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Abstract

:

(1) The box tree moth (BTM), Cydalima perspectalis Walker, represents one of the recent examples of exotic insect pests native to Asia accidentally introduced in Europe by the nursery trade. In Europe, BTM develops on Buxus sempervirens L., causing significant damage to ornamental and natural plants. (2) Basic aspects of BTM biology were investigated at three sites in the NW Alps, where B. sempervirens occurs on rocky slopes, forming a protected habitat. In 2019–2021, we evaluated: (i) the seasonal flight activity with sex pheromone traps, (ii) the fecundity and the effects of food on the egg load, (iii) the potential adaptation of BTM on native secondary host plants, and (iv) the recruitment of natural enemies. (3) Our results revealed the presence of two generations per year. The number of mature eggs increased in fed adults and was higher in females of the first generation. No evidence of BTM shift on secondary plants was found in either laboratory or natural conditions, and no significant occurrence of natural enemies was recorded, except for one pupa of the tachinid Pseudoperichaeta nigrolineata. (4) Our findings provide valuable information to address and timely plan management strategies to preserve B. sempervirens as an essential component of rare forest ecosystems.
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1. Introduction


The box tree moth (BTM), Cydalima perspectalis Walker (Lepidoptera: Crambidae), is a pest species common in China, Korea, and Japan. Due to the nursery trade of its host plants, in the last decade, BTM has spread from its native East Asian area across the Palearctic realm, reaching Canada in the Nearctic region in 2018 [1]. After being reported in Germany and The Netherlands in 2006, BTM invaded most of Europe (Switzerland, France, England, Austria, Belgium, Croatia, Czech Republic, Hungary, Romania, Slovenia, Slovakia) and Turkey, reaching almost all central and southern European countries [2,3]. This species was found for the first time in Italy in 2010, quickly invading most of the Italian regions [2,4,5,6], including Piedmont (NW Italy) in 2013 [7]. BTM is a multivoltine species in its native range, being able to perform up to five generations per year depending on the climatic conditions [8]. In northern and central European countries, BTM is bivoltine, with two generations per year occurring in June and late August [9]; in southern Europe and the Caucasus, three generations can occur [3].



In its native range, the species feeds mainly on the Japanese and Chinese box tree (Buxus microphylla Siebold et Zucc., Buxus sinica Rehder et Wilson) [8,10], but it was also reported on Euonymus japonicus Thunberg, Euonymus alatus Siebold (Celastraceae), Ilex purpurea Hasskarl (Aquifoliaceae), Murraya paniculata L., and Pachysandra terminalis Siebold et Zucc. (Rutaceae) [3,11,12,13]. In the area of introduction, it develops mainly on B. sempervirens. Box trees enter as either a typical or a differential species of several forest and semiforest associations and in Europe are patchily distributed from Portugal to Austria and from Greece to the UK, extending from the sea level up to 2000 m [14].



Moreover, B. sempervirens is typically used for hedges, borders, and plant sculptures as ornamental plants. It is present in the urban environment, in cemeteries, and in typical Italian gardens and traditionally used for its ecological plasticity and great adaptability [14]. Box trees are also found in beech wood and on Alpine rocky slopes form the Habitat 5110 "Stable xero-thermophilous formations with Buxus sempervirens on rock slopes (Berberidion p.p.)” according to the 92/43/EEC Habitats Directive. This latter is a quite common habitat in southern France [14,15] and in NW Italy [6]. According to the Natura 2000 European Database, Habitat 5110 is known for 310 European Natura 2000 sites (SCIs, SPAs, and SACs) distributed across 9 countries: France (146 sites), Spain (109), Italy (33), Belgium (12), Germany (3), Greece (3), Portugal (2), Luxembourg (1), and the UK (1). In particular, in various Italian regions (Piedmont, Liguria, Trentino-Alto Adige, Tuscany, Umbria, Marche, Latium, Abruzzo, and Basilicata regions), several Natura 2000 sites including Habitat 5110 are present. All these sites have been designated as Sites of Community Importance (SCIs) and Special Areas of Conservation (SACs), being subjected to conservation measures, especially since the EU biogeographical conservation status has been assessed as being unfavorable or bad in all the Alpine regions and is getting worse also in relation to invasion by BTM [16]. The occurrence in urban environments has favored and still favors its expansion, creating comfortable ecological corridors and posing a severe threat in natural sites.



