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Abstract

:

Insectivorous bats may play a significant role in regulating populations of agricultural pests. Currently, few methods are available to enhance the activity of bats in agroecosystems. We asked whether synthetic sex pheromones, used in integrated pest management (IPM) to impede the mating success of major moth pests in vineyards and apple orchards, could also enhance the activity and richness of insectivorous bats, their natural enemies. We hypothesized that applying concentrated sex pheromones of pest moths will alter the movement patterns of male moths, indirectly affecting bat richness and activity. We compared the effect of sex pheromones on bats under two different agricultural management systems: conventional farming and IPM. We used synthetic sex pheromones of Lobesia botrana or Cydia pomonella; both are among the most destructive moth pests in vineyards and apple orchards, respectively. Using passive acoustic monitoring, we compared species richness and bat activity in plots without and with additional pheromones. In both IPM vineyards and IPM apple orchards, total bat activity and species richness significantly increased after applying the pheromone treatment, with a positive correlation between total bat activity and the numbers of moth pests in the vineyards. In conventional vineyards, bat species richness increased significantly, but not total bat activity. IPM vineyards had significantly higher species richness than conventional vineyards, both before and after the pheromone treatment. Our study shows that moth pheromone lures, commonly used as a pest control method, may also attract insectivorous bats, which in turn may further suppress the pests. These findings highlight the potential of insectivorous bats as pest control agents and call for further research directed at integrating them in IPM practices.
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1. Introduction


Intensive agriculture has negative effects on biodiversity, soil health, water quality, and human health [1], which have led to the development of sustainable agricultural practices such as integrated pest management (IPM). IPM is recognized as a science-based management system to support pest control, implementing chemical and biological means, as well as agrotechnical approaches, to reduce the negative effects of pesticides on environmental health and economic costs [2]. A known pest control practice is the use of insect sex pheromones, which disrupt mating interactions and may contribute to a long-term reduction in insect populations [3]. Synthetic pheromones used in mating-disrupting pest control are typically species-specific, with no serious known adverse effects on non-target organisms [4,5]. Pheromones lures and traps are integrated into various crops and are principally based on the knowledge that many agricultural pests depend on sex pheromones for mate allocation and hence for their reproductive success [6]. Synthetic sex pheromones of female insects can generate aggregations of insect males near the pheromone source [7]. Insect aggregations, in general, attract different guilds of bats; for example, dense insect aggregations near artificial light sources attract various species of bats which feed on the aggregating insects [8]. Aggregations of a major pine defoliator, the pine processionary moth (Thaumetopoea pityocampa), generated by increasing concentrations of pheromone lures, were shown to attract forest-dwelling insectivorous bats, as well as to control the pine processionary moth through the association between emergent moths and foraging activity of the bats [9].



Insectivorous bats forage and feed in various types of agroecosystems [10] and can potentially provide pest suppression services in various agricultural crops, such as corn, cotton [11,12,13,14], rice [15], pecan, macadamia [16,17,18], grapes [19,20,21], and apples [22]. For example, Rodríguez-San Pedro et al. (2022) [20] showed that insectivorous bats could reduce the damage to organic grapes in Chile, saving approximately 600 kg/ha/year of berries from pest infections.



Currently, a major focus of research on bats in agroecosystems is to develop bat-friendly management schemes, which can enhance bat activity and species richness and promote the recovery of threatened bat species [23,24,25,26]. Several studies have strongly indicated that bat activity is negatively affected by insecticide use, therefore, a reduction in such practices would benefit bats [27,28,29,30]. Enhancement of landscape heterogeneity, by increasing patches of natural vegetation through the creation of hedgerows or distinct field edges, has also been found to enhance bat activity [31,32,33,34,35]. Other methods include the construction of water troughs for drinking and foraging sites [36,37], as well as placing bat houses as alternative roosts [24] in various crop habitats, have been shown as effective measures for increasing populations of bats and suppressing moth pest populations [24].



In the present study, we asked whether the use of pheromone lures, in both IPM and conventional vineyards and in IPM apple orchards will increase the activity of insectivorous bats. We hypothesized that synthetic female sex pheromones of the tortricid moth (Lobesia botrana) and the codling moth (Cydia pomonella) alter the movement patterns of the male moths and in turn affect the foraging activity of insectivorous bats. We predicted that concentrated pheromone odors will increase insectivorous bat species richness and their foraging activity in the treated plantations.




