the spring
swarming (mid-July), which could indicate that females are re-emerge and establish a
sister brood, similar to I. typographus and I. duplicatus; however, due to few observations,
further studies are needed to confirm this theory. The second increase occurred in the
first half of August, which indicates the emergence of offspring; therefore, it is certain that
I. sexdentatus is univoltine in the Czech Republic. Flight activity lasts 3–4 months and begins
when the mean daily temperature reaches 13 ◦C (early May), similarly to I. typographus
and I. duplicatus [56]. Conversely, the flight activity of I. sexdentatus already ceased in
August and ended in early September, about one month earlier than that of I. duplicatus and
I. typographus [3,57–62]. This significantly shortens the period during which the pines are
exposed to bark beetle infestation, which considerably reduces the damage. Although the
current flight activity and population dynamics have been mapped, some changes could
be observed in the future due to progressive warming. For example, the shift in spring
swarming to an earlier date and a clearly recognizable increase in flight activity could be
expected, similar to what has been predicted for I. typographus [63–66]; or permanent sister
broods could develop, similar to I. sexdentatus in France [47]; and finally, additional gener-
ations could appear at the end of the growing season. Therefore, the monitoring period
could be extended to capture I. sexdentatus in April and September. In addition, surveys
could be increased at the time of female re-emergence and the emergence of offspring.
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Pheromone baits are considered the most practical means of monitoring and con-
trolling bark beetle outbreaks [67,68]. Our results show that their effectiveness varies
considerably. Traps baited with ACP lures showed the highest attractiveness for both
species studied. In general, the number of I. sexdentatus caught was about 4.7–8.1 times
higher when ACP baits were used than when other baits (AW, PH or SX) were used. The
high affinity of I. sexdentatus to ACP baits, which were originally developed for the cap-
ture of I. acuminatus, is not surprising as interspecific inhibition between Ips genera [69]
towards pheromone compounds is eminent [29,31,70,71]. Thus, similar to I. acuminatus,
I. sexdentatus is also attracted to the substances ipsenol, ipsdienol, and verbenol contained
in ACP [72]. In contrast, our data contradict Knížek [18], who found PH and SX baits to
be very effective for catching I. sexdentatus. Considering that the chirality of ipsdienol
varies considerably between species and populations within the same species [73,74] and
that the exclusion or inappropriate enantiomer drastically reduces the attractiveness of
the aggregation pheromone [71], a plausible explanation for the low efficacy of the SX
lure could be the use of an inappropriate optical enantiomer of ipsdienol in the mixture.
Similarly, the low efficacy of PH could be due to the solvent 2-methylbut-3-en-2-ol (MB) [75].
However, MB is a dominant component of the aggregation pheromone of I. typographus,
I. duplicatus, O. erosus, Pityogenes spp. or Ips aminitus (Eichhoff, 1871) [76–81], it is minimally
attractive to pine bark beetles [71]. Therefore, the ACP bait is an optimal mixture of suitable
enantiomers with potentially high attractiveness and thus a suitable tool for monitoring
I. sexdentatus.

5. Conclusions

Characteristics of flight activity, such as spring emergence and re-emergence of fe-
males, sister broods and termination of flight, are crucial information for monitoring and
mapping the population dynamics of Ips sexdentatus. Under the climatic conditions of the
Czech Republic, the optimal survey period begins in early May, when the overwintering
generation begins to swarm, and lasts until early September, when activity comes to ahalt.
However, it is important to consider the possibility of extending the monitoring period
due to global warming. It may also be useful to increase protection measures before the
females re-emerge and establish a sister brood and before callows emerge in search of new
hosts. Theysohn traps with ACP lures containing an optimal combination of the relevant
enantiomers have proven to be a suitable tool for monitoring the population dynamics of
I. sexdentatus.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f15060961/s1, Figure S1: Six-toothed pine bark beetle Ips sexdentatus
adult and damage caused on Scots pine. The scale bar for head (A) and back part of elytra (B) is
250 μm, and for maternal gallery (C) is 2.5 cm. Figure S2: Distribution map of Ips sexdentatus in the
Czech Republic and location of experimental localities ( ). Distribution data were extracted from
following literature sources: ( ) Knížek et al. [18]; ( ) Knížek and Zahradník [21]; (�) Knížek and
Liška [22]; (  ) Nature Conservation Agency of the Czech Republic [24]; (•) Jelínek [39]. Figure S3:
A set of maps: (A) a map with the location of the Czech Republic in Europe; (B) a map with the
location of the research area in the Czech Republic; and detailed maps with the location of the sites
(C—Locality1; D—Locality2, E—Locality3). Figure S4: Illustrative photos of monitored localities.
A—Locality1; B—Locality2; C—Locality3.
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Lesa, Supplementum; Forestry and Game Management Research Institute: Jíloviště, Czech Republic, 2021; p. 76. Available online:
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Abstract: Woodwasps (Siricidae and Xiphydriidae) inhabit living, weakened, or freshly
dead trees and their larvae feed on sapwood. Siricidae have been intensively researched for
pest management. In contrast, the ecology of Xiphydriidae remains largely unknown. In
the present study, we collected xiphydriid woodwasp adults and dissected female adults
to elucidate the cornerstone ecology of this family and compared these findings with
those of siricid woodwasps. The findings provide new host records for these species and
indicate that their host ranges span multiple families. Notably, all Xiphydria species had
female-biased sex ratios. All adult females had gourd-shaped eggs, similar to those found
in gall wasps (Cynipidae), which contrast with the oval-shaped eggs of Siricidae. Slit-like
mycangia were located at the base of the ovipositor, with pairs of fungal masses composed
of hyphal fragments or spores directly positioned below the seventh sternum, differing
structurally from the pouch-like mycangia in Siricidae. Mucus reservoirs and secretory
glands were found in the terminal abdominal segments, similar to Siricidae. Mucus in
X. annulitibia and X. ogasawarai was colorless and transparent, as reported in Siricidae,
whereas X. eborata exhibited deep wine-red mucus, which is the world’s first discovery in
all dissected species of Siricidae and Xiphydriidae.

Keywords: woodwasp; Xiphydriidae; host tree species; female-biased sex ratio; gourd-
shaped egg; mycangia; symbiotic fungi; colored mucus; comparative morphology

1. Introduction

Woodwasps (Siricidae and Xiphydriidae) inhabit living, weakened, or freshly dead
trees and their larvae feed on the sapwood [1]. Female adults insert ovipositors into
tree trunks and lay eggs in the sapwood [2,3]. Hatched larvae bore into the sapwood,
where they pupate and then emerge as adults [1,4,5]. In Siricidae, the subfamily Siricinae
(e.g., Sirex, Urocerus, Xoanon, Xeris) utilizes coniferous trees [6,7], and the subfamily Tremeci-
nae (e.g., Tremex) utilizes broadleaf trees [8]. In contrast, all Xiphydriidae species utilize
only broadleaf trees [8]. During oviposition, female adults drill single or multiple holes
in the sapwood, where they lay eggs [2,3]. Simultaneously, spores of symbiotic fungi and
slime-like secretions (mucus) stored in their bodies are injected into the sapwood together
with the eggs [2]. They carry symbiotic fungal spores in specialized storage organs called
mycangia or intersegmental sacs [9–11]. Siricinae and Tremecinae have symbiotic relation-
ships with basidiomycete fungi Amylostereum spp. and Cerrena spp., respectively [7,12]. In
Xiphydriidae, there are symbiotic relationships with the ascomycete fungi Daldinia spp. [13].
In contrast, Xeris spectrum L. of Siricinae has no symbiotic fungi and utilizes trees that
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have already been colonized by other woodwasps [14]. The fungi inoculated into trees
colonize sapwood, which is a food resource for larvae [4] and is thought to be responsible
for transporting and providing nutrients, such as nitrogen, to larvae [4] or providing some
enzymes for the digestion of woody tissue [15,16]. Mucus is a transparent secretion primar-
ily composed of protein polysaccharides [17] and contains several enzymes, such as laccase,
which contribute to the degradation of tree tissues [18,19], and proteins such as noctilisin,
which are toxic to trees [20,21]. These components, particularly in species that utilize living
trees, weaken living trees [22,23] and stimulate the growth of symbiotic fungi [22], thereby
helping woodwasp larvae overcome tree defenses [5]. However, mucus storage has also
been reported in some woodwasp species that do not utilize living trees [11,24,25], and the
role of mucus in these species remains unclear.

Several siricid species cause economic losses in forestry. For example, Sirex noctilio
Fabricius attacks Pinus spp. trees by injecting arthrospores of the symbiotic fungus Amy-
lostereum areolatum (Fr.) Boid. and phytotoxic mucus during oviposition [2,23]. Fungal
hyphae cause xylem desiccation and blockage, and mucus causes leaf discoloration and
wilting [22,26]. This combination causes devastating damage to trees, leading to their
decline or death [26]. S. noctilio, native to Europe, invaded Australia and caused extensive
dieback damage to pine tree plantations [27]. It subsequently invaded South Africa [28],
and in recent years, it has been found in North America [29] and China [18]. In Japan,
Urocerus japonicus Smith has been noted for oviposition on living Japanese cedar, Cryp-
tomeria japonica (L.f.) D.Don, and Japanese cypress, Chamaecyparis obtusa (Siebold et Zucc.)
Endl. [7,30]. Although this woodwasp does not kill trees, injection of the mycangial fun-
gus Amylostereum laevigatum (Fr.) Boid. discolors woody tissue and decreases timber
value [7,10,30]. Knowledge regarding woodwasps, such as host tree species, oviposition
behavior, and the presence of symbiotic fungi and mucus, is largely biased towards Sirici-
dae, especially species inhabiting living trees. Thus, to comprehensively understand the
ecology of woodwasps and advance pest management strategies, focusing on the species
inhabiting dead trees is essential.

Xiphydriid woodwasps inhabit broadleaf trees immediately after death [31,32] and
thus, unlike the siricid species mentioned above, are not considered pests. This family
includes over 150 species worldwide [33]. Since it has received less attention than Siricidae,
for most of the species, life history, including ecological traits such as host tree species,
is still unknown. Additionally, their symbiotic fungi and mucus, which are also closely
related to their life history, are confirmed to be present in only a few species [11,25].
Understanding the life history of Xiphydriidae can fill critical knowledge gaps in the life
history of woodwasps, which will contribute to clarifying their diversity in the utilization of
wood substrates with a continuum from healthy to declining and dead trees. Xiphydriidae
is a taxonomic sister group to Siricidae [34,35], and its ecology is similar but different from
that previously reported for S. noctilio and U. japonicus. Ecological comparisons between
these families can provide important insights not only into the evolutionary processes of
woodwasp–fungi–tree relationships but also into potential applications for strategies of
forest management and conservation.

We aims to investigate the entire life history of Xiphydriid woodwasps and compare it
with that of siricid woodwasps, seeking to uncover evolutionary and ecological differences
between these taxonomic groups as our ultimate goal. In this study, we exhaustively
collected adults of xiphydriid species that emerged from deciduous broadleaf tree species
and monitored their occurrence periods. We also measured their body size, dissected the
females to examine the number and morphology of eggs, and confirmed the presence of
mycangia and mucus.
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2. Materials and Methods

2.1. Collection of Study Logs and Adult Woodwasps

Tree collection was conducted in a mixed stand of coniferous and broadleaf trees in
Inabu Town, Toyota City, Aichi Prefecture, central Japan (35◦11′ N, 137◦10′ E, elevation
980 m). In July 2021 and June and July 2022, six species of deciduous broadleaf trees
were felled: Padus grayana (Maxim.) C. K. Schneid., Alnus hirsuta (Spach) Fisch. ex Rupr.,
Carpinus tschonoskii Maxim., Carpinus japonica Blume, Castanea crenata Siebold et Zucc., and
Acer sieboldianum Miq. The felled trees were laid on the forest floor for nine to 10 months
to allow woodwasp oviposition (Figure S1a). In April 2022 and April 2023, they were
divided into 1 m long logs and stored within outdoor mesh insectaries for each tree species
(Figure S1b). From May to October 2022 to 2024, xiphydriid adults emerging from the
logs were collected, and their fresh body weight, head width, and ovipositor length were
measured (Table 1).

Table 1. Summary of body size and fecundity of emerged adults in three woodwasp species.

Woodwasp Species
Emerged

Year
Host Tree Species Sex (n)

Fresh Body
Weight (mg)

Head Width
(mm)

Ovipositor
Length (mm)

Number of
Eggs

Xiphydria eborata 2023 Padus grayana ♀(7) 137.8 ± 24.5
(107.3–178.6)

3.3 ± 0.1
(3.1–3.5)

7.1 ± 0.3
(6.8–7.7)

139 ± 28
(104–182)

♂(1) 87 3.2 - -

Alnus hirsuta ♀(2) 173.6 ± 14.7
(163.2–184.0)

3.5 ± 0.1
(3.4–3.6)

7.9 ± 0.4
(7.6–8.2)

226 ± 21
(212–241)

Xiphydria annulitibia 2023 Carpinus tschonoskii ♀(20) 34.5 ± 4.8
(24.5–41.4)

2.1 ± 0.2
(1.6–2.4)

3.2 ± 0.1
(2.9–3.4)

169 ± 20
(125–202)

Xiphydria ogasawarai 2023 Carpinus japonica ♀(25) 45.6 ± 9.6
(24.1–71.8)

2.3 ± 0.2
(1.9–2.8)

4.6 ± 0.5
(3.9–5.6)

238 ± 43
(158–328)

♂(2) 15.7 ± 2.2
(14.1–17.2)

1.8 ± 0.1
(1.7–1.9) - -

Acer sieboldianum ♀(107) 40.6 ± 10.8
(20.2–67.5)

2.2 ± 0.2
(1.7–2.7)

4.7 ± 0.5
(3.4–5.6)

217 ± 48
(94–357)

♂(4) 13.1 ± 4.5
(8.4–18.2)

1.7 ± 0.1
(1.6–1.8) - -

2024 Carpinus japonica ♀(8) 76.7 ± 13.7
(58.1–102.4)

2.7 ± 0.2
(2.4–3.0)

6.0 ± 0.3
(5.8–6.6)

380 ± 74
(270–488)

♂(1) 16.7 1.7 - -

Acer sieboldianum ♀(18) 66.2 ± 22.9
(31.2–111.0)

2.6 ± 0.3
(2.0–3.1)

5.7 ± 0.6
(4.5–6.9)

316 ± 73
(195–429)

♂(6) 18.8 ± 5.5
(11.3–26.7)

1.8 ± 0.2
(1.5–2.0) - -

Body size and fecundity are shown as mean ± SD (minimum–maximum).

2.2. Sample Pre-Treatment Before Dissection

The measured female adults were stored at 15 ◦C in 1.5 mL tubes. Of the stored
adults, the individuals living at the time of the experiment were used as samples and, as
pre-treatment for dissection, were transferred at 4 ◦C for 10 min to paralyze them. For
further paralysis, the head was dipped in 99.5% ethanol. They were then surface-washed
in sterile water for 1 min.

2.3. Dissection, Internal Observation, and Fungal Isolation of Female Adults

Adult females were dissected to confirm the presence of mycangia and mucus and
to isolate ovaries and symbiotic fungi, as described previously [11]. The surface-washed
samples were pinned onto a sterile paraffin wax plate. Their abdomens were then dissected
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from the ventral side using sterile needles and microscissors under a stereomicroscope
(SZ2-1LST, OLYMPUS, Tokyo, Japan). Their ovaries were collected from the body cavities,
and each egg was separated in distilled water and counted (Table 1). Mycangial fungi were
separated with sterile needles and inoculated on PDA medium (Difco, Detroit, MI, USA)
in Petri dishes (9 cm in diameter) to which 100 ppm streptomycin sulfate (Meiji, Tokyo,
Japan) was added to inhibit bacterial contamination. Fungal cultures were incubated at
25 ◦C in the dark. Fungi from some individuals were stained with lactophenol cotton
blue (ourself-formulated) and prepared for observation under an optical microscope (BX53,
OLYMPUS, Tokyo, Japan).

2.4. Statistical Analysis

The relationships between fresh body weight and (1) head width, (2) ovipositor length,
and (3) number of eggs in female adults were analyzed in the respective pairs of parameters
for each woodwasp species using a linear regression model. Slopes of the regression lines
obtained for each species were then compared, and their values were tested for significant
differences. All analyses were performed using R 4.3.0 [36], and the comparisons of the
slope were conducted using the emmeans package.

3. Results

3.1. Adult Woodwasps Emerged from Study Logs

Xiphydria eborata Konow, X. annulitibia Takeuchi, and X. ogasawarai Matsumura
(Figure 1) emerged from the logs of P. grayana and A. hirsuta, C. tschonoskii, and C. japonica
and A. sieboldianum, respectively (Table 2). However, no woodwasps were found on C. cre-
nata. Neither X. eborata nor X. annulitibia emerged in 2022, one year after tree felling, but
both emerged two years later, in mid-May 2023 (Table 2 and Figure 2a).

 
(a) (b) (c) 

Figure 1. Female adults of Xiphydria eborata (a), X. annulitibia (b), and X. ogasawarai (c).

In 2024, only one adult (female) of X. annulitibia emerged on 24 June (Table 2). In
contrast, X. ogasawarai emerged from late June to late September 2023 (Table 2 and Figure 2a)
and from mid-May to early July 2024 (Table 2 and Figure 2b) in the first two consecutive
years after tree felling. The sex ratio was female-biased in all the species: 10 females and
one male in X. eborata, 251 females and 19 males in X. ogasawarai, and 28 females and no
male in X. annulitibia (Table 2).

In addition to the three woodwasp species, several wood-boring insects were collected
in the sample trees. Longhorn beetles (Cerambycidae) emerged from all tree species,
weevils (Mesoptiliinae) emerged from C. japonica and A. sieboldianum, and ambrosia beetles
(Scolytinae) emerged from A. sieboldianum.
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Table 2. Annual number of adult woodwasps emerged from study logs.

Study Logs

Woodwasp
Species

2022 2023 2024

Tree Species
Date of

Tree-Felling
No. of
Logs

No. of
Adults Period of

Emergence

No. of
Adults Period of

Emergence

No. of
Adults Period of

Emergence♀ ♂ ♀ ♂ ♀ ♂
Padus grayana 21 July 2021 10 Xiphydria

eborata 0 0 - 8 1 10–22 May 0 0 -

Alnus hirsuta 30 June 2021 8 Xiphydria
eborata 0 0 - 2 0 17–18 May 0 0 -

Carpinus
tschonoskii 24 June 2021 9 Xiphydria

annulitibia 0 0 - 27 0 17–26 May 1 0 June 24

Castanea crenata 17 June 2021 8 - 0 0 - 0 0 - 0 0 -

Padus grayana 16 June 2022,
13 July 2022 11 - - - - 0 0 - 0 0 -

Carpinus
japonica

16 June 2022,
13 July 2022 9 Xiphydria

ogasawarai - - - 29 3 10 July–5
September 39 3 12 May–1

July
Acer

sieboldianum
16 June 2022,
14 July 2022 9 Xiphydria

ogasawarai - - - 120 4 19 June–13
September 63 9 10 May–8

July

Figure 2. Seasonal occurrence trend of emerged adults in three woodwasp species in 2023 (a) and
2024 (b).
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3.2. Body Size and Fecundity of Adult Woodwasps

Overall, X. eborata exhibited the largest body size, X. annulitibia exhibited the smallest
body size, and male adults were smaller than female adults (Table 1). There were significant
positive correlations between fresh body weight and head width (Figure 3a) and between
fresh body weight and ovipositor length (Figure 3b) in adult females of all species. The
slope of the regression line between fresh body weight and head width for X. eborata
was significantly smaller than that for the other species (Figure 3a). Additionally, for the
regression between fresh body weight and ovipositor length, X. ogasawarai had the largest
slope, with a significant difference between X. ogasawarai and X. eborata (Figure 3b).

Figure 3. Relation between fresh body weight and head width (a), ovipositor length (b), and number
of eggs (c) in three woodwasp species, Xiphydria eborata, Xiphydria annulitibia, and Xiphydria ogasawarai,
emerged from felled deciduous trees. Alnus hirsuta (�); Padus grayana (�); Carpinus tschonoskii (�);
Carpinus japonica (•); Acer sieboldianum (+). Regression equations and Pearson’s correlation coefficients
for each line: (a) X. eborata: y = 0.0058230x + 2.4625690, r = 0.929 (p = 0.0002882); X. annulitibia:
y = 0.035276x + 0.913680, r = 0.872 (p = 0.0000005363); X. ogasawarai: y = 0.0145946x + 1.6300464,
r = 0.917 (p < 2 × 10−16). (b) X. eborata: y = 0.015744x + 4.983579, r = 0.882 (p = 0.001631); X. an-
nulitibia: y = 0.013733x + 2.706501, r = 0.473 (p = 0.03516); X. ogasawarai: y = 0.030519x + 3.480342,
r = 0.830 (p < 2 × 10−16). (c) X. eborata: y = 1.2947x − 30.2170, r = 0.756 (p = 0.0185); X. an-
nulitibia: y = 2.1814x + 93.3853, r = 0.533 (p = 0.01563); X. ogasawarai: y = 3.5311x + 76.9107, r = 0.852
(p < 2 × 10−16). Different small letters in the legend indicate significant differences in the slopes of
the regression lines (comparisons of slopes, p < 0.05).

There were also significant positive correlations between fresh body weight and the
number of eggs (fecundity) (Figure 3c) in female adults of all species. X. eborata had the
smallest slope, whereas X. ogasawarai had the largest, with a significant difference between
these species (Figure 3c).

3.3. Eggs, Symbiotic Fungi, and Mucus in Female Adults

Ovaries, mycangia, and mucus were found in the abdomen of adult females of all
species (Figure S2). All eggs consisted of oval egg bodies and elongated projections
(Figure 4a–c). All egg bodies were lined towards the ovipositor (Figure S3). Egg sizes in the
ovaries were almost the same, but interspecific variation was distinct; X. eborata had the
largest eggs, and X. annulitibia had the smallest eggs.
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Figure 4. Comparative morphology of an egg (a–c), mycangia (d–f), and mucus (g–i) in three
woodwasp species, Xiphydria eborata, Xiphydria annulitibia, and Xiphydria ogasawarai. St7: the 7th
sternum; FM: fungal mass; My: mycangia; Ov: ovipositor; MR: mucus reservoir; MG: mucus grand;
TS: terminal segment of the abdomen.

Mycangia were at the base of the ovipositor below the 7th sternum and had slit-like
structures filled with fungal masses (Figure 4d–f and Figure S3). The masses were placed
directly on a slit and were composed of mycelial fragments or spores. X. eborata had
mycelial fragments of 1.7–5.1 μm width (Figure 5a). X. annulitibia and X. ogasawarai had
spores of 2.0–6.8 μm width and 8.4–27.1 μm length (Figure 5c) and 2.3–13.4 μm width and
6.5–30.9 μm length (Figure 5e), respectively. Spores of both species comprised 1–3 cells.
Mycangial fungi produced single colonies on PDA, and their traits varied among the
woodwasp species. Fungal colonies of X. eborata had felt-like and white mycelia, filled
a 9 cm Petri dish in 10–12 days, and then turned concentrically brown to black from the
inside (Figure 5b). X. annulitibia also had white but cottony mycelia, grew slowly to half of
the dish in 10 days, and did not discolor (Figure 5d). X. ogasawarai initially showed white
and felt-like mycelia, expanded quickly, filled the dish within 6–8 days, and turned grey to
black, similar to X. eborata (Figure 5f).

The mucus reservoir was located in the terminal segment of the abdomen. The
glandular organ was attached to the reservoir, and its terminal was connected to the base of
the ovipositor. The mucus of X. annulitibia and X. ogasawarai were colorless and transparent
(Figure 4h,i), as in previous reports including Siricidae, but surprisingly, that of X. eborata
exhibited a deep wine-red color (Figure 4g).

108



Forests 2025, 16, 264

 

Figure 5. Mycelial fragments (a) and spores (c,e) stored in mycangia and their colonies (b,d,f)
cultured on PDA at 25 ◦C in darkness for 10 days. (a,b) Xiphydria eborata; (c,d) Xiphydria annulitibia;
(e,f) Xiphydria ogasawarai. Mycangial fungi were stained with lactophenol cotton blue.

4. Discussion and Conclusions

In the present study, three species of xiphydriid woodwasps emerged from five species
of deciduous broadleaf trees, excluding C. crenata; X. eborata emerged from P. grayana
and A. hirsuta, X. annulitibia emerged from C. tschonoskii, and X. ogasawarai emerged
from C. japonica and A. sieboldianum. X. eborata is a cryptic species of X. camelus that
confuses host tree records, and only Betula grossa Siebold et Zucc. and Juglans mandshurica
Maxim. are definite for X. eborata [37], although A. hirsuta was reported as a host for
X. camelus [8]. Therefore, our results have added two tree species belonging to different
genera to this record. X. ogasawarai is primarily collected from Acer spp. and utilizes Juglans
mandshurica Maxim. subsp. sachalinensis (Komatsu) Kitam., Pterocarya rhoifolia Siebold et
Zucc., and Aesculus turbinata Blume [38]. Previous studies have confirmed the emergence
of X. ogasawarai from A. sieboldianum [11], which aligns with our results. In addition to
this, the present study identifies C. japonica as a new host tree species for this species.
More notably, X. annulitibia, which is distributed in Japan, Korea, and the Russian Far East,
has no known host tree species [39]. Therefore, we found C. tschonoskii for the first time.
Additionally, multiple xiphydriid species never utilize the same tree species even though
they belong to the same genus, Carpinus. This suggests that they coexist harmoniously
with different host tree preferences. Our results also revealed extensive variation in the
emergence periods of these three woodwasp species, spanning one to two years after tree
felling. Previous studies have suggested the emergence of X. ogasawarai to be delayed along
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a latitudinal gradient [11], as well as the water content of the wood to influence oviposition
preference and larval boring activities in Sirex noctilio [4,5]. These findings suggest that
environmental conditions such as temperature and humidity affect the behavior and life
cycle of Xiphydriidae, which should be considered in future studies.

Fewer than females, one male X. eborata emerged from P. grayana. Six and thirteen
males of X. ogasawarai emerged from C. japonica and A. sieboldianum, respectively, without
much difference in the sex ratio between host tree species. These results suggest female-
biased sex ratios, which are typical of Hymenoptera. Conversely, Siricidae exhibited a
male-to-female ratio of 1–2:1, except for 0:1 Urocerus sah Mocsáry and 0.8:1 Urocerus fantoma
Fabricius [6,40,41]. Those of S. noctilio and U. japonicus were 32:1 and 2–4:1, respectively,
depending on their habitat and host tree status [40,42,43]. Female-biased sex ratios are
often observed in insects that undergo local mating or inbreeding [44,45]. Generally,
Hymenoptera reproduces through arrhenotokous or haplodiploidy, which is characterized
by the development of unfertilized eggs into haploid male adults and fertilized eggs into
diploid female adults [44,46]. These reproductive patterns are adaptively advantageous for
minimizing the number of males as follows, assuming parasitoid wasps: (1) arrhenotokous
female adults (foundresses) oviposit a cluster of eggs within the host; (2) the sex ratio is
biased towards females, with at least one male present in the offspring group; (3) siblings
develop together within the host, with male adults losing first; (4) male adults gain multiple
mating opportunities, sequentially mating with later-emerging females; and (5) female
adults, having stored sperm, disperse and search for new hosts. It is unclear whether
Xiphydriidae has this ideal cycle, but we have shown that local oviposition and the early
emergence of males fit it. Furthermore, in this study, X. annulitibia emerged only as females,
and no males were found in previous studies, suggesting parthenogenesis [39]. Another
possibility for the observed female-biased sex ratio of emerging adults in Xiphydriidae
is that the mortality rate in eggs, larvae, pupae, and adults of males may be higher than
that of females in the galleries of wood. Therefore, future research should be focused on
obtaining the life table by counting the number of males and females during oviposition
and following development, as well as ascertaining whether Xiphydriidae has a local
mating system.

