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This study investigates the efficacy of combined treatment strategy, incorporating pheromones for bark beetle I. typographus (IT) and attractant of its natural enemy T. formicarius (TF), along with anti-attractants for IT (containing 1-hexanol, 1-octen-3-ol, 3-octanol, eucalyptol, trans-thujanol, and trans-conophthorin), to enhance protection methods for Picea abies against biotic disturbances. Two field experiments—trapping experiment and tree protection experiment—were conducted in June 2023 in managed spruce-dominated beetle-affected stands in Czechia. We anticipated higher catches of IT in traps baited with IT pheromone (containing s-ipsdienol, s-cis-verbenol, and 2-methyl-3-buten-2-ol) and TF attractant compared to traps using IT pheromone alone, since compounds intrinsic to IT pheromone, namely 2-methyl-3-buten-2-ol, ipsenol, and ipsdienol, are integral components of the attractant designed for TF. We hypothesized that application of TF attractant and IT anti-attractant would enhance the treatment's protective properties, assuming that attracted TF would function as a predator, reducing bark beetle population and increasing tree survival rates. Semiochemical composition declared by the producers was verified using gas chromatography-mass spectrometry analysis. In the trapping experiment, EcoTrap-type traps were baited with six combinations of lures and anti-attractant. In the tree protection experiment, 28 mature Norway spruce trees situated at newly created forest edges underwent four treatment types: TF attractant, IT anti-attractant, their combination, and no treatment (“control”). Traps baited solely with TF attractant did not capture either beetle, whereas traps lured with IT pheromone, TF attractant and anti-attractant showed no captures of IT but recorded the highest numbers of TF, suggesting significant potential for combined treatment efficacy. Surprisingly, tree mortality was observed exclusively among trees treated only with TF attractant and in their vicinity, suggesting unique bark beetles' response to the mixture of predator's attractant and host tree kairomones, a phenomenon that was not previously reported. Application of anti-attractant and TF treatment effectively prevented tree mortality, demonstrating the repellent potential of IT anti-attractant against bark beetles. However, mortality rates showed no significant differences among control trees, those treated with anti-attractants, or those treated with the combination of anti-attractants and TF attractant, underscoring necessity for further research to optimize treatment efficacy.
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1 Introduction

The escalating frequency and severity of drought waves and windstorms have induced widespread bark beetle disturbances, significantly impacting vast forested regions (Millar and Stephenson, 2015). In Europe, the preeminent economic pest, the bark beetle Ips typographus (L., 1758), has inflicted damage on tens of millions of Norway spruce trees in recent decades, resulting in pronounced ecological, economic, and social consequences (Senf and Seidl, 2018). Forest owners employ a spectrum of measures to protect their stands and mitigate the bark beetle outbreaks. These strategies encompass the timely removal of infested trees, the implementation of pheromone traps, and the application of anti-attractants (Fettig and Hilszczański, 2015). Nevertheless, the limited cost-effectiveness of such measures over extensive areas during severe outbreaks necessitates a continued search for efficient, economically viable, and environmentally friendly methods to control I. typographus population densities.

In the population control strategy of bark beetles, their natural enemies play a significant role (Wermelinger, 2004; Wegensteiner et al., 2015). One of the key predators of the critical forest pest I. typographus is the clerid beetle Thanasimus formicarius (L., 1758). T. formicarius has been observed in association with numerous species of bark beetles inhabiting both coniferous and deciduous trees (Wehnert and Müller, 2012). The species demonstrates an affinity for bark beetle pheromone components and host tree volatiles (Rudinský et al., 1971; Bakke and Kvamme, 1981; Schroeder and Lindelöw, 1989; Hulcr et al., 2006). Adult predators target adult bark beetles before they bore into host trees and lay their eggs in bark crevices of recently infested trees (Schroeder, 1999). The flight season of T. formicarius usually begins in March or April and lasts for several months (Schroeder, 2003). T. formicarius exhibits flight patterns similar to those of I. typographus, except in early spring. During this period, T. formicarius preys on other bark beetle species whose flight periods begin earlier than the I. typographus one (Schroeder, 1996; Wehnert and Müller, 2012). Adult individuals predominantly feed on adult bark beetles and their larvae, while the larvae of T. formicarius move within the galleries of bark beetles, hunting for bark beetle larvae (Koçoglu and Özcan, 2018). The density of the T. formicarius population positively correlates with the population density of bark beetles. Concurrently, elevated levels of bark beetle population density result in elevated larval mortality due to predation by T. formicarius (Weslien, 1994). Meshkova et al. (2021) demonstrated that the experimental realize of T. formicarius into pine stands resulted in a faster decline of Ips sexdentatus outbreaks compared to the control stands.

