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ABSTRACT  

Research on the use of greenhouse pollinators other than bumblebees is of increasing 

importance as global climate change poses greater risk to field crops, and controlled environment 

agriculture (CEA) ensures some access to food out of season and during times of crop failures. 

Unlike many native or solitary pollinators, there are well established management systems for 

honey bees as outdoor crop pollinators and they are widely and often locally available. Despite 

this, little has been done to investigate the use of honey bees as greenhouse pollinators, in part 

due to anecdotal evidence that honey bee foragers are disoriented in the artificial environment 

and never return to their colonies. This apparent disorientation could be due to the greenhouse 

disrupting cues that honey bee foragers learn to use in navigating natural environments, such as 

the position of the sun, floral odors, and visual and tactile cues. There is evidence that individual 

experience can affect honey bee behavior, but how does experience in different environments 

affect honey bee activity, diet choice and learning in the greenhouse? The aim of the current 

study was to bring insights gained from lab studies into a larger context to move towards 

understanding patterns of honey bee behavior in greenhouse agricultural environments. To 

answer this question of how experience affects honey bee behavior, naïve colonies were 

maintained outdoors or in the greenhouse until bees were several days past foraging age. 

Colonies from each group were then moved to separate greenhouse or screened enclosures to 

observe foraging on artificially provided diets in each environment type. We observed bee 

activity at feeder arrays containing high- to low-value pollen and sucrose resources. The results 

generally suggest that the greenhouse environment encourages higher sucrose foraging activity, 

but for pollen foraging, activity depends on prior experience. Prior experience also affects 

preference for diets of different quality in the greenhouse but not in the screenhouse. Learning 

acquisition was not affected by the environment of prior experience. The environment of prior 
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experience may be part of the reason honey bees appear disoriented in a greenhouse. Using naive 

honey bee colonies rather than outdoor experienced colonies could be a management strategy for 

achieving better pollination with honey bees in a greenhouse. 
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INTRODUCTION 

Honey bees are the pollinators most commonly used for outdoor agriculture, but for most 

greenhouse crops requiring insect pollination, growers use colonies of bumble bees. While some 

research has reported success in using honey bees for greenhouse crop pollination, honey bees 

may not be commonly used in commercial greenhouses due to anecdotal evidence that honey 

bees are disoriented by the greenhouse environment. One of the main reasons bumblebees are 

used is that they perform buzz pollination (Buchmann, 1983), a behavior ideal for releasing 

pollen from flowers with poricidal anthers; honey bees do not perform this behavior (Guerra-

Sanz, 2008; Velthuis & van Doorn, 2006). Sonciation is critical for adequate pollination of 

greenhouse tomato plants, and ~95% of all bumblebee colony sales are to tomato growers 

(Velthuis & van Doorn, 2006). Bumblebees are exemplary greenhouse pollinators considering 

they forage at lower temperatures than honey bees - ideal for the large number of greenhouses 

located in cold, northern climates (Free 1993; Guerra-Sanz, 2008). Global climate is expected to, 

and has already begun, to change, with temperatures increasing and more frequent extreme 

weather events and droughts. A changing climate means that controlled environment agriculture 

(which includes controlled environments like greenhouses) is going to become increasingly 

important to supporting our global food system during times of crop failures (Gruda et al. 2019; 

Walters et al., 2020). Greenhouse hydroponics has particular potential for ensuring food security 

in extreme climate regions and urban locations due to its low water use and high-yield per unit 

area (McCartney & Lefsrud, 2019; Barbosa et al, 2015; Gomez et al. 2019; Jensen, 2001). To 

address this growing need, the types of crops grown in greenhouses may need to diversify 

beyond tomatoes and leafy greens, and this will require effective pollinators. 
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Unlike many native or solitary pollinators, there are well established, cost-effective 

management systems for honey bees as crop pollinators (Sammataro & de Guzman, 2018; Dag, 

2008; Guerra-Sanz, 2008). Honey bees could be an alternative pollinator for greenhouse growers 

in arid climates because they are widely and locally available and they forage at higher 

temperatures than bumblebees (Guerra-Sanz, 2008). Despite these advantages, relatively little 

has been done to investigate the use of honey bees as greenhouse pollinators since the 

commercialization of bumblebee colonies. Due to increasing colony prices, bumblebee health 

concerns, and non-native bumblebee species introductions, however, some research has returned 

to the investigation of honey bees as alternative greenhouse pollinators (Sabara & Winston, 

2003; Evans, 2017; Goulson & Hughes, 2015). Several studies found that honey bees produced 

acceptable fruit yields in greenhouse crops (de Ruijter et al. 1991; Kalev et al., 2002; Dag & 

Kammer, 2001; Iselin et al., 1974), even in tomato crops (Spangler & Moffett, 1977; Sabara, 

2004; Higo et al., 2004), and use of honey bees as greenhouse pollinators is common for 

strawberry production in Japan and sweet pepper production in the Netherlands (Matsuka & 

Sakai, 1998; Guerra-Sanz, 2008; de Ruijter et al. 1991). Despite these apparent successes, honey 

bees are not considered common greenhouse pollinators in the United States, perhaps due to 

anecdotal evidence that honey bee foragers are disoriented in the artificial environment (Free, 

1993; Hawkins, 1968). Little has been done to directly investigate the mechanism behind this 

reported disorientation, and it is possible that greenhouse environments disrupt cues that honey 

bee foragers use in navigating natural environments. 

Honey bees navigate and learn using multiple sensory inputs, including the position of 

the sun (Gould, 1984), odor from floral resources (Srinivasan & Reinhard, 2009), and visual and 

tactile floral characteristics (Kevan & Lane, 1985). As honey bees age, their sensory 
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environments change. After completing development as pupae and emerging as adults, honey 

bees spend about two weeks performing in-hive tasks, and at 2-3 weeks begin to transition to 

out-of-hive tasks like foraging (Winston, 1987). The environment within the hive is almost 

completely dark. Thus, a newly emerged honey bee adult senses its world mainly through 

olfactory, gustatory, and tactile stimuli; the former two are mostly limited by what pollen and 

nectar the older foraging workers bring back. As these bees age, their environments expand 

because they transition from doing in-hive tasks, such as caring for larvae in open “brood” cells, 

to doing out-of-hive tasks, like foraging. They begin taking their first flights, experiencing new 

visual stimuli and learning the location of the hive relative to nearby landmarks. Once a honey 

bee begins foraging, it starts using specific cues in the surrounding environment to find and 

remember the location of resources. 