We confirmed that all dissected female adults of the three xiphydriid species had eggs,
mycangia, and mucus in their abdomens, similar to Siricidae [24,47]. Eggs of any species
were “gourd-shaped” (i.e., oval egg bodies with elongated projections). The projection is a
unique structure that has not been found in the oval-shaped eggs of Siricidae [3]. A similar
structure was reported in eggs of Cynipoidea, especially gall wasps, where the projection
from the anterior end of the egg body is called the peduncle (pedicel) and is thought to
help large eggs pass through ovipositors [48]. The egg body first enters the narrow egg
canal, followed by the peduncle [48,49]. When the canal strongly presses against the body,
the egg content flows into the peduncle. Once the body leaves the ovipositor, the content
flows back into it [49]. In cynipoid parasitoid wasps, such as those of the family Figitidae,
eggs have an inconspicuous peduncle or no distinct transition point between the body and
peduncle, whereas eggs of cynipoid gall wasps have a long peduncle and sharp transition
points [48]. The projections of xiphydriid wasps appear to be morphologically similar to
the peduncle of gall wasps, which may result from the adaptation of both wasps to lay their
eggs within the plant tissue through a narrow ovipositor. Compared to Siricidae, which
have simple oval-shaped eggs, Xiphydriidae pay higher costs for egg production but may
reduce the risk of egg bursting during oviposition.

Adult females of X. eborata had noticeably larger eggs than those of X. annulitibia
and X. ogasawarai, although no egg size variation occurred within individuals or species.
There were significant positive correlations between body size (fresh body weight) and the
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fecundity (number of eggs) of female adults, as in Sirex nitobei Matsumura (Siricidae) [50].
Additionally, interspecific comparisons revealed an interesting implication that the rate
of increase in fecundity relative to body size varied among the three xiphydriid species.
The slope of the regression line was the smallest for X. eborata and largest for X. ogasawarai,
with a significant difference between them. There is a tradeoff between the number of eggs
(offspring) and their size because of limited resource availability [51]. Thus, our findings
suggest that in egg production, X. eborata invests resources (energy) in size, whereas X.
ogasawarai invests in number. In ectoparasitoid wasps, the egg size is associated with
nutrient availability and protection from desiccation [52]. However, the effect of egg size
on Xiphydriidae survival requires further investigation. Moreover, studies are needed to
determine how many and where the eggs from the ovaries are actually laid into host trees.

In the present study, female adults of all Xiphydriidae species had paired mycangia at
the base of the ovipositor. In Siricidae, the mycangial location is similar, but its structure
is pouch-like and composed of intersegmental membranes that project into the body
cavity [10,24,47]. In contrast, the mycangia of Xiphydriidae have a slit-like structure below
the sternum, and fungal masses of hyphal fragments or spores are present on the slit, as
reported for X. ogasawarai [11]. For X. eborata and X. annulitibia, we first identified the
mycangia. Additionally, Siricidae larvae possess a fungus-harboring structure called the
hypopleural organ on the body surface [53,54], whereas Xiphydriidae larvae lack this
structure [55]. These differences in mycangia and hypopleural organs suggest that the
mechanisms for acquiring and maintaining symbiotic fungi differ between the two families.

All fungal masses in the mycangia formed single colonies with no morphological
differences among individuals of the same woodwasp species or between the tree species
from which they emerged. However, differences in morphology and radial growth rate
were observed between woodwasp species. This suggests that each female woodwasp
carries a single fungal species that is specific to the woodwasp species. Previous studies
have indicated that Xiphydriidae are symbiotic with fungi of the genus Daldinia [13] and that
the mycangial fungi of X. eborata and X. ogasawarai have similar colony morphologies [56].
However, in this study, X. annulitibia showed a different colony morphology from those of
the other two species, implying a deviation from typical Daldinia characteristics [56]. This
suggests that X. annulitibia has a symbiotic relationship with fungi that do not belong to
Daldinia. To test this hypothesis, we will conduct molecular identification and phylogenetic
analyses of the isolated fungi in the following paper.

Mucus reservoirs and secretory glands were found within the body cavity of the
abdominal terminal segment in all woodwasp species, consistent with results for Sirici-
dae [24,47]. Regarding secretion color, the mucus of X. annulitibia and X. ogasawarai are
colorless and transparent, as reported previously [24,54]. Surprisingly, the mucus of X.
eborata has a deep wine-red color. To our knowledge, this is the first report of colored mucus
in woodwasps, including Siricidae. In siricid woodwasps attacking living trees, the mucus
contains toxic proteins that kill trees and enzymes that degrade tree tissues [18,19,21]. Thus,
its function depends on the oviposition and reproduction strategies of the woodwasp
species. Considering our results showing distinct host tree preferences among the three
xiphydriid species, differences in secretion color might reflect variations in the utilization
of host tree species as larval food sources. To support these predictions about the structure
and function of the mucus of Xiphydriidae discovered in this study, we will address its
chemical analysis and bioassays as a first step. Such studies can provide critical insights
into the life history of Xiphydriidae and the role of mucus in woodwasps.

In conclusion, we examined the ecological traits of three Xiphydriidae species from
Japan and compared them among species, including Siricidae. Our results, particularly
the clear differences in egg shape, mycangial structure, and mucus coloration, contribute
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significantly to elucidating the ecology and evolutionary background of both families in
terms of pest management.
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dissection, and an egg (c), mycangia (d), mucus (e) found in abdomen; Figure S3: Dorsal view of
female adult of Xiphydria ogasawarai before (a) and after (b) removal of ovary and mucus.
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Abstract: Species of the family Phytoseiidae (Acari: Mesostigmata) inhabit a wide range of herbs,
shrubs, and trees. Horse chestnut, Aesculus hippocastanum, is an important ornamental tree in Europe
and, in addition to its importance for pollinators, it can serve as a host plant of these predatory
mites. Little is, however, known about the factors affecting spatiotemporal variability in the density
of phytoseiids on A. hippocastanum in an urban environment. We therefore assessed the species
composition and the spatial and seasonal variability in the abundance of Phytoseiidae species in the
city of České Budějovice, South Bohemia, Czech Republic. Compound-leaf samples were randomly
collected from horse chestnut tree branches at eight sites, five times during the vegetation season in
2013. The mites were collected by washing technique and mounted on slides for identification. In
total, 13,903 specimens of phytoseiid mites were found, and eight species were identified: Amblyseius
andersoni, Euseius finlandicus, Kampimodromus aberrans, Neoseiulella tiliarum, Phytoseius macropilis,
Paraseiulus talbii, Paraseiulus triporus, and Typhlodromus (Typhlodromus) pyri. The predominant species
was E. finlandicus (96.25%). The mean number of mites per compound leaf was 2.53, 10.40, 23.54, 11.59,
and 9.27 on the sampling dates in each month between May and September, respectively. The results
further revealed that the mite abundance varied significantly among sampling sites and that it was
negatively related to percentage of greenery area, intensity of greenery care, distance to water body,
and density and age of horse chestnut trees, while it was positively related to air pollution index.
The importance of leaf micromorphology for the attractiveness of A. hippocastanum to Phytoseiidae
is discussed.

Keywords: horse chestnut tree; diversity; population dynamics; mite density; spatial variability;
city parks

1. Introduction

The horse chestnut, Aesculus hippocastanum L. (Sapindales: Sapindaceae), is native to
the mountains of the Balkans in southeast Europe. The biggest native populations are in
mainland Greece (Thessaly and Pindus Mountains), but its native range also includes pop-
ulations in Albania, the Republic of Macedonia, Serbia, and eastern Bulgaria [1]. This tree
species has been planted in Europe since the seventeenth century primarily for ornamental
purposes. Many A. hippocastanum trees are currently grown in city parks and urban forests
for their beauty, providing shade and reducing the urban heat island effect. Moreover,
extracts from the various parts of this tree have been widely used in herbal medicine [2].
The horse chestnut trees are also planted in forests in order to increase and diversify food
resources because seeds are eaten by deer and wild boar [1], though the presence of various
metabolites makes the seeds a less attractive food source [3].

Aesculus hippocastanum attracted researchers’ attention when the horse chestnut leafminer,
Cameraria ohridella Deschka and Dimic (Lepidoptera: Gracillariidae), became an invasive pest
and spread to all countries of Europe [4–6]. Larvae of this moth inflict substantial leaf damage,
and together with the horse chestnut leaf blotch caused by Guignardia aesculi (Peck) V.B. Stewart
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(Botryosphaeriales: Botryosphaeriaceae), cause a decline in horse chestnut trees’ aesthetical
value [7]. Although ornamental function and providing shade are the main reasons why
growing A. hippocastanum is so popular in city parks, other functions of this tree species might be
less known. For example, horse chestnut provides pollen and nectar for pollinators [8]. Aesculus
hippocastanum also serves as a habitat for many organisms, including natural enemies such as
predatory mites of the family Phytoseiidae (Acari: Mesostigmata).

A survey of phytoseiid mites on deciduous trees and bushes conducted in Finland
in 1989–1991 revealed the highest density of mites to be on A. hippocastanum, with 1063
mites per 100 leaves on average and a maximum of 14.4 mites per leaf in a single sam-
ple [9,10]. Similar results were reported for South Bohemia, Czech Republic, where the
population density of phytoseiids ranged between 1 and 28, with a mean number of mites
per compound leaf of 10.5 [11]. The predominant species in both Finland and in the Czech
Republic was Euseius finlandicus (Oudemans), which represented more than 90% of all
phytoseiids found [9,11,12]. In Greece, the number of phytoseiids was found to be lower,
ranging between 0 and 16, with a mean density of 4.2 mites per compound leaf; another
species, Kampimodromus aberrans (Oudemans), was nearly as abundant as E. finlandicus [11].

Although the above data provide basic information on mite abundance, the spatiotem-
poral variability in the density of phytoseiids on A. hippocastanum in an urban environment
has not yet been studied. The objectives of the present study were therefore to investigate
the species composition of phytoseiid mites inhabiting horse chestnut trees and seasonal
changes in their abundance within a medium-sized city. Since various factors affect popula-
tions of both herbivorous and phytoseiid mites, as demonstrated, e.g., by Fidelis et al. [13]
and Tixier et al. [14], we also analyzed which factors might have a significant effect on
the abundance of Phytoseiidae. For example, we were interested as to whether greenery
maintenance has any effect, as it was shown to in the case of horse chestnut leaf miner
parasitoids [15], or if mite density is affected by air pollution [16].

2. Materials and Methods

2.1. Sampling Sites

The research was carried out in the town of České Budějovice, Czech Republic (48◦59′
N, 14◦29′ E; 386 m above sea level). The town, which is predominantly surrounded by
forests and agricultural fields, has about 260 hectares of open public green space inhabiting
534 horse chestnut trees [17]. Eight sampling sites were defined within the cadastral area of
the town (Figure 1), which differed in several parameters (Table 1).

Table 1. Characteristics of Aesculus hippocastanum sampling sites within České Budějovice.

Site Name Geographical Coordinates
of Geometric Centre

Greenery Distance
to Water 2

(m)

A. hippocastanum

Area (%) Care 1 Density
(ha−1)

Age 3

(years; x̄ ± SE)

City center 48.9744136 N, 14.4770594 E 9.02 3 69 1.40 74.99 ± 1.86
Šumava and Máj estate 48.9841631 N, 14.4407714 E 31.69 2 660 0.22 39.02 ± 3.19
Vltava estate 48.9962106 N, 14.4519647 E 36.96 2 360 0.43 41.79 ± 3.49
Třebotovice and Kaliště village 48.9612606 N, 14.5651828 E 6.67 1 700 0.17 17. 82 ± 6.86
Rožnov estate 48.9601436 N, 14.4763944 E 9.86 2 110 0.19 70.49 ± 4.43
Pražské předměstí estate 48.9860569 N, 14.4674681 E 29.84 2 338 0.40 49.74 ± 2.75
Stromovka park 48.9670208 N, 14.4551158 E 40.00 2 102 0.30 43.53 ± 4.13
Nádražní street 48.9779942 N, 14.4866511 E 7.69 0 920 1.38 77.74 ± 3.02

1 Intensity of greenery care: 0—no mowing or raking, 1—mowing 1–2 times per season, 2—mowing 3–4 times per
season, 3—mowing >4 times per season. 2 The shortest distance from geometric center to larger water body (river,
pond, or stream). 3 Tree age was estimated by the method proposed by Jura [18].
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Figure 1. The map of České Budějovice with marked sites where Aesculus hippocastanum leaf samples
were collected. (a) City center; (b) Šumava and Máj estate; (c) Vltava estate; (d) Třebotovice and
Kaliště village; € Rožnov estate; (f) Pražské předměstí estate; (g) Stromovka park; (h) Nádražní street.
Source: Mapy.cz.

Weather data are shown in Figure 2. The highest daily mean temperature and sum
of precipitation were found in July and June, respectively (Table 2). In addition, data on
air pollution provided by Czech Hydrometeorological Institute were obtained for each
sampling site from Geographical Information System of South Bohemia [19] (Table S1).

Table 2. Mean temperature and sum of precipitations in České Budějovice for the period May–
September 2013.

Month
Temperature in ◦C

(Mean ± SE)
Precipitations

in mm

May 12.95 ± 3.17 84.5
June 16.95 ± 4.96 190.0
July 20.35 ± 2.53 74.2

August 18.93 ± 3.77 59.5
September 13.80 ± 2.98 35.2
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(a) 

 
(b) 

Figure 2. The maximum (red line) and minimum (green line) daily temperatures (a) and daily
precipitations (b) in České Budějovice during sampling season in 2013.

2.2. Sampling of Horse Chestnut Leaves

The population of Phytoseiidae was assessed on horse chestnut leaves that were
collected randomly five times during the vegetation season in 2013. The sampling dates
were from 16 to 24 May, from 13 to 21 June, from 11 to 19 July, from 11 to 22 August, and
from 9 to 19 September. The sampling took place only when there had been no rain for
at least 48 h prior to sampling. A randomly selected compound leaf collected from A.
hippocastanum tree up to 2.5 m above the ground represented the sample unit. In total, 30
compound leaves were collected per sampling site, each leaf from a different tree except at
sites with fewer than 30 trees. The sampled trees were selected evenly across the whole site.
The leaves at each individual site were all sampled on the same day, placed individually into
polyethylene bags, and transported in a portable cool box to the laboratory where the leaves
were stored at a temperature of 4 ◦C for a maximum of 24 h before they were processed.

2.3. Collection and Identification of Phytoseiid Mites

The mites were collected from individual leaves using the washing technique [20].
After taking the photographs, the horse chestnut leaf was held by the petiole, and individual
leaflets were cut off by pruning shears into a glass jar (volume 700 mL) containing 350 mL
of 85% ethanol. The jar was closed carefully and shaken vigorously for two minutes.
Afterwards, each leaflet was removed by tweezers and washed with ethanol using a plastic
wash bottle. Particular attention was paid to trichomes and domatia during washing.
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The contents of the glass jar were poured through a plastic funnel into a glass dividing
funnel with a Teflon® stopcock. The empty glass jar and the plastic funnel were washed with
85% ethanol, which was poured into the dividing funnel immediately. All invertebrates
settled at the bottom of the dividing funnel within 5 min. Then, the Teflon® stopcock
was opened, and approximately 50 mL of ethanol sample containing all invertebrates was
poured off into a small glass vial with a plastic plug. The material was stored in this vial
until microscope slide preparation and identification.

Each vial with preserved mites was placed in a paper holder to prevent spillage, and
the ethanol in the vials was gradually transferred onto a watch glass using a plastic Pasteur
pipette. The sample on the watch glass was inspected using a dissection microscope (Tech-
nival, Carl Zeiss, Jena, Germany). All mites were removed with a wire loop and mounted
on temporal microscope slides in lactic acid. The mites were identified using a Peraval
Interphaco microscope (Carl Zeiss, Jena, Germany) and the morphological identification
keys [21–25].

2.4. Data Presentation and Statistical Analysis

The coefficient of constancy (C) [26] was used to indicate the frequency of different
species in the studied localities:

C(%) =
Na

N
× 100 (1)

where Na is the number of samples with species a, and N is the total number of samples.
The species were classified as accidental (C < 25%), accessory (C = 25%–50%), constant
(C = 50%–75%), or euconstant (C > 75%) [26].

The abundance of phytoseiid mites was expressed as the number of mites per com-
pound A. hippocastanum leaf and analyzed by a generalized linear model using a Poisson
distribution and log-link function. The following predictors were used: percentage of
greenery area, intensity of greenery care (mowing/raking, ranging from 0 to 3), distance to
water body, density and age of horse chestnut trees, temperature, precipitations, and overall
air pollution index. The latter was calculated as a sum of indexes of individual pollutants:

It =
n

∑
i

Ii (2)

where Ii is the air pollution index of pollutant i calculated as:

Ii =
Ci

Coi
(3)

where Ci and Coi are the monitoring value and its quality standard limit in ng/m3 or
μg/m3, respectively [27].

The analysis was performed in SAS® Studio (Release 3.81, Enterprise Edition, SAS
Institute Inc., Cary, NC, USA) using the GLM procedure (PROC GENMOD) of SAS/STAT®

module [28]. Since the data represented repeated measurements and thus could not be
regarded as independent, the generalized estimating equation (GEE) approach [29] was
used to account for within-subject correlations, using option statement REPEATED in
GENMOD procedure. p values < 0.05 were considered statistically significant.

3. Results

3.1. Species Composition

A total of 13,903 phytoseiid mites belonging to eight species were identified. The
species composition was as follows: E. finlandicus 96.25% (C = 82.33%), Typhlodromus
(Typhlodromus) pyri Scheuten 1.35% (C = 10.00%), Amblyseius andersoni (Chant) 0.80%
(C = 4.50%), Neoseiulella tiliarum (Oudemans) 0.73% (C = 5.00%), K. aberrans 0.58% (C
= 5.83%), Phytoseius (Ph.) macropilis (Banks) 0.22% (C = 1.00%), Paraseiulus (Pa.) triporus
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(Chant & Yoshida-Shaul) 0.06% (C = 0.33%), and Paraseiulus (Pa.) talbii (Athias-Henriot)
0.01% (C = 0.08%). According to the coefficient of constancy, all species can be considered
accidental except E. finlandicus, which is a euconstant species.

3.2. Mite Abundance and Seasonal Dynamics

The mean abundance of phytoseiid mites per compound horse chestnut leaf across all
sites was 2.53 ± 0.29 (n = 240), 10.40 ± 0.51 (n = 240), 23.54 ± 0.91 (n = 240), 11.59 ± 0.49
(n = 240), and 9.27 ± 0.49 (n = 240) in May, June, July, August, and September, respectively.
The overall annual average abundance was 11.47 ± 0.32 mites per leaf (n = 1200). With
the exception of Stromovka park, mite abundance culminated in July (Figure 3) and thus
correlated with the mean temperature. The highest mite density was observed in the
Vltava estate site, while the lowest was in Stromovka park. The GLM analysis revealed that
differences among sampling sites can be associated with all considered predictor variables
with the exception of precipitations (Table 3). While the effects of greenery area, care
intensity, distance to water, tree density, and age on mite abundance were negative, the
statistical analysis showed that the mite abundance was positively related to temperature
and air pollution index. Hence, e.g., Třebotovice and Kaliště village with the lowest
pollution reported (Table S2) was inhabited by a lower density of Phytoseiidae throughout
the season compared to the heavily polluted Nádražní street (Figure 3).

Table 3. Generalized linear model (GLM) with Poisson distribution and log-link function showing
the relations between mite abundance and predicting variables.

Parameter Estimate
Standard

Error
95% Confidence Limits Z p

Intercept −4.9278 0.5132 −5.9336 −3.9220 −9.60 <0.0001
Greenery area −0.0462 0.0026 −0.0512 −0.0411 −17.93 <0.0001
Care intensity −0.1688 0.0208 −0.2096 −0.1280 −8.11 <0.0001

Distance to water −0.0002 0.0001 −0.0003 −0.0000 −2.26 00.0239
Tree density −0.5152 0.0160 −0.5465 −0.4838 −32.20 <0.0001

Tree age −0.0317 0.0030 −0.0375 −0.0258 −10.64 <0.0001
Temperature 0.1941 0.0183 0.1583 0.2300 10.62 <0.0001
Precipitations −0.0009 0.0014 −0.0037 0.0019 −0.63 00.5257

Air pollution index 1.5798 0.0978 1.3881 1.7716 16.15 <0.0001
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Figure 3. Cont.
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(g) (h) 

Figure 3. The mean abundance of phytoseiid mites per Aesculus hyppocastanum compound leaf during
vegetation period at eight sampling sites in České Budějovice. (a) City center; (b) Šumava and Máj
estate; (c) Vltava estate; (d) Třebotovice and Kaliště village; (e) Rožnov estate; (f) Pražské předměstí
estate; (g) Stromovka park; (h) Nádražní street. Vertical bars indicate standard error of the mean
(n = 30).

4. Discussion

The Phytoseiidae family represents a very important group of predatory mites that inhabit,
in addition to herbaceous plants, many species of deciduous trees and shrubs [9,10,30–42].
Six species of phytoseiids were identified on horse chestnut in city parks in Prague, Czech
Republic, by Kabíček and Řeháková [12]: E. finlandicus, Galendromus longipilus (Nesbitt), K.
aberrans, Neoseiulella aceri (Collyer), N. tiliarum, and T. (T.) pyri. The species richness, however,
varied among the investigated sites, from one to four species.

The species composition of the present study confirmed the presence of these species,
except G. longipilus and N. aceri, which were not found in any sample in České Budějovice.
However, we found A. andersoni, Ph. macropilis, Pa. triporus, and Pa. talbii. Thus, eight
species were found on A. hippocastanum in total. Six of them had also been found on horse
chestnut in Hungary [43,44], while Pa. talbii and Ph. macropilis, which were identified in
the present study, have not yet been reported on horse chestnut leaves. In Greece, where
horse chestnut is an autochthonous tree, only four phytoseiid species were found, namely,
E. finlandicus, K. aberrans, Pa. talbii, and T. (T.) pyri [11].

The most abundant species found in the present study was E. finlandicus, representing
approximately 96% of all phytoseiid mites. This confirms that E. finlandicus is predominant
in species complexes of phytoseiid mites in Europe on horse chestnut [9,12,38]. In Greece,
however, the percentage of E. finlandicus on A. hippocastanum was found to be only 48%,
and the second most dominant species, representing approximately 43% of all determined
species of Phytoseiidae, was K. aberrans [11]. Euseius finlandicus is also the predominant
species on other deciduous trees [9,10,32,35,36,38,45]. For example, in a survey by Kabíček
and Povondrová [35], E. finlandicus represented more than 95% of all phytoseiid mites
identified in leaf samples collected from various deciduous trees in a park in Prague.

The results of the present study revealed that one A. hippocastanum leaf can host
2.5–23.5 phytoseiid mites on average. These abundance values agree with those of previous
studies conducted in Finland [9,10] and the Czech Republic [12]. The latter authors reported
the highest population density of phytoseiids on horse chestnut trees in Prague to be 3.3
mites per leaflet on average [12]. Because A. hippocastanum compound leaves usually
have five to seven leaflets [1], the above value could correspond to 19.8 mites per average
compound leaf. This result matches that of our third sampling in July. In contrast, the
density of phytoseiid mites in Greece was lower, with 4.2 mites per compound leaf on
average [11].
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Relatively high abundance of Phytoseiidae on horse chestnut compared to other
deciduous tree species [32,33,35] confirms that A. hippocastanum is a favorable host plant
species for phytoseiid generalists in urban environments. We would expect that it is
due to the presence of prey availability. Although phytophagous mites are a common
food source for most Phytoseiidae [31], we found only a few phytophagous mites in
our samples. Among the mites infesting the horse chestnut tree are Eotetranychus pruni
(Oudemans) (Acari: Tetranychidae) [46], Aculus hippocastani (Fockeu), and Shevtchenkella
carinatus (Nalepa) (Acari: Eriophyidae) [47]. However, according to Tuovinen and Rokx [9],
prey density does not seem to have any significant effect on the presence and density of E.
finlandicus or P. macropilis. The number of phytoseiids on leaves is influenced by leaf surface
characteristics rather than by food availability [48]. Horse chestnut trees have few glandular
trichomes with a mean height of 84 μm located only on the midrib surface on the adaxial
epidermis; nonglandular trichomes with lengths ranging from 116–436 μm were observed
on the lower leaf surface, where they were located on the midrib and lateral veins as well
as in the vein axils [49]. The density of leaf trichomes was reported to be 9.96/mm2, which
is relatively high compared to that in other tree species [50]. The relatively high phytoseiid
density on A. hippocastanum can thus be explained by the favorable micromorphology of
its leaves. A positive effect of leaf trichomes and domatia occurrence on the abundance of
predatory mites has been well documented in many studies [32,33,48,51–61]. For example,
no mites were found on tree species with glabrous leaves such as Betula pendula Ehrh. or
Populus tremula L. with nonraised veins and no domatia [32,33]. While domatia mainly
provide phytoseiid mites with shelter and act as protection from either natural enemies or
abiotic stress [53], leaf pubescence also increases the capture and retention of pollen and
fungal spores that serve as alternative foods [62]. We often observed many pollen grains
on A. hippocastanum leaves. Kugler [63] estimated that this tree species itself can produce
42 million pollen grains from a single inflorescence. The A. hippocastanum pollen was also
found to have a very high nutritional quality for phytoseiid mites [64,65]. Because the
highest pollen concentration occurs during May [66], its availability probably facilitated the
significant increase in phytoseiid mite density in June and July observed in our study. The
other food resources such as extrafloral nectar or fungi are also considered to be important
for generalist phytoseiid mites [67,68], and their role in nutrition of mites inhabiting horse
chestnut needs to be investigated, too.

