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          Bumblebees have apposition compound eyes (one on either side of the head) of about 6,000 ommatidia and three small single-lens ocelli on the frons of their head capsule. The surface of the eye is smooth and interommatidial hairs, as in the honeybee, are not developed. Each ommatidium (approx. 26 μm in diameter) is capped by a hexagonal facet and contains in its centre a 3 μm wide, columnar light-perceiving structure known as the rhabdom. Rhabdoms consist of thousands of regularly aligned, fingerlike microvilli, which in their membranes contain the photopigment molecules. Axons from each ommatidium transmit the information of their photic environment to the visual centres of the brain, where behavioural reactions may be initiated. Since bumblebee eyes possess three classes of spectrally different sensitivity peaks in a ratio of 1:1:6 (UV=353 nm, blue=430 nm and green=548 nm) per ommatidium, they use colour vision to find and select flower types that yield pollen and nectar. Ommatidial acceptance angles of at least 3° are used by the bumblebees to discriminate between different flower shapes and sizes, but their ability to detect polarized light appears to be used only for navigational purposes. A flicker fusion frequency of around 110 Hz helps the fast flying bumblebee to avoid obstacles. The small ocelli are strongly sensitive to ultraviolet radiation and green wavelengths and appear to act as sensors for light levels akin to a photometer. Unlike the bumblebee’s compound eyes, the ocelli would, however, be incapable of forming a useful image.
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      BUMBLEBEE PHOTORECEPTORS: A BRIEF OVERVIEW
      Vision plays an important role in the lives of most insects except for those that are cave dwellers. All adult insects as well as the nymphs of hemimetabolous species possess compound eyes as adults and bumblebees are no exception (Gullan and Cranston, 2000). They and other members of the order Hymenoptera such as, for instance the honeybees, not only possess compound eyes, one on either side of the head, but also three additional small single lens eyes known as ocelli on the frons of their head capsule. Despite being similar with regard to their position and shape (Fig. 1A, B), the eyes of the bumblebee (and its approximately 6,000 facets: Campan et al., 1965) are very slightly larger than those of the honeybee and, moreover, lack the long and numerous interfacetal hairs on the eye’s surface that are so characteristic for the honeybee. Why the hairs should be missing from the bumblebee’s eye but are so prominent in that of the honey bee is something yet to be fully understood.

      
        
        

        Fig. 1. 
				
        

        
          (A) and (B): Scanning electron micrographs of the compound eyes of bumblebee (A, top) and honeybee (B, bottom) at identical magnifications. Note the dense cover of interommatidial hairs on the eye of the honeybee. (C) and (D): The scanning electron micrographs show the facets covering the eye of the bumblebee (C, top) and that of the honeybee when the hairs have been brushed off (D, bottom). The inset shows the orientation of the visual membranes in the rhabdom and cellular contribution present in both bumblebee and honeybee eyes.
        
        

        

      

      Since vision is generally the dominant sensory modality in connection with a variety of tasks in insects, it is easy to conceive how dependent in particular bumblebees are on the function of their eyes. Their eyes (Meyer-Rochow, 1981), like those of other hymenopteran species, are of the apposition type. In contrast to the so-called superposition eye, which is characteristic of nocturnal insects like moths and many beetles (Meyer-Rochow and Gal, 2004), the photoreceptive cells in the apposition eye of bumblebees (and other mainly diurnally active insect species) are located directly below the dioptric apparatus: there is no screening pigment free ‘clear-zone’ (Horridge, 1971) between receptor cells and dioptric apparatus. The latter consists of the corneal facets covering the eye and the underlying crystalline cones of each ommatidium. The task of the dioptric apparatus is to focus the light onto the photoreceptive elements of the eye, known as the rhabdoms. Photoreception and the resultant nerve responses depend on the interaction of photons with the photopigment in the visual membranes, the latter being microvilli of approximately 60 nm in diameter, stacked and arranged in columns, i.e. the rhabdoms, positioned along the central axis of each ommatidium.

      The rhabdoms in bumblebees are formed by 8 retinula cells over most of the rhabdom’s length (a ninth cell is present in honeybees, but contributes little: Skrzipek and Skrzipek, 1974; Eisen and Youssef, 1980) and in cross sections reveal that their constituent microvilli are aligned in a characteristic pattern that is repeated in all ommatidia and allows identifications of the photoreceptive cells that contribute to the rhabdom. Cross sectioned rhabdoms in the bumblebee often reveal somewhat rectangular rather than circular outlines (Fig. 1C, D and inset) and the orientation of the microvilli in the rhabdom can reveal whether the eye possesses the capacity to distinguish the e-vector, i.e. is polarization sensitive (Kirschfeld, 1972; Eguchi, 1999).