In natural environments, honey bees use the angle of the sun, patterns of polarized light, 

and ultraviolet light in navigation (reviewed in: Dyer & Gould, 1983, Kevan et al., 2001, and: 

Orbán & Plowright, 2014). While much is understood about honey bee vision and olfaction 

independently of one another, less is known about how both of these senses work together to 

affect learning, memory, and behavior (reviewed in: Leonard & Masek, 2014; Leonard et al., 

2012). Studies on the relative importance of visual and olfactory stimuli indicate that scent 

information is prioritized over visual information; however, as Leonard and Masek (2014) point 

out, the relative salience of each stimulus chosen in these experiments affects prioritization (von 

Frisch, 1971; Katzenberger et al., 2013). Salience, in this case, refers to the extent to which a 

stimulus stands out to a bee in relation to its surroundings. For example, honey bees learn colors 

better when there is a strong contrast between the relevant stimulus and the background (Hempel 

de Ibarra, 2000). Bimodal stimuli appear more salient than unimodal stimuli (Gerber & Smith, 
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1998; Leonard & Masek, 2014). However, Riveros et al. (2020) suggest that individual bees 

differ in which stimulus they learn best, and thus bimodal stimuli may simply increase the 

proportion of individuals that can learn by providing more than one stimulus that predicts a 

reward. These studies on bimodal perception and learning further suggest that light stimuli may 

be providing an important context for odor learning in bees. Considering how a bee normally 

experiences its environment, what unique features of a greenhouse environment could be 

affecting their navigation? 

Greenhouse environments alter sensory information relevant to honey bees, as they are 

visually, nutritionally, and olfactory limited compared to the highly variable natural 

environment. For example, many greenhouse-cladding materials, or glazings, disrupt natural 

sunlight patterns, particularly plastic coverings such as polycarbonate. Considering that honey 

bees use ultraviolet and polarized light patterns to navigate in outdoor environments, it seems 

likely that greenhouse glazing could be causing honey bee disorientation. The limited number of 

studies that tested the effect of different glazings on honey bee behavior suggest that materials 

that block UV light, such as polycarbonate and fiberglass, contribute to reduced activity or 

disorientation (Blacquière et al., 2006; Moffett & Spangler, 1974; Free, 1993). The greenhouse 

environment also seems to contribute to reduced brood production, possibly from nutritional 

stress (Moffett & Spangler, 1974; Kalev et al., 2002; Blacquière 2006). Like large outdoor 

monoculture crops, greenhouses provide few forage options for honey bees, and may not be large 

enough to provide adequate nutrition for a full-size colony (typically ~20,000 individuals). There 

have been successful attempts to keep honey bees in a greenhouse for up to 3 months, however, 

when supplemented with food resources (Kalev et al., 2002; Sabara & Winston, 2003). There are 

also some studies showing that small colonies, which require less forage, can achieve adequate 
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greenhouse pollination (Iselin et al., 1974) and do not display reductions in brood production, 

adult population, or food stores (Keasar et al. 2007). 

Limited floral varieties also mean that the olfactory environment in a greenhouse is 

restricted compared to the variety of floral odors honey bees might experience outdoors. A 

limited environment can affect honey bee brain development and thus affect behaviors such as 

odor learning. One study limited honey bee olfactory experience by raising colonies in tents and 

comparing forager learning to that in foragers from outdoor-raised hives. They found that this 

affected development in odor processing regions of the honey bee brain and also affected 

foragers’ ability to distinguish between odors in a learning assay (Jernigan et al., 2020). The 

relatively limited greenhouse environment might similarly affect honey bee odor learning, and 

possibly other behaviors such as foraging activity and diet preference. 

A bee’s sensory experience is likely different in a greenhouse compared to outdoors. 

Thus, bees raised in a greenhouse would have a different set of cues to learn compared to bees 

raised outdoors. Many other sensory experiences have been found to affect honey bees 

physiologically and behaviorally. For example, there is evidence that orientation flight 

experiences precede changes to interneurons, possibly preparing workers’ nervous systems to 

record and remember orientation stimuli (Brandon & Coss, 1982). Simply exposing adult honey 

bees to light for the first time can lead to changes in hormone expression and brain physiology 

known to be related to the transition from nurse to forager (Scholl et al., 2014). Experience can 

also affect diet selection, even several days after the relevant experience (Arenas et al., 2008; 

Beekman, 2005). Olfactory experiences honey bees have as pre-foragers can affect their resource 

preference, learning ability, and communication as foragers (reviewed in: Arenas et al., 2013). In 

general, foraging experience is correlated with specific physiological and chemical changes, 
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some of which are experience-dependent and can lead to individual differences in behavior 

(Chen et al., 2015). Little has been done on how prior experience affects foraging in greenhouse 

settings. However, a few studies observed that small honey bee colonies could be kept in the 

greenhouse if experienced foragers were excluded or if new colonies were created from naïve 

adult bees, brood, and stored resources (Free, 1993; Hawkins, 1968; Iselin et al., 1974). These 

management observations suggest that honey bees might behave differently in a greenhouse 

depending on the prior experience of foragers. 

In a typical outdoor apiary, bees have access to a wide variety of different stimuli from 

the surrounding area: flowers, natural sunlight, and naturally fluctuating temperatures and 

humidity. These stimuli are not absent in greenhouses, but they are different: for example, the 

amount of UV light is curtailed, and the temperature is controlled. Considering how experience 

affects honey bees in natural environments, could experience in a limited environment like a 

greenhouse affect not only honey bee foraging behavior but also their learning ability?  

The aim of the current study was to bring insights gained from lab studies into a larger 

context to move towards understanding patterns of honey bee behavior in greenhouse 

agricultural environments. To address the question of how experience affects honey bee activity, 

diet choice and learning in the greenhouse, naïve honey bee colonies were maintained in two 

different environments: an outdoor apiary or a greenhouse, referred to as the “primary 

environments”. Colonies from each group were then moved to separate greenhouse or 

screenhouse enclosures (“secondary environments”) to observe foraging on artificially provided 

diets in each environment type (fig.1). Prior evidence shows that greenhouses can reduce brood 

area, affect adult population, and stored resources; thus these colony health measures were 

monitored. Similar to Jernigan et al. (2020), honey bees kept in the greenhouse experienced a 
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restricted environment, but in the present study they were restricted in multiple sensory 

modalities by the greenhouse environment. Experience in either a limited (greenhouse) or 

unrestricted (outdoor) environment could lead to differences in behavior, perhaps also depending 

on which environment the bees are observed foraging in. 

