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Introduction: Blueberry is one of the most relevant buzz-pollinated crops worldwide, and Chile is the most important global producer of fresh blueberries during wintertime in the Northern Hemisphere. Non-buzzing bees, such as honey bees, may provide suboptimal services compared with bees capable of buzz pollination. The widely held contention that honey bees are inferior pollinators of blueberries drives the industry to place pressure on governments to allow bumblebee (Bombus terrestris) importation for pollination. However, the introduction of B. terrestris generates environmental problems in Chile by competing with and transmitting parasites to local bees. Despite some native Chilean bees being recently recognized as efficient pollen vectors of blueberry crops, no study has evidenced the influence of their visits on fruit yield. Therefore, we aimed to evaluate the native Chilean floral visitors' performance to improve the quantity and quality of highbush blueberry in comparison to the performance of managed visitors.

Methods: Per-visit pollination performance (fruit set and fruit quality) and visitation frequency were measured, and the performance of buzzing behavior by flower visitors was evaluated in four cultivars grown in five blueberry orchards located in southern Chile.

Results: We found that fruit set and weight were highly influenced by floral visitor taxon. Some native bee species can greatly improve the fruit set and fruit quality (greater weight) of the highbush blueberry cultivars. For instance, one single visit of C. occidentalis can increase fruit weight by a factor of 1.8 compared to an A. mellifera visit; however, visits of halictids and syrphids resulted in lower fruit sets than those of unvisited flowers. However, we found that the occurrence of sonication behavior alone was not a predictor of higher fruit set and fruit weight of highbush blueberry cultivars. Consequently, the taxonomic recognition of floral visitors, ideally to the species level, is still needed to distinguish the most efficient fruit yield promoters of blueberry.

Discussion: The conservation of the biotic pollinators, especially native pollinators, would improve blueberry fruit quality and is likely to improve overall crop productivity.
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1. Introduction

World blueberry production has more than doubled in the last 10 years, reaching 823,328 tons in 2019. Of this, 58% is produced in North America, with38% in the United States and 20% in Canada (FAO, 2020). Following the same trend, the area of Chilean blueberry cultivation has increased rapidly during the last 30 years (Retamales and Hancock, 2018). In 2021, Chile had 18,000 hectares planted with blueberry, exported 118,225 tons of fresh blueberry fruit, and was the third greatest provider of fresh blueberry fruit to the Northern Hemisphere during its winter (Velasco, 2021). However, there are several challenges to producing blueberry fruits of high and consistent quality (Retamales and Hancock, 2018). The number of fruits per plant and their fresh weight are two fundamental factors of blueberry plant yield (Hall et al., 2020). Large and consistent berries increase the market price (Gilbert et al., 2014).

High-quality fruit production by wild and commercial blueberries is highly dependent on the input of biotic pollinators (MacKenzie and Eickwort, 1996; Fulton et al., 2015). Studies in the native range of southern and northern highbush blueberries reveal that the most effective pollinators of blueberries are typically large bees that can extract pollen from anthers by vibrating their bodies during floral visits (Stubbs and Drummond, 1996; Javorek et al., 2002; Campbell et al., 2018). The vibrations produce an audible buzzing sound, which gives the name to this pollination syndrome: buzz pollination or floral sonication (Vallejo-Marín, 2019; Pritchard and Vallejo-Marín, 2020).

The predominant floral trait related to buzzing behavior is the presence of poricidal anthers (Buchmann, 1983; De Luca and Vallejo-Marin, 2013). For flowers with poricidal anther dehiscence, the only exit of pollen from the flower is via tiny openings at the apex of the anthers (Delaplane et al., 2000). This is the case for blueberry flowers and flowers of more than 20,000 species of native and cultivated flowering plants (Buchmann, 1983). Although most buzz-pollinated flowers are nectar-less (Vallejo-Marín et al., 2010), in some cases, such as with blueberry, flowers also produce floral nectar (Javorek et al., 2002), which implies that even a flower visitor capable of sonicating will not necessarily do so if it is looking for nectar. Furthermore, although hives of the honey bee (Apis mellifera) are widely managed for blueberry pollination throughout the world (Benjamin et al., 2014; FAO, 2020), these bees are unable to sonicate and tend to present lower per-visit pollen deposition rates than bees capable of vibrating flowers (Javorek et al., 2002; Rogers et al., 2013; Cortés-Rivas et al., 2023). Thus, honey bees and other non-buzzing bees may provide a suboptimal service compared with other bees capable of buzz pollination (Stubbs and Drummond, 1996; Javorek et al., 2002; Kim et al., 2005; Campbell et al., 2018; Nicholson and Ricketts, 2019; Cooley and Vallejo-Marín, 2021).

