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			ABSTRACT

			Introduction: In the buzz-pollination syndrome, bees use vibrations generated by their thoracic muscles to release pollen concealed within poricidal anthers. Flowers adapted to this syndrome have structures that respond to specific vibration frequencies, releasing pollen onto visiting pollinators. 

			Objective: To analyze the match between the vibration frequencies produced by floral visitors and those that trigger pollen release in six Solanum species along an elevational gradient. We hypothesized that Solanum anthers are adapted to release pollen at frequencies that coincide with the thoracic vibrations of multiple pollinator species, thereby promoting a generalist pollination strategy. 

			Methods: Sampling was conducted along the Central Mountain Range of Costa Rica, where flowers from Solanum plants were collected. To measure pollen release as a function of vibration frequency, we designed, and 3D-printed, a rigid device, the “T oscillator”, which was connected to a buzzer generating 11 vibration frequencies ranging from 10 to 900 Hz. Our device was aiming to mimic the bee’s behavior during floral visits. 

			Results: We found six Solanum species and collected a total of 86 flowers along a 5.5 km transect (1 600-2 400 m.a.s.l.). Most species exhibited peak pollen release around 500 Hz, although Solanum caripense responded most strongly at 600 Hz. All bee frequencies were within the range of floral response frequencies. We also detected a match between the vibration frequencies that triggered pollen release and those produced by bees during floral visits. 

			Conclusions: We successfully developed a portable system to study flower sonication as a mechanism for pollen release in poricidal anthers. Solanum species exhibit broader frequency responses than the range typically produced by their floral visitors, suggesting a generalist buzz-pollination system. This flexibility likely ensures reproductive success by accommodating pollinators with varying vibration frequencies. Furthermore, variation in pollen release across flower–visitor interactions may reflect functional differentiation in pollination efficiency.
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			RESUMEN

			Coincidencia de frecuencias de polinización por zumbido y liberación de polen en seis especies 

			de Solanum (Solanaceae) a lo largo de un gradiente altitudinal en Costa Rica

			Introducción: En el síndrome de polinización por zumbido, las abejas utilizan las vibraciones generadas por sus músculos torácicos para liberar polen de flores con anteras poricidas. Las flores adaptadas al síndrome tienen estructuras que responden a frecuencias de vibración específicas, liberando polen sobre los polinizadores visitantes. 

			Objetivo: Analizar la coincidencia entre las frecuencias de vibración producidas y las que desencadenan la liberación de polen en seis especies de Solanum a lo largo de un gradiente altitudinal. Planteamos la hipótesis de que las anteras de Solanum están adaptadas para liberar polen a frecuencias que coinciden con las vibraciones torácicas de múltiples especies de polinizadores, promoviendo así una estrategia de polinización generalista. 

			Métodos: El muestreo se llevó a cabo a lo largo de la Cordillera Central de Costa Rica, donde se recolectaron flores de plantas del género Solanum. Para medir la liberación de polen según la frecuencia de vibración, diseñamos e imprimimos en 3D un dispositivo rígido, el “oscilador T”, que se conectó a un transductor (buzzer) que generaba 11 frecuencias de vibración en un rango de 10 a 900 Hz. Nuestro dispositivo fue diseñado para imitar el comportamiento de las abejas durante las visitas florales. 

			Resultados: Encontramos seis especies de Solanum, y recolectamos un total de 86 flores de ellas en un transecto de 5.5 km (1 600-2 400 m.s.n.m.). La mayoría de las especies exhibieron un pico de liberación de polen alrededor de los 500 Hz, aunque Solanum caripense respondió con mayor intensidad a los 600 Hz. Todas las frecuencias de las abejas se encontraron dentro del rango de frecuencias de respuesta floral. También, detectamos una coincidencia entre las frecuencias de vibración que activaron la liberación de polen y las producidas por las abejas durante las visitas florales. 

			Conclusiones: Desarrollamos con éxito un sistema portátil para estudiar la sonicación floral como mecanismo de liberación de polen en anteras poricidas. Las especies exhiben respuestas de frecuencia más amplias que el rango producido típicamente por sus visitantes florales, lo que sugiere un sistema de polinización por zumbido de carácter generalista. Esta flexibilidad probablemente asegura el éxito reproductivo al adaptarse a polinizadores con diversos rangos de vibración. La variación en la liberación de polen a través de las interacciones flor-visitante puede reflejar una diferenciación funcional en la eficiencia de la polinización.

			Palabras clave: vibración de anteras; vibraciones por zumbido; sistemas de polinización; interacciones planta-insecto; polinización torácica; especies generalistas.
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			INTRODUCTION

			The Order Hymenoptera constitutes the most important group of pollinators in the animal kingdom, contributing to the reproduction of 87 out of 115 of the world’s leading crops (Hristov et al., 2020; Thakur, 2012). Bees from the tribe Apini alone contribute to 13 % of floral visits of 5 % of plant species across 200 countries (Khalifa et al., 2021). Despite their ecological and economic importance, Hymenoptera pollination systems are affected by anthropogenic factors, including habitat loss due to urban expansion, forest fragmentation, land-use changes, climate change, and the indiscriminate use of pesticides (Vargas-Guarin & Polanco-Puerta, 2023). Bee vulnerability is closely tied to habitat quality, highlighting the importance of understanding their foraging mechanisms. Yet, in many tropical ecosystems, knowledge of interspecific interactions and their roles in pollination networks remains limited (Téllez-Farfán & Posada-Flórez, 2013; Vargas-Guarin & Polanco-Puerta, 2023). Therefore, improving the understanding of interspecific pollination interactions is critical for addressing bee vulnerability.

			Sonication is a specialized pollination mechanism found in several plant families, including Solanaceae, with the genus Solanum serving as a classic model (Buchmann & Hurley, 1978). During this process, insects grasp the anther cone with their mandibles and contract their thoracic muscles to vibrate the anthers and release pollen (Aldana et al., 2007). Vibration frequency has been considered to be species-specific for bees (Sepúlveda-Cano, 2013), and peak frequencies can also vary among plant species, reaching up to 500 Hz (Harder & Barclay, 1994; Vallejo-Marín, 2019). However, vibration frequency specificity may exhibit greater variation due to the diversity of foraging strategies in Hymenoptera, which allows for generalist behaviors.