The damage caused by BTM is due to the trophic activity of the larvae feeding on leaves and shoots and severely harming host plants. Infested plants typically show large amounts of silk threads with frass. In high population density, larvae can feed on the bark and lead to complete defoliation, posing a great threat to the host plants [9]. For the above reason, the species was initially included as a pest in the Alert List of the European Plant Protection Organisation (EPPO) in 2007 but was removed in 2011 because the EPPO member countries requested no particular action [2]. In a few years, a large amount of native box trees has been lost in Europe due to this invasive moth. BTM has devastated large areas of native box communities in the region of Basel (Switzerland), in the Russian Caucasus, in the French Massif Central and the Pyrenees, in the Grenzach-Wyhlen Nature Reserve (Germany), and in the eastern Black Sea region [3,15]. Projections on the future BTM distribution based on bioclimatic models envisage the expansion of the species across the whole European continent apart from the northern territories (roughly from Finland latitude upwards) and suggest a higher negative impact in southern areas where multiple generations occur [9].



In addition, due to its high spread abilities and low or null competition or control by other biotic components of the ecosystem, the BTM impact is particularly significant when the pest extends to naturally occurring Buxus formations [9], which represent unique habitat types in Europe. Therefore, in the present work, we aimed to gather essential information on the biology of the species occurring in natural boxwood to implement appropriate control strategies. A 3-year study was carried out in NW Italy to investigate (i) the seasonal flight activity of the BTM with sex pheromone traps, (ii) the egg load of BTM females under laboratory conditions to evaluate fecundity and the effects of food (honey fed vs. unfed females) on the egg load, (iii) the potential adaptation of BTM on native secondary host plants, and (iv) the presence of natural enemies.



Knowledge about the phenology, fecundity, occurrence on new hosts of BTM’s newly established populations, and recruitment of native natural enemies is pivotal to timely and effectively control the pest impact and expansion.




2. Materials and Methods


2.1. Survey Sites


Investigations were performed in a 3-year period (2019–2021) in the Piedmont region (NW Italy) in the Vermenagna valley (Vernante site; 44°14′13.1″ N, 07°32′36.3″ E; 857 m a.s.l.), in the Grana valley in the “Comba di Castelmagno” Site of Community Importance (SCI) (IT1160065) (Pradleves site; 44°24′44.6″ N, 07°16′16.3″ E; 813 m a.s.l.), and in the Tanaro valley (Garessio site; 44°10′33.7″ N, 07°59′10.1″ E; 450 m a.s.l.), near the “Monte Antoroto” SCI (IT1160035).



Both the Vernante and Garessio sites are typical forest areas, characterized by various woody broadleaf species (oak, hophornbeam, wild cherries, maple, ash, and European spindle tree) mixed with B. sempervirens shrubs. Conversely, the Pradleves site is characterized by stable xerothermophilous and calcicolous shrubs dominated by B. sempervirens of montane level (according to EU Habitat 5110). These formations correspond to xerothermophilous Buxus thickets with their fringe associations of the Geranium sanguineum L. on a calcareous or siliceous substratum. The characteristic plants are B. sempervirens, blackthorn, cornel, hophornbeam, barberry, and common privet. The three study sites were about 5 ha each. Vernante was about 30 km away from Pradleves and 40 km from Garessio, the latter two being 60 km apart. All information concerning the three surveyed sites is given in Supplementary Table S1.