The different locality conditions may determine the variability of phytoseiid popula-
tion densities on horse chestnut. Results of the present study showed that mite abundance
can be affected by various factors. It is interesting that air pollution had a positive effect
on density of phytoseiids. Air pollution of České Budějovice is relatively low as only
benzo(a)pyrene concentration exceeded the limit (Table S2). The highest overall pollu-
tion index was found at the Nádražní street site, which is a narrow green belt between
a busy road and railway line. Horse chestnut trees are thus likely to accumulate heavy
metals in this site [69]. Some plants use this accumulation as a defense against herbivorous
arthropods [70], and therefore a negative effect on predatory mites could be expected.
Seniczak et al. reported that a high concentration of heavy metals was harmful to mites [16].
On the other hand, deposition of atmospheric nitrogen originating from vehicle exhaust
can increase herbivore populations through effects on host quality [71]. Similarly, the use
of de-icing salts has been implicated in the increased nutritive value of leaves on trees
in street habitats and, in turn, in elevated populations of spider mites [72]. Moreover,
Nádražní street is the only site without mowing and removing of leaf litter, measures which
are recommended to control C. ohridella [73]. The highest greenery care is performed in
the City center site resulting in low damage inflicted by C. ohridella [7,17]. However, this
greenery open space maintenance was found to have a negative impact on abundance
of hymenopteran parasioids and parasitism rate [15,17], so it could also negatively affect
density of Phytoseiidae. Indeed, the abundance of mites in the City center site was lower
than that in Nádražní street.
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5. Conclusions

The present study showed that the horse chestnut tree grown in urban environment
is a favorable host tree for phytoseiid mites. More than 90% of specimens collected were
identified as E. finlandicus. Two species, Pa. talbii and Ph. macropilis, were recorded on horse
chestnut for the first time. The other five species found were A. andersoni, K. aberrans, N.
tiliarum, Pa. triporus, and T. (T.) pyri. A high abundance of Phytoseiidae confirmed that
A. hippocastanum can serve as a good host plant of these predatory mites and should be
planted in proximity to vineyards, orchards, or other crops for better control of spider mites
and eriophyiid mites. The mite density varied significantly among sampling sites, which
can be attributed to different site conditions. Whether air pollution has a positive effect,
while removing leaf litter and mowing have a negative effect, on conservation of predatory
mites will require more investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14050942/s1, Table S1: Concentrations of air pollutants (weight
per m3 of air) in Aesculus hippocastanum sampling sites. Symbols in brackets indicate weight units.
Data representing five-year averages of 2009–2013 were obtained from Geographical Information
System of South Bohemia [19]; Table S2: Air pollution index for individual atmospheric pollutants
and overall index of air pollution for Aesculus hippocastanum sampling sites. Individual indexes were
calculated from measurements shown in Table S1 and concentration limits indicated in brackets
using Equation (2). The concentration limits are from Geographical Information System of South
Bohemia [19].
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40. Stojnić, B.; Mladenović, K.; Marčić, D. Spider Mites and Predatory Mites (Acari: Tetranychidae, Phytoseiidae) on Stone Fruit Trees
( Prunus Spp.) in Serbia. Int. J. Acarol. 2018, 44, 322–329. [CrossRef]

41. Grabovska, S.L.; Mykolaiko, I.I.; Mykolaiko, V.P. Structure Patterns of Phytoseiid Mite Communities in Urban Plant Associations.
Ukr. J. Ecol. 2017, 7, 179–186. [CrossRef]

42. Grabovska, S.L.; Mykolaiko, I.I. Mites of Phytoseiidae (Acari, Parasitiformes) in Urban Vegetative Plantations. Ukr. J. Ecol. 2017, 7,
216–222. [CrossRef]

43. Ripka, G. Checklist of the Phytoseiidae of Hungary (Acari: Mesostigmata). Folia Entomol. Hung. 2006, 67, 229–260.
44. Ripka, G. New Data to the Knowledge on the Phytoseiid Fauna in Hungary (Acari: Mesostigmata). Acta Phytopathol. Entomol.

Hung. 1998, 33, 395–405.
45. Komlovszky, S.Z.I.; Jenser, G. The frequent occurrence of the predatory mites Amblyseius finlandicus Oudemans and Phytoseius

plumifer. Növényvédelem 1987, 23, 193–201.
46. Gyenis, K.; Pénzes, B.; Hegyi, T. Phytophagous and predatory mites on the horse chestnut tree. Növényvédelem 2005, 41, 143–148.
47. Ripka, G.; de Lillo, E. New Data to the Knowledge on the Eriophyoid Fauna in Hungary (Acari: Eriophyoidea). Folia Entomol.

Hung. 1997, 58, 147–157.
48. Karban, R.; English-Loeb, G.; Walker, M.A.; Thaler, J. Abundance of Phytoseiid Mites on Vitis Species: Effects of Leaf Hairs,

Domatia, Prey Abundance and Plant Phylogeny. Exp. Appl. Acarol. 1995, 19, 189–197. [CrossRef]
49. Weryszko-Chmielewska, E.; Haratym, W. Leaf Micromorphology of Aesculus Hippocastanum L. and Damage Caused by Leaf-

Mining Larvae of Cameraria Ohridella Deschka and Dimić. Acta Agrobot. 2012, 65, 25–34. [CrossRef]
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Abstract: Various biotic and abiotic factors are the cause of the decline of coniferous forests throughout
Europe. Trees weakened by unfavorable weather conditions create an ideal environment for a possible
outbreak of bark beetles. The damage caused by bark beetles costs billions of dollars worldwide
every year. Extreme climate events are responsible for the enormous forest losses in Tara National
Park in the last ten years, leading to a massive bark beetle infestation. The understanding of the
diversity and role of mites as biological control agents is still insufficient. In this study, we summarize
the current knowledge on the diversity of mites associated with Ips typographus L. in Europe and
provide information on the diversity of these mites in Serbia. Paraleius leontonychus, Uroobovella
ipidis, Dendrolaelaps quadrisetus, Histiostoma piceae, and Trichouropoda polytricha were detected for the
first time in Serbia. Moreover, the occurrence of Paraleius leontonychus represents the southernmost
occurrence of this species.

Keywords: Acari; Coleoptera; Curculionidae; Scolytinae; biodiversity; Tara National Park

1. Introduction

Biotic and abiotic disturbances associated with climate change currently pose the
greatest threat to coniferous forests in Europe [1–4]. In Serbia, a sharp decline in coniferous
forests has been observed since 2012 [5–10]. The main reason for this decline was droughts
that occurred during growing seasons and caused damage of 116,290 m3 with a percentage
of 89% dead spruces and fir [11].

Tara National Park is located in the western part of Serbia, part of the Dinaric Alps.
With an area of 19,175 ha and about 1013 plant species, Tara National Park is the third
most diverse area in Serbia [12,13]. Forest ecosystems cover almost 80% of the total land
area. The most common forest community is mixed forests of beech, fir, and spruce (Piceo-
Fago-Abietetum Čolić, 1965), which are also known for the occurrence of the endemic and
endangered Serbian spruce Picea omorika (Pančić) Purk. [14]. Tara National Park Enterprise
data estimate the loss of about 6.4% (112,879.3 m3 of wood) of the forest area in the last
10 years due to extreme climatic events and subsequent pest calamities [15].

Bark beetles are a major threat to physiologically weakened coniferous forests [16].
The most abundant is the European spruce bark beetle, Ips typographus Linnaeus, 1758

Forests 2022, 13, 1586. https://doi.org/10.3390/f13101586 https://www.mdpi.com/journal/forests128
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(Coleoptera, Curculionidae, Scolytinae). Research on natural enemies and potential control
agents for this species in Serbia has so far been limited to hymenopteran parasitoids and
entomopathogenic fungal associations [17–19]. However, interactions between mites and
bark beetles have been overlooked. Previously, more than 250 mite species associated with
bark beetles have been described worldwide [20]. Their interactions fall into three main
categories: predatory, mite-fungus symbiosis, and phoretic [21]. The most common type of
interaction between mites and bark beetles is phoresis. Phoresis may also be considered
harmful to bark beetles by limiting their movement and potential dispersal [22]. In addi-
tion, previous studies have shown that mites are able to transmit fungal spores in beetle
galleries, e.g., Proctolaelaps scolyti (Evans, 1958) and Tarsonemus crassus (Schaarschmidt,
1959), which contribute to the transmission of O. novo-ulmi Brasier, 1991 to elms [23] or
spores of Ophiostoma sp. by mites of the genus Histiostoma Kramer, 1876 [24]. In addition,
phoretic mites are potential vectors of entomopathogenic fungi such as Beauveria bassiana
(Bals.-Criv.) Vuill. (1912) [25]. Studies on the diversity of phoretic mites associated with I.
typographus have already been conducted in several European countries (see Table S1).

The main objective of this study was to summarize the knowledge about the mites
associated with I. typographus reported so far from Europe and to provide a view of the
diversity of these mites in Serbia.

2. Materials and Methods

2.1. Study Area

Our research was conducted at six selected sites in the Tara National Park in Serbia
(Figure 1). Site No. 1 is located in the southwestern part of the National Park (43◦53′25.22′′
N, 19◦30′43.87′′ E) at an altitude of 1143 m.a.s.l. It is covered with mixed stands of spruce,
fir, and beech (Piceo-Abieti-Fagetum drymetosum association). Site No. 2 was located near
site No. 1 (43◦53′24.63′′ N 19◦30′34.21′′ E), at an altitude of 1155 m.a.s.l., with the same
forest stands. Site No. 3 (43◦53′49.49′′ N 19◦29′46.08′′ E) was located in the western part,
at an altitude of 1196 m.a.s.l. It is covered with mixed stands of spruce, fir, and beech
(Piceo-Abieti-Fagetum typicum). Site No. 4 (43◦55′33.85′′ N 19◦25′16.60′′ E) is located near
No. 3, with the same forest stands and at a similar altitude (1158 m.a.s.l.). Sites No. 5
(43◦55′22.09′′ N 19◦27′13.90′′ E) and No. 6 (43◦56′15.19′′ N 19◦28′19.66′′ E) are adjacent to
each other and belong to the same forest stands as No. 3 and 4, with an average altitude of
1000 m.a.s.l.

2.2. Sampling Methods

In Tara National Park, cross-barrier pheromone traps (THEYSOHN®) have been used
to monitor bark beetle populations since 2014 [26]. For our research, we used the same
pheromone traps equipped with IT Ecolure pheromones. We collected the captured adults
of I. typopgraphus during the first flight in April 2016. The collected adults were packed
in plastic boxes and brought to the laboratory of the Institute of Forestry in Belgrade. We
examined the bark beetles under a stereomicroscope, counted the mites, and placed them
in Eppendorf tubes containing ethanol and lactic acid before preparation [27]. The mites
were sorted into morphospecies using the key published by Moser and Bogenschütz [28]
and identified by Milan Pernek. For the assessment of species dominance and frequency of
occurrence in the bark beetle samples, we followed the statistical method used by other
authors [29–33] (Table 1). The dominance parameters were eudominant (>30%), dominant
(15.01%–30%), subdominant (7.01%–15%), recedent (3.01%–7%), and subrecedent (<3%);
the frequency parameters were euconstant (>50%), constant (30.01%–50%), subconstant
(15.01%–30%), accessory species (5.01%–15%) and accidental occurrence (<5%).
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Figure 1. Location of the study areas in Tara National Park, Serbia.

Table 1. The mite species found on the captured adults of I. typographus, their total number, domi-
nance, frequency in the samples, and location on the body of the bark beetles.

Species Number Dominance (%) Frequency (%) Location

Paraleius leontonychus (Berlese, 1910) 267 Dominant (18.98) Eucostant (66.66) Thorax, Elytral
declivity, Head

Uroobovella ipidis (Vitzthum,1923) 191 Subdominant (13.57) Eucostant (66.66) Thorax, Elytral
declivity, Head

Dendrolaelaps quadrisetus (Berlese 1920) 374 Eudominant (26.58) Eucostant (83.33) Under elytra, Elytral
declivity

Histiostoma piceae (Scheucher, 1957) 10 Subrecedent (0.71) Accidental (16.67) Elytral declivity

Trichouropoda polytricha (Vitzthum, 1923) 565 Eudominant (40.16) Eucostant (100.00) Thorax, Elytral
declivity, Head
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2.3. Photographing Methods

Before photographing, we made permanent preparations for the identified mites ac-
cording to the protocol of Saito et al. [34]. Photographing was performed with the Olympus
BX63 fluorescence microscope and cellScens Dimension software. For photographing the
adults of I. typographus with the mites, we used Olympus SZX16 with Olympus SDF Plapo
1XPF lens and PROMICRA 3-5CP camera together with QuickPHOTO MICRO 3.2 software.

3. Results

The data on species used to summarise current knowledge on mites associated with
I. typographus in Europe were obtained from various literature sources (see Table S1). We
found data about 97 species from 12 countries (Bulgaria, Croatia, the Czech Republic,
Finland, Georgia, Germany, Poland, Romania, Russia, Slovakia, Sweden, and Turkey). The
countries with the highest reported diversity of mites were Russia (53 species), Germany
(25 species), and Finland (22 species). The lowest number of mite species was reported
from Croatia (3 species). The most common mite species in Europe were Dendrolaelaps
quadrisetus (Berlese, 1920), detected in 11 countries, Trichouropoda polytricha (Vitzthum,
1923)—found in 10 countries, Uroobovella ipidis (von Vitzthum, 1923)—documented in
9 countries, Proctolaelaps fiseri (Samsinak, 1960)—found in 8 countries, and Histiostoma
piceae (Scheucher, 1957), detected in 5 countries.

We also examined 4093 adults of I. typographus collected in Tara National Park, from
which we obtained 1407 mites (Table 1). All five species were found for the first time in
Serbia (Figure 2).

3.1. List of the Species Newly Recorded in Serbia

1. Order: Oribatida
Family: Scheloribatidae Jacot, 1935
Genus: Paraleius Travé, 1960
Species: P. leontonychus (Berlese, 1910)
Figure 2a
Distribution: Holarctic

Note: The species is often also listed in the literature as Siculobata leontonycha (Berlese,
1910). P. leontonychus is a fungivorous (or detritivorous) species of oribatid
mite with strong hooked claws helping it to reach the bark beetle galleries [35].
This phoretic species was previously found on various European bark beetle
species, such as Cryphalus abietis, Dryocoetes autographus, Hylurgops palliatus,
Ips amitinus/I. sexdentatus/I. typographus, Pityogenes chalcographus, Pityokteines
curvidens/P. spinidens/P. vorontzowi, Scolytus multistriatus, and Tomicus minor/
T. piniperda [36–39].

2. Order: Mesostigmata
Family: Urodinychidae Berlese, 1917
Genus: Uroobovella Berlese, 1903
Species: U. ipidis (Vitzthum, 1923)
Figure 2b
Distribution: Europe and western Asia

Note: The deutonymphs of U. ipidis are phoretic and were previously found on vari-
ous European bark beetle species, such as I. typographus/I. sexdentatus, Hylastes
cunicularius, Pityokteines curvidens/P. spinidens/P. vorontzowi, and Pityogenes
chalcographus [28,32,37–46].

3. Order Mesostigmata
Family: Digamasellidae Evans, 1957
Genus: Dendrolaelaps Halbert, 1915
Species: D. quadrisetus (Berlese, 1920)
Figure 2c
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Distribution: Holarctic and Neotropical region

Note: Deutonymphs of D. quadrisetus are phoretic and positioned mainly under
the elytra of bark beetles. However, Khaustov et al. [47] observed that deu-
tonymphs of this species increase their size by feeding on the eggs of I. typogra-
phus.

D. quadrisetus was previously found on many European bark beetle species, e.g., Cryp-
turgus cinereus, Dryocoetes autographus, Hylastes opacus, Hylesinus varius, Hy-
lurgops glabratus/H. palliatus, Ips acuminatus/I. amitinus/I. cembrae/I. sexdenta-
tus/I. typographus, Pityogenes chalcographus, Pityokteines curvidens/P. spinidens/
P. vorontzowi, Polygraphus poligraphus, Scolytus intricatus/S. ratzeburgii, Tomicus
minor/T. piniperda, and Xyleborus cryptographus [24,28,37,38,41,44,48–52].

4. Order: Sarcoptiformes
Family: Histiostomatidae Berlese, 1897
Genus: Histiostoma Kramer, 1876
Species: H. piceae Scheucher, 1957
Figure 2d
Distribution: Palearctic region

Note: The deutonymphs of this species are phoretic and can also carry hyperphoretic
plant pathogenic fungi (e.g., Ophiostoma spp.). H. piceae has previously been
found mainly in the subelytral spaces of I. typographus. However, they have
also previously been found in other bark beetle species, such as Dryocoetes
hectographus, Ips cembrae, Pityogenes chalcographus, and Pityokteines curvidens/
P. spinidens/P. vorontzowi [24,28,37,38,40,41,45,53–55].

5. Order: Mesostigmata
Family: Trematuridae Berlese, 1917
Genus: Trichouropoda Berlese, 1916
Species: T. polytricha Vitzthum, 1923
Figure 2e
Distribution: Holarctic region

Note: The deutonymphs of T. polytricha are phoretic to various European bark bee-
tle species, such as Dryocoetes autographus, Hylastes cunicularius, Hylurgops
palliatus, Ips amitinus/I. cembrae/I. sexdentatus/I. typographus, and Pityogenes
chalcographus [28,39–44].
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Figure 2. Five newly recorded mite species of I. typographus in Serbia and their position on the
body of the bark beetle. (a) Paraleius leontonychus, (b) Uroobovella ipidis, (c) Dendrolaelaps quadrisetus,
(d) Histiostoma piceae, (e) Trichouropoda polytricha. (f) Mites on the elytra declivity of I. typographus,
(g) mites under the elytra of I. typographus, (h) mites on the thorax of I. typographus.

3.2. Abundance of Newly Found Mite Species at the Sites Studied in National Par Tara

At site No. 1, we collected 1099 adults of I. typographus, from which we obtained
322 mites (P. leontonychus—78 indv.; U. ipidis—2 indv.; D. quadrisetus—128 indv.; H. piceae—
10 indv.; T. polytricha—104 indv.). At site No. 2, we collected 412 adults of I. typographus and
obtained 347 mites (P. leontonychus—102 indv.; U. ipidis—28 indv.; D. quadrisetus—102 indv.;
T. polytricha—115 indv.). At site No. 3, we collected 442 adults of I. typographus with
180 mites (D. quadrisetus—78 indv.; T. polytricha—102 indv.), At site No. 4, we collected
148 adults of I. typographus, of which we found only 12 mites (T. polytricha—12 indv.). At site
No. 5, we collected 1717 adults of I. typographus and obtained 354 mites (P. leontonychus—
54 indv.; D. quadrisetus—12 indv.; U. ipidis—83 indv.; T. polytricha—205 indv.). At site No. 6,
we collected 275 adults of I. typographus, from which we obtained 192 mites (P. leontonychus—
33 indv.; U. ipidis—78 indv.; D. quadrisetus—54 indv.; T. polytricha—27 indv.).

133



Forests 2022, 13, 1586

4. Discussion

Our study provides an overview of the current knowledge on mites associated with
I. typographus in Europe and, for the first time, provides information on their diversity in
Serbia and fills the gap in their known distribution. Based on their occurrence in other
European countries, all recorded species were expected to be present in Serbia as well. The
most frequently found mite species were T. polytricha (565 individuals) and D. quadrisetus
(374 individuals). This result agrees with the results from other European countries,
where these two species were considered the most common (see Table S1). However,
P. leontonychus was also found relatively frequently at sites No. 2, 5, and 6, and U. ipidis was
also among the most frequently found species at sites No. 4 and 5. The first detection of the
fungivorous (or detritivorous) P. leontonychus and its higher abundance at three studied sites
can be considered very interesting, as this morphologically unique species has so far only
been found in northern parts of Europe (see Table S1) [50,56]. The most frequent locations
on the body of the bark beetle were elytral declivity and the head. This also corroborates
previous observations [45]. Similar to previous studies [28,40,43], our methods for detecting
mites on European spruce bark beetles most likely did not cover the full diversity of mites
associated with them, so more sensitive methods (e.g., examining mites from tree bark and
bark beetle galleries) should be used in further studies. Furthermore, information on the
life history of the various mite species is still insufficient, as is the actual diversity of mites
compared to the number of species currently recognized [57].

5. Conclusions

Our study of mites associated with I. typographus has improved the inadequate knowl-
edge of the regional diversity of this potentially important group and also represents an
extension of the known distribution of each species. As our study highlighted, some species
play only a phoretic role, using the bark beetles only to transport themselves to different
locations, while other species can be a good natural enemy, reducing the population by
feeding on the eggs or transporting spores of entomopathogenic fungi. In addition, the
knowledge gained about the diversity and biology of mites could serve as a potential tool
for future biological control research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13101586/s1; Table S1: The diversity of mites reported from
various European countries.
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and protection of natural values of Tara national park. Arch. Biol. Sci. 2005, 57, 193–204. [CrossRef]
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Kovač, M.; Lacković, N.; Koren, M.;

Hrašovec, B. Effective Reduction in

Natural Enemy Catches in

Pheromone Traps Intended for

Monitoring Orthotomicus erosus

(Coleoptera, Curculionidae). Forests

2024, 15, 1298. https://

doi.org/10.3390/f15081298

Academic Editors: Katarína
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Abstract: Infestations have persisted following a sudden and intense outbreak of the bark beetle
Orthotomicus erosus along the Croatian coast, necessitating a continuous battle against this pest. A
recommended protective action is the utilization of pheromone traps for population surveillance.
Previous monitoring efforts have recorded an exceptionally high capture rate of natural enemies
using pheromone traps; these traps inadvertently prevented natural enemies from fulfilling their
essential role in controlling bark beetle populations. To address and significantly diminish instances
of this unintended capture, our study designed a modification to the Theysohn-type pheromone trap
by integrating a metal mesh within the trapping container. An experimental setup was established
in Marjan Forest Park, situated on a peninsula bordered by the sea on three sides and partly by
the city of Split. For monitoring purposes, unmodified standard pheromone traps were deployed
at the onset of a significant O. erosus outbreak in Croatia in 2018. Catch data from 2020 to 2022
show a marked decrease in the bark beetle population, indicating a shift toward a latent phase. In
2022, modified traps were integrated into the existing monitoring setup, consisting of 10 pairs, to
evaluate whether modifications to the traps could significantly reduce the capture of the bark beetle’s
natural enemies, specifically Temnoscheila caerulea, Thanasimus formicarius, and Aulonium ruficorne.
The objective is to offer recommendations for forestry practices on employing pheromone traps with
minimal disturbance to the ecological equilibrium. Our findings indicate that the modifications to the
traps markedly decreased the capture of natural predators, particularly T. caerulea, which was the
predominant predatory insect found in the traps. Simultaneously, captures of the target species, all
bark beetles in the trap, were marginally reduced. This decrease in the capture rates of the target bark
beetle species, O. erosus, is not considered problematic when pheromone traps are utilized primarily
for monitoring purposes. The modifications to the traps significantly reduced the capture of common
bark beetle predators, thereby facilitating a more balanced strategy in forest protection efforts.

Keywords: bark beetle outbreak; mediterranean pine engraver; modification of traps; Temnoscheila caerulea;
Thanasimus formicarius; Aulonium ruficorne; Tomicus destruens; Hylurgus miklitzi

1. Introduction

Bark beetles are considered one of the most damaging groups of insects to forests
worldwide [1]. Out of this large group of insects, there are not many that cause huge
losses in forestry. For the past few years, outbreaks of the Mediterranean pine engraver
(MPE), Orthotomicus erosus Woll. (Coleoptera, Curculionidae, Scolytinae) on Aleppo pines
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(Pinus halepensis Mill.) have become a regular threat in Croatia [2]. Climate change, ex-
treme drought, and secondary bark beetle attacks eventually led to enlarged bark beetle
population levels, which then started attacking healthy trees. This increase in bark bee-
tle populations in conifers is well known and documented in European forestry, most
commonly for the spruce bark beetle (Ips typographus L.) [3–7]. Similar scenarios where
MPEs exhibit aggressive behavior and act as primary pests have been documented in
Dalmatia, the Southern Mediterranean part of Croatia [2]. Previously, concerning bark
beetle attacks in this specific region, only very local outbreaks of Tomicus piniperda L. or
T. destruens Woll. had been recorded [8,9]. The MPE is a reddish-brown beetle that is 2.7
to 3.5 mm long. It tunnels in the living part of the bark; its larvae are legless, white, and
about 2.7 to 3.5 mm long; and their appearance does not change as they grow. The eggs
are white, partly transparent, and about 1 mm long. The MPE is naturally distributed in
Central Asia, the Middle East, Europe, and China. Although it is widespread throughout
Europe, so far it has only caused damage in very warm Mediterranean areas. In France,
Morocco, and Turkey, two generations have been identified per year, with three to four in
South Africa and Tunisia, and three to five in Israel, where adults are active from March to
October. Although previous research identified three [10] or four generations [11], more
recent studies have shown that even five generations could be in the outbreak site in Marjan
(Split, Croatia) [2]. A reason for this could be climate changes, primarily aridification, and
a significant extension of the vegetation period in this region, with an unusually warm
November and December (Pernek unpublished data). The MPE is also associated with
xylophagous fungi, which probably play a role in the colonization of the host trees [12].

MPE attacks, as described in warmer Mediterranean regions [11,13–16], have never
occurred before in Croatia [2]. The behavior of pest insects might change because of climate
change, so mortality, reproduction, voltinism, and spatial distribution may be factors that
favorably affect the pest insect [2,17,18]. Due to the extension of the growing season,
the production of several generations above the usual number per year allowed for an
exponential population growth and the development of an outbreak that destroyed 50%
of the trees in the Marjan Forest Park after 4 years of heavy attack (Pernek unpublished).
Control measures include the prompt cutting of infested trees and the use of bait logs,
with pheromones used only for monitoring purposes. A mass trapping experiment was
conducted in 2019, but it has not shown good results [18].

In general, pheromone traps of various designs are used for insect attraction, mostly for
evaluating population densities, i.e., monitoring. Mass trapping is an exception [19–21]. Con-
cerning the design and placement of pheromone traps, there is a large number of studies in
the literature, especially for the most researched species of bark beetle: I. typographus [22–25].
In designing optimal lures and pheromone traps for the MPE as a target species, Erosowit®

(Witasek, Feldkirchen, Austria) has exhibited significantly higher catch rates compared
to Pheroprax® (BASF, Ludwigshafen, Germany) and it has also been significantly more
selective, while single Theysohn traps (Theysohn, Salzgitter, Germany) have been shown
to be an optimal solution [18]. Although traps are designed to target specific insects, such
as other bark beetle species, many other species are also attracted. Mass trapping can
unintentionally remove high numbers of predators that use bark beetle pheromones as
kairomones [19] (Aukema et al., 2000), and such negative side effects have negative im-
pacts [26]. For example, in the pheromone Pheroprax®, components like ipsenol, ipsdienol,
and (S)-cis-verbenol are responsible for attracting the antagonist Thanasimus dubius Fab.
(Coleoptera, Cleridae) (Aukema et al., 2000). Pheromone traps have been used in Marjan to
attract the MPE since 2018. Early on, it was apparent that many specimens of Temnoscheila
caerulea Olivier (Coleoptera, Trogossitidae), an important predator of bark beetles, were
present along with the target organism. This is concerning [19], because four or more
generations of MPE have been detected each year [2,27], and a high capture rate of natural
enemies should be avoided even if the traps are intended for monitoring or mass trapping.
According to Martin et al. [28], the number of catches of T. caerulea could be reduced by
modifying the pheromone traps.
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Pheromone traps have been used for several years to capture MPEs. Throughout the
years, the capture of non-target entomofauna, particularly predators, has been evident
and identified as a major problem. The predatory species remain trapped and feed on the
catches of other insects. Sometimes, in specific periods, the number of predators has been
approximately equal to the number of MPEs, which is a major drawback of the pheromone
trap. This was particularly evident when a large number of pheromone traps were used
in an attempt to reduce the number of MPEs. Therefore, developing a way to reduce
the number of non-target species has been necessary, especially concerning predatory
and entomofauna captures. The use of protective nets in pheromone traps is not new,
and their use has often proven effective for several bark beetle species. However, to our
knowledge, there have been no such studies for MPEs. Now that the MPE has established
itself in Croatia as a pest with the potential to build populations to levels that cause
damage over large areas, this research should serve as a basis for future integrated forest
protection. When used against the MPE, pheromone traps baited with an Erosowit® lure
catch large numbers of natural enemies; hence, the aims of this work were to (i) monitor the
population dynamics of the MPE and (ii) improve trapping protocols in order to decrease
unintentional captures.

2. Materials and Methods

2.1. Field Work

This study was carried out between 2020 and 2022 in the public forest (forest park) of
Marjan, close to the city of Split, in a 200 ha Allepo pine stand. Marjan is a hill peninsula
that was declared a forest park in 1976 and is located just a couple of hundred meters from
Diocletian’s palace, which is in the center of Split. It is of great importance to the citizens
of Split as a recreational area and historical site. The whole protected area of Marjan is ca.
300 ha in size, with forest making up approximately two-thirds of it. Throughout history,
it was covered with holm oak and manna ash forest (Fraxino orni, Quercetum ilicis) that
has gradually degraded. Today, it is mostly dominated by Aleppo pine. Geographically,
Marjan is a peninsula, surrounded by the sea and connected to the mainland by a narrow
strip on which the city of Split continues. Because the influence of the bark beetles’ arrival
from the outside is almost negligible, this field experiment could be considered an open-air
laboratory experiment.