			The genus Solanum includes plants of economic importance such as tomato and potato (Brenes-Rodríguez, 2016; Sepúlveda-Cano, 2013). Solanum is one of the ten most diverse genera of Angiosperms with approximately 1 500 species (Frodin, 2004) distributed along a wide altitudinal range. Most Solanum species have diverse floral morphology but maintain poricidal tubular anthers allowing pollination by hymenopterans, dipterans, and other insect groups, which vibrate their thorax to release pollen (Aldana et al., 2007; Brenes-Rodríguez, 2016; Ratti et al., 2008; Smith-Ramírez et al., 2018). Some dipterans (e.g., Syrphidae) mimic other insect groups, even at the muscular level, enabling them to replicate pollination behaviors and thoracic oscillations during floral visits. This mimicry can facilitate pollen release, enhancing their effectiveness as pollinators of buzz pollinated plants (Moore & Hassall, 2016; Rashed et al., 2009).

			Research on buzz pollination has primarily focused on analyzing frequencies around 600 Hz or lower (Harder & Barclay, 1994; Pereira-Nunes et al., 2021; Vallejo-Marín, 2022; Vallejo-Marín et al., 2022). However, it is essential to expand the frequency range in studies of pollen release in Solanum, considering the diversity of vibrations produced by its floral visitors (bees and flies). Besides, most studies have been conducted under laboratory conditions (e.g., Harder & Barclay, 1994; Pereira-Nunes et al., 2021; Vallejo-Marín, 2022), which may alter the flower response due to anther wilting during transportation. By conducting in situ measurements, we aim to simulate pollinator-generated vibrations while preserving the flower’s natural response under field conditions.

			Our objective was to determine whether the vibration frequencies produced by flower visitors match the frequencies at which Solanum flowers release pollen along an altitudinal gradient (1 600-2 021 m.a.s.l.), thereby indicating specificity. We quantified the frequency range (10-900 Hz) that induces anther rupture and pollen release in these Solanum species. We hypothesized that Solanum anthers are adapted to release pollen at frequencies that coincide with the thoracic vibrations of multiple pollinator species, thereby promoting a generalist pollination strategy. If this hypothesis is supported, the frequencies required for anther rupture and pollen release in different Solanum species would match the vibrational frequencies produced by various bee species during floral visits. Furthermore, we predict that the range of oscillation frequencies associated with pollen release will be broader than the typical vibration frequencies of pollinators. Such breadth would confer an adaptive advantage, enabling plants to be effectively pollinated by a diversity array of pollinators (Buchmann & Hurley, 1978; De Luca et al., 2019; Pereira-Nunes et al., 2021). Examining the match and breadth of vibration frequencies mediating pollen release in Solanum species provides a framework for identifying adaptive strategies that sustain the genus reproductive success. Our findings could have implications for the conservation and management of pollinators, especially in a context of climate change and biodiversity loss that are impacting pollination systems (Cruz & Grozinger, 2023; Librán-Embid et al., 2021), and hopefully, will trigger more research on the specificity of buzz pollination systems.

			MATERIALS AND METHODS

			Study site: On-site data collection was carried out in Poás, Aserrí (9°52’6’’ N & 84°7’12’’W), 1 656 m.a.s.l., El Llano de Alajuelita (9°52’13.591’’ N & 84°7’43.744’’ W), 1 758 m.a.s.l., and San Antonio de Escazú (9°52’38.838’’ N & 84°7’52.70’’ W), 2 021 m.a.s.l., Costa Rica. The average annual precipitation in the region is 1 750.8 mm. The dry season extends from November to May, and the rainy season from May to October (Instituto Meteorológico Nacional [IMN], 2022). This region has a maximum elevation of 2 400 m.a.s.l. (Zúñiga-Venegas, 2004). The life zone corresponds to a premontane wet forest (Meza, 1998; Zúñiga-Venegas, 2004). The area is dominated by cattle ranching, agricultural activities, and mineral extraction (Denyer, 2001; Zúñiga-Venegas, 2004). The dominant vegetation consists of secondary forests with pioneer species from the Solanaceae family, specifically the genus Solanum (Dias-Filho, 1997; Marques-Válio & Scarpa, 2001).

			Study system: The genus Solanum (Solanaceae) comprises plants with a wide variation in morphology and growth forms. It includes small shrubs, shrubs up to 3 m tall and trees (Bohs, 2001; Knapp, 2013, Knapp et al., 2019; Roe, 1972; Särkinen et al., 2018; Stern et al., 2013; Tepe & Bohs, 2011). Leaf morphology is highly variable (Knapp et al., 2019; Särkinen et al., 2018; Stern et al., 2013; Tepe & Bohs, 2011). Inflorescences are typically terminal, paniculate, ranging from simple to branched (Knapp et al., 2019; Särkinen et al., 2018; Stern et al., 2013; Tepe & Bohs, 2011). When branched, they can have more than 25 flowers extending from a central axis. The pedicels are filiform, of different lengths, conspicuous, and discoidal (Knapp, 2013; Knapp et al., 2019).

			Flower collection: Plants of the genus Solanum were systematically searched for throughout the study site. Each identified plant was marked to prevent resampling, and the search proceeded along the transect. Subsequently, flowers were collected along the same route using pruning shears. Immediately after collection, the flowers were put inside the portable laboratory for vibration frequency measurements and video recording. In total, the survey covered a 5.5 km transect with an elevation change of 490 m in search of Solanum species.

			Quantification of oscillation frequencies: To measure oscillation frequencies, we developed a portable device consisting of an enclosed box housing a T-oscillator and a buzzer capable of generating vibrations across a range of 10 to 900 Hz (Fig. 1). Our device was aiming to mimic the bee’s behaviour during floral visits. The setup included pliers to keep the anthers in close contact with the T-oscillator, and a designated space for recording the floral response. Recordings were made using a smartphone positioned to capture the contact point between the anther and the oscillator.

			The system was connected to a PC running the FrequencyGen program (FrequencyGen, 2022), which was used to generate sinusoidal oscillations at 11 specific frequencies: 10, 50, 100, 200, 300, 400, 500, 600, 700, 800 and 900 Hz. These frequencies were selected based on published data on the vibrational characteristics of floral visitors, particularly Hymenoptera and Diptera, who’s buzzing typically falls within the 100-600 Hz range during flower visits (De Luca et al., 2019; Vallejo-Marín & Vallejo, 2021). We always applied the frequencies in this order, from lower to higher, to minimize possible anther damage. If a flower did not respond to a given frequency, we still tested subsequent frequencies.