The field of chemical ecology pertaining to the interactions between T. formicarius and I. typographus witnessed significant progress since the mid-1980s (Bakke and Kvamme, 1981; Hansen, 1983), with the predominant focus of further research directed toward the examination of pheromone compounds produced by I. typographus, that elicit attraction in T. formicarius (Hulcr et al., 2006; Etxebeste et al., 2012). The chemical composition of I. typographus pheromone encompasses several compounds. The primary examples among them are 2-methyl-3-buten-2-ol (MB) and cis-verbenol (cV), which collectively serve as the principal aggregation pheromones for I. typographus (Vité et al., 1972; Bakke, 1977; Bakke and Kvamme, 1981; Birgersson et al., 1984, 1988). MB specifically influences the orientation of I. typographus at short distances, and has been observed to enhance the likelihood of their landing (Schlyter et al., 1987). Ipsdienol (Id), present in modest quantities in males prior to mating, augments the overall attractiveness of the I. typographus pheromone (Vité et al., 1972; Bakke, 1977; Bakke and Kvamme, 1981; Schlyter et al., 1992). Scientists supposed that 2-phenylethanol could be a minor component of the aggregation pheromone of I. typographus (Birgersson et al., 1984; Sun et al., 2006; Xie and Lv, 2013). Following copulation, males produce ipsenol (Ie), an anti-aggregation pheromone which, in conjunction with verbenone, assumes a pivotal role in regulating the density of bark beetle galleries under the bark. Additionally, at elevated concentrations, these two substances can redirect bark beetle attacks toward neighboring trees (Bakke and Kvamme, 1981; Hansen, 1983; Birgersson et al., 1984, 1988; Sun et al., 2006).

Previous studies have shown that T. formicarius, attracted by the aggregation pheromone of I. typographus, is specifically drawn to cV. MB, the second component of the aggregation pheromone, neither attracts T. formicarius nor enhances the attractiveness of cV when added to the mixture. In contrast, Id is highly attractive for T. formicarius, even more so than the aggregation pheromone of I. typographus (Hulcr et al., 2006). Etxebeste et al. (2012) found that Ie is also a highly attractive semiochemical for T. formicarius. The combination of Id and Ie was reported to be the most attractive mixture for T. formicarius (Bakke and Kvamme, 1981; Hulcr et al., 2006). Hansen (1983) concluded that T. formicarius has olfactory receptors for all four compounds (cV, MB, Ie, Id). Considering that MB has no attractive effect, the kairomonal response of T. formicarius to the mixture of I. typographus pheromonal compounds, cV, Id, and Ie is evident (Hansen, 1983). Tømmerås (1985) found that T. formicarius has highly specialized olfactory receptors on its antennae, specifically tuned to bark beetle pheromones. That author describes receptors that are capable of detecting (+)-ipsdienol, (–)-ipsdienol, (S)-cis-verbenol, (–)-ipsenol, (+)-lineatin, and (–)-verbenon, suggesting that the predator T. formicarius can distinguish among various species of bark beetles. However, it remains unclear how the commercial attractant developed for T. formicarius influences the trap catches of I. typographus and, more specifically, how it modifies the host colonization behavior of I. typographus in natural forest settings.

Numerous compounds that have been proven to deter I. typographus have been previously identified. Verbenone, the first compound, is synthesized either from the host compound α-pinene or by converting cis-verbenol, the primary pheromone component for I. typographus (Birgersson and Leufvén, 1988). Another category encompasses non-host volatiles, such as trans-conophthorin and green leaf alcohols, e.g., 1-hexanol and (Z)-3-hexen-1-ol, commonly found in species like birch and aspen (Zhang et al., 1999). Additionally, C8 alcohols emitted from the barks of these trees act as deterrents. Eucalyptol, a relatively new compound, has demonstrated field effectiveness, exhibiting better precision than verbenone by inhibiting cis-verbenol at the single-sensillum level (Andersson et al., 2010; Binyameen et al., 2014). Recently, oxygenated monoterpenes derived from host trees, such as trans-thujan-4-ol, have been reported to possess anti-attractant properties (Kalinová et al., 2014; Blažytė-Čereškienė et al., 2016; Schiebe et al., 2019; Jirošová et al., 2022). These compounds have been incorporated into dispensers for tree protection, yielding various degrees of success (Jakuš et al., 2003, 2022, 2024; Schiebe et al., 2011; Deganutti et al., 2023). A novel dispenser, developed by Jakuš et al. (2024) and devoid of beetle-derived compounds, has exhibited promising efficiency. However, anti-attractants are still not widely used in practical forest protection measures due to their limited effectiveness and relatively high costs in tree protection.