Since 2017, MPE attacks have occurred regularly in the Marjan Forest Park [2]. Some
parts of the forest have a greater proportion of deciduous trees, mostly holm oak (Quercus
ilex L.), and these parts were avoided when installing the traps. Pheromone traps were set
in early spring at the end of March 2020, 2021, and 2022, so the first sampling was always
conducted on the last week of March. In total, 10 standard Theysohn traps were set each
year, separated from each other by at least 100 m (Figure 1). In 2022, 10 modified traps were
added as a pairing to the 10 standard traps (Figure 1). The modification was to avoid the
capture of non-targeted insects. For this purpose, a special steel mesh with a 6 mm mesh
screen was developed from scratch and installed on the collection container (Figure 2). The
trap pairs were placed 20 m apart and at least 20 m from a healthy pine tree.

The catches in the pheromone traps were collected mainly from 7 to 14 days (9 days on
average) depending on the weather conditions. The pheromone ampoules Erosowit® were
changed five times a year each time the liquid ran low, which was temperature-dependent.
The catches were transferred into plastic trays, mixed with ethanol (70%), and labeled. Then,
they were transported to the laboratory (Croatian Forest Research Institute, Jastrebarsko,
Croatia) and examined under a microscope (Olympus BX2, Tokyo, Japan) after 2 weeks
maximum.
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Figure 1. Study area with trap positions (gray dots: standard Theysohn traps installed in 2020; red
dots: modified Theysohn traps installed in 2022).

 

Figure 2. Modification with a steel mesh with a 6 mm screen.
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2.2. Laboratory Work

A catch analysis was conducted on the pheromone traps in the laboratory for ento-
mological research at the Croatian Forest Research Institute (Jastrebarsko, Croatia). The
laboratory processing involved drying the insects at room temperature and sorting the
species under a microscope. The insects were first sorted by taxonomic categories and dried
to facilitate counting. Based on the taxonomic categories, the insects were identified using
the available morphological keys [29]. The counting of the sorted catch was conducted
manually. All larger insects, such as longhorn beetles, beetles with equally sized wings,
and natural enemies, were separated and counted by hand in separate Petri dishes.

2.3. Statistical Analysis

A statistical analysis was conducted using R software version 4.2.2 [30]. To assess the
statistical significance of the differences in the average number of beetles captured by the
standard and modified pheromone traps, we employed the permutation paired t-test from
the RVAide Memoire package version 0.9-81-2. Permutation methods were chosen due to
their numerous benefits over conventional statistical tests. These methods excel in handling
multiple comparisons and reducing the Type I errors that arise when numerous hypotheses
are tested simultaneously. Unlike traditional tests, permutation tests do not presume any
specific population distribution, making them versatile across various data types, including
non-normal and non-parametric datasets. They depend on the permutations of the data
rather than the actual data values, rendering them more resilient to outliers and other forms
of data anomalies.

The effectiveness of the standard and modified traps was gauged by the proportion
of captured species. The statistical significance of the differences between the proportions
of beetle species captured in the standard and modified traps was assessed using the
two-sample test for the equality of proportions, with a continuity correction.

3. Results

Between 2020 and 2022, catches were counted in all the traps to assess the popu-
lation status of bark beetles. By adding modified traps in 2022, attention was focused
on non-selective capture, i.e., the results obtained show to what extent, and to which
predatory insects, the trap modification is beneficial. Ultimately, other targeted species of
entomofauna were observed in the regular and modified pheromone traps (Table S1).

3.1. Catches of Target Organism MPE

MPEs caught in pheromone traps between 2020 and 2022 were compared with pre-
vious years [18]; the catches were constantly decreasing, indicating a population decline.
Additionally, the catches between 2020 and 2022 show the collapse of the outbreak very
clearly (Figure 3).

3.2. Efficiency of Modified Traps

In 2022, we recorded the number of beetles caught in standard and modified traps
(Table 1). We did not use the sample from trap pair #3 on 25 April 2022 for the evaluation,
because the standard trap was damaged and the number of beetles could not be determined.

Although the pairs of standard and modified traps were placed close to each other and
under similar conditions, the number of beetles captured was different (Figure 4). The average
number of beetles captured in the standard traps was statistically greater than the average
number of beetles captured in the modified traps (permutation paired t-test, p = 0.03).
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Figure 3. Average catches of Orthotomicus erosus in standard pheromone traps 2020–2022 (the first
week of each sampling year always began on the last week of March; the sampling was conducted
every 9–14 days during the year).

Table 1. Number of beetles caught in standard and modified traps during the entire 2022 season.

Species
Standard Traps Modified Traps

Total
Total Max Mean St. Dev. Total Max Mean St. Dev.

Orthotomicus erosus 1645 472 164.5 137.4 1017 242 101.7 65.6 2662
Tomicus destruens 176 32 17.6 7.8 135 34 13.5 9.4 311
Hylurgus miklitzi 26,370 5622 2637.0 1543.9 21,051 4119 2105.1 1412.4 47,421
Other Scolytinae 152 67 15.2 19.3 366 157 36.6 46.6 518

Temnoscheila caerulea 874 188 87.4 48.1 486 125 48.6 32.5 1360
Thanasimus formicarius 60 23 6.0 6.8 22 7 2.2 2.0 82

Aulonium ruficorne 111 30 11.1 10.0 70 46 7.0 13.8 181
Monochamus galloprovincialis 30 14 3.0 4.1 1 1 0.1 0.3 31

Buprestidae 446 220 44.6 64.1 33 15 3.3 4.6 479
Other 229 51 22.9 16.7 104 18 10.4 5.0 333

All species 30,093 5970 3000.9 1666.3 23,285 4333 2328.5 1484.7 53,378

Figure 4. Total number of beetles caught in standard and modified traps.
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The largest differences in the number of beetles captured in the standard and modified
traps were found in trap pairs #7 and #10. In both cases, several times more beetles were
caught in one type of trap than in the other during the summer (Figures 5 and 6).

Figure 5. Number of beetles caught in trap pair #7.

Figure 6. Number of beetles caught in trap pair #10.

According to our observations, the efficiency of the modified traps was about 25%
lower than that of the standard traps. We can see that fewer beetles of each species, except
for Scolytinae, were caught in the modified traps than in the standard traps (Figure 7).

Figure 7. Percentage of beetle species caught in standard and modified traps.

The average number of O. erosus captured in the standard traps was statistically higher
than the average number captured in the modified traps (Table 1), as determined by the
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permutation paired t-test (p = 0.004). The substantial disparity in MPEs captured between
the standard and modified traps is primarily attributed to traps #7 and #9 (Figures 8–11).
For both pairs of traps, the peak number of beetles captured occurred on the 237th day of
the year (25 August 2022).

Figure 8. Orthotomicus erosus by trap pair.

Figure 9. Orthotomicus erosus captured in trap #7.

Figure 10. Orthotomicus erosus captured in trap #9.
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Figure 11. Orthotomicus erosus caught in standard and modified traps by day of year.

3.3. Effectiveness of Modified Traps

The main objective of this study was to develop and test modified traps that reduce
the risk of trapping natural enemies of bark beetles. Therefore, in the second part of this
study, we evaluated the effectiveness of the modified traps in separating bark beetles,
their natural enemies, and other non-target species. We expressed the effectiveness of the
traps by the proportions of target, non-target, and predatory species captured (Table 2).
Consistent with the intent of the modified trap design, the proportion of beetle predators
and non-target species captured decreased (Table 2). The proportion of predatory species
captured in the modified traps decreased by 1% compared to standard traps. However,
the overall efficiency of the modified traps was lower than that of the standard traps. This
lower efficiency can be compensated for by placing additional modified traps. For the
same anticipated total number of beetles captured, approximately 30% fewer predatory
beetles will be captured in the modified traps than in the standard traps. The decrease in
the proportion of non-target species was even more significant. For the same projected
number of beetles captured, up to four times fewer non-target beetles are expected in the
modified traps than in the standard traps. These decreases in the proportions of predator
and non-target beetles in the modified traps were statistically significant.

Table 2. Percentage of beetle species captured in standard and modified traps.

Species
Percentage of Beetle Species in Traps (%)

Standard Modified LL UL p

Targetspecies

Orthotomicus erosus 5.5 4.4 0.73 1.47 <10−8

Tomicus destruens 0.6 0.6 −0.13 1.39 0.98
Hylurgus miklitzi 87.6 90.4 −3.31 −2.24 <10−15

Other Scolytinae 0.5 1.6 −1.25 −0.88 <10−15

Total 94.2 96.9 −3.10 −2.39 <10−15

Predatory species
Temnoscheila caerulea 2.9 2.1 0.55 1.08 <10−8

Thanasimus formicarius 0.2 0.1 0.04 0.17 <0.01
Aulonium ruficorne 0.4 0.3 −0.03 1.70 0.20

Total 3.5 2.5 0.70 1.28 <10−10

Non-target species

Monochamus
galloprovincialis 0.1 0.0 0.05 0.14 <10−4

Buprestidae 1.5 0.1 1.19 1.49 <10−15

Other 0.8 0.4 0.18 0.45 <10−5

Total 2.3 0.6 1.55 1.95 <10−15

LL—the lower limit of the 95% confidence interval; UL—the upper limit of the 95% confidence interval; p—p-value
of the proportionality test.

4. Discussion

Although the catch numbers in different types of traps may vary significantly, they still
provide information on the population status of bark beetles, indicating that the number
of individuals caught is not as important [19]. Generally, pheromone traps do not have a
curative function [19,31]. However, the aim is to catch a larger number of target insects,
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thereby excluding them from the population. However, natural enemies are extremely
important in regulating bark beetle population dynamics [32,33]. They contribute to self-
sustaining biological control over large areas and long timeframes [34,35]. The selectivity
of the pheromone trap is therefore much more important, because by excluding predators
from the population, their positive ecological impact is absent [36]. In the extreme case, the
number of predators caught and removed from the population is so high that, considering
their potential food consumption, we may cause more harm than good. The catch of
predators may be so high that the number of bark beetles that would be destroyed in nature
becomes significantly smaller than in traps [37]. Furthermore, the removal of predators
captured through mass trapping may prolong bark beetle outbreaks [38].

The number of MPE catches in 2022 is negligible compared to catches from previous
years, representing the bark beetle outbreak’s entry into latency. This is somewhat expected
because of the high mortality rate of pine trees caused by the large-scale MPE attacks in
previous years, where large numbers of larvae were found under bark. Due to competition
within the species (intraspecific competition), the bark beetles do not have the space for
normal development anymore [39]. This results in a reduction in their numbers and a
decrease in brood productivity. This regulatory mechanism has been shown to be powerful
in other species of bark beetles [40]. Additionally, their natural enemies have strengthened
and created a strong barrier to the MPE population’s resurgence.

Previously used pheromones and traps were used in accordance with the literature [13]
or based on research or experience gained in the first years of the outbreak [2]. In this study,
the difference in the catches of target insects (MPEs) and non-target insects (predators) was
analyzed to provide advice for future monitoring. By placing traps in the same location year
after year, we can gain insight into population movements or trends that may help experts
implement protection measures correctly and in a timely manner. This study compared
pheromones and traps for the capture of MPEs, representing the first such research in
Croatia, and the results should be valuable to forestry professionals in the field.

Our results show that the average number of O. erosus captured in the standard
traps is statistically higher than that in the modified traps (Table 1), as determined by the
permutation paired t-test (p = 0.004). The substantial disparity in MPEs captured between
the standard and modified traps is primarily attributed to traps #7 and #9 (Figures 8–11).
For both pairs of traps, the peak number of beetles captured occurred on the 237th day of
the year (25 August 2022).

The difference in the number of MPEs in the standard trap and modified trap #7 is less
extreme. However, the trend in the number of MPEs in modified trap #7 does not match
that in standard trap #7. This may be explained by the placement of modified trap #7.

Consistent with the intent of the modified trap design, the proportion of beetle preda-
tors and non-target species captured decreased. The 1% reduction in the proportion of
predatory species in the standard traps indicates that, given the same total number of
beetles caught, the modified traps captured about 30% fewer predatory beetles compared
to the standard traps. The catch data from the last three years of research show a clear
declining trend for the outbreak. The catches of both target and non-target entomofauna
should be viewed in this context. Predator catches were much higher in the previous two
years, which could be observed during the emptying of each trap; however, the data were
not quantified. However, the predator–bark beetle ratio is likely even more unfavorable
than our data suggest.

If we look at the non-target species as a whole, the decrease in proportion was even
larger. For the same number of all beetles captured, up to four times fewer beetles of
non-target species were captured in the modified traps than in the standard traps. The
decreases in the proportion of beetles from predators and non-target species in the modified
traps were statistically significant.

The natural enemy T. caerulea completely follows the population dynamics of the
Mediterranean bark beetle. The data obtained are consistent with the literature [41], but they
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provide completely new insights into the number of generations and the first occurrences
of these species during the year.

When reaching a high population density, MPEs can overwhelm the host defenses,
thus causing tree mortality [42]. The MPE can be a serious pest in semi-arid regions, as
confirmed by findings on living trees [27], because it is capable of colonizing living trees
using the host exhaustion strategy, whereby employing aggregation pheromones attracts
other individuals that launch large-scale attacks on the trees [17]. Concerning T. destruens,
this species is attracted by terpenes emitted from wounds in trees attacked by pioneer bark
beetles. This could be the reason why the number of catches of T. destruens in our study
was relatively low compared to MPE or H. miklitzi.

Data on more effective pheromone traps will be valuable for forestry practice and open
the possibility of additional innovations for reducing the capture of non-target organisms.
Likewise, future research on modifications to pheromone traps should consider other
species of harmful bark beetles.

5. Conclusions

In this study, the difference in catches of target insects (MPE) and non-target insects
(predators) was analyzed to provide advice for future monitoring. The results showed that
the average number of O. erosus captured in the standard traps is similar to the ones in
the modified traps, while the number of captured beetles of non-target species were up to
four times fewer in the modified traps than in the standard traps. The selectivity of the
pheromone trap is therefore much more important, because by excluding predators from
the population, their positive ecological impact is absent. This study represents the first
such research in Croatia, and the results should be valuable to forestry professionals in the
field, especially in protected areas where treatment options are limited. Furthermore, it
should be kept in mind that the selectivity might change depending on the outbreak phase,
and additional research is needed to provide more information about to what extent it is
important to modify the pheromone trap.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The horse chestnut leafminer, Cameraria ohridella, Deschka and Dimić, is a moth that
has invaded most of Europe since it was first recorded in Macedonia near Lake Ohrid in 1985. It
attacks horse chestnut trees and causes aesthetic and vitality problems. The parasitism rate, other
mortality rates, and parasitoid structure were studied during a five-year survey at six sites in the
Czech Republic. The results showed that the total parasitism rates varied from 1.9% to 20.5%, with
an average of 7.2%, similar to other those published studies. The parasitism rate was significantly
related to year, the developmental stage of C. ohridella, latitude, and greenery maintenance but not to
C. ohridella population density, altitude, or area size. In contrast, the total other mortality rates varied
from 13.7% to 59.5%, with an average of 31%, but overall temporal changes in the values indicated a
declining trend. The parasitoid complex was predominantly polyphagous parasitoids of the family
Eulophidae, similar to that found previously in south-eastern Europe. The results further revealed
that the most abundant parasitoid species, Minotetrastichus frontalis (Nees), was gradually replaced
by Pediobius saulius (Walker). The increasing abundance of P. saulius is thus an interesting adaptation
of an autochthonous parasitoid to a new host.

Keywords: Aesculus hippocastanum; invasive pest; natural enemies; Eulophidae; parasitoids;
parasitism rate; mortality rate

1. Introduction

The horse chestnut leafminer, Cameraria ohridella, Deschka and Dimić (Lepidoptera: Gracil-
lariidae), is a pest moth that attacks horse chestnut trees (Aesculus hippocastanum L. (Sapindales:
Sapindaceae)). It was first recorded in 1985 in Macedonia in the area near Lake Ohrid [1],
which probably represents the origin of this species [2,3]. Soon after it was first recorded, it
started to spread and affect the aesthetics and vitality of the horse chestnut [4], which is a
frequently planted ornamental tree species in many parks throughout Europe [5]. Since 2004,
horse chestnut leaf miner has also spread in Asia Minor [6–8]. The moth reached the Czech
Republic in 1993 [9], and, over the course of five years, it spread across the whole country [6,10].

Although the preferred host tree of C. ohridella is A. hippocastanum, it lays eggs and
forms mines on other Aesculus species [11,12] and occasionally attacks sycamore maple
(Acer pseudoplatanus L. (Sapindales: Sapindaceae)) [13]. Leaf damage inflicted by C. ohridella
to A. hippocastanum in the Czech Republic can exceed 50% in some sites [14] and, to-
gether with the horse chestnut leaf blotch caused by Guignardia aesculi (Peck) V.B. Stewart
(Botryosphaeriales: Botryosphaeriaceae), is the main cause of the decline in horse chestnut
trees’ ornamental aesthetics [15]. Heavy infestation can cause premature defoliation and
negatively affects seed weight [4,16,17].

Forests 2022, 14, 885. https://doi.org/10.3390/f13060885 https://www.mdpi.com/journal/forests151
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Despite the extensive efforts of scientists to develop various methods to control or
support the control of the populations of C. ohridella [18–22], including the application of
microbial biocontrol agents [23–31], no other effective and economical solution has yet been
found without possible side effects on other organisms, including humans. We therefore
need to rely on naturally occurring antagonists.

When invading new regions, leafmining moths often become quickly adopted and
controlled by native parasitoids and other natural enemies [32,33]. Cameraria ohridella, as an
invasive species, was adopted as a host by autochthonous enemies such as predators [34],
pathogens [29,30,35], and parasitoids [36–39]. However, the combined impact of natural
enemies has not been sufficient for the effective control of C. ohridella populations [36,38,40].

Many studies on C. ohridella parasitoids to identify natural control factors have been
carried out since the first C. ohridella invasion in Europe [36–38,40–47]. While parasitism
rates vary depending on the calculation method used [48], the reported rates are quite low,
ranging between 0.5% and 45% [36,43,47,49–51].

The distribution of parasitoids is affected by geography, which often correlates with
the climate and the host distribution [52]. Among geographical factors, altitude [53] and the
direction of spread [7] are the most important. Cameraria ohridella expanded in the Czech
Republic from south to north, so its direction of spread was correlated with latitude [7].

This study aimed to evaluate the effect of geographical variability and temporal
changes on mortality rates caused by parasitism, together with other mortality factors
during a period of five years in the Czech Republic. Our first objective was to determine
whether parasitism and other mortality rates were related to altitude, the population
density of C. ohridella, and other variables. The second objective was to describe the species
within the parasitoid complex of the horse chestnut leafminer.

2. Materials and Methods

2.1. Sampling Sites

Samples of horse chestnut (only A. hippocastanum species) leaves infested with
C. ohridella were collected in six sites representing the main regions of the Czech Republic
(Figure 1). The trees sampled were either from city parks, formed alleys, or assemblages
of trees near the road with lawn beneath with various intensities of care, e.g., mowing
and raking. The altitude of sites ranged from 240 to 463 m above sea level (Table 1). The
sampling was carried out over a five-year period from 2006 until 2010.

Table 1. Characteristics of the sampling sites.

Label City Local Name
Geographical
Coordinates

Altitude(m)
Greenery

Type Area 1 Care 2

A Praha Obora Hvězda 50◦4′57′′ N, 14◦19′54′′ E 369 city park 88 2
B Plzeň Lochotínský park 49◦45′37′′ N, 13◦21′49′′ E 310 city park 36 1
C Liberec Jablonecká street 50◦46′5′′ N, 15◦4′4′′ E 382 group of trees 2 1
D České Budějovice Sady 48◦58′38′′ N, 14◦28′34′′ E 386 city park 3 2
E Brno Park Špilberk 49◦11′40′′ N, 16◦36′12′′ E 240 city park 21 1
F Rožnov pod Radhoštěm Hradisko 49◦26′53′′ N, 18◦7′9 E 463 alley 166 0

1 Size of the continuous area (in hectares) surrounding the sampled trees covered by lawn, shrubs, and trees.
2 Intensity of greenery care: 0—no mowing or raking, 1—mowing 1–2 times per season, 2—mowing >2 times
per season.
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Figure 1. The map of the Czech Republic with marked sites where Aesculus hippocastanum leaf
samples were collected. Source: Mapy.cz.

2.2. Leaf Sampling

Fifty horse chestnut leaves were randomly picked from the trees (maximum of 5 leaves
per tree) up to 2 m above the ground at every site when the first adults of the first C. ohridella
generation started to emerge. This occurred at approximately the phenological phase of the
tree called ‘chestnut appearing’ [54]. The period of adult emergence was assessed for each
site individually. The sampling dates thus differed (Table A1) because leaf miner phenology
differed at every site and year. The leaves were put into plastic bags and transported to
the laboratory in a cooler, where the leaves were processed immediately or stored in a
refrigerator at 4–6 ◦C for a maximum of 2 days.

2.3. Estimation of Population Density of C. ohridella

The population density of C. ohridella was assessed as a percentage of the leaf area
damaged by the larvae. The visual method proposed by Gilbert and Gregoire [55] was used
to estimate leaf damage for each of the 50 compound leaves, and an average was calculated.

2.4. Mine Dissection, Rearing of Parasitoids, and Species Determination

The leaflets were carefully cut from the compound horse chestnut leaves, and
500 mines per sample were dissected under a stereomicroscope with a maximum of
10 mines selected from a single leaflet. The number of living, dead, and parasitized larvae
and pupae were recorded. The developmental stage of larvae was determined according
to Freise and Heitland [49] and recorded as follows: L1 and L2 = first and second larval
instar, L3 = third larval instar, L4 = fourth larval instar (possible L5 instar was included),
SP = first and second spinning instar, P = pupa and obviously emerged adults.

Parasitized individuals, including dead pupae, were put singly into plastic Petri dishes.
The Petri dishes were stored in boxes at laboratory temperature in relatively high humidity
provided by wet cotton wool on the bottom of plastic boxes. The content of Petri dishes
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was checked for emerged parasitoids daily, and parasitoid individuals were stored in a
freezer for future determination.

Determination of parasitoid species was made by the first author according to Graben-
weger et al. [56] and compared with specimens of the author’s personal collection of
parasitoids previously determined by specialists.

2.5. Calculation of Parasitism and Other Mortality Rates

Stage-specific parasitism rates and other mortality rates were calculated according to
Volter and Kenis [47]:

PNi =
Ni

∑5
j=i

(
Nj + Dj + Aj

) (1)

PDi =
Di

∑5
j=1

(
Nj + Dj + Aj

) (2)

where i (j) denotes the developmental stage (1: 1st and 2nd instar larva, 2: 3rd instar larva,
3: 4th instar larva, 4: spinning larva, 5: pupa; moths of the same generation were included
in the number of living pupae), PNi and PDi denote parasitism and other mortality rates,
respectively; Ni (Nj), Di (Dj), and Ai (Aj) denote the number of parasitized, dead, or missing
individuals and living individuals, respectively.

Total parasitism rates and total mortality rates were calculated using the following equations:

PtN =
5

∑
i=1

[
PNi

i−1

∏
j=0

(1 − PNj − PDj)

]
(3)

PtD =
5

∑
i=1

[
PDi

i−1

∏
j=0

(
1 − PNj − PDj

)]
(4)

PN0 = PD0 = 0 (5)

where PtN and PtD denote total parasitism and total other mortality rates, respectively. For
other symbols, see Equations (1) and (2).

2.6. Statistical Analysis

A generalized linear model with a binomial distribution and logit link was used to
analyze parasitism and other mortality rates data. The following predictors were used:
year, altitude, latitude, size of continuous greenery area surrounding the sampled trees,
developmental stage of C. ohridella, population density of C. ohridella expressed as leaf
damage, and intensity of greenery care (mowing/raking, ranging from 0 to 2). The analysis
was performed in SAS® Studio for Linux using the GLM procedure (PROC GENMOD)
of SAS/STAT® module [57]. Since the data represented repeated measurements and thus
could not be regarded as independent, the Generalized Estimating Equation (GEE) ap-
proach [58] was used to account for within-subject correlations, using option statement
REPEATED in GENMOD procedure. We also conducted a Spearman correlation anal-
ysis [59] to reveal any significant shift in the ratio between two of the most abundant
parasitoid species during the studied period. Data were analyzed using the PROC CORR
function in SAS/STAT® module [57]. p values <0.05 were considered statistically significant
in all tests.

3. Results

3.1. Dates of the Emergence of the First Generation and Population Density of C. ohridella

First adults of the first generation of C. ohridella were observed in June and July, depending
on the site and year (Table A1). The population density of C. ohridella estimated as a percentage
of the leaf area damaged by C. ohridella larvae varied substantially among sites and years,
ranging from 2.0% in České Budějovice in 2007 to 48.7% in Plzeň in 2010 (Figure 2).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Total parasitism (full red line), total other mortality (dashed black line), and leaf damage
inflicted by C. ohridella larvae (dotted green line, open squares) at six sites in the Czech Republic from
2006 to 2010. (a) Praha; (b) Plzeň; (c) Liberec; (d) České Budějovice; (e) Brno; (f) Rožnov pod Radhoštěm.

3.2. Parasitism and Other Mortality Rates

Parasitism and other mortality rates of the 15,000 mines dissected showed high variability
among developmental stages, years, and sites (Figure 2, Table A1). Parasitism rates of feeding
instars reached a maximum of only 1.2%, but were often lower. On the other hand, spinning
stages’ parasitism was much higher reaching a maximum of 6.4%. The highest parasitism
rates were observed in pupae, in which they reached a maximum of 24.1%, with an average
value of 7.3%. Besides the positive relationship between the developmental stage of C. ohridella
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and the parasitism rate, the statistical analysis revealed that the parasitism rate was negatively
related to year, latitude, and greenery maintenance (Table 2).

Table 2. Results of the analysis of GEE parameter estimates.

Dependent Variable Parameter Estimate Standard Error Z p

Parasitism rate Intercept 440.340 136.875 3.22 0.001
Year −0.215 0.069 −3.13 0.002

Altitude 0.001 0.001 1.41 0.157
Latitude −0.331 0.052 −6.32 <0.001

Greenery area −0.002 0.002 −1.00 0.319
Developmental stage 1.165 0.091 12.81 <0.001

C. ohridella population density −0.009 0.007 −1.15 0.248
Care (mowing, raking) intensity −0.157 0.047 −3.31 0.001

Other mortality rate Intercept 605.940 73.252 8.27 <0.001
Year −0.295 0.037 −8.06 <0.001

Altitude 0.001 0.000 1.65 0.099
Latitude −0.315 0.019 −16.80 <0.001

Greenery area −0.001 0.001 −2.36 0.019
Developmental stage −0.515 0.053 −9.82 <0.001

C. ohridella population density 0.001 0.002 0.44 0.662
Care (mowing, raking) intensity −0.059 0.015 −4.06 <0.001

Total parasitism rates were quite low and varied from 1.9% to 20.5%, with an average
value of 7.2%. The highest fluctuation of parasitism rates during the study period was
observed in Praha, České Budějovice, and Rožnov pod Radhoštěm (Figure 2).

Mortality caused by other factors was much higher than that caused by parasitism,
especially in first/second larval instars and pupae, and varied from 1.4% to 52.9%. Third
larval instars up to spinning stages suffered less from other mortality factors; which reached
up to 5.8%. Data analysis revealed that in contrast to the parasitism rate, the other mortality
rate was also significantly related to the greenery area.

Total other mortality rates varied from 13.7% to 59.5%, with an average value of 31%.
The highest rates were found in 2006, followed by an obvious decreasing trend in all sites,
except for the Praha site (Figure 2).