			Flowers behavior to pollen release: A Generalized Additive Mixed Model (GAMM) was implemented to identify and explain the effect of random components (plant species) over the pollen release from flowers, using as predictor (independent) variable the applied frequencies and as response (dependent) variable the binary outcome of releasing pollen or not. We used the GAMM function from the mgcv package in R (R Core Team, 2021) following Wieling (2018) and Clifford et al. (2011). A GAMM is better suited to our study since Solanum tends to have a resonant frequency where pollen release is greater and falls off at lower/higher frequencies.

			Frequency match between Solanum anther dehiscence and pollinator vibrations: To assess the match between the anther dehiscence frequencies and the thoracic oscillation frequencies of floral visitors, we conducted a cluster analysis using the dendextend (Galili, 2015), bipartite (Dormann et al., 2008), and vegan (Dixon, 2003; Oksanen et al., 2026) libraries in R (R Core Team, 2021). A similarity matrix was constructed using the hclust (Murtagh & Legendre, 2014) function, and a heatmap was used to visualize the similarity in the frequencies required for the anther’s dehiscence among Solanum species. To further explore interspecific patterns, we computed a Pearson correlation matrix using the bipartite (Dormann et al., 2009) and ggcorrplot (Jun et al., 2022) packages, followed by an additional heatmap highlighting the most similar species in terms of their floral responses to the applied frequencies. We reviewed the literature to identify the plant families visited by pollinators, the floral resources they extract (e.g., pollen), and their typical thoracic oscillation frequencies (Aguilar & Briceño, 2002; Arvelos, 2021; Buchmann, 1985; Burkart et al., 2011; De Luca et al., 2019; Hanson et al., 2021; Teppner, 2005; Vallejo-Marín & Vallejo, 2021; Vallejo-Marín, 2022).

			RESULTS

			We found six Solanum species (Solanum americanum, Solanum aturense, Solanum caripense, Solanum chrysotrichum, Solanum lanceolatum and Solanum myriacanthum), which are well adapted to disturbed, anthropogenic environments and that rely mainly on bee pollination, although knowledge gaps remain on the reproductive ecology of some species. Their wide geographic and elevational ranges underscore their ecological versatility (Table 1). A total of 86 flowers were collected from these Solanum species; 12 flowers did not show dehiscence at any frequency. For the flower sampling, we completed a 5.5 km transect across the study area with an elevational range of 490 m, approximately. The geographical distribution of the Solanum species found here is broad and almost all are abundant in disturbed areas.

			Frequency response patterns of the anther dehiscence across Solanum species: We found a resonant frequency centered on 500 Hz, where pollen was released most readily (edf = 3.72, F = 35.4, Fig. 2). Pollen release declined at both lower and higher frequencies, indicating a non-linear response. Across all frequencies and species, flowers were more likely to retain pollen than to release it, as indicated by the negative intercept (-0.903). Overall, vibration frequency was a significant predictor of pollen release in Solanum species (p < 0.0001). The GAMM explained 38.1 % of the variance in pollen release (R² = 0.381).

			Thus, the frequency eliciting the highest anther dehiscence across species was 500 Hz (Fig. 3), except for S. caripense, which exhibited anther dehiscence at 600 Hz for all of its flowers (n = 3). We found four of the six Solanum species responding stronger at 500 Hz frequency, another responding stronger at 600 Hz frequency, and one having a stronger response to a wider range (from 200 to 600 Hz, Fig. 3). Moreover, 500 Hz corresponded to the highest pollen release in most flowers (n = 67). Together, the frequencies of 500 Hz and 600 Hz accounted for anther’s dehiscence in five out of six Solanum species, encompassing a total of 108 flowers. Nonetheless, the flowers displayed a wide range of anther dehiscence responses, which ranged from 100 Hz up to 900 Hz, with a stronger response between 100 and 600 Hz (Fig. 3).

			Match between anthers dehiscence and insect vibrations: The flower responses corresponded closely with the whole range of oscillation frequencies exhibited by most Hymenoptera and Diptera species (from 100 to 600 Hz), particularly those in the Syrphidae family from Costa Rica (Fig. 4) (De Luca & Vallejo-Marín, 2013; Vallejo-Marín, 2019; Vallejo-Marín, 2022). Nevertheless, the main frequency for flower dehiscence (500 Hz) was higher than the one exhibited by floral visitors (between 200 and 300 Hz, Fig. 4). This was our main finding. Among insect groups known to perform sonication and visiting Solanaceae plants, the observed floral visitation frequencies ranged from 100 Hz to 588 Hz (Fig. 4). However, the match between the frequency ranges was not complete, as flowers displayed a broader spectrum than those recorded for insect vibrations.

			Correlation between Solanum species across different oscillation frequencies: Plants clustered according to their anther dehiscence frequencies (Fig. 5). In general, Solanum species exhibited high pairwise correlations (≥ 0.6). S. lanceolatum and S. chrysotrichum showed a correlation of 0.96. S. chrysotrichum was also highly correlated with S. myriacanthum. In addition, S. americanum, S. lanceolatum, S. americanum, and S. myriacanthum showed strong correlations among themselves. Finally, S. caripense showed a weak correlation with S. aturense and S. chrysotrichum (Fig. 5).

			DISCUSSION

			Variation in anther dehiscence frequency among Solanum species: The genus Solanum has a generalist pollination system involving a wide diversity of insect groups (Gómez, 2002). In this study, most Solanum species (5 out of 6) exhibited a broad range (from 100 to 900 Hz) of oscillation frequencies inducing anther dehiscence. This variability likely reflects differences in their floral visitor assemblages, with each species attracting insects producing distinct vibrational profiles during floral visits. Furthermore, many Solanum species differ in anther morphology compared to other buzz-pollinated plant families, which may enhance pollen dispersal through structural specialization (Carrizo-García et al., 2008; Steinacher & Wagner, 2010). Species such as S. myriacanthum were more generalist than species with a more specific frequency response range, like S. caripense.

			Plants clustered together following their anther dehiscence frequencies. This might be related to them sharing similar pollinator assemblages (Castellanos et al., 2006; De Luca & Vallejo-Marín, 2013). Their broad altitudinal distribution, from near sea level to highland ecosystems, may further increase their interaction with a wide variety of pollinator species, potentially selecting for sensitivity to a wider range of oscillation frequencies for effective pollen release (Restrepo-Chica & Bonilla-Gomez, 2017). When applying the different vibration frequencies, the lack of randomization means that any potential facilitation or depletion effect across successive frequencies was not considered. However, GAMM accounts for random effects, such as multiple observations from the same plant species and variation among flowers in how easily they release pollen at the same frequency.

