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Central place foragers depart from and return to a central location with enough resources for themselves, and in many cases, for the group. Honey bees and bumble bees are eusocial central place foragers. Honey bees have large perennial colonies while bumble bee colonies are annual and considerably smaller. Foraging range, body size, and division of labor also vary between these two bee species. Honey bees use their unique dance language to recruit foragers to the most profitable patches. Bumble bees exploit patches individually and develop trapline foraging patterns. We expect such differences among bee species to engender differences in foraging activity. Moreover, variation in resource availability and in colony needs over the flowering season, can affect bee foraging activity. Finally, spatial variation in resource availability may impact bumble bees to a greater extent than honey bees due to their smaller foraging range. Using miniaturized radio frequency identification (RFID), we tracked the foraging activity of individual bees to and from hives at three sites and over five time periods. Pollen pellets were also collected from bees returning to the hive. We compared the European honey bee, Apis mellifera, and the common eastern bumble bee, Bombus impatiens. Linear mixed effect models determined the impact of bee species, time of season (period) and site, and their interactions, on multiple foraging metrics calculated from the RFID data and on pollen dry weight. Relative to honey bees, individual bumble bees made more foraging trips each day, resulting in a greater time spent foraging. A greater proportion of RFID tagged bumble bees foraged each day and bumble bees brought heavier pollen sacs to the hive compared to honey bees. Foraging bout duration did not vary between bee species and none of the foraging metrics varied among time periods or among sites. Both bee species brought heavier pollen sacs back to the hive at the beginning and the end of the flowering season. These results are discussed in terms of species differences in foraging strategies, size of individuals and colonies, and temporal variation in colony needs and resource availability.
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INTRODUCTION

Approximately 87% of flowering plants around the globe (Ollerton et al., 2011) and 35% of all crops grown for human consumption (Klein et al., 2007) benefit from animal pollination. Bees are important visitors to both crops and wildflowers, yet many bee species are in decline because of the combined effects of habitat loss, pesticide exposure, and pathogens (Naug, 2009; Cameron et al., 2011; Goulson et al., 2015). Bees are limited by the area of habitat available which is essential for nesting and gathering of floral resources, and the negative impact of habitat loss on bees may be most pronounced in areas where natural habitat is already limited (Winfree et al., 2009). In addition, exposure to neonicotinoid pesticides negatively affects the ability of honey bees to navigate back to their hive following artificial displacement (Fischer et al., 2014) and increases the foraging effort of bumble bees (Stanley et al., 2016). Importantly, these sublethal effects of neonicotinoid pesticide exposure can further exacerbate the negative impacts of pathogens such as Nosema and black queen cell virus on bees (Doublet et al., 2015). Given the numerous challenges facing bees, a better understanding of bee foraging over time and space, and for distinct species would facilitate the development of sound conservation strategies.

Bees are central place foragers, implying that they must depart a nesting site, locate and gather resources, and return with these resources to the hive or nesting area (Charnov, 1976). Honey bees and bumble bees are both generalist eusocial foragers that collect resources from a broad spectrum of plant taxa (Waser et al., 1996). The identity and quality of flowering plant resources can vary through time and space, and, therefore, under optimal foraging theory (Pyke, 1984), the strategies used by central place foragers to gather resources must be amenable to these fluctuations in resource availability (Goulson, 1999). Honey bees will forage at distances generally less than 6 km (Visscher and Seeley, 1982), but only a small fraction may forage within a 0.5 km radius around the hive (Beekman and Ratnieks, 2000), as indicated by waggle dance decoding. In contrast, a foraging range of less than 800 m was identified for several bumble bee species (Bombus terrestris, B. pratorum, B. pascuorum, and B. lapidarius) using sister-sister pairing with microsatellites (Knight et al., 2005). Wolf and Moritz (2008) obtained comparable results using distance from nest sampling in B. terrestris. In addition, the foraging range of bumble bees tends to decrease with increasing resource availability and decreased land fragmentation (Redhead et al., 2016), and high local resource availability can increase queen production (Herrmann et al., 2017). These results suggest possible differences in foraging strategies of honey bees and bumble bees in response to available resources.