3.3. Parasitoids of C. ohridella

In total, eight hymenopteran parasitoid species were identified in samples from six
sampling sites in the Czech Republic over five years (Table 3). Five Eulophidae species
and an undetermined species of the genus Chrysocharis, one of the family Eupelmidae,
an undetermined species of the genus Pteromalus (Pteromalidae), and two ichneumonids
were reared in this study. The data show variability in species composition and abundance
among sites and hosts (Table 3).

The most abundant parasitoid species was Pediobius saulius (Walker) at all sites
(Figure A1). Because this species is considered a koinobiont, it is difficult to determine

which host stage it attacks; nevertheless, it always emerged from pupae of C. ohridella,
except for one instance in the spinning stage. The second most abundant parasitoid species
was Minotetrastichus frontalis (Nees) (Figure A1). However, the comparison of individual
years showed that the abundance of these two species changes over time (Figure 3a). The
proportion of M. frontalis among the total parasitoid complex gradually decreased. On
the other hand, it was the only species in this study with more than one larvae observed
on one host individual. The multiparasitism was occasionally observed with M. frontalis/
P. saulius and M. frontalis/Closterocetus trifasciatus (Westwood). Closterocerus trifasciatus was
the only species reared from the first/second larval instar of C. ohridella.
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Table 3. Parasitoid species reared from C. ohridella and summary data regarding the sampling site
and the developmental stage from 2006 to 2010.

Superfamily Family Species
Sampling Site 1 Host Stage 2

A B C D E F L1 and L2 L3 L4 SP P

Chalcidoidea Eulophidae Cirrospilus vittatus (Walker) 1 1
Closterocerus trifasciatus (Westwood) 1 4 2 2 1 2 6

Chrysocharis sp. 1 2 4 1 1 4 3
Minotetrastichus frontalis (Nees) 3 6 1 19 10 12 1 22 28

Pediobius saulius (Walker) 11 28 23 26 19 40 1 146
Pnigalio agraules (Walker) 7 2 2 1 1 3 5 3

Pnigalio sp. 3 6 1 2 5 1
Eupelmidae Eupelmus urozonus (Dalman) 1 1

Pteromalidae Pteromalus sp. 3 1 2
Ichneumonoidea Ichneumonidae Itoplectis alternans (Gravenhorst) 1 1

Scambus annulatus (Kiss) 2 1 3

1 See Table 1 for site descriptions. 2 Developmental stage of C. ohridella attacked: L1 and L2—first and second
larval instar, L3—third larval instar, L4—fourth larval instar, SP—first and second spinning instar, P—pupa and
obviously emerged adults.

  
(a) (b) 

Figure 3. Temporal changes in the parasitoid species complex of C. ohridella at six sites in the Czech
Republic: (a) proportion among all parasitoids; numbers above columns represent the number of
parasitized host individuals; (b) changes in P. saulis/M. frontalis ratio fitted by linear trend.

There was an obvious increase in P. saulius proportion in the parasitoid complex
during the five years of observation, while M. frontalis became less abundant (Figure 3b). A
Spearman correlation analysis revealed that the P. saulius/M. frontalis ratio clearly increased
over time (rs = 1; n = 5; p < 0.001).

4. Discussion

4.1. Parasitism and Other Mortality Rates

The parasitism rates in our study were rather low and did not differ from the results
published by other authors [36,43,47,49–51]. Our study showed that parasitoids do not
often emerge from the first to fourth larval instars of C. ohridella, while higher parasitism
is observed in older stages [47]. Pupal parasitism rates ranged from 0 to 12% and from 4
to 28% in Belgrade and Istanbul, respectively [60]. Similar values were observed in this
study, where P. saulius was responsible for the majority of pupal parasitism. This species
can, however, develop as a koinobiont, i.e., it can attack some younger stages of the host
and finish its development in the host pupa, in contrast to other parasitoids reared during
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this study considered to be idiobionts. Because P. saulius was also a dominant species, the
parasitism rates observed in individual C. ohridella stages might thus be biased.

Although different methods for calculating the parasitism rates were used in other
studies, the ability of parasitoids to manage C. ohridella populations is still too low. Such
low parasitism rates probably result from insufficient adaptation of the local parasitoids
to the new host [52]. While the composition of the assemblage of parasitoids is latitude-
dependent, the higher proportion of P. saulius has not yet improved the overall rate of
parasitism. Nevertheless, in comparison with Volter and Kenis [47], a stronger pressure of
parasitoids on pupae was seen in the present study.

Variability in parasitism rates between sampling sites could be due to different local
climatic conditions and factors related to the city’s characteristics, such as the structure of
the streets and buildings near sampling sites and the prevailing wind direction. Our results
confirmed that the parasitism rate was positively related to the developmental stage of the
host and negatively related to year, latitude, and greenery care. A study on chalcid wasps
that emerged from horse chestnut leaf litter samples collected from 35 sites in the Czech
Republic [52] showed that wasp abundance, considered an indicator of parasitism, was
also negatively related to latitude, but contrary to our findings, it was positively related
to altitude as well as C. ohridella abundance. The positive correlation of the number of
parasitoids with the number of moths that emerged from leaf litter in spring was confirmed
in a study by Kopačka and Zemek [14].

High variability in the percentage of leaf area damaged by C. ohridella among sampling
sites found in the present study is likely to be geographically related, but variability in
leaf damage can be quite high, even within a city area [14]. A key factor seems to be the
maintenance of public green areas, particularly raking and removing leaf litter in autumn or
early spring, which is a recommended and effective way to regulate the damage caused by
C. ohridella in the spring [20,61]. However, the removal of fallen horse chestnut leaves also
reduces parasitoids that also overwinter in horse chestnut leaf litter [14,52,62]. Our results
confirmed a significant negative effect of greenery maintenance intensity, i.e., mowing
frequency, on the parasitism rate.

The other mortality rates combined all other mortality factors except parasitism, includ-
ing the influence of predators such as birds, spiders, or some insects [34]; insect pathogens;
and environmental stress. Fungi were observed on some C. ohridella cadavers, but it was
not possible to determine whether the fungal growth was caused by entomopathogenic
or saprophytic fungi on already dead individuals. Although this study did not focus on
this, natural infections of C. ohridella by entomopathogenic fungi have been previously
reported [29,30,35]. The other mortality rates of the first and second larval instars were
higher in the present study compared to previous studies [47], which could indicate that
the controlling factors have a higher impact on the young larval stages. In comparison
to parasitism rates, other mortality rates were much higher and negatively related to the
greenery area size as well as greenery care.

There was no obvious difference between the total other mortality rates recorded in
the present study and those of Volter and Kenis [47]. The cause of the decline in other
mortality rates during the study period observed in all sites is unclear, and further studies
should be conducted to elucidate the validity of this trend.

4.2. Parasitoids of C. ohridella

The parasitoid species found at all sites in the Czech Republic do not differ from the
records in the literature [36–38,40–47,63–66]. The abundance of individual species recorded
by us was similar to the data reported from Bulgaria, Greece, Croatia, Macedonia, and
Yugoslavia or generally from south-eastern Europe [36,40]. The most abundant parasitoid
species in 2006 was M. frontalis, but the abundance of P. saulius increased in all consecutive
years, while the abundance of M. frontalis declined. According to published reports,
P. saulius was not recorded in Bayern (Germany) in 1998, while M. frontalis was the most
abundant species [50]. The most abundant parasitoid species were M. frontalis together
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with Pnigalio agraules (Walker) in Wien and Gerasdorf (Austria) from 1996 to 1999, with
no presence or very rare occurrence of P. saulius [43,51]. Minotetrastichus frontalis and
P. agraules were also the most abundant species in Bayern in 2000 [49] and leaf litter collected
in the Czech Republic in early spring 2002 [52]. The latter study also reported findings of
P. saulius, contrary to Volter and Kenis [47], who did not detect this species between 2001 and
2003 in the western Czech Republic. It was also found in Ilava (Slovakia), but rarely [47]. In
contrast, P. saulius dominated in Lipica (Slovenia) [47]. Pediobius saulius was not present on
C. ohridella in 2003–2004 in Olten (Switzerland), Jübeck (Germany), and Brixen (Italy) at
all, but it was present and even the most abundant species in Bulgaria in 2003–2004 [42].

These data suggest that the original parasitoid complexes in different countries started
to change. There is a clear tendency that P. saulius, a parasitoid already known from other
hosts in Yugoslavia, Hungary, Czech Republic, Slovakia, Germany, France, Switzerland,
and Italy [42,67], is having a gradually increasing impact on C. ohridella from the south to
north. The mechanism of its sudden appearance or increasing influence on C. ohridella is
not clear, but it could be attributed to its adaptation to a new host species. It is assumed
that when the parasitoid species adapt to C. ohridella, then they can follow its geographic
dispersal. This was, for example, confirmed for Pnigalio mediterraneus Ferriére and Delucchi
using molecular markers [68]. While generalist parasitoids may adapt to C. ohridella with
a shorter time lag, the adjustment of specialist parasitoids probably requires more than
a few decades [36]. Despite currently low parasitism rates reported in previous studies
(e.g., [39,52]) as well as our findings, the successful biological control of this invasive pest
by natural enemies may develop in the future.

5. Conclusions

Our study showed that the parasitism rate remained relatively low and that it was
significantly related to year, C. ohridella population density and developmental stage, and
latitude, but not to altitude or greenery area size and its maintenance. The parasitoid
complex is predominantly formed by generalist parasitoids of the family Eulophidae, and
it seems that the role of increasing P. saulius abundance does not positively influence the
parasitism rate, but higher parasitism of C. ohridella pupae by P. saulius in combination
with other mortality factors could improve the control of C. ohridella in the future and
could be much more effective than M. frontalis, which does not exclusively attack pupae.
Mortality in the earlier juvenile stages of hosts is caused by many factors, and the pupa,
as the last juvenile stage, can be vulnerable to attack by P. saulius. If the abundance of
P. saulius continues to increase, this species might become an important agent for more
efficient biological control of C. ohridella populations in the future.
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Appendix A

Table A1. Parasitism and other mortality rates (%) on the different developmental stages of C. ohridella
at six sites in the Czech Republic from 2006 to 2010.

Sampling Site 1 Year Sampling Date
Parasitism 2 Other Mortality 2

L1 and L2 L3 L4 SP P L1 and L2 L3 L4 SP P

A

2006 27 July 0 0 0 2.9 24.1 19.6 2.9 0 0 10.3
2007 20 June 1.0 0 0 0.6 8.7 30.8 2.2 0.4 0 10.7
2008 2 July 0 0 0.3 0 0.8 12.2 1.2 0.8 0 1.2
2009 2 July 0 0.2 0 0 2.6 9.0 0.5 0 0 6.9
2010 2 July 0.2 0 0 0.9 10.8 13.4 0 0 1.8 3.1

B

2006 15 July 0 0.8 0.4 2.2 4.8 26.0 1.6 0.8 1.7 32.7
2007 17 June 0 0.3 0.3 3.0 7.4 28.2 4.3 0.9 1.5 27.1
2008 29 June 0.2 0.5 1.0 6.4 1.8 19.8 3.2 2.7 1.7 0
2009 27 June 0.2 0 0.7 3.8 6.1 21.0 1.7 0.3 0 5.1
2010 26 June 0 0 0 0 4.9 6.0 0 0 0 3.7

C

2006 26 July 0 0 0 2.9 2.9 13.2 4.1 0 0 52.9
2007 29 June 0.2 0 0 0.3 9.2 22.0 4.3 0.6 0 13.4
2008 10 July 0 0 0 0.3 5.1 8.6 0.4 0.7 0 4.6
2009 9 July 0.2 0 0.3 0.4 6.6 12.6 1.9 0.3 0 9.4
2010 13 July 0.2 0 0 0.9 2.1 13.6 0.5 0 0 1.1

D

2006 17 July 0 0.4 0.4 3.8 11.1 34.2 3.7 1.2 0 19.4
2007 20 June 1.2 0.6 0.6 4.5 17.9 25.6 4.2 1.0 0.7 20.8
2008 1 July 0.2 0.2 0.6 0.7 5.4 18.2 5.2 3.9 0 17.8
2009 2 July 0.2 0 0 0.4 4.2 22.2 4.1 0 0 3.6
2010 2 July 0.4 0 0.7 1.0 3.6 15.6 2.6 0 0 2.2

E

2006 10 July 0 0.7 1.1 5.3 3.9 26.6 1.1 0.8 1.6 36.2
2007 12 June 0.4 0.4 0 1.8 15.6 29.4 5.8 1..9 0 12.2
2008 25 June 0 0 0.3 0.4 1.7 17.6 1.5 0.3 1.2 11.7
2009 25 June 0.2 0.8 0.3 0 6.9 1.4 4.3 0.3 0 6.9
2010 25 June 0 0.2 0.4 1.5 5.1 12.4 1.7 0 0 3.8

F

2006 25 July 0 0 0 0.7 10.3 26.6 1.9 0 0 39
2007 27 June 0.2 0 0 1.7 13.4 14 2.2 2.2 0 15.6
2008 7 July 0 0 0.3 0 2.2 12.6 1.2 0 0 3.9
2009 8 July 0.2 0 0.4 1.2 2.4 28 3.1 0 0 4.8
2010 7 July 0.6 0.3 0 0.5 18.1 21 0.6 0 0 5.8

1 See Table 1 for description of sites. 2 Developmental stages: L1 and L2—first and second larval instar, L3—third
larval instar, L4—fourth larval instar, SP—first and second spinning instar, P—pupa and obviously emerged adults.

Figure A1. Parasitoid complex of C. ohridella at the six sites in the Czech Republic from 2006 to 2010.
Numbers in brackets indicate absolute numbers.
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Acta Agron. Ovar. 2001, 43, 35–48.
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Abstract: The saproxylic beetles (deadwood-dependent) belong to frequently studied groups of
forest insects. Eucnemidae is a rare and poorly studied saproxylic family with a hidden life strictly
related to deadwood. We studied the family Eucnemidae in a beech reserve, using 59 window traps
placed on standing deadwood (snags) and lying logs. A total of 348 specimens in eight species were
recorded in two seasons. The identified species included one critically endangered species (CR):
Hylis cariniceps; five endangered species (EN): H. olexai, H. foveicollis, Isorhipis melasoides, Eucnemis
capucina, and Microrhagus lepidus; one new species found in Bohemia (a region of the Czech Republic):
Clypeorhagus clypeatus; and one common species: Melasis buprestoides. Most species preferred lying
logs, but E. capucina and M. buprestoides preferred snags. Species richness (q = 0) was higher on lying
logs than on snags, and similarly, Shannon diversity (q = 1) was significantly higher on lying logs
compared to snags. The species C. clypeorghagus, H. foveicollis, H. cariniceps, and M. lepides preferred
moist lying logs, while M. buprestoides and E. capucina preferred drier snags with cavities. The results
suggest that in beech forests, lying logs serve as a fundamental habitat for the existence of Eucnemids.
This could be due to the more stable microclimatic conditions inside the lying deadwood. From this
perspective, our study may help better understand the biology of hidden and understudied rare
saproxylic Eucnemids.

Keywords: conservation; forest biodiversity; coleoptera; deadwood moisture; melasidae; deadwood
microclimate

1. Introduction

In recent decades, an increasing interest has been in a more detailed understanding of
invertebrate life in forests [1]. The focus of research ranges from broad multitaxon studies,
e.g., [2,3], to more detailed investigations of orders, families, and individual genera and taxa,
e.g., [4–6]. One of the most studied groups of organisms in forests is saproxylic beetles [7].
Saproxylic beetle species are associated with deadwood, as defined by Speight [8]. During
some part of their life cycle, saproxylic invertebrates depend upon the dead or dying wood
of moribund or dead trees (standing or fallen), upon wood-inhabiting fungi, or the presence
of other obligate saproxylic. Increased volumes and variable deadwood microhabitats
are crucial for this group’s high richness in forests [9,10]. Targeted removal of deadwood
from forests results in a dramatic decline in beetle biodiversity [11], as saproxylic species
contribute substantially to forest species richness [5].

The Eucnemidae (Eschscholtz, 1829), also called Melasidae (Leach, 1817), are rare
beetles inhabiting deadwood. According to the Catalogue of Palaearctic Coleoptera, the valid
name of this family is Eucnemidae [12]. Eucnemids are strongly associated with forest
environments and are considered a vital indicator group for forest conservation [13,14].
Many species of Eucnemids are listed as primeval forest relicts [15]. The Eucnemids in
Europe and the European Union consist of 31 and 29 species, respectively [16]. Currently,
in Central Europe, 23 species of the family Eucnemidae have been recorded [12]. In the
Czech Republic, 22 species are documented [17]. The 2017 Red List itemizes 19 species,
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and 95% of them are categorized as threatened species (18 species: 9 in CR, 7 in EN, and
2 in VU) [14]. The following 18 species are included: Dirrhagofarsus attenuatus (Mäklin,
1845), Farsus dubius (Piller et Mitterpacher, 1783), Hylis cariniceps (Reitter, 1902), Hylis
procerulus (Mannerheim, 1823), Hylis simonae (Olexa, 1970), Microrhagus emyi (Rouget, 1856),
Microrhagus pyrenaeus (Bonvouloir, 1872), Rhacopus sahlbergi (Mannerheim, 1823), Xylophilus
corticalis (Paykull, 1800), endangered (EN) species Eucnemis capucina (Ahrens, 1812), Hylis
foveicollis (C. G. Thomson, 1874), Hylis olexai (Palm, 1955), Isorhipis marmottani (Bonvouloir,
1871), Isorhipis melasoides (Laporte, 1835), Microrhagus lepidus (Rosenhauer, 1847), Xylophilus
testaceus (Herbst, 1806), vulnerable (VU) species Dromaeolus barnabita (A. Villa et J. B. Villa.
1838), and Microrhagus pygmaeus (Fabricius, 1792). Three species were recorded in the
Czech Republic for the first time after the valid Red List [18] was published [19–21], but
these species are also extremely rare: Clypeorhagus clypeatus (Hampe, 1850), Nematodes
filum (Fabricius, 1801), and Otho sphondyloides (Germar, 1818). The only relatively common
species of Eucnemids is Melasis buprestoides (Linnaeus, 1761). Eucnemids are primarily
linked to lowlands up to hilly areas, and their life is mainly associated with deciduous tree
species [13]. In beech forests and beech-dominated stands of Europe, up to 15 Eucnemids
species have been recorded [22]. Although the bionomics of the Eucnemids is poorly
studied, recent advancements in knowledge include insights into the diurnal activity of
E. capucina [23] and the description of the life requirements of several species in protected
lowland oak forest sites [13]. In the species database of the Czech Nature Conservation
Agency [24], only 2347 individuals of the family Eucnemidae have been recorded in over
fifty years. However, it is likely that many records, including published ones, may not have
been incorporated into this database. This family represents an important yet rare group
of saproxylic species, and understanding this taxonomic group is crucial for formulating
effective conservation strategies. The identification of suitable attributes for the targeted
support of Eucnemids in beech forests can be applied in forestry management practices.
The aim of the study was to investigate the rare and understudied obligately saproxylic
family Eucnemidae in a beech reserve established circa 70 years ago. The research focused
on the differences between two types of deadwood, i.e., snags (standing) and lying logs
(lying deadwood). Study subjects include: (i) What type of deadwood provides a more
important habitat for Eucnemids in terms of species richness and abundance? (ii) What
variables of deadwood affected the Eucnemids?

2. Materials and Methods

2.1. Study Site

The National Nature Reserve (NNR) Voděradské bučiny (49◦58′ N, 14◦48′ E) is located
at an altitude ranging from 345 to 501 m [25]. The parent rock is granodiorite, and the
prevailing soil type is Cambisols, characterized by a low humus content. The mean annual
temperature is 7.8 ◦C, with an annual precipitation of 623 mm. During the period from
April to September, the mean temperature is 14.0 ◦C, and the precipitation is 415 mm.
The vegetation period, defined by a mean temperature above 10 ◦C, spans over 158 days.
The NNR Voděradské bučiny was established in 1955 on a total area of 658 ha to protect
old-growth beech stands with a semi-natural stand structure (mainly associations Luzulo-
Fagetum and Asperulo-Fagetum) and scattered geomorphological peri-glacial phenomena.
Presently, over 65% of the area is classified as unmanaged beech stands and semi-managed,
close-to-nature areas, with potential for transitioning to a non-intervention zone. The NNR
Voděradské bučiny currently covers an area of 677 ha. The long-term objective of nature
protection is the spontaneous development of most forest stands without direct human
interventions [26]. This approach aligns with the focus on biodiversity research, e.g., [6,27].

The old beech stands that currently form the majority of the nature reserve were formerly
managed beech stands. The main regeneration method in the past was a shelterwood system,
which retained 42 seed trees per hectare. After 1838, a three-phase shelterwood felling approach
was implemented, with silver fir being preferentially harvested during the first phase. The
whole parent stand was removed within 12–15 years. Subsequently, release felling was followed
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by secondary felling, and after the next four or five years, the process was finished by final
cutting [28]. This very short regeneration period resulted in almost pure and even-aged beech
stands [29]. From 1810 to 1850, almost 500 ha of the area (i.e., 76% of Voděradské bučiny) was
felled and regenerated. The current beech stands are over 180 years old.

2.2. Deadwood Variables

Eucnemids are strictly related to deadwood microhabitats [13,14]. For this reason,
the study focused on the main components of old-growth beech forests and reserves,
concentrating on snags and lying logs (minimum diameter of 5 cm) [30]. The deadwood
types were analyzed within permanent research plots established in 2000 and 2005 [31].
Due to the irregular distribution of deadwood types, traps were attached to logs or snags
within the research plot, i.e., in the same stand with identical structural conditions. Thus,
it was possible to assess the influence of the deadwood types studied. The minimum
distance between traps was 25 m. Deadwood was selected for trapping where there were
no significant pieces of deadwood within the minimum distance (25 m). Several variables
were measured for the studied deadwood types (Table 1). Moisture levels were assessed
using a point-resistance moisture meter, and measurements were conducted on the same
day for all the studied deadwood units (September 2023). This procedure avoids the
influence of wet weather on the obtained moisture content of deadwood. The diameter was
measured at breast height for snags and mid-length for lying logs using a diameter caliper.
The height of the snags was measured with an altimeter, and the length of the logs was
measured using a tape measure. The volume of lying logs was calculated using the Huber
formula (V), considering the log’s length (L) and cross-sectional area at the mid-point
(gmid): V = L × gmid. For snags, the formula was based on Brunet and Isacsson [32]:
V = π × d2 × h/6 (V = volume, d = DBH, and h = snag height in meters). The formula
results in a volume corresponding to 2/3 of a cylinder of a given height and diameter.
The canopy openness (canopy) was determined using spherical photographs taken with a
fisheye lens above each trap. The analysis was performed using the Gap Light Analyzer
software v2.0 [33]. The software converts the open sky to vegetation cover ratio into
percentages for each trap site. The number of cavities (birds, base cavity, and dendrotelms)
was counted on snags and logs, according to Winter and Möller [34]. Fungi were quantified
based on the presence of fruiting bodies, mainly Fomes fomentarius and fungal groups
(>5 cm in diameter). The proportion of bark loss and bryophytes was recorded as the
percentage of the surveyed deadwood surface of the assessed microhabitat, ranging from
0% to 100%. Classification of deadwood into decay classes, according to [35], included the
following: Class 1, freshly dead (1–2 years); 2, initiated decomposition (loose bark, tough
sapwood); 3, advanced decomposition (soft sapwood and partly tough hardwood); and
4/5, extremely decomposed and moldered. The relationships between the characteristics
of deadwood are shown in Figure 1.

Table 1. Values of the variables recorded in deadwood: mean (min–max). Differences were evaluated
using one-way ANOVA. * p < 0.05 ** p < 0.01 *** p < 0.001; n.s. = non-significant.

Treatment Units Log Snag

moisture % 23.2 (13–59) 14.1 (12–21) ***
diameter cm 43.9 (9–110) 55.3 (21–131 n.s.

length m 12 (4–21) 11.1 (3.6–22.2) n.s.
volume m3 2.7 (0.03–12.7) 3.3 (0.6–9.1) n.s.
canopy % 8.3 (4.3–21.7) 11.4 (4.7–42.5) *
cavity pcs 0.1 (0–3) 0.9 (0–7) *
fungi pcs 3.2 (0–20) 5.3 (0–78) n.s.

bark loss % 54.3 (0–100) 42.5 (5–100) n.s.
decay class class 1st:15; 2nd:6; 3rd:5; 4th:3 1st:9; 2nd:14; 3rd:7
bryophytes % 10.9 (0–75) 0.2 (0–5) **
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Figure 1. Spearman correlogram showing the relationship between deadwood characteristics (R
package Corrplot; Wei and Simko [36]).

2.3. Beetle Sampling and Determination

Data collection was conducted from April to September in both 2022 and 2023.
For both years, traps were set for different types of deadwood, consisting of 30 snags
(2022) and 29 lying logs (2023). A total of 59 traps were used for the study. Window
traps were used to capture beetles for the study objectives. This type of trap is suitable
for recording saproxylic beetles [37,38] and thus is the most used type for beetles
in many recent entomological studies, e.g., [2,5,6]. Window traps (unbaited) with a
preservative solution of propylene glycol, water (1:1.5), and a drop of detergent to
remove the surface tension of the solution were used to collect beetles. The catch
was retrieved from the traps every two to three weeks. The trap consisted of a roof,
a Plexiglass barrier, a funnel, and a collection container. The trap roof was made of
a 45 cm diameter plastic bowl. Under the roof, two perpendicular Plexiglass panels
created a barrier measuring 40 cm in width and 50 cm in height. Traps on the snags
were hung using wire at a height of 1.3 m (southern direction, one trap per snag,
Figure 2A). For recording beetles on lying logs, traps were placed directly against
the log, with a catch basin on small (5 cm) pegs to prevent the capture of non-target
groups (e.g., epigeic beetles) (Figure 2B). To determine the Eucnemids, all specimens
(excluding M. buprestoides) from this family were first mounted on entomological tags
(Figure 2C). Specimens were identified by the specialist Oto Nakládal, following the
identification key, e.g., [39] and relying on his extensive experience and expertise in
the family Eucnemidae, e.g., [20,23]. The conservation status of the Czech Republic
and Germany (Deutschland) (CZ, DE) was also considered [18,40].
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Figure 2. Illustration of the traps used in snag (A), lying log (B) and specimens of Eucnemids prepared
for identification (C).

2.4. Data Analysis

The following software was used for data analyses: R 4.0.2 [41]. We tested the differ-
ences in abundance and number of species of the studied Eucnemidae between logs and
snags using a generalized linear effect model (Poisson distribution and log link function)
implemented in the package glmmTMB [42]. To assess the significance of preferences for
snags/logs in each recorded species, the indicator species values approach was employed
using the package “indicspecies” with the “multipatt” function with 9999 permutations [43].
For the species richness curves and gamma diversity assessment among snags/logs, we
used the method by Chao et al. [44] based on the Hill numbers q = 0 (species richness) and
q = 1 (the exponential of Shannon’s entropy index) with the package “iNEXT” [45]. The
curves were generated from incidence and abundance data. Subsequently, we used the
method of estimating the total number of Eucnemidae species in the study site based on
the incidence of each species captured in the study (sample coverage), according to Chao
and Jost [46].