2.2. Seasonal Flight Activity


The BTM adult population dynamics were investigated using sexual pheromone lures by Novapher s.a.s. ((Z)-11-hexadecenal (Z11-16:Ald) (80%) + (E)-11-hexadecenal (E11-16:Ald) (20%)). In 2019–2021, three sticky traps (Delta Trap®, Biogard, Grassobbio (BG), Italy) per site were used, about 30 m away from each other. To test the effectiveness of different trap types, funnel traps (three traps per site; Mass Large®, Isagro S.p.A, Novara, Italy) were also placed at the three sites in 2020–2021. Traps were hung on the branches of broadleaved trees at 2 m in height, on the outer surface of the tree canopy, and closer to infested box trees (less than 2 m). Pheromone lures were replaced every 4 weeks according to the manufacturer’s recommendations, whereas traps were inspected weekly from June to October until no adult was recorded for 3 consecutive weeks. At each inspection, the sticky surface of the trap was removed and replaced with a new one, and funnel traps were emptied, moving the captured moths in a plastic bag. All the sticky surfaces removed and adult moths caught in the funnel traps were taken to the laboratory to be counted and identified. All other insects different from C. perspectalis moths were discarded.



During the species flight peak, three funnel traps placed in Pradleves and three located in Vernante were inspected at 6:00 a.m., 6:00 p.m., and 10:00 p.m. for 3 consecutive days to evaluate whether adults are active during the day, dusk, or night.



Moreover, to determine at which stage of the life cycle our BTM populations overwinter, 30 larvae were randomly collected in their cocoons in the 3 surveyed sites in December 2019, for a total of 90 individuals. Infested plants were visually inspected, and larvae were manually taken, being careful not to damage them. All individuals were taken to the entomology laboratory of DISAFA, and their head capsule width was measured under a stereomicroscope at 25 × magnification to assess their larval instar stage according to Nacambo et al. [9].




2.3. Insect Culture


Different instars of BTM were collected manually in infested boxwood located at the surveyed sites during autumn 2018 and reared under laboratory conditions at the entomology laboratory of DISAFA (24 ± 1 °C, 60% ± 5% RH, photoperiod of 16:8 (L:D) h) until adult emergence. Larvae were fed on watered box tree twigs (B. sempervirens, 30 cm in length) in cages (1 × 1 × 1 m) having a stainless steel frame structure supporting a plastic insect-proof net (mesh 0.23 × 0.23 mm). Fresh box tree twigs were provided twice a week. The newly emerged adults were transferred to a cage (as described above), where food was supplied as a diluted (10%) honey solution on a small piece of cotton placed on a slide in the middle of the cage [9]. Healthy B. sempervirens twigs were provided ad libitum to allow oviposition, thus enabling a continuous mass rearing.




2.4. Female Fecundity


To assess the female fecundity, pupae were placed in a separate rearing cage (as described above) until adult emergence. A total of 50 freshly emerged females were sorted into 5 cages, each ultimately containing 10 individuals, to generate 3 age cohorts (<4, 48, 96 h). Ten newly emerged females were killed with ethyl acetate within 4 h from emergence. Of the remaining 40 adults, half were fed with a honey solution (as described above) and killed after 48 (n = 10) or 96 h (n = 10). Their fecundity was compared with that of a control, consisting of same-age (48 or 96 h) individuals starved until they were killed. The same protocol was adopted using pupae of the second generation collected in August in the same sites. The cages were maintained in a climatic chamber under controlled conditions (24 ± 1 °C, 60% ± 5% RH, photoperiod of 16:8 (L:D) h).



The specimens were placed on a microscope slide (25 × 75 × 1 mm) into a phosphate-buffered saline (PBS) solution for ovary dissection. Egg load was assessed by dissecting each female under a stereomicroscope at 25 × magnification. The abdomen was separated from the rest of the body using a couple of needles. Ovaries were gently removed from the abdomen by means of micropin needles and spread on a slide for egg load counts, according to the method described by Picciau et al. [17,18]. Bigger and well-formed eggs with a smooth surface were categorized as mature eggs (Supplementary Figure S1). The number of mature eggs was counted under a microscope at 115× magnification.