      There are of course, other sensors that bumblebees and their relatives, the honeybees, make use of in their lives and they include those to distinguish different surface structures (mechanoreceptors), odours (olfactory receptors) and temperature variations (thermoreceptors). However, when observing the behaviour of bumblebees it becomes obvious how extremely important vision is to them: caught in a room with windows on one side they continually bump against the window glass in order to escape from the room. Once outside and free to pursue their normal foraging activity they may seek inflorescences and fly towards them from considerable distances or they may head home to their nest. There is evidence from honeybees that suggests that the more monotonous environment in winter could have led to lighter bee heads and that the richer summer environment with regard to its multitude of stimuli could have been the cause of the summer bees’ heavier heads and possibly more developed and capable brains owing to the significantly greater amount of total RNA in the summer bee heads (Meyer-Rochow, 2002). It would be interesting to test whether such differences also apply to hibernating winter and active spring (or summer) bumblebees.

    

    

  
    
      FUNCTIONAL ASPECTS OF LATERAL EYES AND OCELLI
      Painting or covering the lateral (compound) eyes of a bumblebee does not totally incapacitate or inactivate the latter (Chittka et al., 1999), but it inhibits the insect to fly. The inescapable conclusion is that flight without vision is impossible, but movement in two dimensions by crawling is still possible. A bumblebee on the wing uses its compound eyes to detect open spaces, to avoid solid obstacles and snares like spider webs, to evade attacks by birds (or the butterfly net of an entomologist), to detect, select, and land on flowers and to locate its nest entrance as well as finding a partner to mate with. Occasionally a bumblebee in flight may collide with a car or a cyclist if the latter are moving along at too great a speed and that, too, can tell us something about the bumblebee’s vision, namely that the information received by the insect’s eyes about objects that appear in its field of vision is used in the control of its flight muscles to steer and guide the flying insect.

      When the number of flashes (or images) registered by the eyes as separate events within a single second can no longer be resolved as separate and begin to fuse, thus creating the impression of a continuous movement, vision researchers talk about the “flicker fusion frequency” (Fig. 2A-C). This flicker fusion frequency depends on the brightness of the ambient light intensity and under daylight conditions has been measured through intracellular electrophysiological recordings from single photoreceptive cells in the eye of the bumblebee Bombus hortorum to be approximately 110 Hz (Campan et al., 1965; Meyer-Rochow, 1981). This figure suits an insect like the bumblebee with its relatively slow flight speed well, but would be unacceptable for “aerial acrobats” like dragonflies, which possess flicker fusion frequencies of up to 300 Hz. In humans flicker fusion occurs at much lower frequencies and even 14 images per second are usually not perceived as separate events, but as movement. As with insects this value drops further under poor lighting conditions.

      
        
        

        Fig. 2. 
				
        

        
          (A) Intracellularly recorded responses from a visual cell of the bumblebee eye to 10 μs flashes of white light (100 Hz). (B) Responses to twin flashes showing typical response characteristics to a frequency of 30 Hz. (C) Response to single flash of white light. (D) Intracellularly recorded responses from a visual cell of the bumblebee eye to 10 μs long stimulating flashes of increasingly bright white light from left to right.
        
        

        

      

      The tasks that the small single lens eyes, the so-called ocelli on the bumblebee’s head, have are still not fully understood. In other insects the function of the ocelli has been compared to that of a light sensor that sets the sensitivity range of the large compound eyes on the sides of the head (Goodman, 1970), but there is also evidence that the ocelli are involved in navigational tasks and circadian control of locomotor rhythms (Honkanen et al., 2018). According to Wellington (1974) bumblebee ocelli are sensitive to polarized light and the detection of the plane of polarized light is often linked to an ability to perceive ultraviolet radiation. Meyer-Rochow (1981) showed that at least the median ocellus (the one flanked by the two smaller ones) in the bumblebee exhibits strong UV-sensitivity to light of 353 nm wavelength in addition to a somewhat weaker response to green light of 519 nm in Bombus hortorum.