The analyses below were performed in Canoco 5 [47]. To determine the preference of
each Eucnemidae species, we employed a constrained unimodal correspondence analysis
(CCA) with a gradient of 4.3 SD units based on abundance and incidence data. Both input
datasets were used without logarithmic transformation. CCA analyses were computed
with 4999 unrestricted Monte Carlo permutations with the first constrained axis test. A
symbol plot with two axes was used to visualize CCA results. The ordination method,
detrended correspondence analysis (DCA), was employed to evaluate and intersperse the
species across deadwood characteristics. We first used a comparison between unimodal
unconstrained (DCA) vs. unimodal constrained analysis (CCA) to evaluate the highest
explained variability in the data. The analysis revealed that 51% of the total variability
was explained in the first two canonical axes, with DCA accounting for 47.99% and CCA
for 33.60%. The ordination analysis was tested with the Monte Carlo permutation test,
applying 4999 unrestricted permutations. A generalized linear model was used to evalu-
ate and determine the significance (p-value) of Eucnemid’s response to each deadwood
characteristic. We used approaches based on abundance data (quasi-Poisson distribution)
and incidence data (binomial distribution). Models were performed based on stepwise
selection according to the lowest AIC [48].
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3. Results

In total, 348 adults of Eucnemids belonging to eight species were recorded (Table 2).
Trap captures between snags and logs did not show significant differences in abundance
(p = n.s.) and the number of species (p = n.s.) (Figure 3). Most species preferred lying
logs: based on abundance data, pF 6.5, p < 0.001 (Figure 4A), and based on incidence
data, pF 5.5, p < 0.001 (Figure 4B). The significant association with the studied deadwood
types among the recorded Eucnemids is shown in Table 3. The cumulative curve (gamma
diversity) showed full species richness of old-growth beech stands with no increasing
trend in the number of species (coverage-based 100%; eight species). Lying logs showed
a higher species richness (q = 0) and, in particular, a significantly higher diversity of
Eucnemids (q = 1; Figure 5A). Based on the abundance data, the difference has increased
and is statistically significant q = 0 and q = 1 (Figure 5B). The ordination space of DCA
illustrated that most Eucnemids species were clustered between higher moisture and
advanced decay of deadwood. Deadwood characteristics and species preferences are
shown via DCA (Figure 6). Deadwood moisture positively affected the occurrence and
abundance of Clypeorhagus clypeatus and the abundance of Hylis foveicollis (Table 4). The
presence of cavities, the thickness and length of deadwood, and canopy openness negatively
affected the preference of most Eucnemids species recorded (Figure 6). For other deadwood
parameters, there was no clear positive or negative effect on most of the species recorded
(Table 4).

Table 2. Species of Eucnemidae and their number of individuals (incidence) recorded in the study.

Species Abbreviation Czechia RL German RL Log Snag Sum

Hylis olexai HylsOlex EN NT 30 (17) 149 (10) 179
Melasis buprestoides MelsBupr 24 (13) 87 (23) 111
Hylis foveicollis HylsFove EN NT 25 (13) 0 25
Hylis cariniceps HylsCarn CR EN 9 (5) 2 (2) 11
Isorhipis melasoides IsorMels EN EN 8 (3) 3 (2) 11
Eucnemis capucina EucnCapc EN EN 0 5 (5) 5
Clypeorhagus clypeatus ClypClyp * - 3 (2) 1 (1) 4
Microrhagus lepidus MicrLepd EN 2 (2) 0 2

RL—Red List; Czechia: Hejda et al. [18]; Germany: Schmidl et al. [40]; * new species for the CZ Nakládal and
Vávra, [20], (-) not included in RL.

 

Figure 3. Number of species and number of individuals captured among the logs and snags. Solid
lines in boxes represent median values; boxes indicate interquartile range (25%–75%), and whiskers
min–max values. One outlier (snag 123 indi.) was removed from the abundance for better readability
(right graph).
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Figure 4. Species symbol plot summarizing the preference of beetle species. CCA’s first two axes
plotted—abundance data (A) and incidence data (B).

Table 3. Indicator species values of recorded species of the Eucnemidae and their importance in
preferences per snags/logs. * p < 0.05, *** p < 0.001. Significant values are in bold.

Logs

Stat p-Value Stat p-Value

incidence abundance

Hylis foveicollis 0.537 0.0001 *** 0.438 0.0001 ***
Hylis olexai 0.254 0.0719
Microrhagus lepidus 0.189 0.2387 0.189 0.2340
Hylis cariniceps 0.163 0.2559 0.214 0.1201
Clypeorhagus clypeatus 0.081 0.6115 0.112 0.4847
Isorhipis melasoides 0.066 0.6695 0.105 0.5720

Snags

Melasis buprestoides 0.326 0.0189 * 0.439 0.0004 ***
Eucnemis capucina 0.302 0.0539 0.302 0.0512
Hylis olexai 0.125 0.6061

Table 4. Results of the generalized linear models. Abundance data (quasi-Poisson distribution) and
incidence data (binomial distribution) were used. Significant values are in bold (p < 0.05). Positive
(+: green) or negative (−: red) responses are indicated via p-value. p-values close to significance
(p < 0.07) are also shown.
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Abundance +0.008 +0.054

Incidence +0.068

Eucnemis capucina
Abundance −0.004

Incidence +0.062 −0.018
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Table 4. Cont.
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Hylis cariniceps
Abundance

Incidence

Hylis foveicollis
Abundance −0.047 −0.058 −0.022

Incidence +0.022 −0.020 −0.046 −0.036 −0.016 +0.018

Hylis olexai
Abundance +0.001

Incidence −0.008

Isorhipis melasoides
Abundance

Incidence

Melasis buprestoides
Abundance −0.002 −0.025

Incidence −0.064 −0.013 −0.035 −0.002

Microrhagus lepidus
Abundance +0.002

Incidence +0.023

Figure 5. Sample-size-based rarefaction and extrapolation sampling gamma diversity of
Eucnemidae—showing the Hill numbers’ incidence data (A) and abundance data (B), q = 0
(species richness) and q = 1 (the exponential of Shannon’s entropy index). Colored shaded areas
represent the 95% confidence intervals. Solid symbols represent the total number of species and
extrapolation (dashed lines) up to double the reference sample size.
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Figure 6. Results of detrented correspodence analysis show the first two canonical axes. The black
triangles are Eucnemids species. Red triangles are decay classes, and arrows are environmental
continuous characteristics of deadwood.

4. Discussion

We captured 348 beetles representing eight species over a two-year study with 59 traps.
With more than a thousand traps distributed throughout Europe, [22] captured 15 species
and 1816 individuals in beech-dominated forests. Our study area consists of relatively
recent, pure autochthonous beech-protected stands [31] compared to Müller et al. [22],
where a wide range of other tree species was represented <50%. This likely led to the
higher capture of Eucnemids species, not only those associated with beech stands and
beechwood. Another factor affecting the higher species counts in the study by [22] may
be the inclusion of sites in Eastern Europe, renowned for its highly conserved forest
complexes [49]. Eucnemids have a minimum of at least two years of development [13]. This
could affect analyses comparing deadwood host substrates. We sampled the Eucnemids
separately each year. We assume that Eucnemids’ development is continuous over time and
that annual fluctuations are insignificant at the study site. Thus, we also assume that the
position of deadwood and its characteristics are important factors, as opposed to different
sampling years.

Therefore, our study provides insight into the typical species composition of Eucne-
midae in beech forests without further bias. Supporting evidence for the significance of
the habitat in the studied beech stands is found compared to similar studies conducted in
natural conditions and beech reserves. Procházka and Schlaghamerský [50] identified four
species of Eucnemidae with 102 individuals, while Müller et al. [51] found five species with
14 individuals. Melasis buprestoides, Hylis olexai, and H. foivecollis proved to be the most abun-
dant Eucnemids in our study. Our results correspond with [22], who also found the same
Eucnemids species to be the most abundant in beech forests a decade earlier. M. buprestoides
is the most common species in the family and has been observed mainly on snags. In
contrast, the other species, especially H. olexai and H. foivecollis, were more abundantly
trapped on lying logs, although most of the 123 individuals of H. olexai were captured by
one trap on a snag with a large and heavily sunlit cavity. The association of H. foivecollis
with lower deadwood volumes, as indicated by Procházka and Schlaghamerský 2019 [51],
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contrasts with our findings, which suggest that the moisture content of the deadwood
may play a more significant role in this Eucnemid in beech stand. Results showed that
the species E. capucina and M. buprestoides were associated with snags. These species are
cavity-dwelling and thus may be negatively affected by the higher moisture content of
fallen logs. Additionally, cavities were practically absent in fallen logs. E. capucina has
a strong preference for cavity trees [23,52], which is also supported by the results of our
study. On the contrary, M. buprestoides appears to prefer drier deadwood at the transition
between hard wood and soft, partially decomposed wood; therefore, this species favors
habitat trees to cavity trees [52]. Clypeorhagus clypeatus, a species recently discovered in the
Czech Republic [20], was recorded during the study, and our records are the first for all of
Bohemia [53]. This species is poorly known, with only a few specimens documented [17]. It
is mainly associated with beech forests and beech deadwood in areas without interrupted
forest continuity characterized by minimal forest management. The bionomy of this species
is not well-described by Mertlik [39].

The preference of most Eucnemids for deadwood position was observed in lying logs.
Similar faunistic findings of Eucnemids favoring lying logs have been reported in previous
studies, e.g., [21,54] or other beetle species Tragosoma depsarium (Cerambycidae) [55]. The
position of deadwood influences both its moisture content and the process of wood decom-
position [55]. In contrast, [56] found standing oak deadwood generally richer in saproxylic
beetles than in lying deadwood. Franc [57] reported differences in favor of lying logs in the
case of oak deadwood. In general, oak deadwood is recognized for its richness in saproxylic
beetle species [58]. We focused on beech deadwood, which exhibits significantly faster
decomposition processes compared to oak [59]. This characteristic may have implications
for Eucnemids, as higher moisture content is a very important parameter of lying logs. In
addition, natural beech stands are characterized by low heterogeneity due to their darkness.
Therefore, in our study, canopy openness was an insignificant variable for most of the
recorded Eucnemids species. Consequently, the beech Eucnemids do not seem to support
the thesis that sun exposure is a critical element for endangered species [9,60].

Dry and wet periods are likely to influence the preferences of Eucnemids. In cur-
rent drought periods, deadwood moisture becomes a limiting factor, potentially leading
Eucnemids to prefer lying logs. This is probably due to lying logs having a more stable
temperature throughout the year and not fluctuating much compared to snags [55]. Con-
versely, during wet periods, they may exhibit a stronger preference for snags, seeking
sunlight as a source of heat and a drier woody substrate. In general, deadwood absorbs
water depending on the degree of decomposition and also helps maintain the forest micro-
climate by evaporation [61]. Likewise, the beech Eucnemids species may be more likely
associated with shadier and wetter conditions and to seek out moist pieces of deadwood.
We identified the higher moisture levels and higher levels of deadwood decomposition
as important variables influencing the presence of C. clypeatus, H. foivecollis, H. cariniceps,
and M. lepidus. While lying beech deadwood is known to be relatively unstable over time,
quickly becoming an unsuitable habitat for beetles [62] and more closely resembling the
soil environment [62], standing deadwood increases the persistence of deadwood in stands
over several decades [63]. However, our findings indicate that snags exhibit low moisture
content, resulting in a lower abundance of Eucnemids. Climate change, particularly alter-
ations in the seasonal distribution of precipitation, may also have an influence on the life of
Eucnemids. The overall drier climate in recent times [64] may also negatively impact the
Eucnemids. The primary driver of deadwood moisture is rainfall [65]. Nevertheless, their
high requirements for deadwood quality and, often, forest continuity appear to be the main
limiting factors for their existence [13]. Bark loss was found to be one of the influential
variables, especially affecting the species M. lepidus. The absence of bark may also affect
deadwood moisture. The loss of bark exposes the wood, allowing rainfall to penetrate
deeper layers of the wood directly. We observed bark loss on logs with higher moisture
content, which also indicates advanced decomposition. However, the microclimate inside
deadwood is also affected by forest characteristics [55].
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5. Conclusions

The study investigated the habitat requirements of a truly rare saproxylic family in
beech stands. Moisture conditions within lying logs play an important role in the successful
occurrence and survival of Eucnemidae species. The increasing prevalence of drier and
precipitation-free periods in recent times [64,66] may impact the overall abundance and
richness of Eucnemids species. Consequently, their preferences are directed primarily
to lying logs, which, being in contact with the ground, absorb moisture and provide a
favorable environment for the life cycle of beech Eucnemids.
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Hidden Potential of the Subdominant Ant Formica lemani
Bondroit (Hymenoptera: Formicidae): The Formation of Large
Nest Complexes and Restructuring Behavioural Stereotypes

Tatiana Novgorodova * and Dmitry Taranenko

Institute of Systematics and Ecology of Animals SB RAS, Novosibirsk 630091, Russia
* Correspondence: tanovg@yandex.ru

Abstract: The potential of subdominant ants of the Formica fusca group and their role in forests
are still underestimated. Since ant behaviour is dependent on colony size, studying the functional
organisation of nest complexes (NC) is most promising for a more accurate assessment of species
capabilities. The study focused on the main ecological and ethological issues of the life activity of
Formica lemani Bondroit within large NC (>150 nests) and beyond. After preliminary mapping of the
F. lemani NC (main nests, trails, foraging trees), off-nest activity, aggressiveness, and trophobiotic
relationships with aphids in and outside the NC territory were studied. Within the NC, the dynamic
density, the intensity of movement on trails, and aggressiveness of F. lemani were significantly higher
than beyond; the range of symbiont aphids was twice as small, with aphids on birches playing a key
role in carbohydrate nutrition of F. lemani. The latter ensures accelerated restoration of trophobiotic
interactions in spring and stability of the food supply until autumn. Combined with the lack of
pressure from F. rufa group ants, this allowed F. lemani to maintain high population densities, and
significantly increased its competitiveness, and role in plant protection against phytophages.

Keywords: aspen–birch forest; Formica fusca group; ant assemblages; hierarchical status; dynamic
density; aggressiveness; trophobiosis; ant–aphid interactions

1. Introduction

Ants of the Formica rufa group with complex social and territorial behaviour, forming
large colonies and supercolonies, play one of the leading roles in terrestrial ecosystems,
including forests, and are the major structuring force of ant assemblages [1–9]. Due to the
complex organisation of the protected foraging area, specialisation of worker ants [10,11],
and task partitioning among foragers collecting honeydew [12,13], obligate dominants of
the Formica rufa group actively protect their resources from competitors, including natural
enemies [14,15]. This allows the ants to utilise available resources more efficiently, maintain
a stable resource base, and, at the same time, protect plants from leaf-eating insects.

Representatives of the Formica fusca group and the Formica rufibarbis group, previously
referred to the subgenus Serviformica (hereinafter—the Serviformica group), have the status
of subdominants in multispecies ant assemblages. In these species, foraging territories
are usually unprotected, there is no specialisation among foragers, and solitary foraging
is observed [8,16]. At the same time, the results of some studies indicate the presence
of hidden potential in ants of this group. It was found experimentally that behaviour of
subdominant ants of the genus Formica, in particular their social and territorial organisation,
depend, to a large extent, on colony size and dynamic density of workers [10,11,16–19]. For
example, when colony size of the Formica cunicularia Latreille and F. picea Nylander exceeds
one thousand workers, the complexity of both the social structure of the ant colony and the
territorial organisation of these ant species increases: colonies of both species begin to build
mound nests and, at least partly, to protect their foraging territories [16,20]. Furthermore,
besides the simple models of the organisation of honeydew collection, the use of more
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complex models with protection of aphid colonies, was noted [13]. In the presence of
natural and/or artificial objects that are able to accumulate heat (stone, stump, metal sheet,
etc.), the construction of mound nests was also observed in F. fusca Linnaeus [10].

However, it should be noted that the dynamic density and colony size of subdom-
inant ants from the Serviformica group are usually controlled and strictly regulated by
obligate dominants of the Formica genus both within their foraging areas and during the
occupation of new territories [7,11,21–23]. Nevertheless, the formation of stable nest com-
plexes was noted in some species of the group—F. cunicularia, F. cinerea Mayr, F. imitans
Ruzsky [10,18,19,24,25]. All this suggests that the hidden capabilities of the subdominant
ants from the Serviformica group may be much broader than previously thought, and that
the extent of their potential capabilities is still being underestimated.

One of the promising representatives of the group, in terms of studying hidden
potential, is the northern black ant, Formica lemani Bondroit. It is a transpalaearctic boreo-
montane species that plays a subdominant role in forest ant assemblages [8,26]. In the
forest–steppe and steppe zones, nests of F. lemani are confined to forest elements (aspen–
birch stands, forest plantations, etc.). Like other species of the group, F. lemani primarily
builds sectional nests in soil and often settles in dead wood. However, under certain
conditions, such as scarcity of suitable habitats, it may form mound nests. The size of
monogynous colonies of F. lemani does not exceed 1000 individuals, while polygynous
colonies may reach from four to six thousand individuals. The foraging territory of F. lemani
is usually not protected [8], and neither are its carbohydrate food sources, including
aphid colonies (Novgorodova, unpublished data). This species usually uses tunnels to
communicate between sections in the nest and to forage for food [8]. Formation of nest
complexes in F. lemani has not been noted until recently. However, in 2020, a large nest
complex of F. lemani was discovered for the first time in one of the aspen–birch stands in the
south of Western Siberia (Novosibirsk Region, Russia) [27]. The nest complex immediately
attracted attention due to the powerful ant trails on the trees, which were completely
atypical for this species, and clearly visible even from afar. Studying the structural and
functional organisation of such single-species nest complexes of subdominants of the genus
Formica is highly important for assessing the potential functional capabilities of the species,
as well as for predicting the effects of forced structural rearrangements of multispecies
ant assemblages.

The main aim of the study was to explore the main ecological and ethological issues of
the life activity in F. lemani from large settlements, utilising the example of the nest complex
identified in the Novosibirsk Region (Russia) in 2020. The objectives of this research were:
(i) to estimate the size and identify the main infrastructural elements of the territory of the
large F. lemani complex nest; (ii) to identify behavioural patterns of the F. lemani foragers,
including off-nest activity, aggressiveness, and organisation of honeydew collection, in
and outside the nest complex; and (iii) to identify the features of trophobiotic relationships
between F. lemani foragers from the large settlement and aphids.

2. Materials and Methods

The study was conducted in August–September 2020 and 2022 in the south of the
Novosibirsk Region (Karasuk District, vicinity of Sheinfeld Village; Russia) in the territory
of the F. lemani nest complex (NC) in an aspen–birch stand, as well as outside the nest
complex—in the same or neighbouring aspen–birch stand.

The species identity of the F. lemani individuals from the studied NC was addition-
ally confirmed by the results of the molecular genetic analysis (sample F24-1): by COI—
genebank number OM722036 (https://www.ncbi.nlm.nih.gov/nuccore/OM722036.1 ac-
cessed on 25 May 2023), ITS1—OM728505 (https://www.ncbi.nlm.nih.gov/nuccore/OM7
28505.1 accessed on 25 May 2023), D2 28S—OM722055 (https://www.ncbi.nlm.nih.gov/
nuccore/OM722055.1 accessed on 25 May 2023) [28].
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2.1. The Main Characteristics of the F. lemani Nest Complex

To approximate the size and structure of the F. lemani nest complex, determine its
boundaries and occupied territory, as well as identify the main infrastructural elements of
the NC area, a schematic mapping of the F. lemani NC was carried out, indicating the main
nests and trails, as well as foraging trees (hereafter—mapping). The mapping was carried
out in two stages. At the first stage, in late September 2020 (at the time of discovery), the
main part of the F. lemani NC was mapped. During that period, mainly the largest nests
were mapped. Their location was identified by the tree foraging ant trails, strong enough to
persist until the end of the season. The mapping was continued in the first half of August
2022 with confirming the location of the large nests, collecting extra information on the
other nests, and mapping the system of foraging trails.

In the explored territory, the nests of the Formica rufa group were also mapped. The
main characteristics of each anthill were noted. The diameter and height of each anthill
mound were measured both without and including the soil base—embankment (d/D and
h/H, respectively). For dead (degraded) ant nests, the diameter of the crater was measured.

2.2. Off-Nest Activity and Aggressiveness of the F. lemani Foragers

To identify the behavioural characteristics of the F. lemani foragers, we took into
account the off-nest activity of the species studied (dynamic density of foragers and intensity
of movement of foragers on foraging trees), as well as assessed the aggressiveness of
foragers on tree trunks and in aphid colonies. The studies were carried out both on and
off the area occupied by the F. lemani nest complex in the same stand. The investigations
outside the NC were carried out at a distance of more than 20 m from the border of NC,
which was clearly visible by green foliage and trails of F. lemani on birch trunks.

2.2.1. Dynamic Density

Dynamic ant density was assessed in August 2022 using standard methodology [8].
Ants were counted in three replicates in a 10 dm2 (31.6 × 31.6 cm2) plot bounded by a
wire frame on legs. The number of ants that visited the site within 5 min was recorded,
after which the average dynamic density (individuals/dm2·min) was calculated. A total
of 23 sites were surveyed: 13—in the territory of the NC; 10—beyond. In the territory of
the F. lemani NC, the study plots were located at least 2 m from the nearest foraging trail of
F. lemani.

2.2.2. Intensity of Movement of Foragers on Trees

The intensity of foraging movement on the trunks of main forage trees was assessed on
birch (Betula pendula Roth) in early August 2022. A count of foragers crossing a conventional
line in both directions at a height of about 1.3 m was carried out for 5 min (in triplicate)
with subsequent averaging and recalculation for 1 min (individuals/min). When traffic
of foragers was of high intensity, we used video recording and counted foragers in the
laboratory. Testing was carried out on 29 selected trees located within and off the territory
of the F. lemani nest complex (19 and 10 trees, respectively). The trunk diameter of the
birches selected for testing ranged from 9 to 28 cm (at the site of forager counting), and the
ratio of the trees of different size categories within and off the F. lemani NC was similar.
The proportions of selected birches of three size categories in the territory of the NC
and beyond were 9–15 cm—31.6% and 30.0%, respectively; 16–20 cm—42.1% and 40.0%;
21–28 cm—26.3% and 30.0%.

2.2.3. Ant Aggressiveness

We compared the aggressiveness of F. lemani foragers in the territory of the NC with
the aggressiveness data of foragers tested outside it. Aggressiveness was assessed on
birch trunks (diameter from 16 to 20 cm) and in aphid colonies of Chaitophorus populeti
(Panzer) on aspen by evaluating the responses of ants to a simple artificial irritant (a
dissecting needle) using the universal scale developed earlier and based on reactions
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of ant foragers to various stimuli [13,29]. Aggressiveness of foragers was assessed on
a 9-point scale: (0) avoidance—dropping down or running away; (1) tolerance—neutral
reaction (ants do not react); (2) antennation—investigation of the irritant using antennae;
(3) alert pose—standing still with mandibles slightly open and antennae slightly extended
towards the irritant; (4) aggressive pose—the stance adopted by ants before an attack
(stilt-legged posture; mandibles widely open, antennae directed towards the irritant or
slightly upwards; usually with gaster extended forwards in order to spray acid); (5) threat-
ening lunges—usually repeated rapid lunges towards the irritant with open mandibles,
but without contacting it; (6) hit-and-run attack—sudden attack on the irritant (≤1 s);
(7) biting—short bites (less than 5 s); (8) death grip—a prolonged biting (ant seizes the
irritant and does not loosen its grip for more than 5 s). If rapid change in ant reactions from
one to another (increasing aggression to the irritant) was observed during testing, only the
more aggressive reaction was used in the analysis. For each individual, testing was carried
out at least 3 times. A total of 190 F. lemani foragers were tested, of which 145 foragers were
tested within the NC studied (80 foragers on trunks, 65 honeydew collectors in 15 aphid
colonies) and 45 foragers were tested beyond (30 individuals on trunks and 15 honeydew
collectors in 15 aphid colonies).

2.3. Trophobiotic Relationships of F. lemani with Aphids

To identify trophobiotic relationships between aphids and representatives of F. lemani
colonies from the nest complex, the above-ground parts of plants up to a height of about
2–3 m were inspected in the area occupied by the NC. The root part was investigated only
in the presence of soil disruptions (result of ant activities) at the base of the plant. Similar
studies were carried out outside the territory of the NC in the same and neighbouring
aspen–birch stand, where only small single nests of F. lemani were recorded. Insects were
fixed in 70% ethanol. A total of 362 samples were collected. Analysis of the material and
further identification of aphids was carried out using Stemi 2000-C and Zeiss Axiostar Plus
microscopes (Carl Zeiss MicroImaging GmbH, Göttingen, Germany). The aphids were
studied on microscope slides prepared using Faure–Berlese fluid. When identifying aphids,
an online identification and information guide was used, which includes current informa-
tion on aphids [30]. The material is deposited at the Institute of Systematics and Ecology of
Animals, Siberian Branch of the Russian Academy of Sciences (Novosibirsk, Russia).

2.4. Data Analysis

A comparative analysis of the parameters of off-nest activity (dynamic density and
intensity of foraging movement on trunks of birch trees), as well as the aggressiveness
of F. lemani foragers in the territory of the NC and beyond, was carried out using the
Mann–Whitney test. To compare the degree of aggressiveness of aggressive and tolerant
foragers of F. lemani in the territory of the NC and beyond, the Mann–Whitney U Test with
Bonferroni correction (p < 0.017) was used. To assess the relationship between intensity of
foraging movement and trunk diameter, the Pearson correlation coefficient was calculated.

3. Results

3.1. The Main Characteristics of the F. lemani Nest Complex

In 2022, the surveyed F. lemani NC covered an area of about 4800 m2 and included
more than 150 large nests (Figure 1). Most nests were located at the bases of birch trees and
inside logs or large branches of old fallen trees. The ants used old overgrown (and already
hollow inside) large branches of birch trees as tunnels. In addition, a pronounced network
of surface trails was observed in the territory of the F. lemani nest complex. Exchange trails
(for the exchange of individuals and brood) were noted between nests located at the bases
of trees at a distance of 4 to 6 m from each other. The main trails led to forage trees—birches
and aspens. Visible even from a distance, trails on trunks consisted not only of honeydew
collectors, but also of hunters who descended down the trunk with prey.
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Figure 1. Schematic map of the nest complex of Formica lemani in the Karasuk District of the Novosi-
birsk Region in the vicinity of Sheinfeld Village (Russia).

Only three nests of Formica rufa group ants (Formica lugubris Zetterstedt) were recorded in
the area of the studied nest complex. One F. lugubris nest (d/D = 55/90 cm, h/H = 20/40 cm;
d/D = 60/105 cm, h/H = 30/45 cm) was located at a distance of about 30–40 m from the
boundary of the F. lemani NC, 1 nest (d/D = 60/100 cm, h/H = 25/45 cm)—about 10–15 m
from the NC. Another small nest with a flat dome (d/D = 45/50 cm; h/H = 5/25 cm) was
found on the periphery of the nest complex (Figure 1). Nests of obligate dominants of the
Formica rufa group with mound diameters (d) greater than 60 cm were absent in the area of
the surveyed F. lemani NC.

Four craters from long-degraded nests of red wood ants (D = 110–120 cm) were
recorded in this part of the aspen–birch stand, two of which were located directly in the
territory of the F. lemani NC, and two were found outside.

Colonies of Formica pratensis Retzius were registered along the boundary of the aspen–
birch stand only (Figure 1). The buffer zone between the foraging areas of F. pratensis
colonies and the territory of F. lemani nest complex was about 15–20 m.

3.2. Off-Nest Activity and Aggressiveness of the F. lemani Foragers
3.2.1. Dynamic Density

The dynamic density of F. lemani in the territory of the NC was almost 3.9 times
higher than beyond (Figure 2). The dynamic density of F. lugubris in the vicinity of the
small, weakened nest of this species within the studied NC was 7.5 times as low as the
F. lemani (0.06 and 0.45, respectively). Single individuals of Camponotus herculeanus (L.) and
Leptothorax acervorum (Fabricius) were recorded only on the periphery of the studied NC.
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Figure 2. Dynamic density of Formica lemani within the territory of the nest complex (NC) and beyond
(Outside). Mann–Whitney U Test: ***—p < 0.0001.