The widely held contention that honey bees are inferior pollinators of blueberries drives the industry to place pressure on governments to allow bumblebee (Bombus terrestris) importation for pollination. Managed beehives of B. terrestris achieve high yields due, partially, to their ability to sonicate flowers and be active during environmental conditions unfavorable to honey bees (De Luca et al., 2013; Howlett et al., 2019; Cortés-Rivas et al., 2023). However, the introduction of B. terrestris generates serious problems for the conservation of native pollinators since this species is highly invasive where it is introduced and can compete and transmit parasites to native bees (Matsumura et al., 2004; Dafni et al., 2010; Morales et al., 2013; Smith-Ramírez et al., 2018). As a result, strict laws prohibiting the movement of bumblebees are in place in parts of the USA (Winter et al., 2006), southern Africa, and Australasia (Goka, 2010; Inoue and Yokoyama, 2010) because their introduction could have undesired effects on native fauna and flora (Velthuis and Van Doorn, 2006; Goka, 2010; Inoue and Yokoyama, 2010).

However, the performance of native fauna to pollinate blueberry crops in Chile has recently been revealed, with some bee species having high conspecific pollen transference (Cortés-Rivas et al., 2023). These highly efficient native species would be a more sustainable alternative to B. terrestris importation. Despite this encouraging finding, no study has evidenced the influence of the visits of these native species on fruit yield. Therefore, distinguishing the pollinators associated with higher fruit quantity and quality among the local pool of visitor species is essential to reveal their relative importance for agricultural production (Javorek et al., 2002; Isaacs and Kirk, 2010; Nicholson and Ricketts, 2019). Thus, we aimed to evaluate the native Chilean floral visitors' ability to improve highbush blueberry fruit yield compared to that of managed visitors. We expected that, due to the capacity of some native bee taxa to perform sonication and transfer a high amount of conspecific pollen, their visits would result in higher fruit set and fruit weight in relation to A. mellifera and at least similar to B. terrestris, making them suitable alternative candidates to improve fruit yield of blueberry crops in Chile (Hypothesis 1). Because the occurrence of floral sonication is a predictor of higher pollen deposition on the stigmatic surface of blueberry flowers (Cortés-Rivas et al., 2023), we wanted to know if buzzing behavior was associated with higher fruit quantity and/or quality, so we compared blueberry fruit production between the subset of visits with floral sonication and the subset of visits without this behavior. We chose this approach to focus on the influence of the buzzing behavior itself rather than having to assume that a bee belonging to a taxon capable of vibrating does necessarily vibrate on every visit. We expected that visits to highbush blueberry flowers accompanied by buzzing behavior would be associated with higher fruit set, seed set, and fruit weight than visits without this behavior (Hypothesis 2).



2. Materials and methods


2.1. Study areas

Fieldwork was conducted in five highbush blueberry orchards located in southern Chile (Maule and Los Ríos Regions; Supplementary Figure S1; Table 1) between September and November in 2020 and 2021. The total area of cultivated blueberries per orchard ranged from 3.2 to 141 hectares of both organic and conventional farming. The most common growing cultivars were Legacy, Brigitta, Duke, Elliot, and Draper. Four of the five orchards were supplemented with colonies of managed exotic bees of Bombus terrestris and/or Apis mellifera (Table 1). The local temperature varied between 10°C and 37°C (average 20.2°C), and the wind varied between 0.16 and 8.85 km/h.


TABLE 1 Highbush blueberry orchards located in the southern region of Chile (Maule and Los Ríos Regions), where this study was conducted from September to November of 2020 and 2021.
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2.2. Pollination efficiency and fruit yield