Honey bees are perennial with a queen actively laying eggs and the colony capable of surviving multiple years (Seeley, 1978). In contrast, a bumble bee colony is annual, and the founding queen only lives for a single foraging season. New bumble bee queens are produced in the fall, disperse and hibernate through the winter, ultimately building a new hive the following foraging season (Michener, 2000). In addition, while individual bumble bees are larger than honey bees, honey bee colonies are much larger than bumble bee colonies. While a honey bee colony can contain 60,000 workers, a bumble bee colony can have between 50 and 250 workers, depending on the bee species. Moreover, honey bees have a higher level of communication and eusociality with a more structured division of labor relative to bumble bees. A known mode of information transmission for honey bees is the dance language, which communicates the distance, direction, and quality of resources to prospective foragers (Von Frisch, 1967; Seeley et al., 1991). The dance language is thought to allocate foraging workers to the best available patches in the landscape to gather resources (Couvillon and Ratnieks, 2015). While individual honey bees do not all follow dances before foraging, they are more likely to do so if they are novice foragers, have not foraged for a while, or their latest foraging trips were not rewarding (Biesmeijer and Seeley, 2005). Bumble bees, in contrast, do not have a dance language to communicate resource location, but they do actively “run” around the inside of their hive following a return to the hive with resources, possibly to stimulate foraging activity (Dornhaus and Chittka, 2001). In addition, activation of bumble bee foragers occurs following the addition of floral scent into a hive, and this behavior is especially pronounced when the scent is added to honey pots (Molet et al., 2009). Honey bees may therefore locate rewarding resources more efficiently relative than bumble bees.

While bumble bees are known to rely on trapline foraging strategies when visiting flowers, this strategy is not typically used by honey bees (Pasquaretta et al., 2017). Trapline foraging allows individuals to follow learned routes known to be profitable (Thomson et al., 1997; Ohashi et al., 2008). Trapline foraging is considered an optimal strategy, whereby individual bees learn the location of rewarding patches, and repeatedly visit these patches in a predictable route that develops over multiple independent foraging bouts (Lihoreau et al., 2012; Keasar et al., 2013; Woodgate et al., 2017). Trapline foraging increases the overall rewards obtained per plant visit (Williams and Thomson, 1998) and decreases overall search times (Saleh and Chittka, 2007). Pasquaretta et al. (2017) used network analysis to investigate the development of trapline foraging patterns in bumble bees and honey bees and found that bumble bees tend to quickly develop optimal routes at smaller spatial scales, while optimal trapline routes do not develop in honey bees except, possibly, at larger spatial scales.

We expect these differences in life history, body and colony size, division of labor, communication, and foraging strategies to engender differences in foraging activity between these two groups of bees. Foraging activity metrics include foraging bout duration, number of foraging bouts per bee and proportion of foragers gathering resources on a given day. The quicker location of rewards generated with the waggle dance and the trapline foraging of bumble bees may both affect foraging bout duration. The smaller colony size of bumble bees could necessitate a greater proportion of the bumble bee workforce being allocated to foraging relative to honey bees, and at the individual bee level, greater foraging activity per bee. Temporal variation in resource availability over the flowering season could also affect bee foraging. If fewer resources are available early and late in the flowering season, bees may spend more time foraging during these periods relative to the middle of the flowering season to bring sufficient resources to the hive. But colony needs will also affect foraging and are likely to change over the flowering season. Pollen needs are expected to be greater during brood production while, at least for honey bees, nectar needs may increase later in the season in order to make sufficient honey to survive the winter months. Lastly, variation in resource availability among sites may impact bumble bees to a greater extent than honey bees due to their smaller foraging range (Visscher and Seeley, 1982; Pasquaretta et al., 2017). There are many reasons to expect foraging activity to vary over time, over space and among bee species.