			Mechanistic understanding of buzz pollination and pollen release: The sensitivity of anther dehiscence to specific vibrational frequencies across species contrasts with previous research, which emphasized amplitude and duration over frequency as the primary drivers of pollen release (De Luca & Vallejo-Marín, 2013; Harder & Barclay, 1994; King & Buchmann, 1996; Pereira-Nunes et al., 2021). Our results underscore the importance of floral morphological features and their interactions with specific oscillation frequencies. While amplitude and duration are undoubtedly important, frequency-specific anther responses is a significant and previously underappreciated mechanism in the functional ecology of buzz pollination. Our system was only tested using steady or continuous vibrations of 1 s over the flowers, in contrast to what the bees exhibit during floral visits, this is, pulsation patterns of 0.5 s within 0.3 s intervals, approximately (e.g., De Luca & Vallejo-Marín, 2013). This should be improved in future studies, as it could affect pollen release.

			Literature reports that not only bees (Hymenoptera) but also Syrphid flies (Diptera: Syrphidae) produce floral vibrations within the effective frequency range for pollen release in Solanum species (Aguilar & Briceño, 2002; Teppner, 2005; Vallejo-Marín, 2022). Syrphid flies lack the flight musculature found in bees but still generate sufficient vibrational energy to elicit dehiscence, suggesting convergent biomechanical strategies among different floral visitors. These findings challenge the traditional view that buzz pollination is strictly associated with bee pollinators.

			Pollinator community and anther frequency convergence: We hypothesize that the observed convergence in effective anther dehiscence frequencies among Solanum species may reflect similarity in pollinator assemblages, particularly in regions where multiple Solanum species co-occur. We found that flowers showed stronger dehiscence within a defined frequency range (100-600 Hz), suggesting a generalist pollination strategy associated with similar floral visitors. Future studies should evaluate the generality of this pattern by linking field measurements of pollinator vibrational profiles with corresponding pollen-release responses in sympatric Solanum species. Such research could clarify the extent to which shared pollinators drive convergence in floral functional traits (Vallejo-Marín & Russell, 2024).

			Implications for buzz pollination in other plant families: Although this study focused on Solanum, the observed frequency-dependent pollen release likely extends to other taxa with poricidal anthers. Families such as Ericaceae, Melastomataceae, and Apocynaceae also rely on vibration-induced pollen release and may exhibit similar frequency-specific dehiscence patterns. Many studies on buzz pollination have been conducted under laboratory conditions using fixed-frequency vibrations, potentially overlooking the natural variation in pollinator-generated frequencies and their ecological relevance (King & Buchmann, 1996; Russell et al., 2016).

			

			Floral responsiveness to vibrations may be influenced by traits other than frequency, such as anther architecture, stiffness, and resonance properties (Arroyo-Correa et al., 2019; Vallejo-Marín et al., 2022; Zhang et al., 2019). Future work should incorporate these factors and determine their contribution to the efficiency and selectivity of pollen release mechanisms.

			In conclusion, we found that, for most of our Solanum species (5 out of 6), the range of anther dehiscence frequencies spanned from 100 to 900 Hz, with a peak around 500 Hz. Our results indicate that pollen release in these Solanum species is not uniform across these frequencies, suggesting that flowers may selectively dispense pollen depending on the vibrational characteristics of their floral visitors (bees and flies). This frequency sensitivity could function as a selective pollen allocation strategy, potentially enhancing pollination efficiency by favoring effective pollinators with greater pollen access (De Luca & Vallejo-Marín, 2013; Harder & Thomson, 1989). Such floral selectivity aligns with broader theories (Harder & Thomson, 1989) of pollen presentation and could represent an adaptive mechanism for optimizing reproductive success in generalist pollination systems. Finally, we successfully designed and developed a portable system that can function as a field laboratory to study flower sonication as a mechanism for pollen release in poricidal anthers, enabling in situ sampling.

			Future research should explore how differences in anther disposition and geometry influence pollen release. Fused anthers, for instance, may reduce pollen wastage by directing pollen toward the visitor’s body (Vallejo-Marín et al., 2022). It would be important to quantify and compare the amount of pollen released across species with different anther architectures. Taken together, our findings contribute to a growing body of evidence suggesting that floral morphology and vibrational frequency interact in complex ways to mediate pollen release, with broad implications for plant–pollinator coevolution and buzz pollination ecology.

			Ethical statement: The authors declare that they all agree with this publication and made significant contributions; that there is no conflict of interest of any kind; and that we followed all pertinent ethical and legal procedures and requirements. All financial sources are fully and clearly stated in the acknowledgments section. A signed document has been filed in the journal archives.

			ACKNOWLEDGMENTS

			Isabel Vargas made comments and corrections which helped to improve the project set up. Rubén Madrigal guided us in developing the T-oscillator and facilitated 3D printing. Thanks to Hanzar Abel for helping us during the field trips. We are grateful to Isler Chinchilla and Alexa Rodríguez for their help in identifying the Solanum species.

			REFERENCES

			Aguilar, I., & Briceño, D. (2002). Sounds in Melipona costaricensis (Apidae: Meliponini): Effect of sugar concentration and nectar source distance. Apidologie, 33(4), 375–388. https://doi.org/10.1051/apido:2002023

			Aldana, J., Cure, J. R., Almanza, M. T., Vecil, D., & Rodríguez, D. (2007). Efecto de Bombus atratus (Hymenoptera: Apidae) sobre la productividad de tomate (Lycopersicon esculentum Mill.) bajo invernadero en la Sabana de Bogotá, Colombia. Agronomía Colombiana, 25(1), 62–72.