Ovigeny strategy was determined on 10 females following the criteria described by Jervis et al. [19]. The ovigeny index was calculated by dividing the initial mean load of mature egg by the maximum average lifetime fecundity.




2.5. Evaluation of the Adaptation on Secondary Host Plants


Food plant preference was investigated by selecting native plants occurring near infested box trees in the surveyed sites belonging to genera reported in the literature as secondary hosts in the area of origin [3]. The selected plants were the European spindle tree, Euonymus europaeus L., and the English holly, Ilex aquifolium L. The potential host range of the pest was investigated by conducting both no-choice and multichoice tests on the selected plants in controlled conditions. Moreover, during all the surveys the monitoring of the potential damage by BTM was evaluated by visual inspections of the selected secondary host plants in field conditions. In the no-choice experiments, fresh leaves of E. europaeus collected in the surveyed sites were placed in a 9 cm diameter Petri dish lined with moist filter paper. Five first-instar larvae were placed at the center of the Petri dish and then kept in a climatic chamber (24 ± 1 °C, 60% ± 5% RH, photoperiod of 16:8 (L:D) h). The same protocol was followed using I. aquifolium leaves and the primary host B. sempervirens. Ten replicates were conducted for each plant species, resulting in 150 larvae tested. In the multichoice experiments, 5 first-instar larvae were placed in a Petri dish lined with moist filter paper and containing fresh leaves of E. europaeus, I. aquifolium, and B. sempervirens. Ten replicates were conducted for each plant species, resulting in 50 larvae tested. In both no-choice and multichoice experiments, host plants were taken in the first 10 days of July, and leaf areas were roughly equivalent among plants. Plant stems were inserted in an Eppendorf tube (2.5 mL) containing water to maintain leaf turgor. Larvae were allowed to feed for 48 h, and all the Petri dishes were checked twice a day to detect larval feeding damage. The same protocol was adopted using third-instar larvae collected from mass rearings.




2.6. Potential Adaptation of Natural Enemies


During field monitoring, visual observations were carried out on the box tree plants to assess the presence of natural enemies (unhealthy larvae and pupae, presence of egg, larval, and/or pupal parasitoids). A sample of 180 egg clusters (10 clusters per generation per site per year; each cluster consisted of 10–15 eggs) was collected and taken to the DISAFA laboratory. Each egg cluster was individually kept in Petri dishes (diameter of 90 mm), lined with wet filter paper. Eggs were checked 3 times a week until eclosion to detect potential egg parasitoids. Moreover, a sample of 540 larvae (30 larvae per generation per site per year) was randomly collected in 3 periods (April, July, September) on natural box tree stands. Caterpillars were provided with healthy box tree plants and maintained in cages (1 × 1 × 1 m) having a stainless steel frame structure supporting a plastic insect-proof net (mesh 0.23 × 0.23 mm). Plants were watered regularly to prevent desiccation, and larvae were checked 3 times a week until pupation to detect potential BTM’s parasitoids.




2.7. Statistical Analyses


All data were first tested for homogeneity of variance (Levene’s test) and log-transformed to stabilize variances and normalize the data. The number of males captured in pheromone-baited traps (sticky vs. funnel traps) and the egg load were compared with t-test independent samples (p < 0.05), followed by Tukey’s test for multiple comparisons. Averages are expressed as mean values ± standard errors unless otherwise stated. All analyses were performed using SPSS version 22.0 (SPSS, Chicago, IL, USA)





3. Results and Discussion


3.1. Seasonal Flight Activity


The seasonal flight activity, reported as the total number of male moths captured by pheromone-baited sticky traps in 2019–2021, is given in Figure 1A–C. Two main flight periods were identified annually, highlighting two clearly separated generations per year with two peaks. In detail, the peak of the first generation was always observed between 10 and 20 July for all sites and years. A second generation occurred in mid-August, with a peak in late August–early September. No male was ever captured after the beginning of October. Although BTM was reported to perform three generations per year in central-eastern Europe and some locations in northern Italy [20,21,22], the life cycle monitored in the 3-year period confirms a phenology pattern similar to that in other Asian and European countries [9,23,24,25,26]. However, in contrast to Göttig and Herz [25], who found the major adult flight occurring during the second flight phase in early September, the highest number of flying individuals was detected in midsummer during the first generation.