The application of radio frequency identification (RFID) technology has increased enormously over the last 10 years and miniaturization of the tags have permitted its use to determine movement of honey bees and bumble bees to and from their hives (Pahl et al., 2011; Schneider et al., 2012). The use of radio frequency identification (RFID) provides a relatively novel and reliable tool to gather data on individual bees, as each microchip contains a unique identification number. Previous research using RFID demonstrated that honey bees can home in on their hive from 13 km away (Pahl et al., 2011). However, neonicotinoid pesticides can decrease the overall homing success (return rate) of foraging honey bees (Henry et al., 2012) and lower the foraging activity and increase foraging time of honey bee individuals (Schneider et al., 2012). Likewise, bees exposed to Fipronil pesticide via treated feeding sites decreased the number of foraging bouts and increased foraging bout duration (Decourtye et al., 2011). Moreover, RFID data indicated strong diurnal foraging patterns of two bumble bee species at northern latitudes with 24-h daylight sun (Stelzer and Chittka, 2010). RFID technology therefore represents a powerful tool for gathering data on foraging patterns of bees.

In the current study, we used miniaturized radio frequency identification (RFID) techniques to measure and compare the foraging activity of two bee species, the European honey bee, Apis mellifera, and the common eastern bumble bee, Bombus impatiens. RFID data were collected in 2016 at three separate sites and throughout the flowering season. These data were used to quantify different foraging metrics at the colony, individual bee, and foraging bout levels. In addition, we assessed the weight of pollen pellets bees brought back to the hive following a foraging trip in an attempt to link foraging time to resource acquisition. The impact of bee species, site, time of flowering season, and their interactions on the different foraging metrics and on pollen dry weight were examined using linear mixed effect models. Results are discussed in the context of differences in life history, colony size, and foraging strategies between these two bee species, and with respect to variation in colony needs over time and resource availability over time and space. Identifying spatial, temporal, and species differences in foraging metrics would help land managers improve conservation strategies for pollinator communities.

MATERIALS AND METHODS

Study Area and Bee Species

This study was conducted at the West Madison Agricultural Research Station (WMARS) in Madison, WI. This area is in a suburban-agricultural landscape, with a high proportion of arable experimental crop lands, roadside habitats, and suburban gardens (Figure 1). Radio Frequency identification (RFID) data and pollen pellets were collected from three sites in the summer of 2016 (Figure 1). Each site was selected based on a qualitative estimate of plant species richness within a 0.5 km radius around the hives and suggested increasing species richness from sites 1, 3, and 2, respectively. One hive of the European honey bee, A. mellifera, and one hive of the common eastern bumble bee, B. impatiens were placed at each site and separated by 60 m at site 2, and 100 m at sites 1 and 3. Each honey bee hive consisted of 2- deep frames vertically stacked in a wooden observation hive, with ~2,000 bees, each of which was housed in a 1.2 m3 wooden box with an exit tunnel allowing access outside. At the beginning of the experiment the bottom frame of each honey bee hive consisted of approximately half the frame covered in a combination of capped and open brood, while the top frame consisted of at least half a frame of honey. Each hive was queen right. These initial conditions allowed the colony some room to grow, albeit highly limited by the small hive size. Each bumble bee hive (Koppert Biological Systems, Howell, MI, USA) was placed in a small wooden shelter located 0.5 m off the ground and contained ~75 worker bees at the start of the experiment. Among sites, the hive locations ranged from 700 to 1,500 m apart (sites 1–2: 700 m; sites 1–3 1,500 m; sites 2–3 1,400 m).
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FIGURE 1. Aerial screenshot of the site locations. One honey bee and one bumble bee hives were located in the middle of each circle depicted as a 0.5 km radius at each location.