2. Materials and Methods


2.1. Study Areas and Bat Diversity


The experiments were carried out in vineyards and apple orchards at two locations in Northern Israel (Figure 1A), characterized by a mesic Mediterranean climate. IPM (N = 6) and conventional (N = 6) vineyard plots were located in Hanadiv Valley (32°52′ N, 34°975′ E, Figure 1B), a diversified ecosystem comprising natural, semi-natural, and agricultural patches in the southern part of Mount Carmel. IPM apple orchards (N = 6) were located in Kibbutz El-Rom in the Golan Heights (33°18′ N, 35°76′ E, Figure 1C), a basaltic grassland plateau on the eastern side of the northern Jordan Valley, dominated by open habitats, apple orchards, cherry, and vineyards. Plots of conventional apple orchards were not available in Kibbutz El-Rom. In Hanadiv Valley, conventional farming involves the usage of herbicides for weed control and pesticides for pest control, while IPM farming is based on reduced use of pesticides with the implementation of pheromone-mediated mating disruption. Ground vegetation is either left untouched or removed with machinery (Korine, personal communication). Approximately 23 species of insectivorous bats were recorded in the study areas of North Israel [38], dominated by the synanthropic Kuhl’s pipistrelle (Pipistrellus kuhlii). Most of the other bat species are endangered and occur at the southern edge of their range of distribution [38,39].




2.2. Experimental Design


The experiment comprised two consecutive stages of five nights each: (1) control, without additional pheromones, and (2) treatment with a concentrated pheromone odor, 10 times the standard concentration used by farmers in both regions in the IPM fields. The length of application of the treatment was chosen based on the findings that male moths as well as bats respond within short time periods to pheromone lures or to a high density of insects, respectively [40,41]. It should be noted that in the control stage, the conventional plots were not treated with pheromones, while the control stage at the IPM plots included treatment with the standard concentration of pheromones used by the farmers as described below.



In Hanadiv Valley IPM vineyards pheromone ropes were placed by the farmers as a routine practice in March 2018, approximately three months before the beginning of our experiment. The farmers evenly distributed the pheromone dispensers (75 ropes ha−1) at a canopy height of ∼1.30 m above the ground and used polyethylene rope dispensers (Shin-Etsu Tokyo, Japan) containing 170 mg of -9,7-Z, E, dodecadienyl acetate, the major component of L. botrana female sex pheromone (Shin-Etsu Tokyo, Japan) [42]. Lobesia botrana is the most destructive pest in vineyards and causes damage directly by feeding on the grapes and indirectly by increasing the susceptibility of the berries to fungal disease [43]. In Kibbutz EL-Rom IPM apple orchards, pheromone ropes were placed by the farmers in April 2018 at a density of 70 ropes ha−1 at a canopy height of ∼3.5 m above the ground, approximately four months before the beginning of our experiment. They used polyethylene rope dispensers containing 120 mg of codlemone, E8, 10-12OH of the female C. pomonella sex pheromone (Shin-Etsu Tokyo, Japan), one of the most widespread and economically important pests in apple orchards [44].



In our experiment, we concentrated the odor of L. botrana or C. pomonella sex pheromones by braiding 10 of the same pheromone ropes used by the farmers in both study sites. We placed the pheromone braids at the edge of the plots since bats prefer to forage at the edge of agricultural fields [30,35]. For standardization, we placed the braids in the north eastern corner of all the plots.



Based on previous bat monitoring throughout 2017 in both plantations in the studied areas (Korine, personal observations), we found that bat activity and species richness were the highest during summer (June–August), which may have been related to high moth pest activity [41]. We performed the experiments in July and August in the vineyards and apple orchards in 2018, respectively. For each type of crop and management system (i.e., both IPM and conventional vineyards and IPM apple orchard), we randomly selected plots (a typical plot area is approximately 10 ha in the IPM and conventional vineyards, and in IPM apple orchard), with a mean inter-plot distance of >800 meters to avoid recording the same individual bats by our bat detectors. The vineyard plots were distributed across the Hanadiv Valley, while the plots of the apple orchards were located in a large apple-growing area in Kibbutz El-Rom (Figure 1). All of the plots in the study area were surrounded by plots of the same fruit crop (i.e., vineyards or apples) except for four vineyards plots that were located at the eastern part of Hanadiv Valley (square 1, Figure 1) near Mediterranean maquis.