BTM populations displayed a similar trend in temporal patterns in the different surveyed sites and years. The flight activity started in mid-June; then the rate of captures in pheromone traps increased and reached a peak in mid- to late July. The maximum numbers of individuals caught were 45, 38, and 15 males in Pradleves and 22, 28, and 21 at Vernante in 2019, 2020, and 2021, respectively. In Garessio, the traps captured a substantial number of individuals, with a maximum of 25 males, only in 2019. Due to the high infestation level of the previous year, most of the plants in Garessio were utterly defoliated, corresponding to the third level on the damage scale by Raineri et al. [6]. In 2019, BTM larvae continued eating the box trees voraciously, leaving no chance for the plants to recover. During periodic monitoring in Garessio, a few plants were found to produce young sprouts, but most of them were wholly defoliated and largely decorticated by mature larvae, causing the plants to dry out and almost completely die. Consequently, due to heavy damage, in 2020, traps recorded no adult moths, and only one adult was trap-collected in 2021. Significant defoliation, repeatedly across a growing season or over several years, is likely to weaken plants and lead to plant death, with no chance to recover. These observations are in line with those of Badano et al. [27], reporting a deep BTM population crash in case of limited food resources in Liguria, a region close to Garessio. Conversely, in the Pradleves and Vernante sites, as the presence of BTM was reported later and for the higher altitude with respect to Garessio, the plants were still able to recover even after severe infestations.



In Italy, the impact of BTM was assessed only for the Liguria region (NW Italy), where more than 50% of the Buxus formation was reported as completely destroyed in less than 5 years [6,27]. Most of this spread is the result of natural dispersal, but also new populations occurred farther away, probably facilitated by human transport of infested box trees. Data from Germany indicate that natural dispersal is about 5–10 km per year [11], but recent models estimate a spread rate of BTM in Europe of up to 155 km/year [28]. Observations on its dispersal in Piedmont since 2016 are consistent with the German data. Well-established BTM populations have been found alongside natural Buxus formations, confirming earlier observations in 2016–2018 in the same areas surveyed in 2019–2021. Moreover, outbreaks in nurseries, cemeteries, historical monuments, public parks, and private gardens have been observed on ornamental box trees (CF and FB, personal observations).



This study helped identify the most suitable trap in catching BTMs, comparing funnel vs. sticky traps. In the literature, there are in fact numerous examples pointing out how trap design affects catches of moths using pheromone lures, and specifically several investigations highlighted how their shape and placement might affect captures [29,30]. When compared with sticky traps, the funnel traps captured a significantly higher (more than 30%) number of BTM males (Figure 1D), both in 2020 and 2021 (t-test= −3.462, n = 72; df = 1; p = 0.0046 in 2020 and t-test = −5.410, n = 72; df = 1; p = 0.0027 in 2021). In total, 447 and 243 males were collected from funnel traps vs. 321 and 149 from sticky traps in 2020 and 2021, respectively. Funnel traps were found to be more suitable for monitoring flight activity and proved to be the most accurate and effective monitoring system available on the market to measure BTM population levels. However, although monitoring traps could be useful for proper timing of control strategies [20,31,32], in all sites and years the number of male adults trapped was negligible when compared with the high level of infestation in boxwood, thus questioning whether pheromone-baited traps truly reflect moth phenology, as already pointed out for other insect pests in agriculture [33,34]. Recently, Molnár and colleagues [35] tested the attractiveness of phenylacetaldehyde, eugenol, and methyl salicylate blends to both BTM males and females. Their results showed a high potential for these compounds to lure both sexes into traps, eventually becoming an effective control method.