Zuhlke and Mueller (2008) proposed a method for controlling bark beetle population density by attracting their predators, such as T. formicarius, to their habitats. The authors explored the concept of selective attraction using attractants that contain only some components of the bark beetle's attractant bouquet. They found that even with only one, two or three components, these attractants effectively lured predators of the target bark beetle species. However, if certain specific components are missing, these attractants fail to attract or only minimally attract the target beetles, even in areas where they are abundant (Zuhlke and Mueller, 2008). The potential of using the combined treatment comprising the attractant for T. formicarius and anti-attractant for I. typographus in Norway spruce protection against biotic disturbances has not been experimentally studied in field conditions. Investigating these questions could contribute to the improvement of tree protection measures and strategies involved in forest management pest control.

The aim of this study is to assess the efficacy of the attractant that has been developed for T. formicarius in capturing T. formicarius and I. typographus in pheromone traps and mitigating spruce tree mortality. Additionally, the paper examines the feasibility of using a combined treatment, that consists of the attractant for T. formicarius and anti-attractant for I. typographus, to protect trees against I. typographus attacks. We also aim to develop a basis for further reinforcing the effectiveness of our tree protection method based on the use of anti-attractants (Jakuš et al., 2024). We anticipated observing the highest I. typographus catches in traps baited with the pheromone of I. typographus and attractant developed for T. formicarius. As compounds that are intrinsic to the I. typographus pheromone constitute components of the attractant that was designed for T. formicarius (MB, Ie, Id), we hypothesized that the traps baited with I. typographus pheromone and attractant of T. formicarius would exhibit the highest catches of I. typographus. We also hypothesized that application of both an attractant for T. formicarius and an anti-attractant for I. typographus on spruce trees would enhance the treatment's protective properties, assuming that attracted T. formicarius would prey on potential pioneer bark beetles. We anticipated that the attractant of T. formicarius would not attract I. typographus. If any I. typographus lands on a tree, it would be killed by elevated numbers of T. formicarius, which function as predators, consequently mitigating tree mortality by reducing the bark beetle population density.



2 Materials and methods


2.1 Study areas
 
2.1.1 Kostelec nad C ˇ ernými lesy

Field trapping experiments were established in a forest near the town of Kostelec nad Černými Lesy in Central Bohemia (coordinates 49.9146136° N, 14.8780744° E, altitude 460 m above sea level). The 90-year old forest stand predominantly consisted of P. abies (70%) with a mixture of L. decidua (20%) and P. sylvestris (10%). A recent bark beetle calamity led to the clearing of a gap in the middle of the stand, where a trapping experiment was conducted. The study plot is situated within the area managed by the School Forest Enterprise (SLP) near the town of Kostelec nad Černými Lesy in the Central Bohemian Region of the Czech Republic. The SLP spans approximately 5,700 ha of forest land and is administrated by the Czech University of Life Sciences Prague (CZU). The region experiences mild winters, with average annual temperatures ranging from 7.0 to 7.5°C. Annual precipitation averages 650 mm, and the vegetation season typically lasts from 150 to 160 days (Tolasz et al., 2007). Currently, the area is affected by an I. typographus outbreak, which began after the drought in 2018 (Pirtskhalava-Karpova et al., 2024).



2.1.2 VU Libavá

The tree protection experiment was conducted in 40-year old Norway spruce-dominated stands, with spruce comprising 90% of stand composition, situated in the Potštát Forest district, near Vojenský Újezd Libavá1 (VU Libavá) in the Olomouc District, in the north-eastern sector of the Czech Republic (coordinates 49.670319° N, 17.545289° E). The area encompasses the Libavá administrative district, which is designated for military forestry and agricultural activities, and has functioned as the training grounds for the Czech army since 1946. The topography of the region is undulating, with elevations ranging between 500 and 650 m. The average annual air temperature is in the range of 5–6°C, with the average daily temperature during the growing season (April–September) not surpassing 12°C in VU Libavá. Annual precipitation averages between 700 and 800 mm/year (Tolasz et al., 2007). The prevalent monoculture of spruce trees, characterized by a low static stability, renders them susceptible to frequent wind-induced damage. The windstorm of 1991 provoked a sequence of enduring bark beetle infestations. Exacerbated by the impacts of climate change, this infestation induced a significant decline in the forested area. The region's military training activities impose constraints on the implementation of conventional forest management and pest control practices in the Potštát Forest district. In 2018, bark beetles proliferated over extensive spruce stand areas. Simultaneously, a severe drought, affecting the entire Central European region (Buras et al., 2020), induced large-scale forest dieback that persisted into 2019. Preceding the commencement of the experiment, a sanitary felling initiative was undertaken, involving the removal of deceased and infested trees within the stands that were designated for this study.