We placed a pheromone trap near each pheromone braid both in IPM and conventional vineyards and counted the moths at the end of each of the experimental periods. Although pheromone-based mating disruption was applied in these plots, pheromone traps could be effectively used since our experiment started only 3 to 4 months after the treatment by the farmers, and the traps remained effective up to 3–4 months after they were placed [45].




2.3. Acoustic Bat Monitoring


We recorded bat activity using AnaBat detectors (Titley Electronics, Ballina, Australia) placed on the ground at a 45° angle, 1 m from the pheromone braid, in each of the experimental plots. We measured foraging activity by counting bat passes and identifying the species according to their calls [46]. Prior to the recording sessions, all detectors were calibrated to a sensitivity level of 7 in a new SD2 AnaBat detector, using a constant and monotonic ultrasonic signal. Calls were analyzed manually using the software AnalookW version 3.8v (https://users.lmi.net/corben/ (accessed on 10 November 2022)). Identification of a bat call and species was carried out according to known species-specific acoustic characteristics [47,48,49]. Due to the high call overlap between the species of the genus Myotis, all Myotis calls were identified to the genus level. Recordings were made on each experimental night from sunset (19:30) to sunrise (05:30). Recordings were not made during the period of five days before and after the full moon, and we ensured that insecticides were not applied starting five nights before the beginning of the experiment until its end. To avoid bias due to the sampling date, recordings were made in the IPM and conventional vineyards in the same 10 experimental nights.




2.4. Data Analysis


The data were analyzed using generalized linear mixed models (GLMMs) with total bat activity (passes per night) and species richness (number of species per night) as the dependent variables. Species richness and bat activity were calculated as an average of five days before and after the addition of the pheromone braid. We assessed the effect of the treatment on total bat activity and species richness using the treatment (control or pheromone application) as a fixed factor and the plot as a random factor, distinguishing between the two farming methods (conventional or IPM). Using a t-test, we compared the number of pests in the pheromone traps, before and after placing the pheromone braid, and examined the relationships between bat activity and pest density by a regression analysis after checking for normality and constant variance. In the IPM plots, one of the pheromone traps collapsed during the treatment, and therefore our sample size was 11 instead of 12 traps. We examined changes in the community composition before and after the treatment using the ‘adonis’ function in the ‘Vegan’ package [50] to perform a permutational multivariate analysis of variance (PERMANOVA) based on Bray–Curtis dissimilarities [51] and analyzed the cumulative sum for each species with R program version 4.1.2 [52]. Since bat activity can potentially vary due to differences in ambient temperatures and wind speeds, we compared the average night ambient temperature, mean and maximum night ambient temperature, and wind speed for each experimental stage (before and after adding the pheromone braid). We found no significant differences between the various temperatures and wind speeds in each site (p = 0.32, p = 0.09, p = 0.27, and p = 0.11, respectively). We chose p < 0.05 as the minimum acceptable level of significance.





3. Results


3.1. Effect of Pheromone Treatment in IPM and Conventional Vineyards


In the IPM vineyards, both bat activity (F1,5 = 19.1, p = 0.007, Figure 2A) and species richness (F1,5 = 9.2, p = 0.03, Figure 2B) significantly increased after the treatment with the pheromone braids. In the conventional vineyards, bat activity did not change after the treatment (p = 0.34, Figure 2C), while species richness increased significantly (F1,5 = 5.3, p = 0.047, Figure 2D). Bat activity, but not species richness (p = 0.41), also varied significantly (F1,5 = 6.3, p = 0.029) between the IPM plots.



The number of moths in the pheromone traps increased significantly after the addition of the pheromone braid (1.1 ± 2.2, 5.7 ± 3.5, respectively, t = 2.9, df = 10, p = 0.016). In the IPM and conventional vineyards, the relationship between bat activity and moth numbers in the traps was significantly positive, but only after applying the pheromone braid (F11 = 5.73, p = 0.04, r2 = 0.4; Figure 3).




3.2. Comparison between IPM Vineyards and Conventional Vineyards


Prior to the treatment, bat activity did not differ between the IPM and conventional vineyards (p = 0.34, Figure 4A), while species richness was significantly higher in the IPM vineyards compared to the conventional vineyards (F1,5 = 7.9, p = 0.019, Figure 4C). After applying the pheromone braid, bat activity still did not differ between the IPM vineyards and the conventional vineyards (p = 0.25, Figure 4B), and species richness was significantly higher in the IPM vineyards (F1,5 = 7.5, p = 0.021, Figure 4D).