			Anderson, G. J., Martine, C. T., Prohens, J., & Nuez, F. (2006). Solanum perlongistylum and S. catilliflorum, new endemic Peruvian species of Solanum, section Basarthrum, are close relatives of the domesticated pepino, S. muricatum. Novon: A Journal for Botanical Nomenclature, 16(2), 161–167. https://doi.org/10.3417/1055-3177(2006)16[161:SPASCN]2.0.CO;2

			Arroyo-Correa, B., Beattie, C., & Vallejo-Marín, M. (2019). Bee and floral traits affect the characteristics of the vibrations experienced by flowers during buzz pollination. Journal of Experimental Biology, 222(4), jeb198176. https://doi.org/10.1242/jeb.198176

			Arvelos, C. A. (2021). Buzz trap: Identificação de abelhas usando características acústicas e inteligência artificial [Bachelor’s thesis, Universidade Federal de Uberlândia]. UFU Institutional Repository. https://repositorio.ufu.br/handle/123456789/31978

			

			Bohs, L. (2001). Revision of Solanum section Cyphomandropsis (Solanaceae). Systematic Botany Monographs, 61, 1–85. https://doi.org/10.2307/25027891

			Brenes-Rodríguez, E. (2016). Análisis de las interacciones de visitación floral por insectos y su importancia para la conservación de la flora del páramo, en el Macizo Cerro de la Muerte [Tesis de licenciatura, Universidad Estatal a Distancia]. https://doi.org/10.13140/RG.2.2.14869.63207

			Buchmann, S. L. (1985). Bees use vibration to aid pollen collection from non-poricidal flowers. Journal of the Kansas Entomological Society, 58(3), 517–525.

			Buchmann, S. L., & Hurley, J. P. (1978). A biophysical model for buzz pollination in angiosperms. Journal of Theoretical Biology, 72(4), 639–657. https://doi.org/10.1016/0022-5193(78)90277-1

			Burkart, A., Lunau, K., & Schlindwein, C. (2011). Comparative bioacoustical studies on flight and buzzing of neotropical bees. Journal of Pollination Ecology, 6(16), 118–124. https://doi.org/10.26786/1920-7603(2011)17

			Cambria, S., Banfi, E., Verloove, F., & Domina, G. (2015). Solanum lanceolatum (Solanaceae) in Sicily: A new alien species for the European flora. Flora Mediterranea, 25, 115–120. https://doi.org/10.7320/flmedit25.115

			Carrizo-García, C., Matesevach, M., & Barboza, G. (2008). Features related to anther opening in Solanum species (Solanaceae). Botanical Journal of the Linnean Society, 158(2), 344–354. https://doi.org/10.1111/j.1095-8339.2008.00885.x

			Castellanos, M. C., Wilson, P., Keller, S. J., Wolfe, A. D., & Thomson, J. D. (2006). Anther evolution: Pollen presentation strategies when pollinators differ. The American Naturalist, 167(2), 288–296. https://doi.org/10.1086/498854

			Clifford, S., Low-Choy, S., Hussein, T., Mengersen, K., & Morawska, L. (2011). Using the generalised additive model to model the particle number count of ultrafine particles. Atmospheric Environment, 45(32), 5934–5945. https://doi.org/10.1016/j.atmosenv.2011.05.004

			Cruz, S. M., & Grozinger, C. M. (2023). Mapping student understanding of bees: Implications for pollinator conservation. Conservation Science and Practice, 5(3), e12902. https://doi.org/10.1111/csp2.12902

			De Luca, P. A., Buchmann, S., Galen, C., Mason, A. C., & Vallejo-Marín, M. (2019). Does body size predict the buzz-pollination frequencies used by bees? Ecology and Evolution, 9(8), 4875–4887. https://doi.org/10.1002/ece3.5092

			De Luca, P. A., & Vallejo-Marín, M. (2013). What’s the “buzz” about? The ecology and evolutionary significance of buzz-pollination. Current Opinion in Plant Biology, 16(4), 429–435. https://doi.org/10.1016/j.pbi.2013.05.002

			Denyer, P. (2001). Las leyendas de las minas del Tisingal y La Estrella en Costa Rica. Revista Geológica de América Central, 25, 49–62. https://doi.org/10.15517/rgac.v0i25.8538

			Dias-Filho, M. B. (1997). Physiological response of Solanum crinitum Lam. to contrasting light environments. Pesquisa Agropecuária Brasileira, 32(8), 789–796. https://doi.org/10.1590/S1678-3921.pab1997.v32.4721

			Dixon, P. (2003). VEGAN, a package of R functions for community ecology. Journal of Vegetation Science, 14(6), 927–930. https://doi.org/10.1111/j.1654-1103.2003.tb02228.x

			Dormann, C. F., Fründ, J., Blüthgen, N., & Gruber, B. (2009). Indices, graphs and null models: Analyzing bipartite ecological networks. The Open Ecology Journal, 2(1), 7–24. https://doi.org/10.2174/1874213000902010007

			Dormann, C. F., Gruber, B., & Fründ, J. (2008). Introducing the bipartite package: Analysing ecological networks. R News, 8(2), 8–11. https://journal.r-project.org/articles/RN-2008-010/

			FrequencyGen. (2022). Frequency generator [Software]. https://frequencygen.com/

			Frodin, D. G. (2004). History and concepts of big plant genera. Taxon, 53(3), 753–776. https://doi.org/10.2307/4135449

			Galili, T. (2015). dendextend: An R package for visualizing, adjusting and comparing trees of hierarchical clustering. Bioinformatics, 31(22), 3718–3720. https://doi.org/10.1093/bioinformatics/btv428

			Giraldo, C. E., Ramírez-Restrepo, L., Escobar, F., & Uribe, S. (2014). Life cycle and host plants of Mechanitis menapis doryssus (Danainae: Ithomiini) in Mexico. Southwestern Entomologist, 39(4), 761–772. https://doi.org/10.3958/059.039.0407

			Gómez, J. M. (2002). Generalización en las interacciones entre plantas y polinizadores. Revista Chilena de Historia Natural, 75(1), 105–115. https://doi.org/10.4067/S0716-078X2002000100010

			Hanson, P., Fernández-Otárola, M., Lobo-Segura, J., Frankie, G., Coville, R., Aguilar-Monge, I., Acuña-Cordero, M., & Herrera-González, E. (2021). Abejas de Costa Rica (1.ª ed.). Editorial UCR.