Data Collection

Radio Frequency Identification (RFID) data and pollen pellets were collected from the three sites and over five time periods between mid-June and mid-September. Within each period, we collected data for a total of 3 days from each site, moving among sites each day to randomize data collection among sites. Data were collected simultaneously from the honey bee and bumble bee hives at an individual site, using RFID reader pairs specific for honey bees and bumble bees, respectively. This pattern of data collection resulted in 9 data collection days within each period, with each site being visited every 4 to 5 days. Furthermore, the total duration of each period ranged from 10 to 17 days depending on weather (Table 1). The RFID data and pollen pellets were typically gathered on non-rainy days when the temperatures ranged between 21 and 35°C.


Table 1. Range of dates for collection of the Radio Frequency Identification (RFID) data and pollen pellets for each of the five periods over the three sites.
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Radio Frequency Identification

Prior to each of the five data collection periods, a uniquely coded passive RFID tag (mic3–TAG 64-bit RO, iID2000, 13.56 MHz system, 1.0 x 1.6 x 0.5 mm; Microsensys GmbH, Erfurt, Germany) was glued onto the thorax of 70 honey bees and 20 bumble bees at each site as they were observed returning to their hive. We aimed at tagging bees returning with pollen sacs to ensure they were foragers. However, some tagged bees did not have pollen sacs and we assumed they were collecting another resource such as nectar or water. Honey bee foragers rarely return to working inside the hive (reviewed in Johnson, 2010) but tend to remain foragers until their death, or until winter arrives. At each hive, bees traveled through a 1″ diameter tube and through 2 RFID readers spaced 7.5 cm apart. We used one reader pair that was explicitly designed to gather data from honey bees, and another reader pair that was designed for bumble bees (iID2000, 2k6 HEAD; Microsensys GmbH, Erfurt, Germany). Each reader of a pair had a unique identity, and the pair was used to ascertain the direction of travel by bees, i.e., whether a bee was moving in or out of the hive. A foraging bout was indicated when a bee passed through the inner reader, followed by the outer reader, and at least 5 min elapsed until the next encounter with the outer reader, following the method of Gill et al. (2012). The RFID data were collected for 24 h each day and the readers were moved among sites each morning between 8:30 and 10:30 a.m. depending on weather. In general, the readers were moved at 9 a.m. June-August, and then closer to 10 a.m. as the nights became cooler later in August and into September.

Pollen Collection

To gather pollen, up to twenty individual bumble bees and 40 individual honey bees were caught as they returned to the hive with pollen pellets. These bees did not have RFID tags. Individual bees were collected into 2 dram plastic vials which were placed in a cooler filled with ice packs until a bee was no longer able to move (~5–10 min for honey bees, 10–20 min for bumble bees). Both pollen pellets were removed from the bee, and each pellet was stored separately in a 1.5 mL microcentrifuge tube. Bees were subsequently released near the hive entrance. Following collection, pollen pellets were kept on ice and, upon return to the laboratory, were placed in a 20°C freezer until ready for drying and weighing. One pollen pellet per bee was dried at 45°C for 24 h and subsequently weighed to the nearest tenth of a milligram.

Statistical Analyses

Radio Frequency Identification

We examined foraging activity metrics, calculated from the RFID data, across multiple levels. At the colony level, the dependent variable was the percentage of tagged bees foraging each day. We did not determine the proportion of the hive that were foragers as we did not want to disturb the hive during the collection of foraging data. At the individual bee level, we computed three dependent variables from the RFID data. For each day, we examined (i) the average duration of a foraging bout per bee (ii) the number of foraging bouts per bee, and (iii) the total duration of foraging per bee (sum of all foraging bout durations per bee). Lastly, at the foraging bout level we used duration of a foraging bout as dependent variable.