The experiment tested a set of three hypotheses: (1) primary environment affects learning 

of floral odors because the greenhouse limits olfactory experiences compared to outdoors; (2) 

secondary environment affects foraging activity and diet choice because the greenhouse 

environment limits sensory information relevant to honey bees; and (3) both primary and 

secondary environments affect foraging activity and diet choice because early experiences with 

light and odor stimuli affect honey bee behavior and many of these stimuli are altered in the 

greenhouse. If the secondary environment affects honey bee foraging activity and diet, then all 

foragers in the greenhouse should have lower activity and have difficulty finding and choosing 

more valuable diets, while foragers in the screenhouse should show the opposite pattern of 

behavior. If both the secondary and primary environment affect behavior, however, then foragers 

in each environment should behave differently depending on the context of their prior 

experiences. For example, as predicted above, foragers may have lower activity in the 

greenhouse, but in this case, only when they have prior experience outdoors due to the changes 

in most of the stimuli they use to navigate in a natural environment. Greenhouse-experienced 

foragers, on the other hand, will not have learned responses to the same initial stimuli, light in 

particular, and thus will have higher activity and better accuracy in choosing higher quality diets 

in the artificial environment. Accordingly, foragers in the screenhouse should behave differently 

depending on the context of their prior experiences. Finally, if the primary environment affects 

honey bee learning acquisition and ability, greenhouse-experienced foragers will show slower 



15 
 

learning acquisition than outdoor-experienced foragers due to their limited olfactory experiences. 

MATERIALS & METHODS 

Environments 

Experiments were conducted between May 11 and July 6, 2020 in Tucson, AZ at the 

University of Arizona Campus Agricultural Center. Three sites were used as experimental 

environments: an outdoor apiary (outdoors), a screened enclosure (SH), and a greenhouse (GH). 

The outdoor apiary site represented the normal, unrestricted environment. Here, honey bee 

colonies experienced a wide variety of olfactory and visual stimuli from the unfiltered sunlight 

and floral resources in the surrounding area. Next, we used a screenhouse (SH) with -40% shade 

cloth roofing to simulate normal outdoor conditions while keeping the colony contained within 

its own space for assessment of foraging performance (fig. 2). The use of a screenhouse allows 

bees to experience the same stimuli as in the outdoor environment, except that the SH lacks 

floral resources (see table 1). While black shade cloth reduces the intensity of incoming light, it 

does not change the relative amount of different parts of the electromagnetic spectrum, nor does 

it scatter light. For example, the relative amount of UV compared to the visible light spectrum is 

not different from outdoors (see Appendix A). The third environment was the greenhouse (GH) 

environment, in which honey bees experienced limited diet, odor, and light stimuli and a 

controlled temperature regime (fig.1). As in the screenhouse, the colonies were restricted to 

individual screened enclosures, but here they were also contained within an air-inflated high-

tunnel structure with polyethylene roofing and double-walled acrylic sidewalls (fig.3). The 

roofing film used was white, stabilized PE film with 50-55% shadow from AA Politiv Ltd. Like 

the shade cloth, the polyethylene glazing limited the intensity of incident sunlight (by ~50%), but 

the plastic also diffused light and reduced available light in the UV spectrum relative to the 
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visible spectrum (appendix A). The temperature in this environment was controlled using a pad 

and fan-based mechanical cooling system with a set-point of 85°F (controlled by Wadsworth 

STEP Control, Wadsworth Control Systems Inc.). While odors were not specifically limited, 

honey bees had no access to natural forage, and any odors that entered the screenhouse through 

the vents would have been quickly evacuated by the environmental control system. 

 

Figure 1: high tunnel structure used as a greenhouse environment for primary and secondary 

environments. Roof covering is an air-inflated double layer of polyethylene and front and side-

walls are polycarbonate. Readings from a spectroradiometer of the available light at 300-1000nm 

is listed in Appendix A.  
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Figure 2: Screen-covered hoop-house, or screenhouse, used as a secondary environment to 

enclose foragers. Screening is black -40% shade cloth from Greenhouse Megastore 

manufacturer. 
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Figure 3: An example of a 

screened enclosure within the 

screenhouse. Enclosures 

within the greenhouse were 

similar and made of the same 

material except greenhouse 

enclosures also had white tarp 

floor covering. 

 

 

 

 

 

Colony Manipulations 

In order to control the experience of all adult workers, new five-frame “nucleus” colonies 

of European honey bees (Apis mellifera) were established using frames of stored resources and 

brood from donor colonies at the Carl Hayden Bee Research Laboratory in Tucson, AZ. Nucleus 

colonies are half the size of a standard Langstroth style hive, containing 5 standard size frames of 

comb rather than 10. Each frame of comb is approximately 48 cm x 23 cm x 3.5 cm. Each colony 

was given three frames of mixed-age brood (open larval cells and capped cells containing late 

instar larvae and pupae), one frame of stored nectar and pollen, and one frame of empty comb.  

Frames containing capped brood close to emergence were collected from donor colonies and 

incubated overnight at ~32 ℃. Newly-emerged adults were removed ~24 hours after the brood 
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frames were collected. Approximately 200 of these one-day-old bees were paint-marked and 

added to each colony over 3 days such that each colony had 600 1-3d old bees by day 3.  

New Italian queens (Apis mellifera ligustica) were introduced slowly to each new colony 

using the following method. Queens were added to each colony in individual screened cages on 

day 3, after all young worker bees had been added. By day 5, the queens were transferred to 

press-in screens which contain the queen to a section of empty comb to allow egg-laying but 

prevent workers from rejecting the queen. The queens were released from press-in screens by 

day 7 to complete the introduction process.  

All colonies were kept in the GH with sealed entrances until all of the marked adult bees 

were added. At this point, half of the colonies were moved to the outdoor apiary while the other 

half stayed in the GH (fig.4). This first phase, in which the oldest cohort of adult bees first gain 

experience, will be referred to as the “primary environment”. Colonies in the GH were fed dry 

pollen substitute in petri dishes and water in gravity feeders ad libitum. The pollen substitute 

used was Bee-Pro® (Mann Lake Ltd.). Outdoor colonies had access to similar loose pollen 

substitute and water feeders, but were also able to access natural pollen and nectar resources in 

the surrounding area. Although a survey of flowering plants in the area was not taken, plants that 

typically flower in June in the study area and are frequently visited by honey bees include: 

Arizona redbud (Cercis orbiculata), willow (Salix spp.), cherry (Prunus emarginata), milkvetch 

(Astragalus sp.), false acacia (Robinia pseudoacacia), sumac (Rhus glabra), canola (Sinapis 

arvensis), honey locust (Gleditsia triacanthos), milkweed (Asclepias tuberosa), chokecherry 

(Prunus virginiana), raspberry (Rubus idaeus), thimbleberry (Rubus parviflorus), Himalayan 

blackberry (Rubus armeniacus), desert false indigo (Amorpha fruticosa), field mustard (Brassica 
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rapa), watermelon (Citrullus lanatus); sotol (Dasylirion spp.), bee brush (Aloysia spp.; Flora of 

North America, 1993; Lovell, 1926; Slattery, 2016). 

Previous research has demonstrated that colonies with disrupted age structure tend to 

forage earlier, with age at first foraging reported at about 5-20 days, and orientation flights 

typically occurring at least 1 day prior to first foraging (Perry et al., 2015; Huang & Robinson, 

1996; Winston, 1987). In order to ensure that the foragers from the hives were experiencing the 

primary environment, the marked adults were observed flying from all colonies as early as 14 

days prior to the move from the primary to secondary environment.  