      To what extent covering one or all three of the ocelli of a bumblebee might affect the insect’s behaviour, when at the same time the compound eyes are also either painted over or are left uncovered, is unknown for this species. However, such experiments were done on the cockroach (Honkanen et al., 2018) and similar studies could possibly also shed some light on the role of the ocelli in the bumblebee. That the latter, however, with an acceptance angle of just 20° (Meyer-Rochow, 1981), would not be able to produce a useful image of objects in the bumblebee’s environment and thereby contribute to the sharpness of the world perceived by the insect, is obvious. At best a very crude under-focused image would result, which then would need significant processing by the insect’s visual centres of the brain as ocelli are unable to accommodate, i.e. move back and forward or change their shapes (Krapp, 2009). Garcia et al. (2017) have recently proposed on the basis of mathematical modelling that the ocelli could be involved in enabling the bees to make reliable colour decisions under changing levels of illumination.

    

    

  
    
      SENSITIVITY AND ACUITY
      This brings us to the problem of resolving power and visual sensitivity. Polymorphism in bumblebee species is common and that the position and size of the eye can affect binocular overlap, sensitivity, and visual resolution has recently been the subject of an investigation by Taylor et al. (2019). Resolving power is related to the finest detail that can be perceived by the eye. How the visual centres of the brain then process the information received from the eyes and whether the full capacity of the photoreceptors is made use of by the nervous system of the insect is another matter that needs to be assessed in behavioural tests. A constant struggle for any photoreceptor is how to balance resolving power (also known as ‘acuity’) with sensitivity, for given the structural constraints of an eye, the two functions are incompatible: high resolution in a compound eye requires small interommatidial angles and narrow photoreceptors with slim light-perceiving structures in the ommatidia (known as the rhabdoms mentioned earlier) that function as light guides when at least as wide as 1.5 μm in diameter and as wave guides when narrower. High absolute sensitivity to light on the other hand depends on wide apertures and in an apposition eye like that of a bumblebee this means large facets with large interommatidial angles and rhabdoms that aren’t thin but voluminous to transmit more light and to accommodate greater amounts of photopigment molecules in them. Problems that compound eyes generally face in this regard -and bumblebees are no exception-have been explained by Horridge (1977), who introduces the term “eye parameter” (p) in connection with the difficulty to reconcile sensitivity and resolution in a compound eye.

      Acceptance angles of individual photoreceptive cells determine the amount of detail an insect is able to obtain from an image the compound eye produces. Narrow acceptance angles lead to a greater density of pixels, but not brighter images. They are therefore useful for insects like honey and bumblebees that need to see not only the flowers they intend to visit, but details of the flower like the so-called bull’s eye of a flower and its pollen-bearing stamens. The smallest acceptance angles, determined through intracellular electrophysiological recordings from photoreceptive cells in the bumblebee Bombus hortorum, were 2.7° (Meyer-Rochow, 1981) and were therefore slightly broader than the 2.5° degrees reported for the worker honeybee photoreceptor cells by Laughlin and Horridge (1971).

      The somewhat larger acceptance angle of the bumblebee’s visual cells and the wider rhabdoms in its ommatidia (greatest widths of 3 μm when compared with the 2.5 μm for the honeybee) in combination with the slightly bigger facets are almost certainly the reason why these insects continue to forage late into the evenings and at relatively low light levels. That the visual centre of the brains of these and other bee species can further improve the sharpness of the image it receives from the eye is to be expected, so that even finer details may be discerned. Behavioural tests by Macuda et al. (2001) actually suggested that the eyes of the bumblebee Bombus impatiens conferred resolutions that were 25% better than those obtained from the tested honeybees, but recently Rigosi et al. (2017) published electrophysiologically determined acceptance angles in worker honey bees of 1.9°, representing a value “30% smaller than that previously reported”.

      The term ‘visual sensitivity’ requires further definition, because the absolute sensitivity of an eye to white light measured as an ERG (electro-retinogram) is less accurate than intracellular recordings from single photoreceptive cells in which an increase in cellular depolarization with increasing stimulus brightness accurately describes the cell’s sensitivity over a range of light intensities as a V/log I curve (Fig. 2D). Spectral sensitivity curves obtained by the ERG method may differ from the spectral sensitivities of individual receptors and the degree to which polarized light can be perceived. For honeybees it has long been known that their eyes are sensitive to linearly polarized light (cf., Kirschfeld, 1972; Wehner, 1976; Zeil et al., 2014) and through intracellular recordings it has been established that they contain three kinds of spectrally sensitive photoreceptive cells (UV, blue, and green sensitive cells: Menzel, 1979). Honeybees, furthermore, are alsoknown to remember colours very well (Menzel, 1968).