The most frequent adult morphotype caught in the traps was the typical white with a dark brown margin form, while the melanic type accounted for less than 10% of all specimens collected. Moreover, the in-depth inspection of a trap subset performed at subsequent timing revealed that all the 179 BTMs were captured between 10:00 p.m. and 6:00 a.m., while no moths were found between 6:00 a.m. and 6:00 p.m. or at dusk (6:00–10:00 p.m.). Even if some authors refer to BTM as a crepuscular/nocturnal moth (e.g., [22]), our investigations highlighted how this pest has a strictly nocturnal behavior, as adults were trapped in a specific time window between 10:00 p.m. and 6:00 a.m.



In the surveyed sites, we observed overwintering larvae starting from the end of October/beginning of November. In contrast to Badano et al. [27], who reported the presence of cocoons on other plant hosts (e.g., Fraxinus, Pinus, Juniperus), in our surveyed sites overwintering larvae were detected only on B. sempervirens, even in case of extensive defoliated plants.



The average head capsule width of overwintering larvae collected in the field was 0.98 ± 0.02 mm, corresponding to the third instar according to the scale by Nacambo et al. [9]. This measurement showed that the caterpillars mainly overwinter as third-instar larvae. However, there is a lively debate in the literature about the BTM overwintering stage. In China, most larvae overwinter as second- to fourth-instar larvae, and in Japan at the fourth or fifth instar [9]. In Europe, developmental investigations suggest that larvae overwinter mainly in their third instar [9,21], even if Badano et al. [27] confirmed that the first-instar larva is the overwintering stage of the box tree moth in the Liguria region (very close to our investigation area). Studying larvae in both controlled and natural conditions, Poitou and colleagues [36] found broad plasticity in overwintering stages, which can potentially survive and overwinter at almost all instars (from the second to the fifth). Besides temperatures, the photoperiod is one of the main drivers inducing insect diapause [37]. Some indications about day lengths required by BTM for overwintering are known (13:30 h in Europe [9] and between 12:50 and 13:36 h in China [38]). Therefore, differences in photoperiod thresholds and temperatures could drive variation in these life-history traits across BTM distribution. However, microclimate conditions that strongly vary along geographical gradients and are known to affect insect biology could also play a role in shaping differences in overwintering stages (e.g., [39,40]). Factors affecting the duration are even less understood [28], but could be related to temperature [36].



The suitability of climatic factors as modelled by Climex [9], and the occurrence of food plants, will significantly influence BTM’s presence and spread in the next few years. In addition, Suppo and colleagues [28] warned about the potential effect of climate change, which can boost the expansion of BTM, also allowing the production of more generations (up to four) thanks to an increase of two degrees in temperature.



In Europe, several chemical insecticides are authorized on ornamental Buxus plants, but their use is often prohibited in the forestry environment and limited to nurseries. Other control strategies have been investigated in laboratory conditions so far (larval suitability to native parasitoids, oviposition-deterring effect by essential oils, larval susceptibility to baculovirus), but their role needs to be confirmed under field conditions [41,42,43,44,45,46]. Aerial treatments with bioinsecticides based on the bacterium Bacillus thuringiensis var. kurstaki (Btk) have been tested on BTM young larval instars with controversial results [6,8]. Btk effectiveness can be limited by the coverage level and the lack of access for vehicle-mounted spraying. However, even if treatments do not prevent recolonization of treated areas, they may be considered an effective temporary solution to protect small box clumps and/or high-value natural stands [8].



The disappearance of large areas of boxwood forests will affect the whole ecosystem in these regions. The defoliation of box trees has been related to changes in the ground-covering vegetation, thus increasing the exposure to sunlight and impacting the related biodiversity, as already observed in the Nature Reserve of Grenzach-Wyhlen in Germany [47] and in the Jura Mountains [48]. Moreover, since box trees have a slow rate of growth, it is predictable that co-occurring tree species having faster growth rates would replace them, permanently altering the traits of the woodland ecosystem. With this regard, in NW Italy, Habitat 5110 can host endemisms of calcareous cliffs, peculiar alpine assemblages, and highly diverse communities of pollinators that could be at risk.