Colonies were then moved into separate greenhouse or screenhouse enclosures in order to 

observe their foraging activity in both environments (fig.5, table 1). These environments will be 

referred to as the “secondary environment”. Colonies in their secondary environments were 

again provided with water and loose pollen substitute for 3-4 days, and were then observed 

foraging at diet arrays described in the next section. Colonies remained in the secondary 

environment for 8-10 days. This primary then secondary environment combination yielded four 

treatments (fig. 4, table 1):  Outdoor-SH, Outdoor-GH, GH-GH, and GH-SH. Colonies grouped 

by primary environment are referred to as “primary-GH” (GH-GH and GH-SH groups), or 

“primary-outdoor” colonies (Outdoor-SH and Outdoor-GH). Colonies grouped by secondary 

environment are referred to as “secondary-GH” (Outdoor-GH and GH-GH), or “secondary-SH” 

(Outdoor-SH and GH-SH). 

Previous research suggests that the greenhouse environment contributes to reduced brood 

production, possibly from nutritional stress, but the mechanisms have not been tested (Moffett & 

Spangler, 1974; Kalev et al., 2002; Blacquière et al., 2006). Brood area and the area of stored 

resources or empty space can affect foraging effort (Dreller et al., 1999; Pankiw et al., 1998; Al-
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Tikrity et al., 1972; Filmer, 1932). For this reason, the adult population and the areas of brood 

and food stores were estimated using the Liebefeld method (Delaplane et al., 2013; Imdorf et al., 

1987) for each of the four treatment groups. Each colony was evaluated twice: 1-2 days before 

being moved from the primary environment, and again 1-3 days after being removed from the 

secondary environment. 

Due to greenhouse availability and honey bee seasonality constraints, colony 

manipulations were completed in three, overlapping trials. At the start of each trial, 8 colonies 

were established (2 in each experimental group) and then subjected to the manipulations 

described above, with trial 1 beginning on May 11, trial 2 on May 25, and trial 3 on June 8, 

2020. 

 

Figure 4: diagram of colony manipulations. Colonies spent 18 days in the primary environments 

to gain flight experience in their respective environments, then 8 days in the secondary 

environments where their foraging performance was subsequently assessed. Foraging 

performance observations used for analysis were taken 6-7 days after colonies were moved to the 

secondary environments.  

Naïve 
Colonies 

n = 24 

1 day 

Primary 
Environment 

Secondary 
Environment 

Outdoor 
Apiary 

18 days  

n = 12 

Greenhouse 
n = 12 

8 days 

Screenhouse 
n = 12 

Greenhouse 
n = 12 

Outdoor  SH 

GH  SH 

Outdoor  GH 

GH  GH 

n = 6 

n = 6 

n = 6 

n = 6 

Experimental 
Groups 

Colony 
Establishment 
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 Primary sensory stimuli Secondary sensory stimuli 

Outdoor 
Natural forage, in-hive stores, 

normal light, normal and varied 
odors, normal temperature variations 

(not used as secondary environment) 

Screenhouse 
(not used as primary environment) Feeder array, in-hive stores, normal 

light, normal and varied odors, 
normal temperature variations 

Greenhouse 
Pollen substitute, water feeder, in-
hive stores; restricted light, odor & 

temperature 

Feeder array, in-hive stores; 
restricted light, odor & temperature 

Table 1: Table of experimental groups and potential sensory exposure in each environment. 

Figure 5: Diagram of greenhouse screened enclosures and general colony placement. Smaller 

central enclosures used as the primary-GH environment, larger enclosures used for the 

secondary-GH environment. Colonies kept in the greenhouse for the secondary environment 
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were moved to enclosures not immediately adjacent to the one used as their primary 

environment. Screenhouse enclosures were similar to the larger greenhouse enclosures.  

Foraging Activity and Preference  

Honey bees are known to prefer higher concentrations of sucrose, but evidence for 

whether they prefer pollen resources with higher nutrient content is mixed (Free, 1993; Pernal & 

Currie, 2001; Corby-Harris et al., 2018; in review: Corby-Harris et al.). To test Hypotheses 2 and 

3, that either the current environment or both the prior and current environment affect honey bee 

behavior in the greenhouse, colonies were observed foraging in their secondary environments at 

an array of feeders containing pollen and sucrose options which varied in nutritional quality or 

concentration (fig.6). Liquid diets were provided through identical gravity feeders filled with 

50% w/v sugar syrup, 20% w/v sugar syrup, or water. Protein diets were provided in petri dishes 

filled with floral (mostly Brassica rapa, var. Ruvo) pollen collected by honey bees in 2015, pure 

Bee-Pro®, or a 50/50 mixture of pollen and Bee-Pro®. Previous research has shown that B. rapa 

pollen is more nutritious and more digestible than Bee-Pro® (Saffari et al., 2010; DeGrandi-

Hoffman et al., 2016). Each gravity feeder contained approximately 20mL of sucrose solution or 

water and each petri dish contained approximately 3g of each diet type. The diet choices were 

arrayed on a platform in the same position relative to each colony. Preference for certain diets 

could be skewed by the relative positions of each feeder; for example, bees might visit certain 

diets more if they are the closest to the hive entrance, or if they are adjacent to a high value diet. 

For this reason, the relative position of each diet choice was haphazardly rotated at the start of 

each observation session, though protein and liquid feeders were always alternating in sequence 

and were changed such that they were in a different order from the prior day. The position of the 

array was switched to the opposite side of the enclosure each day, but was approximately the 
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same distance from each colony. The arrays were available to the bees from 9 am to 1 pm local 

time at which point the diets were removed. Each colony was then given a clean water feeder to 

prevent excessive water stress, but were not given any protein feeder to motivate pollen foraging 

the next day. Photos were taken of each diet array twice per hour for each colony so that the 

number of foragers visiting each diet could be counted. All diet choices were weighed before and 

after being exposed to each colony. The weight of diet removed (pre- versus post-weights) was 

the amount of diet collected by foragers (“diet collection” below).  

Foraging observations for each trial began 3 days after colonies had been placed in 

secondary environments and continued for 5 days. Due to missing data, only days with matching 

numbers of observations were used for analysis. Thus, in Trial 1, data from one day of 

observations were used (day 7 in secondary environment) and in Trials 2-3, data from two days 

of observation were used (days 6-7 in secondary environment). Therefore, average visitation and 

collection for each colony was calculated per hour of observation. Further, while overall 

visitation and food collection are informative, these values can be affected by even slight 

differences in colony strength or age distribution (Dreller et al., 1999). To remove these effects, 

the percent of the total visits to each diet or the percent of total diet collected per colony was 

calculated and analyzed as a measure of diet preference. Data from one colony in the outdoor-SH 

group was not used in the analysis due to the loss of the queen while the colony was in its 

secondary environment. 
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Figure 6: Feeder array displaying from left to right: BeePro®, water, pure floral pollen, 20% w/v 

sucrose solution, 50/50 mixture pollen/BeePro, 50% sucrose solution. The position of each 

resource relative to each colony was the same for a given observation session but was changed 

haphazardly each day. 