      In the eyes of the bumblebee Bombus hortorum Meyer-Rochow (1981) determined through intracellular recordings from 75 retinula cells of 12 bumblebees a ratio of approximately 1 : 1: 6 of UV : blue : green sensitive cells, peaking at 353, 430 and 548 nm wavelengths, respectively (Fig. 3A, B). In one other study based on intracelllar recordings Skorupski et al. (2007) identified spectral peaks in B. terrestris dalmatinus (UV=348; blue=435; green=533) from the Italian mainland and B. terrestris sassaricus (UV=347; blue=436; green=536) from the island of Sardinia. The small differences with regard to the B. hortorum peaks are likely to be species-specific or due to the high northern latitude with a different photic environment to that of the Mediterranean region that B. hortorum vision had to adapt to. Overall agreement, however, confirming trichromatic vision with peak sensitivities in the ultraviolet, blue, and green regions of the visual spectrum, is good.

      
        
        

        Fig. 3. 
				
        

        
          Results (with error bars) of the three spectrally different photoreceptive cells present in the eye of the bumblebee. Intracellular recordings revealed a ratio of 11 : 10 : 54 respective cell types. Sensitivity values were converted into percentages as in Meyer-Rochow (1981) and plotted on the ordinate. (A): Responses of 11 UV and 10 blue sensitive photoreceptive (=retinula) cells with respective peak sensitivities to lights of 353 nm and 430 nm wavelengths. (B). Responses of 54 green sensitive photoreceptive (=retinula) cells with peak sensitivity to light of 548 nm wavelength.
        
        

        

      

      Given the fact that each ommatidium contains 8 photoreceptive cells and that the rhabdom and ommatidial organization are therefore not significantly different from what is known with regard to worker bee eyes, we can assume that there are 6 green sensitive cells per ommatidium plus one blue and one UV sensitive cell each. What, however, we should not assume without further investigation is that the three castes (workers, males, and queens) all share the same eye structure and visual capacity. There are many species of insects in which males and females possess different eye structures (Meyer-Rochow, 2008) including the honeybee with its different castes (Perrelet, 1970; Menzel et al., 1991; Streinzer et al., 2013). Whether structure and function of male and female bumblebee eyes differ and whether the ultrastructural organizations of the photoreceptive cells vary in the eyes of hibernating or summer-active individuals is not known.

    

    

  
    
      FLOWER-VISITING BEHAVIOUR AND THE ROLE OF VISION
      What unites the different castes of both bumble and honeybees is their need to visit flowers in order to sample nectar (mostly required as an efficient energy source for physical activities like flight, brood cell construction, etc.) and pollen to feed the larvae with. Unsurprisingly there has been considerable interest in floral colour patterns (Fig. 4A, B) and a review on the functional significance of the optical properties of flowers for visual signalling has recently been published by Van der Kooi et al. (2018) as a follow-up to a study by Dyer et al. (2008) on the psychophysics of bumblebee and honeybee colour discrimination and object detection. In both flower-seeking species innate preferences and learning play a role. In a series of experiments by Lunau et al. (2015), in which, for example, “bumblebees collected glass powder, which is visually inconspicuous and scentless, as often as Pinus pollen” indicating that no chemical stimulus is needed in collecting pollen. That pollen themselves can possess means to make it more difficult to be collected became obvious when the sticky pollenkitt of hollyhock pollen (Alcea rosea) was removed and the pollen spines were bent by vortexing: bumblebees readily collected these pollen, but without such pollen pre-treatment bumblebees would avoid them, suggesting that it was a mechanical defence and not a toxin that protected the pollen (Lunau et al., 2015). It is clear that visual stimuli initiate flower visitations and pollen collecting, but the full repertoire to complete the behavioural sequences of pollen collection occurs with multimodal stimulation that combines visual, olfactory, gustatory and tactile responses (Wilmsen et al., 2016).

      
        
        

        Fig. 4. 
				
        

        
          (A): Example of a flower that exhibits strong ultraviolet absorbance in the centre, making it easy for flower-seeking insects with UV-vision (like bumble or honeybees) to locate the so-called bullseye with its pollen bearing stamens. (B): Human eyes are incapable of seeing UV and would see the same flower as in the photograph on the right.
        