We measured fruit set and seed set based on the single visit test (Ne'eman et al., 2010). To conduct this test, we randomly selected and labeled 10 individual plants per blueberry cultivar/orchard, maintaining a minimum distance of 10 m between each individual plant, as follows: (1) Agrícola Aguas Negras: Legacy, Elliot, Draper, Brigitta, and Duke; (2) Shine Liucura: Legacy, Elliot, and Brigitta; (3) Agroberries Asque: Brigitta, Duke, Elliot, and Legacy; (4) Agroberries Cun Cun: Brigitta, Duke, Elliot, and Legacy; (5) Agrícola Campos Álvarez: Duke and Legacy. For each labeled plant, we enclosed three clusters of flowers in the bud stage in tulle bags after removing all open flowers to ensure that only non-visited flowers remained. After the flower opening, we removed the bags and allowed a single visit to each cluster. We noted whether insects sonicated the flower during flower visits (based on our audible perception of the sound emitted by bees vibrating) and recorded information about individual plant identification, blueberry cultivar, orchard, date, and time. Immediately after an insect concluded its visit, we identified (or collected) it and marked the flower with colored wool yarn (N = 834 flowers). We also marked some non-visited flowers (N = 354 flowers) with wool yarn of a different color (control group) and re-bagged all of the flowers. We, then, killed the collected insects and stored them in individually labeled flasks. In the laboratory, we photographed and identified the insects to the lowest taxonomic level possible.

We kept the flowers bagged for approximately 70 (±3) days and then checked whether the flowers set fruit, and if they did, we immediately weighed each fruit using a precision balance (Dblue® model DBPDWS32S, Valparaíso, Chile; precision 0.001g). In the laboratory, we separated the seeds from the pulp and counted the number of viable seeds (according to Dogterom et al., 2000; Rogers et al., 2013).



2.3. Statistical analysis

We arranged the data according to visitor taxon and according to the occurrence of buzzing behavior during each visit. Data were not normally distributed according to visual inspection with the QQ plot and Shapiro–Wilk tests, so we used non-parametric tests.

We used generalized linear mixed models (GLMMs) to determine whether the fruit set (binomial distribution, link = “logit”) differed among floral visitor taxa and the control (non-visited flowers) (function “glmmTMB”, “glmmTMB” package, Brooks et al., 2017). We built another GLMM to determine whether fruit sets differed between visits with and without sonication, among study orchards, and blueberry cultivars. Individual plants (10 individual plants per blueberry cultivar/orchard) were included as the random factor for these models.

To analyze how fruit weight (response variable) was influenced by pollinator taxon, visits with and without sonication, study orchard identification, blueberry cultivar, and the interaction between pollinator taxon and blueberry cultivar, we used a GLMM with a gamma distribution using the glmmTMB function in the glmmTMB package (Magnusson et al., 2019). To analyze if the number of seeds per fruit (count response variable) was influenced by pollinator taxon, sonication, blueberry cultivar, and the interaction between pollinator taxon and blueberry cultivar, we used a GLMM with a zero-inflated negative binomial distribution (“nbinom1”) using the glmmTMB function in the glmmTMB package (Magnusson et al., 2019). We included the orchard name (as shown in Table 1) as a random factor for these models.

We assessed the fit of all models using the diagnostic plots of the “DHARMa” package (Hartig, 2020). We tabulated estimated marginal means for each visitor taxon using the R package “emmeans” (Lenth, 2019) and tested the significance of pairwise differences by the Tukey method. We specified the type II Wald chi-square (χ2) tests via the Anova() function in the car package (Fox et al., 2018). We performed all statistical analyses with R software version 4.0.3 (R Core Team, 2017).




3. Results

During 1,056 h of sampling effort for the single-visit test, we recorded 927 visits of 18 insect species to flowers of highbush blueberry cultivars in the five studied orchards. Among the visiting species, 15 were native and three were exotic/managed. Buzzing behavior (sonication) occurred in 45.6% of all visits. Only bees were observed performing buzzing behavior, and among them, the native species were Cadeguala occidentalis (sonicated in 68.4% of visits) and Colletes cyanescens (sonicated in 50% of visits), and one managed species was Bombus terrestris (sonicated in 56.7% of visits). We pooled as “other native bees” (sonicated in 9.1% of visits) the native bee species that did not reach a minimum of 10 samples as follows: Corynura chloris, Corynura sp., Centris cineraria, Caenohalictus sp., and Ruizantheda proxima. Moreover, two native (B. dahlbomii and C. nigritulus) and two exotic (B. ruderatus and A. mellifera) bee species were not observed performing buzzing behavior. Similarly, the remaining floral visitor species (three flower flies, Syrphidae) were not observed performing buzzing behavior during visits to blueberry flowers. We pooled in “syrphids” all the flower flies because none of them reached the minimum of 10 samples (Figure 1).
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FIGURE 1
 Proportion of fruit set failure (flowers that did not convert into fruits, red colored) and fruit set success (flowers that converted into fruits, blue colored) of single-visited flowers of highbush blueberry cultivars in five orchards in the southern region of Chile. The pie charts represent the proportion of visits with floral sonication (blue) and without (red) in relation to all visits observed of a visitor species. The number between brackets indicates the number of individuals observed (N) per species. Other native bees include bees that did not reach ten samples: Corynura chloris, Corynura sp., Centris cineraria, Caenohalictus sp., Ruizantheda proxima.