3.2. Female Fecundity


The results presented in this research showed that the egg load was strongly <1 in early females with the ovigeny index calculated to be 0.0677, indicating an extremely synovigenic behavior. Newly emerged specimens (<4 h age category) of the first generation almost lacked mature eggs; these females (n = 10) bore an average of 6.10 ± 1.73 eggs. In the following days, the number of mature eggs increased rapidly, also depending on food availability (Figure 2A). The average egg number in 48 h age adults was lower (73.45 ± 6.82) in starved females than in fed individuals (95.1 ± 12.46) (t-test = −5.007; df = 1; p < 0.01). After 4 days from their emergence (96 h age category), starved females had a lower (91.9 ± 8.63) egg load than fed females (160.9 ± 13.44) (t-test = −9.147; df = 1; p < 0.001).



For each age cohort, the mean number of mature eggs carried by second-generation females was lower than the egg load recorded for the first generation (<4 h: t-test = −1.041, df = 3.305, p = 0.210; 48 h: t-test = −4.077, df = 5.069, p = 0.004; 96 h: t-test = −0.470, df = 1.010, p = 0.032) (Figure 2). Second-generation specimens that emerged for less than 4 h had an average of 5.7 ± 0.90 mature eggs. Dissection revealed that the number of mature eggs significantly differed between females allowed to feed and starved adults (Figure 2B; mean number of mature eggs for 48 h females; 65.6 ± 9.7 vs. 27.7 ± 3.41; t-test = −5.007; df = 1; p < 0.001; mean number of mature eggs for 96 h females; 103.4 ± 17.75 vs. 68.3 ± 13.9; t-test = −9.110; df = 1; p < 0.001). Our findings are consistent with those reported by Wan et al. [8] for the BTM area of origin, revealing a variation in the average lifetime fecundity per female between generations. Nevertheless, our counts are lower than the egg loads found by Wan et al. [8], which range from 482.5 ± 213.2 eggs for the overwintered generation to 199.4 ± 107.6 for the third generation. This comparison suggests that BTM fecundity is higher in its native distribution. Differences in the invasive populations could be explained as the outcome of genetic drifts, such as founder effects and bottlenecks [49].



In addition to the overwintering stage (discussed above), other life-history traits, such as mean development time, the number of generations per year, and fecundity, show phenotypic plasticity and could be selected by biotic and abiotic factors, mostly associated with the length of the frost-free period or mean summer temperatures. Populations with more extended frost-free periods are predicted to have shorter development times and a greater number of generations per year, while the egg load is expected to decrease if average temperatures grow (e.g., [50]). However, further comparisons between climatic and environmental conditions of native and invasive areas are needed to shed light on the differences we found in the BTM fecundity, overwintering, and flight activity in the Italian Alps with respect to Asian populations. The prompt evolution of plasticity could be a key factor for the success of invasive species, but due to the complexity of this phenomenon, it has been rarely surveyed empirically, and the majority of experiments have been performed using plants [50,51]; but see [52,53]. Increase of knowledge in BTM ecological requirements, general biology, and genetic variation would pave the way for improving modeling based on climatic and environmental projections, which eventually serve as crucial tools for controlling BTM expansion.




3.3. Evaluation of the Adaptation on Secondary Host Plants


Our observations highlighted that only Buxus sp. resulted in being affected, with no damage recorded on secondary native host plants (Euonymus sp. and Ilex sp.) in both controlled and field conditions. Several cases in which insect pests have broadened their feeding niche to native and/or exotic, and successfully increased their host range and distribution area, are well documented [54,55,56].