        

        

      

      The fact that ultraviolet patterns are a component of flower reflections and seen by flower-visiting hymenopterans like bumblebees and honeybees has been studied by Chittka et al. (1994) and photographs of flowers in ultraviolet of a large number of species have been made available by Rørslett (www.naturfotograf. com/UV_flowers_list.html#NYCTAGIX). Bees prefer the highest spectral purity and highest chromatic contrast against the background and respond sensitively to even small changes in flower coloration (Papiorek et al., 2013), something that can be expected to apply equally to bumblebees. Compared with human vision not only do bumblebees perceive ultraviolet as a colour, they also process colour vision much faster than humans (Skorupski and Chittka, 2010). The ultraviolet coloration or patterns that many flowers exhibit under UV-radiation are often very specifically distributed. Termed “floral or nectar guides” they usually affect stamens or patches on the petal bases that imitate stamen and are indicative of the flower’s “bulls eye” (Lunau et al., 1996). Most of the pollen due to their contents of flavonoids and carotenoids absorb ultraviolet radiation (Dyer et al., 2008).

      Having collected pollen and ingested nectar, bumblebees need to find their way home. Navigation and determination of direction has been studied intensively and to great detail in hymenopterans like ants and honeybees (Dyer and Gould, 1983; Wehner and Srinivasan, 2003; Zeil et al., 2014), in which the perception of linearly polarized light, i.e. the E-vector, plays a critical role. Although the structural organization of the bumblebee rhabdom is virtually identical to that of the honeybee and polarization sensitivity in approximately 50% of the bumblebee’s UV and blue sensitive retinal cells were found to possess polarization sensitivities of 4 : 1, polarization-aided orientation in free living bumblebees has not yet been conclusively demonstrated.

      What is known, is that bumblebees pay no or little attention to polarizing patterns during their flower visitations (Chittka et al., 1994), but are apparently able to learn to discriminate artificial flowers on the basis of their polarization characteristics (Orbán and Plowright, 2014) and may use celestial polarization patterns for navigation at dusk (Wellington, 1974). A clue that bumblebees could possibly employ magnetic compass orientation comes from observations by Chittka et al. (1999) who demonstrated that bumblebees were able to measure both distance and direction in total darkness even in the absence of odour trails. This suggests that bumblebees have available to them “backups” to supplement their sense of vision.

      In order to locate a source of nectar and pollen, flower-visiting insects must be able to have spatial vision and see possible food sources over considerable distances (Wehner, 1981; Lehrer, 1994). Exactly from how far bumblebees would be able to determine whether it is worth the effort and energy to approach a possible food source is not known, but it is possible to argue like Brito et al. (2015) did that trees in the distance represent huge flowers and the flowers in them represent oversized floral guides. Flowers are of different shapes and sizes and bumblebees have been known to possess an excellent memory for flowers (Raine and Chittka, 2007). Because of the bumblebees’ and honeybees’ similar feeding habits, conclusions with regard to pattern discrimination studied extensively in the latter (see recent reviews by Horridge (2000) and Avargues-Weber et al. (2012) can be expected to apply to the former as well. Unsurprisingly then bumblebees can also be assumed to be capable of distinguishing many different patterns in the same way that honeybees and even mammals do (Srinivasan et al., 1994).

    

    

  
    
      SOME OPEN QUESTIONS
      Both honeybees and bumblebees often spend long times exposed to the bright light of sunshine. They cannot close their eyes, although adaptational changes and screening pigment migrations within the eye are known to occur and help protecting structures vulnerable to radiation damage (Kolb and Autrum, 1972). However, although UV-induced damage to either rhabdoms or visual cell ultrastructural features have been reported to impact the eyes of some insects (Meyer-Rochow et al., 2002), bumblebee eyes exposed to similar levels of UV-radiation seemed unaffected. Whether their resistance to UV-induced damage was due to their genetic make up and existed from the moment they eclose from the pupa or whether they build up some UV-resistance during the summer when they forage in bright sunlight could not be answered in the study by Meyer-Rochow et al. (2002). However, that age-related structural and functional changes can indeed occur and affect insect eyes has been shown (albeit not for bumblebees and other hymenopterans yet) by Butler et al. (1970) for adults of the black carpet beetle and by Bremer et al. (1993) for the compound eye of the termite Neotermes jouteli. To investigate this as well as some of the other questions raised in this brief review on bumblebee vision (like brain and eye differences in winter and summer bumblebees, the lack of interommatidial hairs, dissimilarities between male and female photoreceptor structure and function, distance vision, etc.) should be interesting tasks for the future.
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