3.2.2. Intensity of Movement of Foragers on Trees

A significant positive correlation between the intensity of movement of foragers and
the diameter of trunks of selected birch trees at the survey site was found only for the
territory of the F. lemani nest complex (r = 0.577, p = 0.01). However, outside the NC, the
correlation was insignificant (r = 0.223, p = 0.537), so further comparison was made for
total data, without taking into account the influence of the trunk diameter. The intensity
of movement of F. lemani foragers on the birch trunks within the territory of the NC was
significantly higher than beyond in the same stand, and reached 123.6 individuals/min
(Figure 3). Outside the studied NC, the movement intensity of F. lemani on birch trunks did
not exceed 5.2 individuals/min (Figure 3).

Figure 3. Movement intensity of Formica lemani foragers on trunks of birch trees within the territory
of the nest complex (NC) and beyond (Outside). Mann–Whitney U Test: **—p < 0.001.

3.2.3. Aggressiveness

The aggressiveness of F. lemani foragers in the territory of the studied nest complex
was generally significantly higher than outside it both on birch trunks (Mann–Whitney
criterion, U = 351.5, p < 0.001) and in aphid colonies (U = 168.0, p < 0.001) (Figure 4).
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Figure 4. Aggressiveness of Formica lemani foragers on the trunks of birch trees and in the aphid
colonies of Chaitophorus populeti on aspen trees within the territory of the large nest complex (NC)
and beyond (Outside). Mann–Whitney U Test: ***—p < 0.001.

Outside the NC, both on the trunks of forage trees and in aphid colonies, F. lemani
foragers showed only non-aggressive reactions (0 to 2 points) in response to stimulus
presentation: average aggressiveness indices of most individuals fell within the range (0; 1]
points (Figure 5).

Figure 5. Differentiation of the Formica lemani foragers by the degree of aggressiveness in the territory
of the large nest complex (red) compared to the foragers beyond the NC (green): (a,b)—the results of
testing on the trunks of forage trees (Betula spp.); (c,d)—the results of testing in the aphid colonies.
Aggressiveness scale: 0—avoidance; 1—tolerance; 2—antennation; 3—alert pose; 4—aggressive pose
before an attack; 5—threatening lunges; 6—hit-and-run attack; 7—short bites (<5 s); 8—death grip (a
prolonged biting for more than 5 s).

In the territory of the nest complex, two groups of foragers with different degrees
of aggression—tolerant vs. aggressive—were clearly distinguished both on the trunks of
forage trees and among the honeydew collectors tested in aphid colonies. The spectrum of
responses of tolerant individuals was similar to that observed outside the NC (0–2 points,
very rarely 3 points): the average aggressiveness of most individuals fell within the ranges
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of (0; 1] and (1; 2] points (Figure 5). Aggressive foragers responded to stimulus presentation
by predominantly demonstrating hit-and-run attacks, short bites, and death grip, while
threatening lunges were recorded in isolated cases (6–8 points respectively, rarely 5 points):
average aggression scores of most tested individuals fell within the range (6; 7] points
(Figure 5).

The degree of aggressiveness of honeydew collectors of F. lemani beyond the nest
complex and tolerant foragers within the territory of the NC (both on the selected trees and
in aphid colonies) was similar and significantly lower than that of aggressive foragers in
the NC territory (Figure 6).

Figure 6. The degree of aggressiveness of aggressive and tolerant foragers of Formica lemani in the
territory of the studied nest complex (NC) compared to the F. lemani foragers beyond the NC territory
(Outside): (a) the results of testing on the trunks of foraging birch trees; (b) the results of testing in
the aphid colonies (Chaitophorus populeti) on aspen trees. Different letters above the data (a,b) indicate
significant differences (Mann–Whitney U Test with Bonferroni correction, p < 0.0001); identical letters
(b) indicate non-significant differences (p > 0.017).

3.3. Trophobiotic Relationships between F. lemani and Aphids

The structure of trophobiotic relationships between F. lemani and aphids in the terri-
tory of the nest complex and beyond had some differences (Table 1). In the NC territory,
F. lemani visited aphid colonies of only seven species from seven genera of four subfami-
lies: Aphidinae—three species, Calaphidinae—two, Thelaxinae and Chaitophorinae—one
species each (Table 1). Dendrobiont species predominated and accounted for 57.1% of
the total number of symbiont species. Their colonies were located on birches (Symydobius
oblongus (von Heyden), Glyphina betulae (L.), Callipterinella tuberculata (von Heyden), and
aspens (Chaitophorus populeti (Panzer)). On herbaceous plants, only single colonies of
aphids Metopeurum fuscoviride Stroyan (on Tanacetum vulgare L.), Aphis fabae Scopoli (on
Sonchus arvensis L.), and Semiaphis horvathi (Kaltenbach) (on Silaum silaus (L.) Schinz &
Thell.) were noted.

The main source of carbohydrate food for F. lemani from the nest complex was honey-
dew of aphids on woody plants, mainly on birch trees. Powerful trails of F. lemani foragers
were observed on the majority of birch trees (90%) located in the territory of the studied
NC. Outside the boundary of the nest complex (in the areas of similar size both in the
same and neighbouring aspen–birch stands), 1.7–1.9 times more aphid species (12 and 13,
respectively) associated with F. lemani were identified (Table 1). The proportion of aphid
species whose colonies were located on herbaceous plants in the same aspen–birch stand
was 66.7% (out of 12 species), and in the neighbouring one—69.2% (out of 13 species). In
total, 15 species of aphid symbionts of F. lemani were identified beyond the NC studied
(Table 1). These species belonged to nine genera of four subfamilies.
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Table 1. Trophobiotic relationships between F. lemani and aphids within the territory of the studied
nest complex (NC) and beyond—in the same (Outside_1) and in the neighbouring (Outside_2)
aspen–birch stands (+—single cases; ++—common; +++—numerous; – none).

No Aphids (Subfamily, Genus, Species) Plants NC Outside_1 Outside_2

Thelaxinae

1 Glyphina betulae (L.) Betula pendula Roth, Betula sp. +++ + +

Calaphidinae

2 Callipterinella tuberculata (von Heyden) Betula pendula, Betula sp. +++ + +

3 Symydobius oblongus (von Heyden) Betula pendula, Betula sp. +++ + +

Chaitophorinae

4 Chaitophorus populeti (Panzer) Populus tremula L. ++ + +

5 Sipha (Rungsia) elegans Del Guercio Elytrigia repens (L.) Desv. ex
Nevski., Poaceae – + +

6 S. (Rungsia) maydis Passerini Elytrigia repens, Festuca
pratensis Hudson – + –

Aphidinae

7 Aphis craccae L. Vicia cracca L. – – +

8 A. craccivora Koch Vicia sp. – + –

9 A. fabae Scopoli Sonchus arvensis L. + + +

10 A. franzi Holman Seseli libanotis (L.) C. Koch – + +

11 A. hieracii Schrank Hieracium umbellatum L. – – +

12 A. silaumi Bozhko Silaum silaus (L.) – + +

13 Rhopalosiphum oxyacanthae (Schrank) Dactylis glomerata L. – – +

14 Metopeurum fuscoviride Stroyan Tanacetum vulgare L. ++ + +

15 Semiaphis anthrisci (Kaltenbach) Anthriscus silvestris L. – + +

16 Semiaphis horvathi Szelegiewicz Silaum silaus (L.) Schinz &
Thell. + – –

Total number of species: 7 12 13

On woody plants 4 4 4

On herbaceous plants 3 8 9

In aphid colonies beyond the studied nest complex, only solitary unspecialised for-
agers of F. lemani were observed, which did not show any aggressive reactions to the irritant
(Figures 5 and 6). These foragers themselves collected and carried honeydew to a nest,
leaving the aphid colonies unattended.

In the territory of the NC, F. lemani used more complex behavioural models with the
clear division of honeydew collection and protection of symbionts between foragers with
low and high levels of aggressiveness, respectively (Figures 5 and 6). Therefore, tolerant
individuals performed the functions of collecting and transporting honeydew to their nests
and were significantly less aggressive (Figures 5 and 6).

Among the honeydew collectors tested in aphid colonies, usually about 20%–30% of
foragers (rarely 50% of individuals) demonstrated aggressive behaviour and performed the
functions of guards. Aggressive ants almost did not collect honeydew, these individuals
quickly responded to the appearance of foreign objects and protected their symbionts from
various competitors, including aphidophages and other ant species.
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4. Discussion

In the forest–steppe and steppe zones in the south of Western Siberia, as in other
parts of the Formica lemani range, the northern black ant is confined to forest communities,
where it usually plays the role of subdominant [8,26]. In the studied area, an atypical
ant assemblage, rather unique for the forest–steppe landscapes of the south of Western
Siberia, with the absolute dominance of F. lemani, has formed. At first glance, the area of the
F. lemani nest complex does not appear to be too large (about 0.005 km2), at least compared
to the areas of red wood ant supercolonies that can exceed 2.5 km2 [9,31]. However, the
significant reorganisation of various ecological and ethological aspects of the life of this
species is impressive.

According to our long-term research in the south of the Novosibirsk Region (2000–2022),
in this territory, F. lemani usually lives in sectional nests in the soil, as well as inside old
stumps, logs, and large branches of fallen trees, etc. This ant typically uses tunnels to
communicate between sections of the nest and for foraging, which is consistent with the
results of other studies [8].

In the territory of the studied nest complex, in addition to the tunnels that are quite
common for the species, a pronounced network of foraging trails was discovered, which
was similar to a functional structure of the trail system of red wood ants. The trail network
in the NC territory included exchange trails between nests at the bases of birches, as well
as foraging trails leading to trees (birch, aspen), where workers not only actively collected
honeydew, but also hunted. Among the foragers descending down a trunk, a large number
of honeydew collectors with swollen abdomens, as well as hunters with prey (caterpillars,
various dipterans, aphids), were noted. Some of noted exchange trails can be classified as
exchange–foraging trails, since they were used by F. lemani for both purposes—exchange of
individuals and brood, and organisation of foraging (being part of the foraging network).
According to our preliminary observations, the presence of exchanges between most of
nests in the NC territory, with regular transitions of individuals, may indicate that the
studied nest complex of F. lemani is a single supercolony, which apparently consists of
several polycalic systems (an ant colony simultaneously inhabiting several nests with
different functions). However, additional detailed studies are needed to obtain more
precise information on this issue.

Searching for food on trees is not something special for F. lemani. A striking difference
from the usual lifestyle of the northern black ant in the territory of the studied nest complex
is the very high off-nest activity (dynamic density, intensity of movement of foragers along
the trails). This is manifested in the presence of trunk trails with high intensity of F. lemani
movement, which were easy to see on birch trees with white bark even from a distance.
According to our data, the intensity of F. lemani movement on the trunks of foraging trees
in the territory of the nest complex was significantly (about 32 times) higher than outside,
and the dynamic density of F. lemani within the NC territory was almost 4 times as high
as beyond.

Outside the studied nest complex of F. lemani, small colonies of this species were not
detected to have protected foraging areas. The collection of aphid honeydew was carried
out by single unspecialised foragers, who independently collected and carried honeydew
to their nests, continuously leaving colonies of symbiont aphids unattended. This is the
simplest type of honeydew collection in ants [13] that usually corresponds to the lowest
level of symbiont protection by ants against aphidophages [14].

In the territory of the NC, the behaviour of F. lemani differed significantly from that
typical of small colonies of this species. The aggressiveness of foragers on the trunks of
forage trees and in aphid colonies was 4–5 times as high. In addition, increased territorial
organisation was observed. Due to the highly increased dynamic density and aggressive-
ness of foragers, the NC territory was almost completely controlled by F. lemani. Single
individuals of other species (Camponotus herculeanus (L.), Leptothorax acervorum (Fabricius))
were noted only in the peripheral part of the F. lemani nest complex.
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The only small degrading nest of F. lugubris with an almost flat mound, the height
(h) of which was only 5 cm and the diameter (d) of about 50 cm, was also located on the
periphery of the nest complex; the dynamic density of F. lugubris in the area of this anthill
was 7.5 times lower than the dynamic density of F. lemani. The only trail of foragers from
the F. lugubris nest led to the tree adjacent to this anthill. The weak construction, size, and
shape of the anthill, combined with low off-nest activity, indicated the grave condition of
the colony [8].

As for three other nests of F. lugubris found in the same stand but outside the NC, the
mound diameter (d) of these anthills did not exceed 60 cm, corresponding to the minimal
parameters of permanent residential nests of red wood ants aged 1–2 years [8]. The absence
of large colonies of red wood ants in the study area allowed F. lemani to avoid interspecific
social control typical of ant assemblages that include obligate dominants of Formica rufa
group [7,21,22].

At the same time, despite the absence of red wood ants, fairly high efficiency in
protecting woody plants from leaf-eating insects was noted in the territory of the studied
F. lemani NC during the years of the field research. Hence, during outbreaks of gypsy moth
(Lymantria dispar (L.)) in 2020 and 2022, the area occupied by the F. lemani nest complex
was clearly distinguished from the background of neighbouring areas affected by the pest,
mainly due to its preserved green foliage. A special assessment of the degree of damage
to the leaves was not carried out; however, the border of the F. lemani NC was quite well
noticeable (Figure 7).

In aphid colonies within the territory of the F. lemani NC, the use of more complex
behavioural patterns was observed with the partial division of collecting honeydew and
protecting symbionts by more aggressive foragers. Both in aphid colonies and on trunks
of forage trees, a clear division of the two groups of tested ant individuals—aggressive
and tolerant—was observed according to their responses to the irritant (stimulus). Obser-
vations of ant behaviour before testing showed that tolerant workers with a low degree
of aggressiveness were engaged in collecting honeydew and transferring the collected
honeydew to other individuals. Aggressive ants exhibited the full range of aggressive
reactions to any external intervention (the approach of aphidophages, other insects and
the researcher, the presentation of an artificial stimulus, etc.). On tree trunks, the lowest
rates of aggressiveness were seen in foragers with swollen abdomens, which were engaged
in transporting honeydew to their nests. This is consistent with the research data on the
aggressiveness of Formica rufa group ants, which perform different functions—protecting
aphids, and collecting and transporting aphid honeydew [13].

Our work makes clear the presence of specialisation in groups of foragers visiting
individual aphid colonies, with the division of functions of collecting honeydew and
protecting symbionts corresponding to at least a medium level of specialisation [13]. To
more accurately determine the depth of specialisation of honeydew collectors, and to
answer the question how exactly the collected honeydew is transported (whether there are
specialists in delivering honeydew to the ant nests or not), additional research is required.

In the territory of the nest complex of F. lemani, the range of aphid symbionts of the
northern black ant turned out to be twice as small as beyond, with aphids on birches
playing a key role in carbohydrate nutrition of F. lemani. It was birch trees that served as
key elements in the formation of the NC structure and its trail network. Large nests of
F. lemani were located at the bases of birches with a trunk diameter of 20–25 cm (Figure 7),
the main foraging trails also led to birch trees. Foragers of F. lemani usually reached rare
colonies of aphids on herbaceous plants through tunnels, using old hollow large branches
of birch trees in the forest litter.
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Figure 7. The territory of the studied nest complex (NC) of Formica lemani in the aspen–birch stand
in the south of the Novosibirsk Region in the vicinity of Sheinfeld Village (Russia): (a) the central
part of the F. lemani NC; (b)—the border of the studied NC; (c)—view of the nest complex (green
foliage) from the adjacent territory; (d)—the adjacent territory (the photo is taken from the border of
the F. lemani NC); (e–g)—large nests of F. lemani in the territory of the studied NC; (h–j)—foraging
trails of F. lemani on birch trees in the NC territory.
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In ants of the F. rufa group, the structural and functional organisation of polycalic sys-
tems and supercolonies has similar basic principles, including dendrobiont aphids as a main
source of carbohydrates, and trees (host plants of myrmecophilous aphids) as a core ele-
ment of trail system and territorial structure [1,10,11,32,33]. In addition to aphid honeydew,
ants may use other sources of carbohydrates, including extrafloral nectaries [1,10,33,34].
Aspen leaves may also have small glands at the base of the leaf that secrete nectar attracting
ants [35]. We also noted similar extrafloral nectaries in aspen (Populus tremula L.) in the
south of Western Siberia. However, according to our observations, ants usually visit foliar
nectaries of Populus tremula L. only in spring while aphids are absent or limited. During our
investigation of the F. lemani NC in August–September (2020, 2022), such sort of ant–plant
association was not noted both on and off the area occupied by the studied nest complex. To
further understand the role of various resources, including foliar nectaries on aspen, in the
life of the studied nest complex of F. lemani, detailed investigation of this issue throughout
the season (starting in April–May) is required.

Beyond the studied nest complex, aphids on herbaceous plants prevailed among
F. lemani symbiont aphids. Only single foragers of F. lemani were found on trees, which,
when possible, collected honeydew in colonies of aphids visited by red wood ants. This
stealing behaviour is quite common among subdominant ants of the genus Formica [13].
The obtained results are consistent with the data that in the presence of red wood ants, the
strong ecological pressure from these dominants forces co-occurring species to adapt by
changing their activity in space or time, and behaviour, including foraging strategy (e.g.,
choosing smaller food pieces or using less rewarding sources) [7,36–41]. At the same time,
our data clearly demonstrate the great potential of subdominant ant species.

5. Conclusions

Overall, the formation of the nest complex with a high density of nests and numbers in
F. lemani is apparently caused by the lack of pressure from the obligate dominants of Formica
rufa group, which allowed F. lemani to use the honeydew of obligate myrmecophilous aphids
on trees (birch, aspen) as the main resource in carbohydrate nutrition. Close interaction
with aphids on wood plants gives ants a number of significant advantages: it promotes
accelerated restoration of trophobiotic interactions with aphids in spring, and ensures
relative stability of the food supply and the ability to regularly obtain sufficiently large
volumes of carbohydrate food throughout the season. Combined with the lack of abundance
control by red wood ants, this allowed F. lemani not only to increase, but maintain high
population densities, as well as to demonstrate more complex behaviours. Altogether, this
significantly increased the F. lemani competitiveness, as well as the role of this species in the
plant protection against phytophages.
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Abstract: Temperate insectivorous bats value high prey abundance and appropriate vegetative struc-
ture when selecting foraging habitats. Forests, particularly in the eastern United States, provide
prime foraging habitats for bats but can be heavily impacted by non-native plants, which may alter
arthropod diversity and abundance, as well as vegetative structure. To investigate the associations
between non-native plants and insect abundance, vegetative structure, and, consequently, bat activity,
we performed vegetation surveys, insect trapping, and acoustic monitoring at 23 forested plots in
northern New Jersey, USA. We predicted that non-native vegetation would either positively influence
bat activity by increasing structural openness (thus, facilitating flight) or negatively influence bat
activity by lowering the abundance of putative prey. We also hypothesized that vegetative charac-
teristics, and therefore non-native vegetation, impact bats differently depending on their foraging
habitat preferences. The percent of non-native cover of the ground and midstory vegetative layers
of our study plots ranged from 0 to 92.92% (x = 46.94 ± 5.77 SE) and was significantly correlated
with structural vegetative characteristics, such as midstory clutter (β = 0.01 ± 0.006 SE), but not
putative prey abundance (β = −0.81 ± 2.57 SE). Generalized linear models with only vegetative
characteristics best predicted overall bat activity and foraging, which were greatest in areas with a
high percent non-native vegetation and low midstory clutter. Although percent non-native vege-
tation and midstory clutter were also significant effects for bats that prefer to forage in open areas,
neither vegetative characteristics nor prey abundance were significant effects for clutter-loving bats.
Such findings suggest that vegetative structure is more important than prey availability for predicting
overall insectivorous bat activity, but other factors, such as foraging strategy and life history traits,
can impact how bat guilds respond to non-native vegetation. Therefore, more research is required to
reveal additional mechanisms by which non-native plants impact bats.

Keywords: acoustic monitoring; bat conservation; Chiroptera; non-native plants; prey availability;
vegetation structure; wildlife–habitat relationships

1. Introduction

Non-native plants can profoundly impact ecological communities by reducing native
biodiversity and altering ecosystem function [1–3]. By modifying the biotic (e.g., prey
availability) and abiotic characteristics (e.g., structure, light availability, and soil chemistry)
of a native species’ habitat, non-native plants may affect individual fitness and ultimately
population or species persistence [4–6]. Because impacts on individual species can radiate
through food webs, non-native plants can also alter the availability, distribution, and
quality of resources for consumers at other trophic levels [7–9]. For example, non-native
plants compete with and suppress the growth of native plants, altering the pre-existing
vegetative community [10,11]. Such changes can directly and indirectly reduce the survival
and reproductive success of some native herbivorous insects, which subsequently impact
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insectivores and their predators [12]. By potentially reducing native biodiversity, non-
native plants can also diminish the ecosystem functions that native species perform, such as
pollination and tree regeneration, which may consequently alter the succession dynamics
of a landscape [13–16].

Forests, particularly those in the eastern temperate zone, are highly susceptible to
invasions of non-native plants due to such human-induced stressors as forest fragmentation
and soil disturbance [17,18]. Non-native shrubs typically increase understory clutter [17],
which could affect how forest-dwelling wildlife use the landscape. Although non-native
plants in some cases have been shown to have little impact on native fauna [19], non-
native plants often force animals to adapt or suffer negative fitness consequences [16].
Indeed, native eastern North American butterflies, birds, and snakes have been shown
to alter their habitat use in response to non-native plants, often resulting in increased
mortality. The West Virginia white (Pieris virginiensis, Edwards), an imperiled native
butterfly, preferentially oviposits on non-native garlic mustard (Alliaria petiolate, Cavara &
Grande), despite the plant being toxic to its caterpillars [20,21]. Neotropical migrant birds,
such as Kentucky Warblers (Geothlypis Formosa, Wilson) and Hooded Warblers (Setophaga
citrina, Boddaert), will not nest in areas dominated by non-native plants [22], leading
to decreased reproductive success. Further, nonmigratory birds that do build nests in
non-native shrubs experience higher daily mortality and nest failure due to predation
than birds using native shrubs [22,23]. Ectotherms also avoid non-native vegetation at
multiple spatial scales, suggesting that non-native plants do not provide the required
habitat components [24]. Consequently, non-native plants can negatively impact native
fauna by increasing mortality, reducing reproductive success, and diminishing habitat
quality. Thus, understanding how and to what extent non-native plants impact native
fauna requires studying multiple animal taxa.

Despite the growing body of research on the effects of non-native plants on native
wildlife, temperate insectivorous bats are understudied in the invasion literature [25]. This is
problematic because North American bats rely heavily on forested landscapes and are expe-
riencing significant population declines resulting from multiple threats (e.g., disease, wind
energy production, etc.) [26,27]. All bat species native to eastern North America are insectivo-
rous and require forests for roosting, reproduction, and/or foraging [28–30]. When selecting
foraging habitats in forested landscapes, bats value both the high abundance of arthropod
prey as well as the appropriate vegetative structure. However, studies show that neither of
these factors alone can reliably predict bat presence or activity [31,32]. Non-native plants
further obfuscate these dynamics by influencing both arthropod abundance and vegetative
structure [5,12]. Although most of the literature suggests that non-native vegetation nega-
tively affects habitat structure for bats by acting as clutter that obstructs flight and impedes
echolocation, non-native plants often suppress native tree and shrub seedlings and create
forest structures with open midstories and canopies. Such open habitats may facilitate flight
and predator avoidance [25,33], ultimately increasing their use by bats.

Because many bats, including all temperate North American species, echolocate [34],
passive acoustic monitoring has become a valuable tool for evaluating how bats are affected
by factors such as non-native plants [35,36]. Bats produce echolocation pulses at a consis-
tent rate to navigate and hunt [37,38]; thus, the number of pulses recorded can be a proxy
for bat activity [39]. Moreover, when a bat detects a prey item, it deviates from its con-
sistent echolocation pattern and produces a terminal buzz, whereby the bat directs pulses
toward the target prey at an increasingly rapid rate until it is found and consumed [40].
Therefore, the number of terminal buzzes recorded can be a proxy for foraging activity [41].
Acoustic monitoring studies have implicated low prey abundance caused by non-native plants
in reduced bat activity [42]. Acoustic monitoring has also revealed that non-native structural
clutter impacts open-space foraging bats but not clutter-loving foragers [43]. Bat guilds or
species may be impacted by non-native plants differently due to variations in foraging strategy,
physiology, and prey preferences, which are all often correlated [37,40]. Insectivorous bats
can be characterized into two foraging guilds based on their echolocation pulses. Species that
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produce low-frequency pulses (~16–33 kHz) typically forage in open habitats, such as above
the forest canopy or in openings and corridors. Such low-frequency echolocation is ideal
for long-range prey detection [44]. Oppositely, species that forage in cluttered habitats, such
as in or below the forest canopy, generally produce high-frequency pulses (~34–50 kHz)
that facilitate short-range object detection [44,45]. Thus, it is possible that non-native plants
that mediate changes in overall vegetative structure, either by creating clutter or more open
landscapes, may have opposite effects on bats based on their preferences in foraging habitats.

Here, we explored the relationship between non-native plants and habitat use by bats
in eastern temperate forests. Using bat activity as an indicator of habitat suitability [46,47],
we combined acoustic monitoring, conventional insect trapping, and vegetation surveys to
investigate if bat activity is correlated with plot non-native percentage, which we defined as
the average non-native cover of the ground and midstory vegetative layers. We predicted
that survey plots with a high non-native percentage would also have open midstories and
canopies, suggesting that non-native plants positively influence bat habitat by facilitating
flight. Despite increased levels of overall bat activity, however, we also predicted that plots
with high non-native percentages would exhibit reduced bat foraging activity relative to
plots with low non-native percentages due to lower arthropod abundance and diversity.
However, we hypothesized that non-native plants would affect bats differently depending
on their foraging strategy: bats that prefer to forage in open areas (which produce low-
frequency pulses) would likely be more active in survey plots with a high percent non-
native, which we predicted would be more structurally open, while the opposite would be
true for clutter-loving bats (which produce high-frequency pulses).

2. Materials and Methods

2.1. Study Area and Survey Locations

We conducted our study within the Morristown National Historical Park–Jockey
Hollow Unit (hereafter, Jockey Hollow) in Morristown, New Jersey, USA, between June
and August 2020. Jockey Hollow consists of 567 hectares of contiguous eastern temperate
forest that is heavily influenced by past land uses [48]. Many of the lower-elevation
areas in Jockey Hollow are dominated by early-to-mid successional species, such as tulip
poplar (Liriodendron tulipifera, L.), that form an open midstory and partially open canopy.
These areas often experience severe deer browse, which limits the regeneration of native
vegetation and facilitates the invasion of non-native plants that deer often selectively avoid,
such as multiflora rose (Rosa multiflora, Thunb.), Japanese barberry (Berberis thunbergii,
DC.), and Japanese stilt grass (Microstegium vimineum, A. Camus) [49]. Such non-native
plants form a dense thicket and are locally abundant in the shrub layer, outcompeting
resident native shrubs such as northern spicebush (Lindera benzoin, Blume) and American
witch hazel (Hamamelis virginiana, L.) [48]. Previous biodiversity surveys of Jockey Hollow
confirmed the presence of four of the nine bat species in New Jersey, including big brown
bat (Eptesicus fuscus, Palisot de Beauvois), eastern red bat (Lasiurus borealis, Müller), little
brown bat (Myotis lucifugus, Le Conte), and northern long-eared bat (Myotis septentrionalis,
Trouessart) [50].

Within the study area, we selected 23 circular plots, which we broadly classified into
three habitat types, as follows: open habitats (N = 6) included locations within canopy gaps;
forested habitats (N = 13) included locations with closed canopies; and stream/corridors
(N = 4) included locations containing former access roads or water bodies, which are known
to influence bat activity [51] (Figure 1). We delineated survey plots at a diameter of 30 m,
corresponding to the presumed range of the acoustic detectors within forest habitats. We lo-
cated survey plots at least 200 m apart [52] to ensure that acoustic detectors in adjacent plots
were not sampling the same bat individuals. Because we wanted to explore the relationship
between non-native vegetation and bat activity, we selected survey plots that ranged in percent
non-native cover and other habitat characteristics that could influence bat locomotion and
foraging, such as canopy cover, tree density, and shrub density.
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Figure 1. We conducted acoustic monitoring, conventional insect trapping, and vegetation surveys in
23 survey plots (30 m in diameter) in the Morristown National Historical Park–Jockey Hollow Unit,
NJ, USA, in summer 2020. Brown markers indicate forested sites, pink markers indicate open sites,
and blue markers indicate stream/corridor sites.