			Harder, L. D., & Barclay, R. M. R. (1994). The functional significance of poricidal anthers and buzz pollination: Controlled pollen removal from Dodecatheon. Functional Ecology, 8(4), 509–517. https://doi.org/10.2307/2390076

			Harder, L. D., & Thomson, J. D. (1989). Evolutionary options for maximizing pollen dispersal of animal-pollinated plants. The American Naturalist, 133(3), 323–344. https://doi.org/10.1086/284920

			Hristov, P., Neov, B., Shumkova, R., & Palova, N. (2020). Significance of Apoidea as main pollinators: Ecological and economic impact and implications for human nutrition. Diversity, 12(7), 280. https://doi.org/10.3390/d12070280

			Instituto Meteorológico Nacional. (2022). Mapa de Costa Rica: Pronóstico del tiempo por regiones. https://www.imn.ac.cr/web/imn/mapa

			Jun, C., Granville, M., & Samson, L. D. (2022). ggcorrplot2: Visualize a correlation matrix using ggplot2 (Version 0.1.2) [Computer software]. https://rpkgs.datanovia.com/ggcorrplot/

			Khalifa, S. A. M., Elshafiey, E. H., Shetaia, A. A., El-Wahed, A. A. A., Algethami, A. F., Musharraf, S. G., AlAjmi, M. F., Zhao, C., Masry, S. H. D., Abdel-Daim, M. M., Halabi, M. F., Kai, G., Naggar, Y. A., Bishr, M., Diab, M. A. M., & El-Seedi, H. R. (2021). Overview of bee pollination and its economic value for crop production. Insects, 12(8), 688. https://doi.org/10.3390/insects12080688

			King, M. J., & Buchmann, S. L. (1996). Sonication dispensing of pollen from Solanum laciniatum flowers. Functional Ecology, 10(4), 449–456. https://doi.org/10.2307/2389937

			Knapp, S. (2013). A revision of the dulcamaroid clade of Solanum L. (Solanaceae). PhytoKeys, 22, 1–428. https://doi.org/10.3897/phytokeys.22.4041

			Knapp, S., Barboza, G. E., Bohs, L., & Särkinen, T. (2019). A revision of the morelloid clade of Solanum L. (Solanaceae) in north and Central America and the Caribbean. PhytoKeys, 123, 1–144. https://doi.org/10.3897/phytokeys.123.31738

			Librán-Embid, F., Grass, I., Emer, C., Ganuza, C., & Tscharntke, T. (2021). A plant–pollinator metanetwork along a habitat fragmentation gradient. Ecology Letters, 24(12), 2700–2712. https://doi.org/10.1111/ele.13892

			Marques-Válio, I. F., & Scarpa, F. M. (2001). Germination of seeds of tropical pioneer species under controlled and natural conditions. Brazilian Journal of Botany, 24(1), 79–84. https://doi.org/10.1590/S0100-84042001000100009

			Martínez, M., Vargas-Ponce, O., Rodríguez, A., Chiang, F., & Ocegueda, S. (2017). Solanaceae family in Mexico. Botanical Sciences, 95(1), 131–145. https://doi.org/10.17129/botsci.658

			Meza, T. A. (1998). Zona protectora cerros de Escazú. Temas de Nuestra América Revista de Estudios Latinoamericanos, 14(30), 29–33.

			Moore, C. D., & Hassall, C. (2016). A bee or not a bee: An experimental test of acoustic mimicry by hoverflies. Behavioral Ecology, 27(6), 1767–1774. https://doi.org/10.1093/beheco/arw107

			Murtagh, F., & Legendre, P. (2014). Ward’s hierarchical agglomerative clustering method: Which algorithms implement Ward’s criterion? Journal of Classification, 31(3), 274–295. https://doi.org/10.1007/s00357-014-9161-z

			Obregón-Corredor, D. (2011). Origen botánico de la miel y el polen provenientes de nidos de Melipona eburnea Friese, 1900 y Tetragonisca angustula (Latreille, 1811), (Apidae: Meliponini) para estimar su potencial polinizador [Tesis de maestría, Universidad Nacional de Colombia]. Repositorio Institucional UNAL. https://repositorio.unal.edu.co/handle/unal/8598

			Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D., Borman, T., Carvalho, G., Chirico, M., De Caceres, M., … Weedon, J. (2026). Vegan: Community ecology package (Version 2.8-0) [Computer software]. https://github.com/vegandevs/vegan

			Pereira-Nunes, C. E., Nevard, L., Montealegre-Z, F., & Vallejo-Marín, M. (2021). Variation in the natural frequency of stamens in six morphologically diverse, buzz-pollinated, heterantherous Solanum taxa and its relationship to bee vibrations. Botanical Journal of the Linnean Society, 197(4), 541–553. https://doi.org/10.1093/botlinnean/boab044

			Ramírez-Arriaga, E., Pacheco-Palomo, K. G., Moguel-Ordoñez, Y. B., Zepeda-García-Moreno, R., & Godínez-García, L. M. (2018). Angiosperm resources for stingless bees (Apidae, Meliponini): A pot-pollen melittopalynological study in the Gulf of Mexico. In P. Vit, S. Pedro, & D. Roubik (Eds.), Pot-pollen in stingless bee melittology (pp. 119–135). Springer. https://doi.org/10.1007/978-3-319-61839-5_9

			Rashed, A., Khan, M. I., Dawson, J. W., Yack, J. E., & Sherratt, T. N. (2009). Do hoverflies (Diptera: Syrphidae) sound like the Hymenoptera they morphologically resemble? Behavioral Ecology, 20(2), 396–402. https://doi.org/10.1093/beheco/arn148

			Ratti, C. M., Higo, H. A., Griswold, T. L., & Winston, M. L. (2008). Bumble bees influence berry size in commercial Vaccinium spp. cultivation in British Columbia. The Canadian Entomologist, 140(3), 348–363. https://doi.org/10.4039/n07-065

			R Core Team. (2021). R: A language and environment for statistical computing [Computer software]. R Foundation for Statistical Computing. https://www.R-project.org/

			Restrepo-Chica, M., & Bonilla-Gomez, M. A. (2017). Dinámica de la fenología y visitantes florales de dos bromelias terrestres de un páramo de Colombia. Revista Mexicana de Biodiversidad, 88(3), 636–645. https://doi.org/10.1016/j.rmb.2017.07.008

			Roe, K. E. (1972). A revision of Solanum section Brevantherum (Solanaceae). Brittonia, 24(3), 239–278. https://doi.org/10.2307/2805665

			Russell, A. L., Leonard, A. S., Gillette, H. D., & Papaj, D. R. (2016). Concealed floral rewards and the role of experience in floral sonication by bees. Animal Behaviour, 120(4), 83–91. https://doi.org/10.1016/j.anbehav.2016.07.024

			Saini, L., Tyagi, A., Mohammed, I., & Malik, V. (2020). Solanum chrysotrichum Schltdl.: A new distributional record from Western Uttar Pradesh. Species, 21(67), 48–52.