3.1. Fruit set

Overall, 60.4% of all visited flowers and 33.6% of unvisited flowers (bagged flowers, control) of highbush blueberry set fruit. However, the fruit set was influenced by the floral visitor taxon (glmmTMB: χ2 = 19.4, df = 10, p < 0.05, N = 1281). Visits of both native bees (especially B. dahlbomii, C. cyanescens, C. occidentalis, C. nigritulus, and “other native bees”) and exotic/managed bees (B. ruderatus, B. terrestris, and A. mellifera) produced proportionally more fruits than the control (Figure 1). On the other hand, visits by syrphids set fewer fruits than the control (Figure 1). However, none of these contrasts were statistically significant, except that those flowers visited by C. occidentalis and B. terrestris set more fruits than those visited by syrphids (Supplementary Table S2).

Similarly, the fruit set was also dependent on the type of blueberry cultivar (glmmTMB: χ2 = 12.89, df = 4, p < 0.01): 75.2% and 76.5% of all tested flowers of Elliott and Duke, respectively, featured fruit set, while 56.9%, 50%, and 43.6% of the flowers of Legacy, Draper, and Brigitta featured fruit sets, respectively. However, only the contrast between Draper and Elliott presented a significant difference (Odds ratio = 0.13, t-ratio = −2.838, p = 0.0374; Supplementary Table S3). However, the presence/absence of sonication behavior (glmmTMB: χ2 = 0.44, df = 1, p = 0.5074) and orchard ID (glmmTMB: χ2 = 3.35, df = 3, p = 0.3403) did not influence fruit set.



3.2. Fruit weight

Fruit weight for single-visited flowers of highbush blueberry depended on floral visitor taxon (glmmTMB: χ2 = 99.5, df = 7, p < 0.001, N = 481). Flowers visited by C. occidentalis (Mean ± SD; 1.20 ± 0.87g, N = 213) set the heaviest fruits, followed by those visited by B. terrestris (0.86 ± 0.59g, N = 191) and A. mellifera (0.76 ± 0.78g, N = 83; Figure 2). However, there were no significant differences among these three bee species. Additionally, flowers visited by any of these species produced heavier fruits than unvisited flowers (control, 0.40 ± 0.34g, N = 119; Supplementary Table S4). On the other hand, flower visits of the native bees Corynura herbsti and Lasioglossum sp. resulted in lighter fruits than those of the control; visits of “other native bees” set fruits with no difference in weight from those of the control.
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FIGURE 2
 Boxplots comparing the effect of the pollinator taxon on the highbush blueberry fruit weight (grams) based on single-visit tests in five orchards in the southern region of Chile. The top graphic considers the effect of pollinator taxon on fruit weight of all blueberry cultivars together, and the four bottom graphics show the effect per highbush blueberry cultivar. The boxes are colored according to the geographic origin of the visiting insects: native (blue), exotic (red), and control (black). Other native bees include bees that did not reach ten samples: Corynura chloris, Corynura sp., Centris cineraria, Caenohalictus sp., Ruizantheda proxima, Colletes cyanescens, Colletes nigritulus.


Fruit weight was also influenced by the blueberry cultivar (glmmTMB: χ2 = 219.389, df = 4, P < 0.001). Elliott set the lightest fruits among all cultivars, followed by Brigitta with fruits approximately two times heavier than Elliott. The fruits of Brigitta did not differ from those of Legacy (Supplementary Table S5). Duke and Draper set the heaviest fruits with no difference between them (Supplementary Table S5). The fruits of Duke and Draper could be on average 4.3 times heavier than those from Elliott and almost double the weight of the fruits of the Legacy cultivar (Supplementary Table S5).

Fruit weight was also influenced by the interaction between pollinator taxon and blueberry cultivar (glmmTMB: χ2 = 62.3, df = 12, P < 0.001; Figure 2). The flowers of Brigitta visited by “other native bees” (composed mostly of small halictid bees) set lighter fruits than those visited by C. occidentalis and the unvisited flowers (control, Table 2; Figure 2). Comparisons among the other pollinator taxa and control were not significant for the Brigitta cultivar (Supplementary Table S6).