We used linear mixed effect models (proc Mixed, SAS v. 9.4) to determine the impact of site, period, bee species and their interactions on the foraging activity metrics. While the fixed effects were similar in all models and included site, period, species and all two-way interactions, the level of replication and the random variables were different across each level of analysis, i.e., colony, individual bee, and foraging bout. For the proportion of tagged bees, the sole colony level foraging activity metric, day was the replicate in the model and the random effect was the three-way interaction, site*period*species (Table 2). For analyses examining foraging metrics at the individual bee level, an individual bee was the replicate and the random factors included the three-way interaction site*period*species together with an additional day (site*period*species) term (Table 2). Finally, at the foraging bout level, where a foraging bout itself was the replicate, the random factors included the two three-way interactions present for the individual bee level analyses, together with a bee (site*period*species*day) term (Table 2). At the foraging bout level, the duration of a foraging bout was log transformed prior to analysis, while at the individual bee level the foraging bout duration and the number of foraging bouts per bee were log transformed to improve the model residuals.


Table 2. The linear mixed effect models used to examine the impact of site, time period, bee species, and their interactions on the different metrics of bee foraging effort, at the colony, individual bee, or foraging bout levels.
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In all three models the fixed effect explanatory variables were tested against the site*period*species error. In the colony level model, the random effect variable site*period*species was tested against the residual error (Table 2). In the individual bee model, the site*period*species random effect was tested against the day (site*period*species) error, while the day (site*period*species) random effect was tested against the model residual error (Table 2). Finally, for the model at the foraging bout level, the site*period*species random effect was tested against the day (site*period*species) error, the day (site*period*species) random effect was tested against the bee (site*period*day*bee) error, and the bee (site*period*day*bee) was tested against the model residual error (Table 2).

Pollen Dry Weight

Pollen collection effort is represented by the dry weight of pollen pellets. We used a linear mixed effect model (proc Mixed, SAS v. 9.4) to determine the impact of site, period, bee species, and their interactions on the dry weight of pollen pellets being returned to the hive. The fixed effects in the model included site, period, species and all two-way interactions. A pollen pellet was the unit of replication, and the random factors included the three-way interaction site*period*species together with a day (site*period*species) term (Table 3). While the fixed effect explanatory variables were tested against the site*period*species error, the site*period*species random effect was tested against the day (site*period*species) error, and the day (site*period*species) random effect was tested against the model residual error (Table 3). Pollen dry weights were square root transformed prior to analyses to improve the residuals of the model.


Table 3. Linear mixed effect model used to examine the impact of site, time period, bee species, and their interactions on the weight of individual pollen pellets being returned to the hive by foragers.
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RESULTS

Radio Frequency Identification

At the colony level, a greater proportion of tagged bumble bees foraged each day (mean ± SE) (0.28 ± 0.03) relative to the proportion of tagged honey bees (0.19 ± 0.02) (N = 76 days) (Table 4). While we collected RFID data over 9 days at each site, no foraging activity was recorded on some days. This was true for 4 out of 9 days in period 1 for bumble bees and 3 days in period 5. For honey bees, no foraging data were recorded on one day in period 1, 3 days in period 2 and 1 day in periods 3 and 4. Although it varied between bee species, the proportion of tagged bees was not influenced by site or period or by any of the two-way interactions between bee species, site or period (species*site), (species*period), or (site*period) (Table 4). In other words, the proportion of bees foraging each day was similar among sites and time of year (period) and the pattern among sites or among periods was similar for the two bee species (Table 4). Moreover, the proportion of tagged bees foraging during the different periods was similar among sites (period*site) (Table 4).


Table 4. The impact of site, time period, bee species, and their two-way interactions on different metrics of bee foraging effort at the colony and foraging bout levels.
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At the level of the individual bee (N = 703 individual bees), none of the factors examined, bee species, site, period, or their two-way interactions affected the average duration of a foraging bout (Table 5). Foraging bout duration for a bee was similar among sites, among periods, and among bee species (Table 5). However, on any given day, the number of foraging trips per bee and the total time a bee spent foraging differed among bee species (Table 5). Bumble bees made significantly more foraging trips in a day (5.9 ± 0.4) relative to honey bees (4.6 ± 0.2) and they spent more total time foraging each day (bumble bees: 346.9 min ± 16.2; honey bee: 222.4 min ± 6.6). Site, period and the two-way interactions did not influence either the number of foraging trips per bee or the total time a bee spent foraging each day (Table 5). Finally, at the level of a foraging bout (N = 3,502 foraging bouts), none of the factors or their two-way interactions affected the average duration of a foraging bout (Table 4). An average foraging bout lasted 58.5 ± 2.0 min for bumble bees, in contrast to 48.71 ± 0.8 for honey bees. Although it was slightly longer for bumble bees the difference could not be explained by differences between bee species in our model.