Learning Assay  

To test Hypothesis 1, that primary environment affects learning, foragers were tested for 

learning of a single odor following an established proboscis extension response (PER) protocol 

(Matsumoto et al. 2012 and Smith & Burden 2012 or Bennett et al 2020). In this protocol, honey 

bee foragers learn to associate a conditioned stimulus (CS) such as an odor with an 

unconditioned stimulus (US) such as a sucrose solution reward. Honey bees automatically extend 

their proboscis (tongue) when presented with sucrose solution. The extension of the proboscis 

(PER) is an unconditioned response to sucrose solution, the unconditioned stimulus (US). 

Through a series of absolute conditioning trials, they learn to associate an odor (the conditioned 
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stimulus, or CS) with the US and will eventually extend their proboscis to the odor alone, 

demonstrating that they learned. The first set of conditioning trials, pairing CS with US, show 

how quickly bees learn, or their “learning acquisition”, while the final test trial, where the US is 

not presented, shows whether the bees learned the CS or not. To compare the effect of each 

primary environment on learning, foragers were sampled from 6 colonies that essentially did not 

change environments - 3 from the outdoor-SH group and 3 from the GH-GH group. Testing of 

subjects occurred 1 and 2 days before and 3 through 6 days after the colonies were moved from 

the primary environment to the secondary environment. To collect foragers, the hive entrance 

was briefly blocked and returning bees were captured in vented glass vials. Individual foragers 

were immobilized by placing the vials on ice one-by-one for 3-5 minutes. Each bee was then 

strapped into a short plastic straw with only its head exposed. The antennae were stimulated with 

a sucrose solution before the learning trials, and bees were discarded if they did not exhibit the 

proboscis extension reflex (PER). Trials were precisely timed such that each bee was exposed to 

the odor for 3 sec before being presented with the sucrose reward. Each learning session 

consisted of 6 trials, 15 bees tested at once, and an interval between trials of 15 minutes. The first 

5 trials were part of the learning acquisition phase where the odor was paired with the sucrose 

reward. To test whether they responded to the CS alone, the sixth trial was a test trial, where bees 

were not presented with sucrose solution after odor exposure. All bees tested were included in 

analysis (including those that responded to the US but never responded to the CS) except those 

that died during experimentation (2 individuals). The conditioned stimulus was 3µL of 100% 

lime essential oil (Aura Cacia®, Frontier Co-op, Norway, IA) and the unconditioned stimulus 

was 50% w/v sucrose solution. Lime (Citrus aurantifolia Swingle) essential oil is a complex odor 

mixture containing over 50 different components (see: Spadaro et al., 2012; Costa et al, 2014). 
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While limes are not likely to be grown in greenhouses, citrus can be a source of nectar for honey 

producers and lime is an odor that outdoor-foraging honey bees could have experienced at the 

study site (Bradley & Maurer, 1998; Wright, 2015).   

Statistical Analysis 

To test Hypothesis 1, that primary environment affects learning, a generalized linear 

model (GLM) was used to produce a Type II ANOVA table from the PER behavioral assay data. 

These data were analyzed in R (R Core Team, 2021) and RStudio (Version 1.2.5033), using the 

R package “lme4”. The predictor variables were the experience treatments (primary-GH and 

primary-outdoor) and learning trial (1-6) and the interaction between the two. A binomial 

distribution was used with the canonical link because PER data are expressed as either non-

response to the CS (0), or response to the CS (1). The CRAN package ‘emmeans’ (estimated 

marginal means) was used to perform pairwise comparisons with post-hoc Tukey’s HSD tests to 

test for differences between treatments at each learning trial.  

The colony health and foraging data were analyzed in JMP® v. 15.0.0 from SAS Institute 

Inc. To test Hypotheses 2 and 3, that either the current environment or both the prior and current 

environment affect honey bee foraging activity and diet choice, an ANOVA was used with 

primary environment, secondary environment, diet type, and trial as fixed effects. Because an 

ANOVA does not take random effects into account, trials were treated as a fixed effect so that 

the specific differences across trials could be examined. The dependent variables fall into two 

categories: those that measure foraging effort (average total visits and collection), and those that 

measure preference of high versus low quality diets (percent visits and collection). In the first 

category were total protein diet visits (square-root transformed) and liquid diet collected per visit 

(log transformed). In the second category were percent protein visits, percent protein diet 
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collected, percent liquid visits, percent sucrose and water collected. Percent visits and percent 

collection for the liquid diets were bimodally distributed due to high values for sucrose solutions 

and low values for water; therefore, these data were split into two groups and analyzed 

separately. Pollen collected and liquid diet visits did not fit the assumption of normality, thus, a 

generalized linear mixed model (GLMM) was used with the same fixed effects listed above and 

with trial as a random effect. For pollen collected per hour, a normal distribution was used as the 

link function because the errors were normally distributed. For the liquid diet visits per hour, a 

Poisson distribution was used because visits are count data. Pairwise comparisons between 

experimental groups and diet types were evaluated using Tukey’s HSD when comparing more 

than two groups and Student’s-t tests when comparing two groups. 

Since colony health is known to affect behavior, pairwise comparisons between 

experimental groups were performed. An ANOVA was used to test for effects of primary 

environment, secondary environment, and trial on initial adult population, brood area (log-

transformed), and food store area. This test was repeated using the change in adult population 

and brood and food store areas as the dependent variables. Pairwise comparisons between 

experimental groups were evaluated using Tukey’s HSD and Student’s-t tests. Correlations were 

performed between pre-foraging environment health measures and visitation and collection data. 

RESULTS 

Effect of Primary Environment 

The hypothesis that primary environment affects learning was not supported by results 

from the learning assay. There was a significant effect of location (Type II ANOVA: 𝜒𝜒2=21.065, 

df=1, p<0.001). However, the two-way interaction between trial and location was non-significant 

(𝜒𝜒2=1.843, df=5, p=0.8704). Although the percent of foragers responding was typically lower 
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for the primary-GH group (dashed line, fig.7) compared to the primary-outdoor group (solid line, 

fig.7), this difference was not significant at each trial. For example, at trial 6, pairwise 

comparisons showed that learning acquisition was not significantly different between groups 

(fig.7, Z=1.572, p=0.9194). Foragers from both groups learned to associate the odor with a 

reward by trial 6, shown in the significant effect of trial on response (𝜒𝜒2= 199.285, df=5, 

p<0.001). As shown in fig.7, both groups rise from 0% response to ~70-80% of foragers 

responding to the odor. Pairwise comparisons also showed that both groups learned the odor, as 

evidenced by a significantly higher percent of foragers responding by trial 6 compared to trial 2 

(primary-GH: Z=3.424, p=0.0304; primary-outdoor: Z=4.975, p<0.0001).   