TABLE 2 Pairwise contrasting of the interaction between visitor taxon and highbush blueberry cultivar for fruit weight in five orchards of the southern region of Chile (gamma distribution, glmmTMB).
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The flowers of the Duke cultivar visited by any bee species set heavier fruits than the control of unvisited flowers (Figure 2, Table 2). The floral visits of C. occidentalis produced the heaviest fruits of Duke with a significant difference from other bee species, except B. terrestris. The other comparisons were not statistically significant (see Figure 2; Supplementary Table S6). In the case of the Elliott cultivar, only pollination by C. occidentalis and “other native bees” resulted in heavier fruits than the control (Table 2); flowers visited by A. mellifera set lighter fruits than those of C. occidentalis (Figure 2). The other comparisons for Elliott were not significant (Table 2). Finally, the pollinator taxon did not influence fruit weight, and no contrasts were significant for the Legacy cultivar (Figure 2; Supplementary Table S6).

Fruit weight did not differ significantly between flowers visited with and without buzzing behavior (glmmTMB: χ2 = 0.90, df = 1, P = 0.3419).



3.3. Seed set

Seed set varied according to pollinator taxon (glmmTMB: χ2 = 122.03, df = 4, P < 0.001, N = 595), highbush blueberry cultivar type (glmmTMB: χ2 = 127.10, df = 3, P < 0.001, N = 595), and the interaction between these two variables (glmmTMB: χ2 = 30.2, df = 12, P < 0.005, N = 595). Flowers pollinated by B. terrestris (Mean+SD: 21.7 ± 12.6) and C. occidentalis (10.3 ± 11.1 seeds/fruit) set fruits with more seeds than unvisited flowers (control, Figure 3), without a difference between them (Supplementary Table S7). Flowers pollinated by these two bees set fruits with more seeds than did flowers pollinated by A. mellifera (3.4 ± 5.3 seeds per fruit) and “other native bees” (3.4 ± 5.3). In addition, flowers visited by A. mellifera and “other native bees” set fruits with a similar number of seeds to those of the control (Supplementary Table S7); here, “other native bees” includes B. dahlbomii because it did not reach the minimum number of samples (N < 10).
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FIGURE 3
 Boxplots comparing the effect of the pollinator taxon on the seed set of highbush blueberry cultivars based on single-visit tests in five orchards in the southern region of Chile. The top graphic considers the effect in all blueberry cultivars together, and the four bottom graphics show the effect per highbush blueberry cultivar. Boxes are colored according to the geographic origin of the visiting insects: native (blue), exotic (red), and control (black). “Other native bees” includes bees that did not reach ten samples: Bombus dahlbomii, Corynura chloris, Corynura sp., Centris cineraria, Caenohalictus sp., Ruizantheda proxima, Colletes cyanescens, Colletes nigritulus, Lasioglossum sp., Corynura herbsti.


Legacy was the cultivar that produced the greatest seed set per fruit among all the tested cultivars, while Brigitta produced the least (Supplementary Table S8). The remaining cultivars (Duke and Elliott) did not differ significantly for the seed set (Supplementary Table S8).

The interaction between the blueberry cultivar and pollinator taxon was also significant (glmmTMB: χ2 = 30.2, df = 12, P < 0.005, N = 595; Figure 3). Flowers visited by B. terrestris set more seeds than the control for all four cultivars (Table 3). However, flowers visited by C. occidentalis set more seeds than the control in three of the four cultivars (except Legacy, Table 3, Supplementary Table S9). Despite visits of B. terrestris resulting in a greater average seed set, there was no difference with C. occidentalis among the blueberry cultivars (Supplementary Table S9). On the other hand, “other native bees” only showed a positive effect compared to the control for the Elliott cultivar and presented a negative effect or no difference when compared to the control for the other cultivars.


TABLE 3 Pairwise contrasting of the effect of the interaction between visitor taxon and highbush blueberry cultivar on seed set in five orchards of the southern region of Chile (nbinom1 distribution, glmmTMB).
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3.4. Correlation between seed set and fruit weight

All cultivars presented a strong positive correlation between seed set and fruit weight (Figure 4). However, the influence of seeds per fruit was stronger for Brigitta (R = 0.53, p < 0.001) and Duke (R = 0.79, p < 0.001), while for Elliot (R = 0.64, p < 0.001) and Legacy (R = 0.57, p < 0.001), it was weaker, especially for Legacy, which produced the largest seed set but without a proportional increase in fruit weight (Figure 4).
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FIGURE 4
 Non-linear correlation between the number of seeds per fruit and the fruit weight (grams) of four highbush blueberry cultivars in five orchards southern region of Chile.