2.2 Semiochemicals

A commercial pheromone lure, Pheroprax A (BASF GmbH, Germany), was used as attractant for I. typographus. According to the material safety data sheet (MSDS), the dispenser contains s-ipsdienol, s-cis-verbenol, and 2-methyl-3-buten-2-ol. The second attractant dispenser used in our study was ThanasiWit® (Witasek PflanzenSchutz GmbH, Feldkirchen in Kärnten, Austria), that was designed for T. formicarius, which contains 2-methyl-3-buten-2-ol, ipsenol, ipsdienol, and phenylethanol. As an anti-attractant for I. typographus, a pouch dispenser containing green leaf and non-host volatiles 1-hexanol, 1-octen-3-ol, 3-octanol, eucalyptol, trans-thujanol, and trans-conophthorin was produced by Synergy Semiochemicals Corp. (British Columbia, Canada), in accordance with the formula published in Jakuš et al. (2024).


2.2.1 Gas chromatography-mass spectrometry

To check the composition of the dispensers, solid phase microextraction (SPME) from the headspace over the dispenser was used. Freshly opened specimen from the dispenser was placed into a 5 L glass jar, which was then sealed using aluminum foil and a lid. Volatile sampling was conducted at room temperature, 5 min after a 5-min incubation. Compound separation was performed using a two-dimensional gas chromatograph coupled with a time-of-flight mass spectrometer (GC × GC-TOF–MS) (Leco Pegasus 4D, LECO Corp., Michigan, USA). The hot split/splitless injector (275°C) was operated in a split mode (100:1 split ratio). Separation of the compounds was performed on two chromatographic columns connected in a consumable-free modulator. The HP-5 MS UI column (0.25 mm i.d., 0.25 μm film thickness) and the VF-17 MS column (1.5 m, 0.1 mm i.d., 0.1 μm film thickness) were employed for the first- and second-dimension separations, respectively. Both columns were manufactured by Agilent Technologies (USA). The temperature programme for separation started at 40°C with a hold time of 2 min, followed by a gradient of 10°C min−1 to 120°C, and then at 20°C min−1 to 300°C with a hold time of 2 min. The secondary oven and the modulator had temperature offsets of 5 and 15°C, respectively. A 5-s modulation period was used. The separated compounds underwent ionization in the ion source of MSD at 70 eV, and full spectral (35–500 Da) information was acquired at 100 Hz. The compounds were identified using mass spectral similarity, and confirmed via retention index comparison. For comparative analyses, mass spectra and retention indexes were referenced from the NIST Mass Spectral Libraries (Mass Spectrometry Data Center, NIST, USA), except in the case of trans-conophthorin, for which the mass spectrum was sourced from Zhao et al. (2019).




2.3 Experimental design
 
2.3.1 Trapping experiment

Six EcoTrap-type traps were installed in a clearing of a stand that had previously been affected by bark beetles. The traps were situated along the edges of the spruce stand, which featured larch and pine admixture, spaced 15 m apart and positioned 20 m from the forest edge. The traps were baited with the pheromone lure for I. typographus Pheroprax (PhI), attraction lure for T. formicarius Thanasiwit (TA), a lure with a customized mixture of anti-attractants for I. typographus (AI), and their combinations (PhI; TA; AI; PhI + TA; AI + TA; PhI + TA + AI, Table 1). The experiment took place in June 2023, with traps being inspected at intervals of 2–3 days. Bait rotation was implemented using the Latin Square method. After each beetle collection, the count of T. formicarius was recorded, and the estimation of I. typographus numbers was derived from the volume of catches.


TABLE 1 Experimental variants (treatment types) used in the trapping experiment.
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2.3.2 Tree protection experiment

On 2 June 2023, in the Libavá military forest study area, we conducted a tree protection experiment on 28 mature Norway spruce trees using T. formicarius attractant and I. typographus attractant. We selected visually healthy spruces that were upper-canopy or mid-canopy individuals. To achieve homogeneous experimental conditions, our seven plots and selected trees were situated alongside the extended recently created southern-oriented forest edge, which resulted from salvage cutting immediately preceding the experiment. The average diameter at breast height of the experimental trees was 17 cm, with an average height of 16 m, as indicated in the forest management plan. The goal of the experiment was to investigate the efficiency of using T. formicarius attracatant in protecting Norway spruce trees against I. typographus colonization. We also aimed to test the viability of employing an attractant for T. formicarius, coupled with an anti-attractant for I. typographus, as a preventive measure against mass attacks of I. typographus. In each plot, four trees were treated with four different treatment variants: (A) anti-attractant for I. typographus (AI); (B) attractant for T. formicarius (TA); (C) anti-attractant for I. typographus and attractant for T. formicarius (AI+TA; (D) control (no treatment). The minimal inter-tree distance was 12 m, in order to prevent the potential transfusion of olfactory signals among the treated trees that could potentially obfuscate the results (Schlyter et al., 1987). The plots were spaced 50 m apart. We monitored the statuses of the treated trees (beetle-killed vs. non-attacked) for 4 months.