 

Figure 7: The y-axis can be interpreted as the proportion of bees that have learned the odor at 

each trial (shown on the x-axis). Learning did not depend on primary environment. Primary-GH 
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foragers (n=44) are represented by the dashed line and circles and primary-outdoor foragers 

(n=58) are represented by the solid line and triangles. 

 Effect of Secondary Environment 

Some results from foraging observations are consistent with the hypothesis that 

secondary environment affects foraging activity. However, no evidence showed that secondary 

environment affected diet choice. There was a significant effect of secondary environment on 

average liquid diet visits (ANOVA: F1,68=17.9, p<.0001). Greenhouse foragers were more 

active at liquid feeders, and post-hoc tests showed that secondary-GH foragers made 

significantly more visits to sucrose diets than secondary-SH foragers regardless of primary 

environment (fig.8, Tukey’s test, p<0.05). Screenhouse foragers made more efficient foraging 

trips. However, as secondary-SH foragers collected significantly more liquid diet per visit than 

secondary-GH foragers (fig.9), and there was a significant effect of secondary environment on 

the amount liquid diet collected per visit (ANOVA: F2,43=72.5, p<.0001). This reduced activity 

and increased efficiency may have been related to water stress, as a Student’s-t test showed that 

secondary-SH colonies preferred collecting water more than secondary-GH colonies. More 

efficient trips were also significantly related to diet type (ANOVA: F2,43=15, p=.0001), and 

post-hoc tests showed that all colonies collected significantly more water and 20% sucrose per 

visit compared to 50% sucrose (fig.9). 
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Figure 8: Liquid feeder visitation depends on secondary environment, but not primary 

environment. Both groups in the secondary GH environment show higher activity at liquid 

feeders than colonies in the secondary SH environment. Liquid foraging activity is shown as the 

average liquid diet visits, plotted by experimental group. Colors represent the secondary 

environment to highlight the similarities between groups in the same secondary environment. 

Error bars represent the standard error of the mean and letters display the results from post-hoc 

tests. Groups connected by the same letter are not significantly different (p<0.05). 
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Figure 9: Liquid diet foraging efficiency depends on secondary environment. Foraging 

efficiency is shown as the average amount of each liquid diet collected per visit separated by 

experimental group. Error bars represent the standard error of the mean and letters display the 

results from post-hoc tests performed on the average total liquid diet collected per visit for each 

experimental group. Groups connected by the same letter are not significantly different (p<0.05). 

Interaction of Primary and Secondary Environment 

There is also evidence consistent with Hypothesis 3, that both primary and secondary 

environments affect foraging activity and diet choice. An ANOVA test showed a significant 

effect of both primary and secondary environment on average visits to protein diets (primary * 

secondary interaction ANOVA: F1,68=22.9, p<.0001), with a Tukey’s test showing that GH-GH 
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colonies made more visits to the protein diets overall than other treatment groups (fig.10). 

Primary and secondary environment also significantly affected the amount of protein diet 

collected, with GH-GH colonies collecting the most protein diet per hour compared to other 

groups (primary * secondary interaction: F1,68=20.3, p<.0001). The 3-way interaction between 

primary and secondary environment and diet type significantly affected average percent visits to 

protein diets (ANOVA: F2,67=4.7, p=0.0163). A Tukey’s test (p<0.05) revealed that outdoor-SH 

and outdoor-GH groups significantly preferred the higher value pure pollen or pollen mixture to 

the BeePro® supplement while GH-GH and GH-SH groups showed no diet preference (fig.11). 

While this appears to be more of an effect of primary environment than secondary environment, 

Tukey’s tests also showed that secondary-SH colonies grouped together significantly preferred a 

higher value protein diet while secondary-GH colonies showed no significant preference. A 

similar 3-way interaction was found to affect protein collection preference (primary environment 

* secondary environment * diet type: F2,67=6.5, p=.004), with Tukey’s tests showing that all 

groups preferred to collect pollen or pollen mixture over Bee-Pro® except GH-GH colonies, 

which had no collection preference (fig.12). This lack of diet preference by GH-GH colonies was 

also found in sucrose diet visitation preference, as post-hoc tests showed that all groups except 

GH-GH preferred visiting 50% over 20% sucrose (fig.13). 



34 
 

 

Figure 10: Protein foraging activity depends on primary and secondary environment. Foragers in 

the GH with prior experience in the same environment had higher activity at protein feeders than 

any other group. Foraging activity is shown as the average visits to all protein diets, separated by 

experimental group. Bars are colored by secondary environment, and error bars represent the 

standard error of the mean. Letters display results from post-hoc tests; groups connected by the 

same letter are not significantly different (p<0.05).  
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Figure 11: Protein diet visitation preference depends on primary and secondary environment. 

GH-GH bees show no visitation preference at protein diets while all other groups prefer higher 

value diets. Protein diet preference is shown as the average percent visits to each diet type by 

experimental group. Error bars represent the standard error of the mean and letters display the 

results from post-hoc tests. Groups connected by the same letter are not significantly different 

(p<0.05). 
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Figure 12: Protein diet collection preference depends on primary and secondary environment. 

GH-GH bees show no preference for collecting any protein diet while all other groups prefer 

collecting higher value diets. Protein diet preference is shown as the average percent collected of 

each diet type by experimental group. Error bars represent the standard error of the mean and 

letters display the results from post-hoc tests. Groups connected by the same letter are not 

significantly different (p<0.05). 
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Figure 13: All groups visit water less than any sucrose solution; however, sucrose visitation 

preference depends on primary and secondary environment. GH-GH groups show no preference, 

while all other groups prefer 50% to 20% sucrose solution. Liquid diet preference is shown as 

the average percent visits to each diet type by experimental group. Error bars represent the 

standard error of the mean and letters display the results from post-hoc tests. Groups connected 

by the same letter are not significantly different (p<0.05). 