Table 5. The impact of site, time period, bee species and their two-way interactions on different metrics of bee foraging effort at the individual bee level.
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Pollen Dry Weight

We obtained the pollen dry weights of 1,598 pollen pellets. There was a statistically significant effect of species and period on the weight of pollen pellets brought back to the hive and a weaker site*species interaction (Table 6). Using multiple means comparisons to examine the interaction between site and species, the average pollen pellet weight was always greater for bumble bees than for honey bees (Figure 2) and the difference between species was statistically significant at two sites and borderline at the third (Site 1: df = 1, 7; t = 4.00; P = 0.0052; Site 2: df = 1, 7; t = 6.56; P = 0.0003; and Site 3: df = 1, 7; t = 2.34, P = 0.052). We therefore considered the impact of the main factor of species on pollen pellet dry weights. For any foraging bout, bumble bees returned with significantly heavier pollen pellets relative to honey bees (bumble bee: 7.73 mg ± 0.25; honey bee: 3.68 mg ± 0.08) (Table 6). Moreover, the weight of pollen pellets brought back to the hive following a foraging bout varied among periods over the flowering season (Table 6). Bees returned to the hive with heavier pollen pellets during the first (mean ± SE) (6.81 mg ± 0.24) and last (6.38 mg ± 0.32) periods, relative to the second (4.09 mg ± 0.16), third (3.34 mg ± 0.19), and fourth (3.71 mg ± 0.25) periods (Figure 3). The weight of pollen pellets brought back to the hive by individual bees were similar between the first and last periods (Figure 3). Such differences among periods were similar for bumble bees and honey bees as indicated by the lack of a statistically significant interaction between period and bee species (Table 6).


Table 6. The impact of site, time period, bee species and their two-way interactions on the average weight of a pollen pellet returned to the hive by foragers.
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FIGURE 2. The mean ± dry weight (mg) of individual pollen pellets collected by honey bees (solid line) and bumble bees (dashed line) at sites 1, 2, and 3.
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FIGURE 3. The mean ± dry weight (mg) of individual pollen pellets collected by bees over the five time periods. Time periods with different letters are statistically different from one another as indicated by multiple means tests.



DISCUSSION

The foraging activity of bumble bees was greater than that of honey bees. Relative to honey bees, an individual bumble bee embarked on more foraging bouts each day. In addition, a greater proportion of bumble bee foragers actually foraged on a given day. However, the duration of a foraging bout did not differ between these two bee species. The average duration of a foraging bout by an individual bee each day lasted 58.5 ± 2.0 min for bumble bees, in contrast to 48.71 ± 0.8 for honey bees. But, because individual bumble bees did more foraging trips in a day, they spent more total time foraging each day.