2.4 Statistical methods used in the analysis of the experiment results of trapping and tree protection

To compare I. typographus and T. formicarius catches among six different trap treatments (variants) in the Kostelec nad Černými lesy part of the study area, and bark beetle-caused tree mortality among four treatment types in the Libavá military forest part of the study area, we used a one-way ANOVA. The normality of the distribution of residuals in the ANOVA model was checked using the Shapiro-Wilk test from the stats package in R (R development Core Team 2023). The Levene test of the equality of variances from the car package in R was also used. If assumptions regarding the ANOVA model were not met, we used a non-parametric Kruskal-Wallis rank sum test from the stats package in R to compare I. typographus and T. formicarius catches and tree mortality among different treatment types. Dunn's test of multiple comparisons (i.e., a post-hoc test) (FSA package in R) was used to identify the pairs of treatments, for which the catches of I. typographus and T. formicarius, and tree mortality were significantly different. We used Holm's method for the adjustment of p-values regarding multiple comparisons (Holm, 1979). To visualize the results of pairwise comparisons, we quantified a compact letter display at 0.05 significance level using a cldList() function from the rcompanion package in R. To compare the total trap catches between two bark beetle species, we used a non-parametric Mann-Whitney U-test for two independent non-normally distributed groups. All analyses were performed in R.




3 Results


3.1 Compounds identified in the tested dispensers

The results of GCMS analysis, performed for the pheromone designed for I. typograpus, the attractant designed for T. formicarius, and I. typographus anti-attractant revealed 11 compounds detected in the tested dispensers. The identified compounds corresponded to the components declared by the producers of semiochemicals. Particularly, the attractant designed for T. formicarius (ThanasiWit®) incorporated 2-methyl-3-buten-2-ol, ipsenol, ipsdienol, and phenylethanol. Apart from 2-methyl-3-buten-2-ol and ipsdienol, a commercial pheromone lure developed for I. typographus (Pheroprax A) contained verbenol. Anti-attractant components comprised green leaf and non-host volatiles 1-hexanol, 1-octen-3-ol, 3-octanol, eucalyptol, trans-thujanol, and trans-conophthorin (Supplementary Table S1). Two-dimensional chromatographs derived for I. typographus pheromone, T. formicarius attractant, and I. typographus anti-attractant are depicted in the form of contour plots (Figure 1).
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FIGURE 1
 Two-dimensional chromatographs depicting the emissions from the tested dispensers. Panel (A) represents ThanasiWit®, Panel (B) showcases Pheroprax A, and Panel (C) delineates the customized anti-attractant. A total ion chromatogram is utilized for the contour plot. When necessary, different colors are employed to highlight characteristic masses of co-eluting compounds. Specifically, trace amounts of trans-conophthorin are marked with the mass spectra of m/z 84 in orange, 87 in green, 97 in blue, 112 in black, and 156 (molecular ion) in gold color. Additionally, trans-thujanol is indicated with m/z 93 in orange, 121 in green, 136 in blue, and 154 in black. Major signals in the chromatograms were identified as components of the dispenser, aligning with the formulae published in the respective MSDS, or in Jakuš et al. (2024).




3.2 Trapping experiment

The total trap catches of I. typographus measured for all treatments (19,340 beetles) were incomparably larger than the total catches of T. formicarius (25 beetles) (p = 0.013). The number of both I. typographus and T. formicarius catches significantly differed among six treatment types (Supplementary Table S2). Traps baited with I. typographus pheromone caught significantly more I. typographus (PhI) than traps baited with T. formicarius attractant (TA) (Figure 2A; Supplementary Table S3). Correspondingly, larger numbers of I. typographus were caught when PhI was added to TA than when traps were baited with only TA. Conversely, traps baited with TA and PhI did not catch increased numbers of I. typographus compared to traps baited with PhI alone. Similarly, we did not observe significant differences in I. typographus catches between traps baited with I. typographus anti-attractant (AI) and AI + TA. However, the number of catches were significantly higher in traps baited with PhI, TA and AI, compared to traps baited with AI and TA + AI alone (Supplementary Table S3). Traps baited with both species' attractants did not catch significantly larger numbers of I. typographus when AI was added to the traps. We identified significantly smaller number of I. typographus catches in traps baited with anti-attractant and anti-attractant coupled with T. formicarius attractant than in traps lured with the pheromone of I. typographus and attractant of T. formicarius. However, there was no significant difference in I. typographus catches observed in traps lured with the pheromone of I. typographus and attractant for T. formicarius, and traps in which both dispensers were coupled with anti-attractant (Figure 2A; Supplementary Table S3).
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FIGURE 2
 Boxplots showing the numbers of I. typographus (A) and T. formicarius (B) catches in Kostelec nad Černými lesy study area among six treatment types indicated by color. Definitions are PhI, I. typographus pheromone; TA, T. formicarius attractant; AI, I. typographus anti-attractant. The differences in catches among treatment types were checked using the Kruskal-Wallis rank sum test. Pairwise comparisons were performed using Dunn's multiple comparison (post-hoc) test with Holm's adjustment of p-values for multiple comparisons. Compact letter display (lowercase letters “a”–“c” and their combinations) indicates (in)significance in catches between treatment pairs at 0.05 significance level. If any two given treatment types within a panel share at least one common letter, the number of catches does not significantly differ between them. Conversely, if any two given treatment types within a panel do not share any common letters, the number of catches significantly varies between them. The horizontal lines inside the boxplots correspond to the median catch values. The boxes display the interquartile range, which represents the middle 50% of the data. The error bars are the 95% confidence intervals.