Colony Health 

The effect of environment on colony health was explored due to prior evidence 

suggesting that greenhouses contributed to reduced adult populations, food stores, and brood 

area. There was no significant effect of primary environment on adult population, or food store 

area. There was a significant effect of primary environment on brood area (F1,22=7, p=0.0233), 
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and post-hoc tests revealed that GH-reared colonies had significantly lower brood area compared 

to outdoor-reared colonies prior to being moved to their respective secondary environments 

(fig.14, Students-t test, p<0.05). There were no significant differences between experimental 

groups in other health variables and there was no significant effect of trial. Contrary to prior 

evidence showing relationships between brood area or empty space and foraging effort (Dreller 

et al., 1999; Pankiw et al., 1998; Al-Tikrity et al., 1972; Filmer, 1932), no relationship was found 

between pre-secondary environment health measures and diet visitation or collection. Colonies in 

trial 1 showed a gain in brood compared to the overall losses in trials 2 and 3, but there were no 

significant differences between experimental groups. There was a significant effect of trial on 

food store area (ANOVA: F2,21=8.2, p=0.0078), with trial 2 showing a significant increase in 

food stores compared to the change in trial 3. There were no other significant differences in adult 

population or food store changes (fig.15). There were no significant effects of health measure 

differences on visitation or collection of diets.  
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Figure 14: Primary environment affected brood area; GH raised colonies had significantly less 

brood than colonies raised outdoors. Results from health evaluations prior to the transition from 

primary to secondary environment. Average areas are expressed in the number of standard 

Langstroth hive frames covered by each resource. This gives a reliable estimate of adult 

population and amounts of brood and food stores. Error bars represent the standard error of the 

mean and letters display the results from post-hoc tests. Groups not connected by the same letter 

are significantly different (p<0.05). 
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Figure 15: The difference in health measures between the first and second evaluations which 

were completed before and after the transition to secondary environments. Areas are expressed in 

the number of standard Langstroth hive frames covered by each resource. Error bars represent 

the standard error of the mean. 

DISCUSSION 

This study tested three hypotheses: (1) primary environment affects learning of floral 

odors because the greenhouse limits olfactory experiences compared to outdoors; (2) secondary 

environment affects foraging activity and diet choice because the greenhouse environment limits 

sensory information relevant to honey bees; and (3) both primary and secondary environments 

affect foraging activity and diet choice because early experiences with light and odor stimuli 

affect honey bee behavior and many of these stimuli are altered in the greenhouse. It was 
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expected that GH-experienced colonies would have lower brood area than outdoor-experienced 

colonies, and it was possible, for this reason, they would also have lower foraging activity, 

pollen foraging in particular. On the other hand, prior evidence also suggested colonies with 

outdoor-experienced foragers would be disoriented in the greenhouse, and therefore colonies 

without outdoor experience might behave more normally. The results generally suggest that the 

greenhouse environment promotes higher sucrose foraging activity but for pollen foraging, 

activity depends on prior experience. Prior experience also affects bees’ abilities to differentiate 

between diets of different quality in the greenhouse but not in the screenhouse.  

Some results from foraging observations were consistent with the hypothesis that secondary 

environment affects foraging activity. However, no evidence showed that secondary environment 

affected diet choice. The effect of the greenhouse on foraging activity was opposite to 

expectations.  Despite the sensory limitations of the greenhouse environment, as previously 

discussed, foragers in the greenhouse showed higher, rather than lower, activity compared to 

foragers in the screenhouse. Temperature-related stress could explain why secondary-SH 

colonies preferred to collect water more than did secondary-GH colonies, and why they made 

more efficient trips than secondary-GH foragers. While average temperatures outdoors were 

similar to conditions in the greenhouse, ~30°C (84-87°F), colonies outdoors and in the 

screenhouse regularly experienced temperature maxima up to 43°C (~108°F), well above the 

temperature at which honey bees stop foraging and begin in-hive thermoregulatory behaviors 

(reviewed by Abou-Shaara et al., 2017). At the study location, RH was 21% on average with a 

minimum RH of 2.9%. RH was not measured in the greenhouse but reduced water collection by 

foragers in the greenhouse suggests that those bees experienced less body water loss. The 



42 
 

relatively comfortable greenhouse conditions may explain the higher sucrose visitation seen in 

all greenhouse colonies.   

There was also evidence to support the hypothesis that both primary and secondary 

environments affect foraging activity; this was again not as expected. Surprisingly, GH-GH 

colonies showed a higher average number of visits to protein diets when compared to all other 

groups. This result suggests that the greenhouse environment promotes higher protein visitation, 

but only if foragers have not had prior experience foraging outdoors. This is particularly 

unexpected considering that GH-raised colonies had lower brood area than outdoor-raised 

colonies, which, based on previous research, should have reduced pollen foraging effort. 

Foraging activity overall seems difficult to predict, however, as previous research suggests that 

while reduced brood can lead to reduced pollen foraging, increased empty space can lead to 

increased pollen foraging (Dreller et al., 1999). The higher visitation activity of GH-GH colonies 

could also be due to undetected differences between colonies. For example, age structure and the 

age of first foraging in workers can affect colony health and may not necessarily be related to 

measures like brood or food store area. Multiple factors may result in workers foraging earlier 

like warmer environmental conditions, plentiful resource availability, or exposure to recruitment 

dances by other foragers (Huang & Robinson, 1996), all of which could have contributed to 

earlier foraging in outdoor-experienced colonies. Workers that forage earlier are expected to 

have shorter lifespans in natural environments, and precocious foraging can lead to generally 

poor colony health outcomes. Increased empty space from a reduction in brood in GH-raised 

colonies coupled with the effects of temperature stress on outdoor and screenhouse colonies 

could explain why the GH-GH colonies showed significantly higher pollen foraging compared to 

other groups.  
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There was also evidence consistent with the hypothesis that both primary and secondary 

environments affect diet preference. GH-GH colonies had no preference for higher quality 

protein diet over low quality substitute while all other groups preferred pure or 50% floral pollen 

diets over the pollen substitute. Pollen preference information can be difficult to interpret, given 

the multiple qualities that honey bees could assess, such as texture , odor, and color, all of which 

are slightly different between the diets provided. For example, the highest value protein diet 

(pure pollen) is also the brightest yellow color while the pollen substitute is a more faded yellow. 

Unlike sucrose resources, honey bee foragers do not consume the pollen they collect, and the 

mechanism for how they interpret reward value of pollen is a subject of ongoing research. Honey 

bee preference for certain pollen resources and the mechanisms behind those preferences are also 

not well understood. Some evidence suggests that honey bee protein diet preference depends on 

nutritional quality (Hendriksma & Shafir, 2016), pollen odor and grain size (Pernal & Currie, 

2002) or protein:lipid ratios and grain size (in review: Corby-Harris et al.). Some studies have 

also suggested that, rather than seeking pollen with particular qualities, honey bee colonies with 

protein deficiencies simply forage more overall (Pernal & Currie, 2001). This effect could have 

contributed to GH-experienced colonies increasing pollen visitation, as their only protein source 

was a supplement known to be nutritionally deficient compared to floral pollen and other pollen 

substitutes (Saffari et al., 2010; DeGrandi-Hoffman et al., 2016).  Further complicating this issue 

is the possibility that primary-outdoor foragers in the current study may recognize the scent of B. 

rapa, given potential flowering times and distribution in Arizona (Flora of North America 