Foraging bout duration can be affected by the time it takes for bees to reach rewarding resource patches and by the time a bee spends foraging at that resource, collecting either pollen or nectar. The waggle dance can facilitate the location of rewarding resources by honey bees, although not all individual bees observe the dance prior to foraging (Biesmeijer and Seeley, 2005). Moreover, honey bees tend to have a larger foraging range relative to bumble bees (Visscher and Seeley, 1982; Knight et al., 2005). Many foraging models for flower visiting insects assume that the time traveling between patches is negligible relative to the time spend foraging within patches (Goulson, 1999). In contrast to honey bees, bumble bees must learn, and remember profitable locations, and develop trapline foraging patterns among patches (Ohashi et al., 2008), while honey bees do not tend to develop optimal trapline routes (Pasquaretta et al., 2017). Results of the current study suggest that the foraging strategies of both bee species translate into similar foraging bout durations, from the time a bee leaves the hive to the time it returns to the hive. The more individualistic trapline foraging mode of bumble bees seems to permit them to gather resources in the same amount of time as the more direct method of information transmission for resource quality and location communicated by the waggle dance of honey bees (Thomson et al., 1997; Ohashi et al., 2007; Lihoreau et al., 2010; Couvillon et al., 2014; Ratnieks and Shackleton, 2015). Future studies should determine the differences in foraging bout durations between individual honey bees that follow the waggle dance and those that do not to increase our understanding of the impact of honey bee communication on foraging bout duration. Moreover, when comparing bumble bees and honey bees foraging within patches, Brunet (unpublished data) observed similar foraging bout duration within a patch for these two bee species. Future studies should examine in more details the reasons why, despite the various differences in their foraging strategies, foraging bout duration from the time a bee leaves the hive to the time it returns to a hive remains similar between these two bee species.

Individual bumble bees spent more time foraging each day and a greater proportion of the foragers were active each day relative to honey bees. Although we did not gather information on the proportion of the colony that were foragers, in order not to disturb the hive during collection of foraging data, the proportion of the foragers that were active each day is a strong descriptor of colony level foraging activity as new foragers were tagged at the start of each time period. The observed interspecific differences were consistent over the flowering season and among sites, as indicated by the lack of significant interactions between bee species and period or site in our mixed model. This pattern supports consistent and stable interspecific differences in the activity levels of honey bees and bumble bees to gather resources. Differences in life history and in colony sizes between these two bee species may help explain observed differences in foraging activity. Bumble bee colonies are annual and small in contrast to the perennial and large honey bee colonies. Given such differences, each bumble bee worker may need to put forth more effort to build up and sustain the colony relative to a honey bee worker. But, if activity level relates to colony size, with an increase in colony size over the season, we would also expect the foraging effort per bee and percent of colony foraging to decrease, which we did not observe. We therefore suspect other factors, besides colony size and life history, help explain observed differences in foraging activities between these two bee species. The more complex division of labor of honey bee colonies could represent such a factor and may facilitate a lower foraging activity per individual and at the colony level. Furthermore, considering the honey bees in this experiment were restricted to a 2-frame observation hive with limited space for the colony to grow, and therefore limiting growth associated changes in colony needs, these results may differ from experiments conducted under more typical circumstances, and further studies should be undertaken on larger hives. Finally, more research is needed to elucidate whether and how differences in life history, colony size, and social structure contribute to interspecific differences in bee foraging activity.

Bumble bees brought heavier pollen pellets back to the hive relative to honey bees, even though both bee species had similar foraging bout durations. Because most bees tend to forage either for pollen or for nectar during a foraging bout (Brunet, unpublished data), this result suggests that bumble bees are more efficient than honey bees at retrieving pollen from the plants they visit. The observed interspecific difference in pollen pellet size may result from honey bees being smaller than bumble bees. Within a bee species, larger pollen, and nectar loads are correlated with increased body size of foragers (Goulson et al., 2002). However, it is unclear how this pattern might translate among bee species. Individual bumble bees made more foraging trips in a day and brought back more pollen to the hive each time, relative to honey bees. Moreover, a greater proportion of the bumble bee foragers were active each day relative to honey bees. Such patterns should translate into a greater amount of pollen available per capita for bumble bees relative to honey bees. Bumble bees, due to their larger size, may have greater pollen requirements than honey bees, and indeed bee body size is correlated to the amount of protein received by developing larvae (Roulston and Cane, 2002). Differences in body size among bee species may therefore help explain differences in foraging patterns (Spaethe and Weidenmüller, 2002) that optimize the amount of pollen brought back to the hive to meet a colony's need.