2.2. Vegetation Surveys

To determine how plant structure and nativity (i.e., native or non-native) influence
bat activity, we conducted a vegetation survey at each site within a 15 m radius of the bat
detector. Because structurally cluttered environments can hinder flight and reduce bat
activity [43], we quantified measures of clutter at multiple vertical strata. We measured
midstory clutter by counting the number of midstory trees and shrubs, defined as woody
species 2–10 m in height, in the entire plot. We measured ground layer clutter by averaging
the percent ground cover of four 1 m2 quadrats placed 7.5 m from the detector in each of
the four cardinal directions. We also documented what percentage of midstory trees and
shrubs in the plot and the ground layer in the four quadrats were non-native.

To test the hypothesis that a closed canopy facilitates bat activity by reducing predation
risk, we also measured canopy cover by averaging five spherical crown densiometer
measurements recorded in each plot, one from the center of the plot and one from a
random point in each cardinal direction. Finally, we calculated the overall plot percent
non-native to investigate a possible relationship between plant composition and bat activity.
Because every site had a fully native canopy (i.e., no non-native canopy trees), we only
considered the ground and midstory layers in our calculation. Therefore, we averaged the
percent midstory non-native and four non-native ground cover percentages, one from each
quadrat, to obtain the plot percent non-native.
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2.3. Acoustic Surveys and Bat Echolocation Analysis

From June to August 2020, we monitored survey plots for bats following the North
American Bat (NABat) Monitoring Program protocols for stationary acoustic monitor-
ing [39]. At the center of each survey plot, we placed a Pettersson D500X (Pettersson
Elektronik AB, Uppsala, Sweden) acoustic detector equipped with a full-spectrum omni-
directional ultrasonic microphone. We mounted the microphone approximately 3 m off the
ground and angled it approximately 45◦ upward into the airspace [41]. At each survey plot,
we recorded bat echolocation pulses for two consecutive nights that were forecasted to have
little to no precipitation and wind speeds below 10 km/h [41]. The detectors were active
from 30 min before sunset to 30 min after sunrise with a 500 kHz sampling frequency and
medium trigger sensitivity to reduce nontarget noise recordings. Once triggered, detectors
recorded for three seconds and stored recordings as .WAV files. Because we assumed that
each recording was a succession of pulses, or a pass, produced by one individual as it flew
near the detector, we quantified general bat activity and foraging activity by counting the
total number of recorded passes and terminal buzzes, respectively, from a survey location
over the two-night monitoring period.

We analyzed all recordings using the SonoBat 4.4.5 software and the northeastern
North America regional library [53]. We first used the file-scrubbing function in SonoBat
to eliminate recordings that did not meet the default medium-quality threshold. We then
programmed the Batch Classification in SonoBat according to NABat guidelines to classify
the remaining recordings that surpassed the acceptable quality threshold of 0.80. After this
filtering process, recordings that were below the automatic classification threshold of
0.90, and therefore unidentifiable to species level, were labeled as high-frequency or low-
frequency unknowns in SonoBat. Recordings that surpassed the automatic classification
threshold of 0.90 and contained at most 16 consecutive echolocation pulses were then
automatically classified by SonoBat as one of the nine bat species found in New Jersey.
Three bat species in New Jersey produce low-frequency pulses, including big brown bat,
hoary bat (Lasiurus cinereus, Palisot de Beauvois), and silver-haired bat (Lasiurus noctivagans,
Le Conte) [54]. We summed the passes produced by these bats and the low-frequency
unknown classification to calculate the total number of low-frequency passes. Six species
in New Jersey produce high-frequency pulses, including little brown bat, Indiana bat,
eastern red bat, northern long-eared bat, evening bat (Nycticeius humeralis, Rafinesque),
and tricolored bat (Perimyotis subflavus, Cuvier). We summed the passes produced by
these bats and the high-frequency unknown classifications to calculate the total number of
high-frequency passes.

We used the sonogram viewing window in SonoBat to manually verify automatic
classifications and to detect terminal buzzes. To minimize false-positive detections, we
manually vetted every pass and corrected erroneous automatic classifications made by
SonoBat. Because of their often indistinguishable pulse characteristics, we combined
the little brown bat (Myotis LUcifugus) and Indiana bat (Myotis SOdalis, Miller & Allen)
classifications into a single LUSO category, which we subsequently treated as a single
sonotype [41,55]. A terminal buzz can be heard as a distinct pitch change when played at
10× reduced speed and visualized as a short burst of accelerating pulses in the sonogram
viewing window [41]. Although terminal buzzes can be identified using the sonograms
produced by SonoBat, they often cannot be reliably classified into species because they
are accompanied by changes in typical pulse characteristics. Accordingly, we manually
classified all files containing a terminal buzz as either low- or high-frequency unknowns.

2.4. Arthropod Surveys

Concurrent with each acoustic survey, we deployed a blacklight insect bucket trap
(Leptraps, LLC, Georgetown, KY, USA) within 10 m of each survey plot. This distance is
sufficiently close to the survey plot to appropriately characterize the arthropod community
without influencing bat activity [56,57]. Traps consisted of 15 W T8 blacklight bulbs
(PestWest, Sarasota, FL, USA), drawing arthropods into a catch bucket lined with Vaportape
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II insecticidal strips (Hercon, Emigsville, PA, USA) raised ~0.3 m above the ground. On the
morning immediately following each two-day bat survey, we transferred the contents of
the trap into an airtight plastic bag and stored them in a freezer at −20 ◦C until processing.
We then soaked all arthropods in 95% ethanol before counting and sorting them by order.
We calculated the Shannon diversity index of all arthropod orders at each site using the
vegan package in R [58]. We also calculated the order richness of all arthropods at each site.
We calculated the abundance of potential arthropod prey at each site by taking the sum
of the orders typically eaten by insectivorous bats in New Jersey, i.e., Coleoptera, Diptera,
Hemiptera, Hymenoptera, Lepidoptera, and Trichoptera [59].

2.5. Statistical Analysis

We performed all statistical analyses using R v3.3.0+ [60]. We manipulated data using
the dplyr package [61] and created plots using the ggplot2 package [62]. To ensure that
all measured variables exerted similar influences on the models, we scaled and centered
all predictor variables to have a mean of 0 and a standard deviation of 1. To obtain
standard error values, we calculated bootstrapped means using 1000 replicates in the
boot package [63]. To test the hypothesis that non-native plants affect arthropod prey,
we performed linear mixed-effects models (LMERs) in the lme4 package [64] using non-
native vegetation percentage as the predictor and either prey abundance or total arthropod
order diversity as the response. We included the month as a random effect to account for
potential declines in arthropod abundance and diversity as the year progresses from spring
to fall [65]. We also conducted a generalized linear model (GLM) in the stats package [60]
using percent non-native as the predictor and total arthropod order richness as the response.
We used ANOVA in the stats package to confirm that prey abundance and total arthropod
order diversity differed significantly by survey month (June, July, August).

To elucidate the relationships between non-native plants and habitat structure, we
performed LMERs using non-native percentage as the predictor and either canopy cover or
ground cover as the response. We included habitat type as a random effect to account for
differing vegetative communities and structures in open, forested, and stream/corridor
habitats. We also conducted a GLM using a quasipoisson family to determine if percent non-
native was correlated with midstory clutter. We used percent non-native as the predictor
and midstory trees and shrubs as the response for this GLM.

We performed GLMs in the MASS package [66] using a negative binomial family to
determine the relative effects of vegetative structure, vegetative nativity, and prey availabil-
ity on bat activity and foraging. We generated fifteen candidate models to test biologically
relevant hypotheses about bat behavior (Table 1). To determine which predictors were most
strongly associated with bat activity, we used the MuMIn package [67] to conditionally
average all candidate models within 2 ΔAICc scores of the top model [68]. This yielded
model-averaged coefficients for each of the top predictors, calculated by averaging over the
models where the predictor appeared, which we then compared to assess their magnitude
and direction on bat activity. To determine the relative effects of the predictors on bats that
use differing foraging strategies, we performed two GLMs as described above, one for total
low-frequency bat passes and one for total high-frequency bat passes. We again averaged
all candidate models within 2 ΔAICc scores of the top model.
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Table 1. Candidate model set to test competing hypotheses about predictors of bat activity in northern
New Jersey.
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All predictors (global model) X X X X X
Habitat structure and composition X X X X
Habitat structure X X X
Flight clearance (impacted by non-native plants) and predator avoidance X X X
Flight clearance, prey availability, and predator avoidance X X X
Flight clearance and predator avoidance X X
Midstory structure X X
Ground structure X X
Prey availability (impacted by non-native plants) X X
Canopy structure X
Flight clearance (dictated by midstory clutter) X
Ground cover X
Non-native percentage X
Prey availability X
No predictors (null model)

3. Results

3.1. Vegetation and Arthropod Surveys

The percent of non-native vegetation in each plot ranged from 0 to 92.9% (x = 46.94± 5.77 SE)
and had a significant positive relationship with both midstory trees and shrubs (β = 0.01 ± 0.006
SE) and ground cover (β = 0.36 ± 0.14 SE; Figure 2).

 

Figure 2. The percentage of a plot (average of the ground and midstory layers occupied by non-native
vegetation) was significantly and positively correlated with the (a) number of midstory trees and
shrubs (β = 0.01 ± 0.006 SE) in the entire plot and (b) percentage of the ground covered by vegetation
(β = 0.36 ± 0.14 SE) in four quadrats within the plot in northern New Jersey, USA, in summer 2020
(number of plots = 23). Points depict the original data, solid lines depict the fitted model, and shaded
areas depict 95% confidence intervals.
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Of the 20,474 total arthropods captured, we considered 19,825 (96.8%) to be potential
prey for insectivorous bats (Appendix A). Putative prey abundance varied across survey plots,
ranging between 96 and 1462 individuals (x = 861 ± 85.5 SE). The arthropod community was
dominated by lepidopterans (N = 8399), coleopterans (N = 4496), and trichopterans (N = 4318),
but hemipterans (N = 734) and hymenopterans (N = 615) were also well represented at our plots.
Coleopterans, dipterans, hymenopterans, and lepidopterans occurred at every survey location.
Prey abundance (β = −0.81 ± 2.57 SE), total arthropod order diversity (β = −0.001 ± 0.001 SE),
and total arthropod order richness (β = −0.001 ± 0.001 SE) were not significantly correlated
with non-native percentage.

3.2. Acoustic Surveys

Over 46 recording nights, we collected 3614 usable bat passes, 303 of which contained
terminal buzzes (Appendix B). Bat activity and foraging varied widely by survey plot, ranging
from 5 to 684 total passes (x = 157 ± 34.28 SE) and from 0 to 80 terminal buzzes (x = 13 ± 3.75
SE) recorded over the two-night monitoring period. Because we treated LUSO as a single
sonotype, we recorded all “eight” bat species found in New Jersey. Big brown bats were recorded
most frequently (51.7%), followed by low-frequency unknowns (18.2%) and hoary bats (11.4%).
We recorded 3074 total low-frequency passes (85.0%) and 540 total high-frequency passes (14.9%).
We recorded only three northern long-eared bat passes and two tricolored bat passes, both of
which produce high-frequency pulses.

3.3. Predictors of Bat Activity

The top models for total bat passes and terminal buzzes were midstory structure (number
of midstory trees and shrubs and percent non-native) and non-native percentage, respectively.
Percent non-native had a significant positive effect on both total passes (β = 0.92 ± 0.38 SE;
Figure 3a) and terminal buzzes (β = 1.57 ± 0.46 SE; Figure 3b). Midstory trees and shrubs
had a significant negative effect on total passes (β = −0.58 ± 0.27 SE), but not terminal buzzes
(β = −0.37 ± 0.34 SE). Although canopy cover was a covariate in two of the top-ranked models
for total passes, it was not a significant predictor. Prey abundance and ground cover were not
included in any top-ranked models and were therefore not significant predictors of overall bat
activity or foraging.

 

Figure 3. The percentage of a plot (average of the ground and midstory layers) occupied by non-native
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vegetation had a significant positive effect on the number of (a) total bat passes; (b) terminal buzzes;
and (c) total low-frequency passes recorded in northern New Jersey, USA, in summer 2020, as
revealed by model-averaging the effect sizes of predictors from top-ranked generalized linear models
(<2 ΔAICc scores from the top model). No measured predictor had a significant effect on (d) total
high-frequency passes. Lines depict 95% confidence intervals. Black points and black lines indicate
significant effects (the model-averaged effect size did not cross 0). Gray points and gray lines indicate
effects that were not significant (the model-averaged effect size crossed 0).

The trends for low-frequency passes were nearly identical to those for total passes. The top
model for total low-frequency passes included the number of midstory trees and shrubs
(β = −0.64 ± 0.29 SE) and non-native percentage (β = 1.12 ± 0.41 SE), both of which had
a significant effect on low-frequency passes (Figure 3c). There were no significant predictors of
total high-frequency bat passes (Figure 3d). Detailed GLM results are in Appendix C.

4. Discussion and Conclusions

Overall, our research suggests that non-native vegetation does not have a completely
negative impact on forest habitat use by bats. This conclusion is driven by two important
findings. First, the percentage of non-native vegetation at a plot had the largest and most
positive effect on both total passes, a proxy for overall bat activity, as well as terminal buzzes,
a proxy for foraging activity, indicating that bats were more active in plots with higher
percentages of non-native plants. Second, non-native percentage was not significantly
correlated with putative prey abundance, which itself did not have a significant effect on
overall bat activity or foraging activity. Together, such results suggest that bats value habitat
structure more than prey availability when using foraging habitats and that non-native
plants may benefit bats by creating habitat structures more conducive to foraging.

Contrary to our predictions and the findings of previous studies [69,70], putative
prey abundance and total arthropod order diversity and richness were not correlated
with plot percent non-native. This could suggest that either non-native plants altered
arthropod species composition without changing diversity and richness, or that arthropod
communities were similar amongst all plots regardless of percent non-native. The former
could occur if a diverse and species-rich community of non-native arthropods replaced
the pre-existing native community. It is well documented that non-native plants can be
toxic to and reduce the abundance of native arthropod species [12,71]. Because most
herbivorous insects are specialists that have coevolved with one or a few plant lineages,
native arthropods are likely unequipped to combat the chemical and physical defenses
of non-native plants [72,73]. Therefore, non-native insects, especially those that have
coevolved with a specific non-native plant, may fill niches opened by the loss of native
insects, leading to no net reductions in overall arthropod abundance.

Alternatively, it is possible that the introduction of non-native plants to our study
area had little to no effect on the pre-existing arthropod community. Some native insects
demonstrate plasticity in host plant preference and could prefer to use non-native vegeta-
tion [74,75]. Non-native plants can also be highly suitable for native insects and actually
increase arthropod fitness [76]. In such cases, native insect abundance could even increase
post-invasion, although this was not detected in our study. In addition, many plants
introduced to North America are closely related to native species (e.g., the non-native
Lonicera japonica is a congener of L. sempervirens, L., an eastern North American native),
increasing the likelihood that an herbivore that specializes in a native plant can exploit a
closely related plant that produces similar chemical compounds [73]. We did not classify
arthropods into species; therefore, the mechanisms driving our results are not known.

A non-significant change in arthropod abundance, regardless of the insect community
composition, logically results in few impacts on bat use of forest habitats. First, North
American bats are generalist insectivores, feeding on a wide array of arthropods [59,77],
suggesting that bats can tolerate small changes in arthropod availability. Thus, changes in
insect diversity are likely inconsequential to bats, so long as there are ample numbers of
prey items to make foraging activities beneficial. Furthermore, bats may not discriminate
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between native and non-native insects. Indeed, bats have been shown to consistently
consume such non-native insects as brown marmorated stink bugs (Halyomorpha halys,
Stål) [78], spotted lanternflies (Lycorma delicatula, White; McHale et al., unpublished data),
and emerald ash borers (Agrilus planipennis, Waterhouse) [79]. Thus, bats may cope with
decreased abundances of native prey by consuming non-native species, which often occur
in high abundances [80,81]. It is important to note that we caught arthropods in every
survey plot, indicating that even plots with the lowest recorded arthropod abundances
may have had ample prey to sustain bat foraging.

We found that the percent of non-native vegetation was also significantly and positively
correlated with ground cover and the number of midstory trees and shrubs, but not correlated
with canopy cover. Such findings suggest that non-native plants may proliferate in and alter the
vegetative structure of the ground and midstory layers. Because North American insectivorous
bats primarily use the midstory and canopy strata of forests, changes in ground-level structure
likely have few direct impacts on bat activity. On the other hand, the increased number of
midstory trees and shrubs, and therefore midstory clutter, associated with a higher degree of
vegetative invasion, could impact bat maneuverability and foraging.

In addition to percent non-native, the number of midstory trees and shrubs also had
a significant, albeit negative, effect on overall bat activity. Such results indicate that bats
were more active in plots with higher percent non-native and lower midstory clutter, which
is interesting given our finding that percent non-native was positively associated with
midstory trees and shrubs. Logically, bats should be less active in plots with high percent
non-native due to the association with increased midstory clutter. However, our model
results may indicate that bats were either (1) partitioning their time between sites with only
high percent non-native or only a few midstory trees and shrubs; or (2) using sites that
had high percent non-native and low midstory clutter. Regarding the latter, we did survey
heavily invaded plots that had fewer than 25 midstory trees and shrubs. In such plots, it
is possible that non-native vegetation was concentrated at the ground layer, resulting in a
high calculated plot percent non-native despite there being few, mostly native, midstory
trees and shrubs. Additionally, midstory clutter did not have a significant effect on terminal
buzzes, which could suggest that the habitat structure affects bat locomotion more so than
foraging. While foraging bats likely compromise their own habitat preferences for the
habitat preferences of their prey, commuting bats may have fewer tradeoffs to consider and
more often travel down paths of least resistance [82]. The discrepancy in the relationships
between percent non-native, number of midstory trees and shrubs, and bat activity may also
suggest that non-native plants may facilitate bat activity in ways that do not alter habitat
structure, such as by improving habitat quality (e.g., providing roost sites). Further research
should be conducted to determine the mechanisms by which non-native plants affect bats.

Although none of our measured predictors significantly affected total high-frequency
passes, both percent non-native and the number of midstory trees and shrubs significantly
affected total low-frequency passes, much like the model for total passes. This similarity is
likely explained by the dominance within our dataset of bats that produce low-frequency
pulses. The low-frequency echolocating big brown bat, responsible for over half of our
recorded passes, is the most common bat in New Jersey [83]. We attribute the model results
for total low-frequency passes, which comprised less than 15% of all passes recorded, to
an inadequate sample size. There are several explanations for why we recorded so few
low-frequency passes. First, white-nose syndrome has significantly reduced populations of
previously common species that produce high-frequency pulses, such as the little brown
and northern long-eared bats [84,85]. Alternatively, many areas within Jockey Hollow
are dominated by non-native vegetation and have low densities of midstory trees and
shrubs, both of which seem to facilitate the activity of bats with low-frequency pulses.
Therefore, the noticeably low number of high-frequency passes recorded is not surprising
but does prevent us from concluding if non-native plants or habitat structure affect bats at
Jockey Hollow differently depending on their foraging preferences.
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Implications for Forest Management

Managers often recommend removing non-native plants in both forested and urban
landscapes because it can significantly increase insectivorous bat activity [43,86,87]. How-
ever, our results suggest that in the short term, non-native plants might not be detrimental
to bats and may even benefit them by maintaining open flight space beneath the forest
canopy. However, we are uncertain about how bats are impacted in the long term by
non-native shrubs, especially in conjunction with deer browse. In the United Kingdom, the
presence of a non-native rhododendron and red deer (Cervus elaphus, L.) negatively affected
insectivorous bats that prefer to forage in open spaces [43]. Both non-native plants and deer
browse can hinder the survival of native seedlings, which could eventually decrease plant
richness and woody species recruitment [88,89]. As native trees die, these habitats may
transition to having cluttered midstories and little to no canopy, which could negatively
impact bats.

Our findings demonstrate that there are complex relationships between native and
non-native species that warrant further study. Because bats seem to highly value habitat
structure when choosing where to travel and forage, management activities that remove
non-native plants while maintaining structural attributes preferred by bats are likely to
sustain bat activity. Therefore, reducing midstory clutter and removing non-native shrubs
could create travel corridors that facilitate foraging for bats with low-frequency pulses, the
most common species detected at Jockey Hollow. Unfortunately, we collected insufficient
data to draw conclusions about what structural habitat attributes significantly influenced
high-frequency bat activity. Such an evidence base is needed to facilitate habitat-based bat
conservation, particularly for bats impacted by other threats such as white-nose syndrome
and wind energy infrastructure [90,91]. Because our model results were largely driven
by big brown bats, we cannot advocate for a single management solution for increasing
the activity of all bats. It is likely that a variety of management techniques that promote
or maintain structurally heterogeneous habitats will support the greatest bat diversity.
Further studies targeting bats with high-frequency pulses can reduce the uncertainty
surrounding the impacts of non-native plants on bats of the highest conservation concern.
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Appendix A

Table A1. Counts of arthropods collected in blacklight traps deployed at 23 plots in northern New
Jersey, USA, in summer 2020.

P
lo

t

T
o

ta
l

A
rt

h
ro

p
o

d
A

b
u

n
d

a
n

ce

P
u

ta
ti

v
e

P
re

y
A

b
u

n
d

a
n

ce

S
h

a
n

n
o

n
D

iv
e

rs
it

y
In

d
e

x

A
ra

n
e

a
e

B
la

tt
o

d
e

a

C
o

le
o

p
te

ra

D
ip

te
ra

H
e

m
ip

te
ra

H
y

m
e

n
o

p
te

ra

L
e

p
id

o
p

te
ra

M
a

n
to

d
e

a

M
e

g
a

lo
p

te
ra

N
e

u
ro

p
te

ra

O
d

o
n

a
ta

O
p

il
io

n
e

s

O
rt

h
o

p
te

ra

P
le

co
p

te
ra

S
ip

h
o

n
a

p
te

ra

T
ri

ch
o

p
te

ra

AD2 753 739 1.34 4 0 91 58 0 18 373 0 0 3 0 4 2 1 0 199
AD3 1620 1462 1.54 1 0 80 676 15 22 365 0 0 130 0 0 0 27 0 304
AD4 702 694 1.33 0 0 104 17 6 28 296 0 1 0 0 0 0 7 0 243
AD9 1422 1373 1.55 11 4 195 46 130 62 688 0 0 2 0 0 0 32 0 252
AD10 1233 1218 1.35 2 4 589 18 65 29 365 0 1 2 0 3 0 3 0 152
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AD28 897 893 1.39 0 0 191 17 25 42 384 0 0 1 0 0 0 3 0 234
AD29 603 600 1.26 0 0 58 24 0 30 252 0 0 0 0 0 1 2 0 236

Appendix B

Table A2. Counts of passes recorded by acoustic detectors deployed at 23 plots in northern New
Jersey, USA, in summer 2020.
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Table A2. Cont.
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AD10 1 15 1 1 5 7 1 0 0 0 0 0
AD11 17 100 15 3 51 27 3 1 0 0 0 0
AD12 0 5 1 1 1 0 0 0 1 1 0 0
AD13 9 190 62 33 25 15 22 29 2 0 2 0
AD15 6 155 38 30 44 31 0 3 0 0 9 0
AD16 0 40 14 3 21 2 0 0 0 0 0 0
AD17 10 114 24 27 45 16 0 1 0 0 1 0
AD18 80 525 60 2 115 21 271 55 1 0 0 0
AD19 36 291 26 1 252 5 4 2 0 1 0 0
AD20 30 297 32 6 224 31 4 0 0 0 0 0
AD21 4 56 3 2 46 5 0 0 0 0 0 0
AD22 1 92 15 2 35 38 0 0 2 0 0 0
AD23 9 92 33 9 35 3 8 0 0 0 4 0
AD24 5 179 116 17 23 3 14 1 2 1 0 2
AD25 19 247 59 2 105 18 43 20 0 0 0 0
AD26 0 22 1 2 16 1 1 1 0 0 0 0
AD27 4 60 7 5 41 1 5 1 0 0 0 0
AD28 16 157 23 12 90 7 18 4 0 0 3 0
AD29 37 684 80 20 564 2 9 9 0 0 0 0
Total 303 3614 661 194 1871 307 412 130 10 3 24 2

Appendix C

Table A3. Top models (<2 ΔAICc scores from top model) for total low-frequency passes recorded in
northern New Jersey, USA, in summer 2020.

Model AICc ΔAICc from Top Model

1. Midstory Trees and Shrubs + Percent Non-native 270.23 0.00
2. Percent Non-native 270.94 0.71
3. Canopy Cover + Midstory Trees and Shrubs + Percent Non-native 271.60 1.36

Table A4. Effect sizes for predictors in top models for total low-frequency passes recorded in northern
New Jersey, USA, in summer 2020.

Predictor Model 1 Model 2 Model 3

Midstory Trees and Shrubs −0.66 ± 0.29 SE — −0.61 ± 0.28 SE
Percent Non-native 1.25 ± 0.39 SE 1.05 ± 0.38 SE 0.95 ± 0.39 SE
Canopy Cover — — −0.29 ± 0.18 SE

Table A5. Top models (<2 ΔAICc scores from top model) for total passes recorded in northern New
Jersey, USA, in summer 2020.

Model AICc ΔAICc from Top Model

1. Midstory Trees and Shrubs + Percent Non-native 279.58 0.00
2. Percent Non-native 280.21 0.62
3. Canopy Cover + Midstory Trees and Shrubs + Percent Non-native 281.45 1.87
4. Canopy Cover 281.50 1.91
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Table A6. Effect sizes for predictors in top models for total passes recorded in northern New Jersey,
USA, in summer 2020.

Predictor Model 1 Model 2 Model 3 Model 4

Midstory Trees and Shrubs −0.59 ± 0.36 SE — −0.56 ± 0.26 SE —
Percent Non-native 1.03 ± 0.36 SE 0.84 ± 0.35 SE 0.79 ± 0.37 SE —

Canopy Cover — — −0.23 ± 0.17 SE −0.41 ± 0.18
SE

Table A7. Top models (<2 ΔAICc scores from top model) for terminal buzzes recorded in northern
New Jersey, USA, in summer 2020.

Model AICc ΔAICc from Top Model

1. Percent Non-native 162.52 0.00
2. Midstory Trees and Shrubs + Percent Non-native 164.35 1.83

Table A8. Effect sizes for predictors in top models for terminal buzzes recorded in northern New
Jersey, USA, in summer 2020.

Predictor Model 1 Model 2

Percent Non-native 1.54 ± 0.45 SE 1.65 ± 0.48 SE
Midstory Trees and Shrubs — −0.37 ± 0.34 SE

Table A9. Top models (<2 ΔAICc scores from top model) for total high-frequency passes recorded in
northern New Jersey, USA, in summer 2020.

Model AICc ΔAICc from Top Model

1. Null model 196.73 0.00
2. Percent Non-native 198.18 1.45
3. Midstory Trees and Shrubs 198.32 1.58

Table A10. Effect sizes for predictors in top models for total high-frequency passes recorded in
northern New Jersey, USA, in summer 2020.

Predictor Model 1 Model 2 Model 3

Percent Non-native — −0.50 ± 0.41 SE —
Midstory Trees and
Shrubs — — −0.32 ± 0.31 SE
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