4. Discussion

Despite the occurrence of floral sonication being a predictor of higher pollen deposition on the stigmatic surface (see Cortés-Rivas et al., 2023), we found that the occurrence of this behavior alone was not a predictor of higher fruit set and fruit weight of highbush blueberry cultivars. Instead, fruit sets and fruit quality improvement are more dependent on the taxonomic identity of the visiting species. Among them, some native bees can greatly improve the fruit set and fruit quality (greater weight) of highbush blueberry cultivars. Therefore, the taxonomic identity of floral visitors, ideally at the species level, is still needed to distinguish the most efficient promoters of blueberry fruit yield.


4.1. Chilean native bees can enhance the fruit set and quality of blueberry crops

As previously expected, the exclusion of biotic pollinators reduced the fruit set of highbush blueberry cultivars. However, the capacity of floral visitors to pollinate varied greatly, with only a subset of all floral visitors actually pollinating the flowers and promoting the fruit set. The flowers that were single-visited by native and managed bees, especially bumblebees (Bombus dahlbomii, B. ruderatus, and B. terrestris) and medium-sized solitary bees (C. cyanensis, C. occidentalis, and other native bees), set a higher number of fruits compared to the control of unvisited flowers, and are likely to increase fruit set. Among them, the giant Patagonian bumblebee (B. dahlbomii) achieved the highest proportion of fruit sets, with more than 90% of flowers visited setting fruits.

The high efficiency to set fruits of blueberry could be a new piece of evidence to enhance the functional role of B. dahlbomii as a relevant crop pollinator and highlights the urgent need to implement conservation strategies because of the delicate conservation status of this bumblebee (Morales et al., 2013; Smith-Ramírez et al., 2018; Henríquez-Piskulich et al., 2021). This bumblebee is classified as a threatened species by the IUCN Red List with declining populations (Morales et al., 2016), and its threat has been attributed to, among other factors, the introduction of B. terrestris hives for crop pollination, especially blueberries (Morales et al., 2013; Smith-Ramírez et al., 2018). Therefore, strategies to enhance crop pollination with this exotic species necessarily need to deal with the fragile conservation status of B. dahlbomii. These strategies could include integrative habitat management and more sustainable alternatives to replace the importation of B. terrestris colonies.

In addition to the effect on fruit set, fruit quality and seed set were strongly pollinator-dependent. Fruits from flowers visited by pollinators can be three times heavier and set up to 6.3 times more seeds than those from non-visited flowers. This is particularly relevant for the farmer since fruit quality (heavier and larger fruits) has direct consequences on market price (Gilbert et al., 2014; Retamales and Hancock, 2018; Hall et al., 2020). The ground-nesting solitary bee C. occidentalis achieved high performance as a pollinator of blueberry and is similar to the exotic and managed bumblebee (B. terrestris). Both of these species are sonicating bees. Surprisingly, we found that a single visit of C. occidentalis can increase fruit weight by 5.8 times over that of non-visited flowers and 1.8 times over those visited by A. mellifera. Cadeguala occidentalis, commonly found visiting other crops (Monzón et al., 2020; López-Aliste et al., 2021; Smith-Ramírez et al. in review), is widely distributed in Chile (GBIF Secretariat, 2021) and has known nesting behavior and biology (Torchio and Burwell, 1987; Montalva et al., 2011; López-Aliste et al., 2021). However, key aspects of the biology of C. occidentalis, especially its solitary behavior and ground-nesting, need to be taken into consideration to enhance blueberry pollination with this bee species. Grazing, for example, can destroy nest sites, remove forage plants, and alter the structure, diversity, and growth habits of the plant community (Black et al., 2011). Despite prescribed burns being beneficial for maintaining some ecosystems, they also significantly reduce ground-nesting bee populations (Black et al., 2011).