3.3. Community Structure


For the changes in the community structure, we pooled the results of specific species of bat activity from the IPM and conventional vineyards since bat activity did not differ between the two vineyard types. Following the treatment, changes in community structure were significant (Permanova, p = 0.01). In total, seven bat species were detected before adding the pheromone braid, while nine species were detected after the treatment. The main cumulative sum effect was attributed to the increase in activity of Pipistrellus kuhlii (average of 323 to 423 calls per night, Figure 5). The common bent-wing bat (Miniopterus schreibersii) and the genus Myotis were only detected after the treatment. The activity of the serotine bat (Eptesicus serotinous) was reduced after the treatment (average of 3 to 4 calls per night, while the activity of the four other species increased. The activity of both the greater horseshoe bat (Rhinolophus ferrumequinum) and the lesser horseshoe bat (R. hipposideros) was the same before and after the treatment, but both species were hardly detected (Figure 5).




3.4. Apple Orchards


Both species richness (F1,5 = 8.9, p = 0.031) and bat activity (F1,5 = 9.9, p = 0.026) increased significantly after the pheromone braid was applied (Figure 6). Bat activity (p = 0.3) and species richness (p = 0.5) did not vary between the plots. Seven and eight species of bats were recorded before and after the treatment, respectively. Species that were recorded before and after the manipulation included E. serotinus, Kuhl’s pipistrelle (Pipistrellus kuhlii), common pipistrelle (P. pipistrellus), Savi’s pipistrelle (P. savii), European free-tailed bat (Tadarida teniotis), T. nudiventris, and the genus, Myotis, while R. ferrumequinum was only recorded after the pheromone braid treatment.





4. Discussion


In this study and in accord with our prediction, we show that bat activity increased after the pheromone treatment, in both IPM vineyards and IPM apple orchards, which differ from each other in many respects but are both used by bats as foraging habitats. In addition, we show that bat activity was positively related to pest moth density after the treatment with the pheromone both in the IPM and conventional vineyard, indicating that bats may have responded to the increase in pest numbers. The principal ecological mechanism behind the use of pheromone lures in the present study is that bats are attracted to insect pest aggregations, as was shown in several studies [13,21,35,39,53,54]. Pheromone lures were successfully used to enhance the activity of forest-dwelling bats, as reported by Charbonnier et al. [9], who showed that the increased foraging activity of bats near the pheromone lures contributed to a significant decrease in reproductive success of the moths. Although their results and the results of our study need further long-term evaluation, our results indicate the potential of applying this method in agroecosystems or in forestry systems [9].



The direct role of pheromones in mating disruption and their potential indirect effect on the enhancement of bat activity as found in our study may have a synergistic effect in reducing pest numbers and crop damage. However, a detailed study on the diet of the bat species involved in these kinds of experimental manipulations is needed to quantify the potential pest control services of the bats. Since the effectiveness of sex pheromones on mating disruption diminishes as the pest’s population density increases [55], enhancement of insectivorous bat activity may also be useful in keeping the pest population density below the level at which pheromone-mediated mating disruption becomes ineffective. Furthermore, this method is easy to apply since the preparation and placement of the pheromone braid on a fruiting tree is a quick and simple procedure that has limited, if any, impacts on other management practices. However, applying pheromones is generally more expensive than pesticides, which depend on the number of spraying events and the type of pesticide in use. Since mating disruption is generally less effective when pest densities are high [55], further studies are needed to reveal whether bat activity will increase when pheromones of other moth pest species are used, and whether a combination of pheromones manipulations for various pests would be more effective for the indirect attraction of the bats. Our study took place in plantations that are relatively small, and it would be interesting to determine whether this method can achieve similar results in large-sized fields, such as corn or cotton fields. In addition, in the present study, we did not have replications over time, and the study was only conducted during summer, when late generations of the moth occur. Thus, more experiments that test the response of the bats over time and consider changes in the diet of the bats (i.e., occurrence of the pests) are needed to support the results of the present study.