T. formicarius catches did not vary significantly among the treatments, except for the catches recorded in traps treated with I. typographus anti-attractant vs. traps treated with I. typographus pheromone, attractant for T. formicarius, and anti-attractant (Figure 2B; Supplementary Table S3), for which the highest number of T. formicarius catches was observed. The count of beetles in traps treated with both I. typographus pheromone, attractant for T. formicarius, and anti-attractant exceeded the corresponding value in traps without anti-attractant, yet the difference was statistically insignificant (Figure 2B; Supplementary Table S3). Traps baited with the attractant for T. formicarius (TA) failed to capture either T. formicarius or I. typographus.



3.3 Tree protection experiment

The results of the tree protection experiment that was conducted in the Libavá military forest part of the study area indicate that the largest number of bark beetle-killed trees was observed for individuals treated with TA (Figure 3). Actually, all trees treated with the attractant developed for T. formicarius were attacked and killed by I. typographus. The number of these trees significantly differed from the mortality rates recorded for the rest of the treatment types (Supplementary Table S4). Bark beetles did not attack individuals treated with AI and AI+TA, and also they did not colonize the untreated trees (i.e., control samples).
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FIGURE 3
 Boxplots showing tree mortality during the tree protection experiment, conducted in the Libavá military forest part of the study area, by treatment type. The y-axis represents the number of bark beetle-killed Norway spruce trees. Definitions: AI is I. typographus anti-attractant, TA is T. formicarius attractant, control designates the absence of treatment. The differences in tree mortality among treatment types were checked using the Kruskal-Wallis rank sum test. Pairwise comparisons were performed using Dunn's multiple comparison (post-hoc) test with Holm's adjustment of p-values for multiple comparisons. Compact letter display (lowercase letters “a”, “b”) indicates (in)significance in tree mortality between the treatment pairs at 0.05 significance level. If any given two treatment types do not share a common letter, the number of bark beetle killed trees significantly differs between them. The horizontal lines inside the boxplot correspond to the median tree mortality value. The box displays the interquartile range, which represents the middle 50% of the data. The error bars are the 95% confidence intervals.





4 Discussion


4.1 T. formicarius attractant and I. typographus trap catches

In total, we caught a significantly larger number of I. typographus beetles than T. formicarius beetles, which approximately corresponds to the balance between predators and their prey existing in natural bark beetle communities (Reeve, 1997; Turchin et al., 1999). The T. formicarius/I. typographus ratio observed by us (1/774) and based on the number of catches in the baited traps is consistent with previously published empirical evidence on the same species (Warzée et al., 2006). Previous research (Warzée et al., 2006) has indicated that the proportion of pines within a 500-m radius significantly influences these ratios in traps. In this study, our objective was not to quantify the effects of stand composition on the abundance of predator/prey ratios. Given that our experimental plots were situated in a spruce-monodominated forest, with P. abies comprising nearly 100% of the trees, we aimed to ensure homogeneous experimental conditions, including consistent proportions of host trees, across all plots. Consequently, drawing conclusions about the impact of stand composition on predator/prey ratios and the number of beetle catches would be hindered by the lack of available data resulting from our experimental settings.