4.2. Floral sonication alone is not a predictor of high fruit yield

Despite the occurrence of buzzing behavior (or floral sonication) being related to higher conspecific pollen deposition on stigmas of highbush blueberry (Cortés-Rivas et al., 2023), we found that floral sonication did not have significant effects on fruit set and fruit weight. Instead, fruit weight was particularly dependent on pollinator taxon, even more than on the presence/absence of buzzing behavior. Buzzing behavior is widespread and occurs among many bee taxa, including bees that differ greatly in morphology and foraging behavior (Cardinal et al., 2018). For example, some small bees capable of performing buzzing behavior (Lasioglossum sp. and C. chloris) were less efficient pollinators of the studied highbush blueberry orchards, their visits only resulting in low or no fruit set. This must be, among other factors, because their body is not large enough to touch the stigmatic region while searching for nectar and pollen on the flower (Solís-Montero and Vallejo-Marín, 2017; Földesi et al., 2021). Therefore, bee body size relative to blueberry flower size and foraging behavior must be among the key co-factors affecting pollination efficiency (Solís-Montero and Vallejo-Marín, 2017; Morais et al., 2020; Földesi et al., 2021; Mesquita-Neto et al., 2021). The bees that were notably equal to or larger in size than the anther–stigma distance achieved greater performance at setting fruit with the highest weight (e.g., B. terrestris, B. dahlbomii, C. occidentalis, and Colletes spp.). However, we did not measure the body size of individual bees nor the anther–stigma distance of blueberry flowers, which could be a better predictor of fruit yield than the buzzing behavior alone and could be addressed by further studies. Therefore, our results cannot support our hypothesis that the buzzing behavior alone is a predictor of higher fruit set and weight. Instead, species identity remains a better predictor of the quantity and quality of blueberry fruits.

Like bees, some syrphids (flower flies) can generate vibrations of sufficient amplitude to extract pollen from buzz-pollinated flowers (Vallejo-Marín and Vallejo, 2021). However, we have not observed flies performing floral sonication in blueberry flowers. In fact, only one case of floral sonication by flower flies has been reported, involving a Mexican cactus fly (Volucella mexicana) in the flowers of a Solanum plant (Buchmann et al., 1978). The absence of this behavior is explained by the fact that the amount of pollen required by a flower fly is much less than that required by a bee (Larson et al., 2001). Syrphids usually do not feed their offspring with pollen, and their larvae consume other resources (Diaz et al., 2020). Pollen consumption is, then, only related to the diet of adult flies (Larson et al., 2001). In addition, there is very little information on the role of flower flies and other flies in the pollination and fruit production of blueberries in Chile or elsewhere. (Cook et al., 2020; Cortés-Rivas et al., 2023). Mann (2014) suggested that blowflies (Calliphoridae) may be effective pollinators due to their ability to sonicate, but no direct evidence of pollination efficiency was presented. To our knowledge, only the study by Cook et al. (2020) provides evidence that the presence of blowflies in greenhouses improves the pollination of blueberries. However, Cortés-Rivas et al. (2023) showed that flower flies were poor pollinators of blueberry plants, depositing few pollen grains on the stigmatic surface per visit. Our results showed that their visits resulted in a similar proportion of fruit compared with unvisited flowers. Although flies are capable of producing floral vibrations, our study provides evidence against the notion that flower flies are effective pollinators of highbush blueberry cultivars but are rather pollen or nectar thieves.



4.3. Blueberry pollination, sustainable agriculture, and pollinator conservation

Buzz-pollinated plants and their flower visitors represent a tangible example of the importance of considering bee functional diversity in the pollination of cultivated species (Cooley and Vallejo-Marín, 2021). However, our results evidenced that taxonomic diversity is also a key component since the quality of the pollination provided also depends on the taxon of flower visitors. Consequently, the taxonomic recognition of species becomes indispensable to distinguishing the most efficient pollinators of blueberry (Cortés-Rivas et al., 2023). Therefore, by discriminating true fruit set promoters from nectar/pollen thieves and being aware of the value of bees to crop income, farmers could be encouraged to consider the pollination perspective in their crop management. This could result in the conservation of local wild bee species, thereby contributing to advances toward more sustainable and higher-yield agriculture (Isaacs and Kirk, 2010; Garibaldi et al., 2014; Nicholson and Ricketts, 2019).