			Salamanca-Grosso, G., Osorio-Tangarife, M. P., & Casas-Restrepo, L. C. (2014). Origen botánico y dominancia cromática de las cargas de polen corbicular colectado por Apis mellifera L. (Hymenoptera: Apidae) en cuatro zonas biogeográficas colombianas. Zootecnia Tropical, 32(4), 377–390.

			Särkinen, T., Poczai, P., Barboza, G. E., van der Weerden, G. M., Baden, M., & Knapp, S. (2018). A revision of the Old World black nightshades (Morelloid clade of Solanum L., Solanaceae). PhytoKeys, 106, 1–223. https://doi.org/10.3897/phytokeys.106.21991

			Sepúlveda-Cano, P. A. (2013). Diversidad de abejas (Hymenoptera: Apoidea: Anthophila) en cultivos de papa (Solanum tuberosum L.) y su efecto en la polinización [Tesis de doctorado, Universidad Nacional de Colombia]. Repositorio Institucional UNAL. https://repositorio.unal.edu.co/handle/unal/11904

			Smith-Ramírez, C., Vieli, L., Barahona-Segovia, R. M., Montalva, J., Cianferoni, F., Ruz, L., Fontúrbel, F. E., Valdivia, C. E., Medel, R., Pauchard, A., Celis-Diez, J. L., Riesco, V., Monzón, V., Vivallo, F., & Neira, M. (2018). Las razones de por qué Chile debe detener la importación del abejorro comercial Bombus terrestris (Linnaeus) y comenzar a controlarlo. Gayana, 82(2), 118–127. http://dx.doi.org/10.4067/S0717-65382018000200118

			Steinacher, G., & Wagner, J. (2010). Flower longevity and duration of pistil receptivity in high mountain plants. Flora - Morphology, Distribution, Functional Ecology of Plants, 205(6), 376–387. https://doi.org/10.1016/j.flora.2009.12.012

			Stern, S., & Bohs, L. (2016). An eight marker phylogeny of Solanum sect. Micracantha (Solanaceae). Systematic Botany, 41(1), 120–127. https://doi.org/10.1600/036364416X690589

			Stern, S., Bohs, L., Giacomin, L., Stehmann, J., & Knapp, S. (2013). A revision of Solanum section Gonatotrichum. Systematic Botany, 38(2), 471–496. https://doi.org/10.1600/036364413X666624

			Téllez-Farfán, L., & Posada-Flórez, F. J. (2013). Actividad polinizadora y preferencia floral de Bombus spp. (Hymenoptera: Apidae) presentes en una cerca viva. Revista U.D.C.A Actualidad & Divulgación Científica, 16(2), 359–367. https://doi.org/10.31910/rudca.v16.n2.2013.908

			Tepe, E. J., & Bohs, L. (2011). A revision of Solanum section Herpystichum. Systematic Botany, 36(4), 1068–1087. https://doi.org/10.1600/036364411X605074

			Teppner, H. (2005). Pollinators of tomato, Solanum lycopersicum (Solanaceae), in central Europe. Phyton, 45(2), 217–235.

			Thakur, M. (2012). Bees as pollinators–biodiversity and conservation. International Research Journal of Agricultural Science and Soil Science, 2(1), 1–7.

			Torres-García, I., Delgado-Lemus, A. M., & Casas, A. (2023). Solanum americanum Mill., Solanum cardiophyllum Lindl., Solanum demissum Lindl., Solanum douglasii Dunal, Solanum elaeagnifolium Cav., Solanum ehrenbergii (Bitter) Rydb., Solanum houstonii Martyn, Solanum lycopersicum L., Solanum nigrescens M. Martens & Galeotti, Solanum pubigerum Dunal, Solanum rostratum Dunal, Solanum rudepannum Dunal, Solanum stoloniferum Schltdl., Solanum umbellatum Mill., Solanum verrucosum Schltdl. (Solanaceae). In A. Casas & J. J. Blancas Vázquez (Eds.), Ethnobotany of the mountain regions of Mexico (pp. 1–21). Springer. https://doi.org/10.1007/978-3-319-77089-5_50-1

			Vallejo-Marín, M. (2019). Buzz pollination: Studying bee vibrations on flowers. New Phytologist, 224(3), 1068–1074. https://doi.org/10.1111/nph.15666

			Vallejo-Marín, M. (2022). How and why do bees buzz? Implications for buzz pollination. Journal of Experimental Botany, 73(4), 1080–1092. https://doi.org/10.1093/jxb/erab428

			Vallejo-Marín, M., Pereira-Nunes, C. E., & Russell, A. L. (2022). Anther cones increase pollen release in buzz-pollinated Solanum flowers. Evolution, 76(5), 931–945. https://doi.org/10.1111/evo.14485

			Vallejo-Marín, M., & Vallejo, G. C. (2021). Comparison of defence buzzes in hoverflies and buzz-pollinating bees. Journal of Zoology, 313(4), 237–249. https://doi.org/10.1111/jzo.12857

			Vallejo-Marín, M., & Russell, A. L. (2024). Harvesting pollen with vibrations: Towards an integrative understanding of the proximate and ultimate reasons for buzz pollination. Annals of Botany, 133(3), 379–398. https://doi.org/10.1093/aob/mcad189

			Vargas-Guarin, A., & Polanco-Puerta, M. F. (2023). Acciones antropogénicas y su incidencia sobre el declive de poblaciones de polinizadores (abejas nativas) en agroecosistemas cafeteros. Ciencia y Tecnología Agropecuaria, 24(3), 1–21. https://doi.org/10.21930/rcta.vol24_num3_art:3042

			

			Wieling, M. (2018). Analyzing dynamic phonetic data using generalized additive mixed modeling: A tutorial focusing on articulatory differences between L1 and L2 speakers of English. Journal of Phonetics, 70, 86–116. https://doi.org/10.1016/j.wocn.2018.03.002

			Zhang, H., Zhou, Z., & An, J. (2019). Pollen release dynamics and daily patterns of pollen-collecting activity of honeybee Apis mellifera and bumblebee Bombus lantschouensis in solar greenhouse. Insects, 10(7), 216. https://doi.org/10.3390/insects10070216

			Zúñiga-Venegas, W. (2004). Ordenación de espacios naturales: Los cerros de Escazú (Costa Rica) [Tesis doctoral, Universitat de Barcelona]. Repositorio de TDX. https://tdx.cat/handle/10803/1941

		

		
			
				[image: ]
			

		

		
			Fig. 1. Portable laboratory and T-oscillator setup. A. Zenithal view of the experimental assembly inside the black isolated box (b), showing the PC (a), USB/aux connections (c), pliers (d), flower (e), magnifying glass (f), buzzer (g), T-oscillator (h), and cellphone window (i). B. Diagram of the isolated system highlighting the protection against wind effects.