Contrasting our expectations, the results of the trapping experiment conducted in the Norway spruce stands in the Kostelec nad Černými lesy part of the study area indicate that traps treated with the I. typographus pheromone and attractant for T. formicarius caught smaller, though insignificantly, numbers of I. typographus compared to the traps treated with I. typographus pheromone alone (Figure 2A). Interestingly, the number of T. formicarius catches also did not vary significantly between the traps treated with the I. typographus pheromone and attractant for T. formicarius, and traps baited with I. typographus pheromone alone (Figure 2B). A larger sample size may be needed in order to detect a more pronounced number of the clerid beetle caught in traps baited with I. typographus pheromone and attractant for T. formicarius. The number of I. typographus catches varied more often among the treatments than the number of T. formicarius catches, presumably due to an inherently smaller overall population density that is commonly observed for T. formicarius, being a natural enemy of I. typographus (Warzée et al., 2006).

Surprisingly, traps treated solely with the attractant designed for T. formicarius failed to capture either T. formicarius or I. typographus. However, in traps treated with both attractants (I. typographus pheromone and T. formicarius attractant) and anti-attractant, no I. typographus were caught, while the highest numbers of T. formicarius were observed (Figure 2). The absence of I. typographus catches in the combined treatment traps may be attributed to the strong repellent effects of tree-based anti-attractants comprising the anti-attractant dispenser (Jakuš et al., 2024). The deterrent effect might have outweighed the luring effect of the I. typographus attractant, despite the latter presumably being enhanced by the presence of Ie, Id, and MB—compounds constituting the T. formicarius attractant dispenser. While, to our knowledge, there is no evidence in the literature in support of T. formicarius attraction to the compounds comprising the anti-attractant, previous studies have reported catches of Thanasimus dubius in traps baited with eucalyptol (Munro et al., 2020), a compound known to act as a repellent for I. typographus (Andersson et al., 2010; Binyameen et al., 2014), and a key component of our anti-attractant mixture. The results of our trapping experiment demonstrate the considerable potential of the combined use of an attractant for T. formicarius and anti-attractants in tree protection.



4.2 T. formicarius attractant and I. typographus caused spruce mortality

We recorded tree mortality only in trees baited with attractant for T. formicarius and trees in their proximity, which contradicts our expectations (Figure 3). The influence of T. formicarius on the population dynamics of I. typographus was reported to be substantial (Mills, 1985, 1986; Weslien, 1992; Weslien and Regnander, 1992), primarily owing to its considerable reproductive capacity (106–162 eggs per female) and its significant voracity both in the adult stage (consuming 0.86 to 2–3 adult I. typographus day−1) (Weslien and Regnander, 1992; Faccoli and Stergulc, 2004) and during the larval stage (preying upon 44–57 larvae throughout its entire larval life) (Mills, 1985; Hérard and Mercadier, 1996; Dippel et al., 1997). Thus, we anticipated that the attractant of T. formicarius will not attract I. typographus and if any I. typographus lands on tree, it will be killed by the elevated numbers of T. formicarius, functioning as a predator. The mortality of individuals treated with attractant designed for T. formicarius was possibly caused by a synergistic effect of spruce primary attractants and the components of T. formicarius attractant (2-methyl-3-buten-2-ol, ipsenol, ipsdienol) on I. typographus colonization behavior. To the best of our knowledge, the previously published literature does not provide evidence for a spruce mortality increase in response to such a mixture of compounds. However, traps baited with T. formicarius attractant did not catch either of the beetles, supposedly due to the low population densities of the clerid beetle and potentially higher comparative attractiveness of the traps baited with both I. typographus pheromone and T. formicarius attractant. The absence of tree mortality observed among the control trees in our experiment may be attributed to the relatively low bark beetle population in the study area, notwithstanding the fact that it is sufficient to cause mortality among individuals treated with T. formicarius attractant.

We observed that trees treated with a combination of anti-attractant and T. formicarius attractant were not affected by the bark beetles (Figure 3). This outcome suggests that the repelling effect of the anti-attractant, composed of green leaf and non-host volatiles (1-hexanol, 1-octen-3-ol, 3-octanol, eucalyptol, trans-thujanol, and trans-conophthorin), could be strong enough to overwhelm the attractiveness of the compounds that are present in the T. formicarius attractant. The absence of variation in tree mortality rates among the control trees, trees treated with anti-attractants, or trees treated with a combination of anti-attractant and T. formicarius attractant, hinders a comprehensive understanding of the effects of the combined treatment. Results from trapping experiments suggest that the combined treatment could held the greatest potential for improving tree protection methods. To unravel the mechanisms underlying the efficacy of the combined treatment, further experiments employing pheromone traps would be required that are aimed at identification of the optimal composition of dispensers with compounds repelling I. typographus and attracting T. formicarius.