In our work, under no-choice conditions in which only one plant species was available for larvae, they fed only on B. sempervirens. No larval development was recorded on the other plants, on which both first- and third-instar larvae starved to death (Figure 3A,B). Similarly, in the multichoice experiments where larvae were simultaneously offered with B. sempervirens, E. europaeus, and I. aquifolium leaves, the trophic activity was recorded only on the box tree. In field conditions, over 50 plants for each secondary host co-occurring with B. sempervirens were inspected, and no damage was ever recorded (Figure 3C). The signs of BTM presence reported by Badano et al. [27] on Fraxinus ornus L., Pinus nigra Arnold, and Juniperus communis L. cannot be ascribed to host shifts, as these plants are used only as shelters for pupation.



On the other hand, BTM represented the main threat to boxwood, while other phytosanitary threats such as the boxwood blight caused by the fungus Cylindrocladium buxicola Henricot and the box sucker Psylla buxi L. (Hemiptera: Psyllidae) were only occasionally detected in the study areas.




3.4. Evaluation of the Adaption of Natural Enemies


The natural enemy complex in the investigated area was very poor. No significant occurrence of natural enemies was recorded in field conditions, except for one pupa of Pseudoperichaeta nigrolineata Walker (Diptera: Tachinidae) observed in 2019 in the Pradleves site. The larval parasitism recorded was in line with previous observations by Nacambo [57] in northwestern Switzerland, highlighting how the adaptation on BTM populations was occasional (<1%) and mostly unknown. This evidence contributed to demonstrating that this invasive pest is not yet regulated by natural enemies [8,9,57,58]. Even predators have never been found; alkaloids accumulated in the larval body may in fact promote self-defense against natural enemies [10]. The suitability of native biocontrol agents has been investigated in laboratory conditions to assess their potential role in conservative biocontrol programs [41,42,59,60], but until now, no promising candidate for biocontrol has been selected for classical or conservative biocontrol programs.





4. Conclusions


	
Our results suggest that life-cycle traits, such as phenology and fertility, differ in the invasive populations compared with the native ones. Such differences emerge from complex climatic, genetic, and evolutionary patterns (as discussed above) and could give rise to geographic biotypes showing different developmental responses.



	
Robust data on the BTM seasonal flight activity, effectiveness of different pheromone-baited traps, and female fecundity will be crucial to timely planning management strategies to preserve box trees, as essential components of several rare forest ecosystems. Since most of these Buxus natural formations are designated as SCIs and SACs and form critically important ecological habitats, control protocols should be effective against BTM, but have to consider the potential impact of treatments on organisms providing ecosystem services, primarily pollinators and BTM’s natural enemies.



	
Hence, novel approaches to control C. perspectalis are urgently needed to minimize the loss of ornamental and native box trees across Europe. Preventing further infestation outbreaks is crucial to preserve relict species, such as Buxus balearica, occurring in southern Spain, Balearic Islands, and Sardinia, and B. colchica Pojark in the Caucasus.
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Figure 1. Seasonal flight activity of Cydalima perspectalis Walker recorded in Pradleves (A), Vernante (B), and Garessio (C) collected with pheromone-baited sticky traps in comparison with pheromone-baited funnel traps (D). Green line refers to 2019, blue line to 2020, and red line to 2021. Histograms refer to the comparison between sticky and funnel traps (yellow: 2020; green: 2021). The asterisks indicate significant difference (**, p < 0.01) between bars, according to the paired t-test. 
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Figure 2. Mean number (± SE) of mature eggs in Cydalima perspectalis according to age cohort (<4, 48, 96 h), availability of food (red bar = unfed females; blue bar = honey-fed females), and generation (A = first generation; B = second generation). Line bars represent standard error of the mean. Sample size for each age cohort = 10. The asterisks indicate significant difference (**, p < 0.01; ***, p < 0.001) between bars, according to the paired t-test. 
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Figure 3. No-choice tests on Euonymus europaeus (A) and Ilex aquifolium (B) in controlled conditions and presence of healthy E. europaeus (blue arrow) located near Buxus sempervirens severely infested by Cydalima perspectalis (red arrow) in field conditions (C). 
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