Across all levels, the foraging activity of these two bee species did not vary over the flowering season (period) or among sites. The time a bee spent foraging per bout or per day and the proportion of foragers active each day did not change over the flowering season and did not differ among sites. Moreover, this pattern was true for both bee species. The lack of variation in foraging activity over the season or among sites was surprising. We expected greater foraging activity early and late in the flowering season because of the lower expected resource availability. Moreover, the known differences in foraging ranges between these two bee species suggested among site variation in foraging activity for bumble bees but not for honey bees (Visscher and Seeley, 1982; Pasquaretta et al., 2017). But colony needs may also change over the flowering season. We expect greater pollen needs earlier in the season for both bee species as more brood may be produced relative to later in the season. Later in the season, we expect greater nectar needs for honey bees as they are building honey reserves for the colony to survive the winter months. Bumble bee colonies, however, are producing new queens and may still have high pollen needs. Interestingly, we gathered some data for bumble bees on the proportion of bees returning to the hive with and without pollen pellets. Although the sample sizes were uneven among periods, the trend suggested that most foragers returned to the hive with pollen pellets during the first (95%) and last (96%) periods, while a greater proportion of the foragers returned with nectar in the three middle periods (47, 15, and 33%, respectively).

We did not gather such data for honey bees although it should be determined in future studies. However, because foraging bout duration did not change over the flowering season, these data suggest no apparent differences in the time a bee spends foraging for pollen vs. nectar. The larger pollen production for bumble bees early and late in the flowering season suggest a greater pollen need, possibly for growing larvae early in the season and queen development in late summer/early fall. Interestingly, colony needs can influence the proportion of foragers collecting pollen or nectar but it did not influence foraging activity in general (time spent foraging and proportion of foragers active each day). Moreover, any variation in resource availability over time and space did not significantly influence foraging activity for these two bee species in the current study.

Both bee species brought more pollen back to the hive per foraging bout at the beginning and end relative to the middle periods of the flowering season, even though the time spent foraging remained constant throughout the flowering season. The temporal differences in the amount of pollen gathered suggest that it took longer to collect resources from flowers in mid-summer relative to early or late summer. Couvillon et al. (2014) proposed that summer is the most challenging season for honey bees because bees foraged at greater distances in mid-summer relative to spring and fall. Danner et al. (2017) found honey bees returned the greatest amount of pollen to the hive early in the season, in April and May. Taken together, these results support the notion that summer may be the most challenging season for bees, at least for eusocial bees. One potential explanation for this pattern is that, although resources may increase in mid-summer, the density of bees also increases and, thus, the level of competition for shared resources.

The use of miniaturized RFID allows for continual tracking of individual bees and provides a real-time view of the activity of foraging bees in both field and laboratory contexts and furthers our ability to test hypotheses of optimal foraging in bees and other invertebrates. Future research using RFID could contrast the foraging activity of these two bee species over different landscapes to determine whether the similarities and differences observed in this study are consistent over variable landscapes. Future research could also further elucidate the role of bee size, colony size, communication strategies, and division of labor on their impact to bee foraging behavior. In addition, relating bee foraging activity more directly to available resources, and to energy intake and expenditure would provide crucial understanding as to the optimal foraging behavior of social bees. Future useful technological developments for the study of bees could include designing miniature RFID tags that can be read from a further distance and to permit their use in solitary bees. In addition, the development of affordable and small-scaled technology that could be used to track bees as they move over the landscape, both among flowers and among plants within patches and among patches would represent a breakthrough in the study of bee foraging and bee movement.

CONCLUSIONS

This study is the first to use RFID technology to contrast the foraging activity of two social bee species in a common landscape. The use of RFID was crucial to revealing differences and similarities in various foraging activity metrics in these two bee species. It permitted the detection of strong interspecific differences in foraging activity that were maintained among time periods and sites. At the level of individual bees and of the colony, bumble bees exhibited greater foraging activity relative to honey bees. Per capita, bumble bees also brought more pollen back to the hive relative to honey bees suggesting a stronger need for pollen for bumble bees. Interestingly, the foraging activity of these two bee species did not vary over time or among sites. Many of the observed trends highlighted interesting and unexpected patterns that could not have been discovered without the use of RFID technology.
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