4.3 Limitations of tree protection experiment

The number of replications (7) in the tree protection experiment was largely constrained by the availability of suitable forest edges in the study area. We acknowledge that the number of replications used in this study may be perceived as relatively small. However, it is comparable to the number of replications used in similar tree protection experiments conducted in spruce stands in the field of chemical ecology of bark beetles, typically ranging from 10 to 25 (Christiansen and Krokene, 1999; Graves et al., 2008; Mageroy et al., 2020). Our results showed statistically significant differences in the number of bark beetle-killed trees among the treatment types, suggesting that the number of replications implemented can be deemed adequate. Considering the observed pattern of bark beetle attacks experienced exclusively by the individuals treated with T. formicarius attractant, we assume that increasing the number of replications would be unlikely to alter the statistical significance of our findings.

The second limitation of our tree protection experiment is the absence of a variant involving the attachment of I. typographus pheromone dispensers to the spruce trees. Application of this treatment would likely result in augmented numbers of bark beetle attacks on all treated trees, a pattern reported in previous studies, especially in forest edge conditions exposed to relatively high bark beetle pressure (Mulock and Christiansen, 1986; Weslien et al., 1989; Hübertz et al., 1991). The potential outcomes of using I. typographus pheromone dispensers are predictable and suggest significant infestations, including the possibility of widespread I. typographus proliferation throughout the entire stand, which could disrupt the homogeneous experimental conditions established for the rest of the treatments. Additionally, obtaining permission from the local authorities to apply such treatment would be challenging, if not impossible. Overall, implementing this variant correctly would require significant alterations to the experimental design, including a substantial increase in the spacing between experimental trees, which was unfeasible due to constrained availability of suitable forest edges in the study area.

We have made every effort to maintain homogeneous experimental conditions, employing the maximum number of replications feasible in our study area, and applying all permitted treatment types that would not potentially bias the outcome. We argue that the absence of tree mortality in all other groups, except for the individuals treated with T. formicarius attractant, could be explained by the luring effect of the T. formicarius attractant, coupled with host tree volatiles, on bark beetle behavior. Contrary to our expectations, this effect could overwhelm the anticipated predatory activity of the increased numbers of T. formicarius presumed to be lured by the attractant designed for this species. Individuals treated with attractant for T. formicarius seem to be more attractive for I. typographus than stressed untreated forest edge trees that escaped infestation.



4.4 Forest management applications

Our experiments demonstrate the potential to enhance the efficacy of anti-attractant treatments for tree protection by combining I. typographus anti-attractant dispensers with attractants designed for T. formicarius. Another implication of our findings for enhancing forest management practices suggests that attractant dispensers designed for T. formicarius should not be employed to boost predator numbers in the absence of simultaneously applied I. typographus anti-attractant, which repels bark beetles. The green leaf and non-host volatiles emitted by the anti-attractant act as deterrents for bark beetles (Zhang and Schlyter, 2003, 2010; Unelius et al., 2014). The deterrent effect could outweigh the attractive influence of the T. formicarius attractant combined with host tree volatiles on I. typographus aggregation behavior, as suggested this study. However, we contend that additional development and field testing of semiochemical mixtures are necessary to clarify the potential effects of the attractants designed for both beetle species, I. typographus anti-attractant, and host and non-host volatiles on the beetles' behavior. Specifically, for the enhancement of forest protection measures, it would be advantageous to investigate how the behavior of I. typographus and T. formicarius under field conditions modifies, with different proportions of constitutive compounds in admixtures, varying bark beetle population densities, and predator–prey ratios.

The application of combined dispensers may prove particularly effective in the later stages of bark beetle gradation, where higher population densities of bark beetle predators are anticipated (Weslien, 1994). This approach may be beneficial in localities near unmanaged areas, where we expect a higher population of bark beetle predators compared to managed stands (Weslien and Schroeder, 1999). Additionally, ThanasiWit®, a T. formicarius dispenser employed in our experiment, can be used for attracting the clerid beetles to localized areas of infestation and to wood stacks in order to diminish bark beetle populations, as well as to prevent the predator from being caught in pheromone traps. One possible direction for further development of an improved dispenser could involve using compounds that have not demonstrated any potential attraction to I. typographus but are attractive to T. formicarius. According to Zuhlke and Mueller (2008), chemical compounds comprising the pheromones of various bark beetle species, including those attacking broad-leaved trees, could potentially be used to attract T. formicarius to its prey, I. typographus, without simultaneously elevating the risk of bark beetle infestations in host trees.




5 Conclusions

Our trapping experiment has shown that traps baited with a combination of anti-attractant for I. typographus and attractant for T. formicarius did not catch any I. typographus. Concurrently, these traps caught the highest numbers of T. formicarius specimens. This synergistic combination indicates promising potential for enhancing tree protection measures. However, the observed mortality of Norway spruce, exclusively in trees treated with attractant dispensers designed for T. formicarius, highlights potential risks associated with such applications. This suggests that further investigation is necessary to optimize the composition and compound proportions of the combined dispenser.
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