The increase in bat activity, under the pheromone treatment, may be related to changes in moth density. However, we cannot rule out the possibility that the bats were directly attracted to the smell of the synthetic pheromone. The chemical signals of the pheromones, which the natural enemies exploit, are referred to as kairomones [56,57]. However, it is unlikely that insectivorous bats use olfaction cues to locate the prey [58,59].



Our results show that in both vineyards and apple orchards, species richness changed following the application of concentrated pheromone lures, with the appearance of the genus Myotis and M. schreibersii in the vineyards and R. ferrumequinum in the apple orchards. These species, as well as all the other species that were recorded in the study sites, except for P. kuhlii and T. teniotis, are defined as nearly threatened or vulnerable according to the IUCN (International Union for the Conservation of Nature and Nature Resources) Red List. These results, in addition to our main findings, may indicate that a long-term IPM approach better supports populations of insectivorous bats in Mediterranean habitats, as was demonstrated with organic farming [19−20,23]. Methods for enhancing bat activity may cause changes in the composition of bat communities due to increased interspecific competition [60], but our results did not indicate changes in species-specific activity due to the pheromone treatment.



Applying enhancement methods to increase the activity of natural enemies must be combined with a friendly pesticide spraying regime. Pesticides are widely used in both conventional and IPM agricultural systems and are known to have adverse effects on natural enemies [61]. Enhancement methods aiming to draw natural enemies from the surrounding area might create an ecological trap, negatively affecting populations of natural enemies in the short and long term. Thus, combining natural enemies as pest control agents requires adaptations in the spraying regime, including the selection of compatible pesticides and the timing of pesticide application [62].



In conclusion, we show that pheromone lures used by farmers to control pests may also indirectly attract their natural enemies, insectivorous bats. In many IPM systems, where pheromones are already used, our proposed method to use pheromones in a concentrated manner can increase bat activity and may contribute to pest control. Nevertheless, using this method for the purpose of pest control by bats requires additional large-scale studies to establish our understanding of the mechanisms underlining the effect of moth pheromones on bat activity, and how these interactions can be used for pest suppression. In this respect, our findings highlight the potential of integrating bat-friendly agricultural management schemes into IPM to benefit both pest suppression and bat conservation.
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Figure 1. A map of Israel (panel (A)) and the study areas in Kibbutz El-Rom indicated by red circle (panel (B)) and Hanadiv Valley (panel (B)). The location of the apple-growing area in (panel (B)) is indicated by a black border line. The locations of the vineyard production in (panel (C)) are indicated by three black squares. The plots of the apple orchards (n = 6) are managed by integrated pest management (IPM). The plots of the vineyards were dispersed in the black squares (1, 2, and 3); each contained 4 plots managed either by conventional (n = 6) or IPM (n = 6). For further details see methods. 
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Figure 2. Mean ± SD of bat activity and species richness before (control) and after the introduction of the pheromone odor (treatment) in integrated pest management (IPM) vineyards (A,B), and in conventional vineyards (C,D). Asterisks indicate significant differences. Experiments took place in Hanadiv Valley, Israel. 
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Figure 3. The relationship between bat activity and pest numbers of Lobesia botrana in integrated pest management and conventional vineyards, Hanadiv Valley, Israel. Bat activity was positively correlated with the number of pests captured in the pheromone traps. 
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Figure 4. Comparison of bat activity between the controls (A) and treatments (B) of conventional and integrated pest management (IPM) vineyards, and comparison of species richness between the controls (C) and treatments (D) of conventional and integrated pest management (IPM) vineyards. The treatment was based on an introduction of the pheromone odor. Results are presented as mean ± SD. Asterisks indicate significant differences. Experiments took place in Hanadiv Valley, Israel. 
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Figure 5. Percent changes in species-specific bat activity in both integrated pest management and conventional vineyards before (control) and after the introduction of the pheromone odor (treatment). Experiments took place in Hanadiv Valley, Israel. Eser: Eptesicius serotinus, Rfer: Rhinolophus ferrumequinum, Rhip: Rhinolophus hipposideros, Pkul: Pipistrellus kulii, Ppip: Pipistrellus pipistrellus Psab: Pipistrellus savii, Tnuv: Taphozous nudiventris, and Msch: Miniodterus schreibersi. 
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Figure 6. Mean ± SD of bat activity and species richness before (control) and after the introduction of the pheromone odor (treatment) in integrated pest management apple orchards, Kibbutz El-Rom, Israel. Asterisks indicate significant differences. 
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