		

		
			Table 1

			Distribution of the Solanum species examined in this study in the American continent, 
describing the habitat, and pollinator kind.

			
				
					
					
					
					
				
				
					
							
							Species

						
							
							Distribution

						
							
							Habitat

						
							
							Type of pollinator

						
					

					
							
							Solanum americanum (Mill, 1768).

						
							
							Southeastern and West coast of the United States, Mexico, Central America and Caribbean islands (Knapp et al., 2019)

						
							
							Occurs in disturbed areas, open habitats, treefall gaps, roadsides, and coastal zones; distributed from sea level up to 2 000 m.a.s.l. (Knapp et al., 2019)

						
							
							Self-pollinated and pollen carried by bees and Syrphids (Torres-García et al., 2023), Apis mellifera, Melipona (Ramírez-Arriaga et al., 2018).

						
					

					
							
							Solanum aturense (Dunal, 1816).

						
							
							Southern Mexico (Oaxaca, Veracruz) (Martínez et al., 2017), Central America and Caribbean islands (Ramírez-Arriaga et al., 2018).

						
							
							Anthropogenically disturbed habitats (e.g., roadsides, wetlands, grazing lands) and canopy openings in primary forests (Stern & Bohs, 2016).

						
							
							Melipona7, A (Obregón-Corredor, 2011). Mellifera (Salamanca-Grosso et al., 2014).

						
					

					
							
							Solanum caripense (Dunal, 1816).

						
							
							Costa Rica to Peru (Anderson et al., 2006).

						
							
							Montane environments (Anderson et al., 2006).

						
							
							Unknown.

						
					

					
							
							Solanum chrysotrichum (Schltdl, 1847).

						
							
							Central America (Saini et al., 2020).

						
							
							Tropical regions (Saini et al., 2020).

						
							
							Unknown.

						
					

					
							
							Solanum lanceolatum (Caballeria, 1838).

						
							
							Southern Mexico (Oaxaca, Veracruz, Jalisco)(Martínez et al., 2017) and Central America (Cambria et al., 2015).

						
							
							Secondary forests, ruderal habitats (Cambria et al., 2015).

						
							
							Melipona and Melipona beecheii (Ramírez-Arriaga et al., 2018).

						
					

					
							
							Solanum myriacanthum (Dunal, 1813).

						
							
							Eastern Mexico to Costa Rica (Giraldo et al., 2014). 

						
							
							Secondary forests, pastures, roads, and crop fields. From sea level to 1 700 m.a.s.l. (Giraldo et al., 2014)

						
							
							Unknown.
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			Fig. 2. Probability of pollen release (y-axis) resulting from the applied frequencies to the flowers after performing a GAMM model to the binary behaviour (flower dehiscence or not). The area delimited by the dotted lines represents the confidence interval. Where there is a wider band, there is more uncertainty in the model’s prediction. The solid line is the probability as a function of a given frequency.
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			Fig. 3. Incidence of anther rupture in flowers of six Solanum species (n = 74 flowers) as a function of oscillation frequency (x-axis) generated by the T-oscillator.
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					Fig. 4. Anther rupture in all collected flowers (n = 74) from six Solanum species at different oscillation frequencies and its match with vibration frequencies produced by various bee species (Hymenoptera) and Syrphid flies. The vibration frequencies of these floral visitors were recorded during flower visits by Aguilar and Briceño (2002), Arvelos (2021), Buchmann (1985), Burkart et al. (2011), De Luca et al. (2019), Hanson et al. (2021), Teppner (2005), Vallejo-Marín & Vallejo (2021), and Vallejo-Marín (2022).
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			Fig. 5. Correlation matrix for six Solanum species based on their responses to different oscillation frequencies. Statistically significant correlations (p < 0.05) are shown without marks, whereas non-significant correlations (p > 0.05) are marked with an X. However, anther dehiscence frequencies did not fully coincide with the floral visitation frequencies reported for Hymenoptera and Diptera. The maximum anther dehiscence value was observed at 500 Hz, whereas the frequencies reported for insects were up to 400 Hz lower (Fig. 4).
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ABSTRACT
Introduction: In the buzz-pollination syndrome, bees use vibrations generated by their thoracic muscles to
release pollen concealed within poricidal anthers. Flowers adapted to this syndrome have structures that respond
to specific vibration frequencies, releasing pollen onto visiting pollinators.
Objective: To analyze the match between the vibration frequencies produced by floral visitors and those that trig-
ger pollen release in six Solanum species along an elevational gradient. We hypothesized that Solanum anthers are
adapted to release pollen at frequencies that coincide with the thoracic vibrations of multiple pollinator species,
thereby promoting a generalist pollination strategy.
Methods: Sampling was conducted along the Central Mountain Range of Costa Rica, where flowers from
Solanum plants were collected. To measure pollen release as a function of vibration frequency, we designed, and
3D-printed, a rigid device, the “T oscillator’, which was connected to a buzzer generating 11 vibration frequen-
cies ranging from 10 to 900 Hz. Our device was aiming to mimic the bee’s behavior during floral visits.
Results: We found six Solanum species and collected a total of 86 flowers along a 5.5 km transect (1 600-2 400
m.a.s.L). Most species exhibited peak pollen release around 500 Hz, although Solanum caripense responded most
strongly at 600 Hz. All bee frequencies were within the range of floral response frequencies. We also detected a
‘match between the vibration frequencies that triggered pollen release and those produced by bees during floral
visits.
Conclusions: We successfully developed a portable system to study flower sonication as a mechanism for pol-
len release in poricidal anthers. Solanum species exhibit broader frequency responses than the range typically
produced by their floral visitors, suggesting a generalist buzz-pollination system. This flexibility likely ensures
reproductive success by accommodating pollinators with varying vibration frequencies. Furthermore, variation
in pollen release across flower-visitor interactions may reflect functional differentiation in pollination efficiency.

Key words: anthers vibration; buzz vibrations; pollination systems; plant-insect interactions; thoracic pollination;
generalist species.