Our results showed that some native Chilean pollinating bees (e.g., B. dahlbomii and C. occidentalis) can be much better fruit yield promoters than A. mellifera and equivalent to the exotic bumblebee. However, the potential to enhance blueberry fruit production alone does not justify the immediate abandonment of managed hives to pollinate blueberry cultivars. There are practical challenges associated with supplementing pollination with native pollinators (Cooley and Vallejo-Marín, 2021). One of them is increasing their abundance in crop fields (Isaacs and Kirk, 2010; Garibaldi et al., 2014; Henríquez-Piskulich et al., 2021), as they represented only 11.9% of all visits in the studied blueberry orchards (Cortés-Rivas et al., 2023). Strategies to increase native pollinators can include creating wildflower strips for pollinators and the restoration of hedgerows on farms, along with the conservation of nearby natural and semi-natural habitats (Morandin and Kremen, 2013; Potts et al., 2016; Sutter et al., 2018; Rodríguez et al., 2021). Such efforts would provide nesting habitats and floral resources for the most effective pollinators of blueberry and consequently, the overall native bee community within agricultural ecosystems since they not only visit crops but also depend on native habitats to nest, feed, and reproduce (Nicholson et al., 2017; Monzón and Ruz, 2018; Rodríguez et al., 2021). Second, attention must be taken to ensure that commercial colonies of native bees do not become a problematic resource in their native range (Mallinger et al., 2017). Despite that, we expect that our study will be one more piece of evidence to discourage the importation of B. terrestris hives for blueberry pollination in Chile while incentivizing the development and implementation of integrative habitat management strategies to conserve native bees and consequently enhance crop pollination.

To our knowledge, this is the first study evidencing the per-visit performance of native crop pollinators to enhance fruit quantity and quality in the Chilean environment. Here, we applied field experimental protocols and sampling methods to investigate blueberry pollination and evaluated the relative performance of managed bees and native bees in per-visit-based tests in commercial blueberry fields. Bees, however, vary in their foraging range (Greenleaf et al., 2007; Zurbuchen et al., 2010) and distribution, so examining the bees that visit blueberries over multiple regions and landscape scales can help reveal how these factors affect pollinators and their pollination services. Moreover, sampling bias must be another relevant factor, since a limited number of flowers set fruit. Considering that a plant is typically visited by multiple flower visitors and per visitor replicates are needed, replicates were missing for some flower visitor species.

In summary, our results indicate that visits of native bees can enhance fruit production of highbush blueberry crops in Chile. However, fruit set and fruit quality improvement are more dependent on the taxonomic identity of the visiting species rather than their sonication behavior alone. Some native Chilean bees, especially C. occidentalis and the giant Patagonian bumblebee (B. dahlbomii) were efficient fruit promoters of blueberry and performed better or similar to honeybees (A. mellifera) and the exotic bumblebee. We suppose that the conservation of these native pollinators would result in increased crop yields because their visits enhance blueberry fruit quality and are likely to improve overall crop productivity and sustainability. Therefore, instead of continuing to rent or pay for managed beehives, which represents a high cost for farmers (Isaacs and Kirk, 2010; Henríquez-Piskulich et al., 2021), the service provided by native pollinators should be considered, with priority given to the subset of the most successful pollinators.
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occidentalis

Blueberry cultivar = Legacy

None of the contrasts was significant

Information about the geographical location, farming
cultivars, and bee species managed for crop pollination.

type, cultivated area, blueberry
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Blueberry cultivar = Brigitta

Control vs. B. terrestris 0.15 (£0.08) —3.446 0.0055

Control vs. C. occidentalis 0.18 (£0.09) —3.286 0.0095

Blueberry cultivar = Duke

Control vs. A. mellifera 0.28 (£0.11) —3.149 0.0148

Control vs. B. terrestris 0.16 (£0.06) —4.797 <0.0001
Control vs. C. occidentalis 0.12 (£0.04) —5.743 <0.0001
A. mellifera vs. C. occidentalis 0.43 (£0.09) —3.899 0.0010

B. terrestris vs. other native 245 (£0.67) 3257 0.0104

bees

C. occidentalis vs. other native 322 (£0.82) 4585 0.0001

bees

Blueberry cultivar = Elliott

Control vs. B. terrestris 0.17 (£0.05) —5.481 <0.0001
Control vs. C. occidentalis 0.17 (£0.05) —5.629 <0.0001
Control vs. other native bees 0.27 (£0.09) —4.101 0.0004

A. mellifera vs. B. terrestris 0.25 (0.08) —4.358 0.0002

A. mellifera vs. C. occidentalis 0.26 (£0.08) —4.348 0.0002

A. mellifera vs. other native 0.41 (£0.13) —2.810 0.0407

bees

Blueberry cultivar = Legacy

Control vs. B. terrestris 051 (£0.12) ~2.905 0.0311

B. terrestris vs. other native 434 (£21.16) 3.013 0.0226

bees
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