Editorial Committee, 2018). If they were familiar with the scent, this may have made it appear 

easier for outdoor-raised colonies to identify the higher value pollen in the greenhouse.  
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Although interpretation of pollen visitation and collection data is complex because of the 

factors discussed above, this pattern was mirrored by the sucrose preference data. Possibly, the 

greenhouse environment itself makes the task of discriminating diets based on value more 

difficult, but only for foragers with restricted prior experience. The effect of prior experience on 

diet preference is context-dependent, as GH-SH foragers preferred a higher quality diet over the 

pollen substitute. Similar to Jernigan et al. (2020), bees raised in the sensory-limited greenhouse 

environment could be displaying a reduced ability to distinguish between odors. This reduction 

may be worsened by the limited stimuli in the greenhouse itself, making differentiation between 

diets more difficult for bees in the greenhouse. This could explain why GH-GH foragers had no 

diet preference while GH-SH foragers preferred the higher value diets. Foragers in the 

screenhouse may be able to differentiate between the diets regardless of their restricted GH 

experience because the SH environment allows greater UV transmission. Although UV light is 

not required for bees to see, it could improve visual contrast between the resource and the 

background (Orbán & Plowright, 2014; Hempel de Ibarra, 2000), perhaps making the visual 

differences between the protein diets more salient to foragers in the SH. Odors in the 

screenhouse are also likely not evacuated as quickly as in the GH, due to the lack of climate 

control system, perhaps making it easier to locate the higher value protein diets in the SH.   

The hypothesis that primary environment affects learning was not supported by results 

from the learning assay, as there was no significant effect of primary environment on learning 

acquisition. This appears to suggest that differences seen between colonies with different prior 

experience were not due to differences in learning ability; however, there may be differences in 

learning that could not be captured by a simple, absolute conditioning task. For example, 

considering the visual differences between the greenhouse and outdoor environments, foragers 
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may display a larger difference in visual learning than in odor learning. Some studies suggest 

that limited environments do not affect learning in simple tasks, but reduce ability to perform 

more complex tasks like differentiation (Jernigan et al., 2020) or reversal learning (Cabirol et al., 

2017). Learning a floral odor through absolute conditioning (as in the current study) may be an 

easy task for a bee, as is finding a large yellow feeder against a contrasting dark brown 

background like those in the feeder arrays used in the current study (see fig.6). Differentiating 

between visually similar yellow feeders, however, is probably a more difficult task. If the 

greenhouse environment leads to lower discrimination ability in foragers, this could partially 

explain the lack of preference for higher value diets seen in GH-GH colonies. The alteration of 

incoming light in the greenhouse may increase the difficulty of diet discrimination, thus why the 

lack of preference depending on prior experience was only seen in the greenhouse and not the 

screenhouse.  

While foraging behavior was not observed on plants, the current study provides some 

insight into the application of honey bees as greenhouse pollinators. Most importantly, honey 

bees with greenhouse experience did not show reduced visitation activity in the greenhouse, 

supporting anecdotal evidence that honey bee colonies could be kept in a greenhouse if 

experienced foragers were excluded (Free, 1993; Hawkins, 1968; Iselin et al., 1974). Although 

the greenhouse environment contributed to a reduced ability to discriminate between diets, bees 

with prior greenhouse experience had higher pollen visitation and collection - ideal for crop 

pollination. Prior experience in a controlled environment could be part of the reason bumblebees 

are thought to be less disoriented than honey bees in greenhouses, as commercially produced 

bumblebee colonies are reared in enclosed, artificial environments with strict temperature and 

light controls (Velthuis & van Doorn, 2006). The higher visitation and collection rates observed 
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in the current study suggest that, at least in the hot summer in Arizona, the greenhouse 

environment contributes to higher activity levels in honey bees with prior experience in the same 

environment. These results, along with the prior evidence described above, suggest that honey 

bees can learn to find floral resources in a restricted environment like a greenhouse and could be 

used effectively to pollinate greenhouse crops. Greenhouse agriculture has already begun to 

diversify, as tomatoes dropped from 63% to 56% of all greenhouse food crop sales in the US 

between 2012 and 2017 (USDA, 2017). Continued changes in the greenhouse agriculture 

industry could be supported by the use of pollinators like honey bees, however more research is 

needed to fully understand the complex effects of environment on honey bee behavior in 

greenhouses.  
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APPENDIX A 

Qualities of Light in Experimental Environments 

To characterize the available light in the greenhouse environment, the amount of light 

was measured using a spectroradiometer (PS-300, Apogee, Logan, UT, USA). This instrument 

measured the amount of light from ~230 nm-1000 nm, but of particular interest was the amount 

of light in the UV spectrum (300-400 nm) which honey bees can use to navigate and recognize 

resources (von Frisch, 1971). The bee “UV” color receptor is sensitive to light from below 300 

nm up to ~450 nm with peak sensitivity at 344 nm-366 nm (Pietsch et al., 1992). This receptor 

range overlaps with a “UV-blue” receptor which is sensitive to light at ~300 nm-500 nm (Pietsch 

et al., 1992). The amount of photosynthetically active radiation (PAR) is of interest to 

greenhouse growers, and this includes the rest of the light spectrum visible to honey bees (up to 

~600 nm). The plastic covering tested was white, stabilized polyethylene film with 50-55% 

shade, 70% light diffusion, and 100% UV blockage below 305 nm (A.A. Politiv Ltd. product 

#E1576). As shown in table 2 and fig. 17, the amount of UV light is generally very low, 

comprising less than 0.2% of the total amount of available light. UV light in the UV-B spectrum 

is blocked much more than that in the UV-A spectrum. These values are much less than the 

amount of UV in direct sunlight or indirect sunlight in natural environments, which is 8% and 

20-35% respectively (Brines & Gould, 1979).  

The screenhouse was covered by 40% shade cloth from Greenhouse Megastore. Light 

measurements were not taken in the screenhouse, however, the shade screen is not expected to 

alter relative amounts of light across the spectrum. Color can affect the transmissivity of shade 

cloth at different wavelengths (Toomey et al., 1995; Kotilainen et al., 2018); for example, white 

screens might block a portion of UV light while letting through relatively more light above 400 
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nm (see: Castellano et al., 2008). Black shade screen, like the one used in the present study, 

typically does not reduce the relative amount of UV light and transmits the available sunlight 

equally across the spectrum (see: Toomey et al., 1995). In a test performed by the manufacturer, 

the shade cloth used in the present study reduced the brightness of incoming light from 2050 lux 

to 1180 lux, but no further details were provided.   

  
Wavelengths Northeast 

Bay 
Northwest 

Bay 
Southwest 

Bay 
Southeast 

Bay 
Average 

Far-red, 
NIR & IR 700-1000 nm 288.243 473.790 633.372 494.762 472.542 

PAR 400-700 nm 272.935 396.832 502.278 423.145 398.797 

UVA 315-400 nm 0.952 1.384 1.743 1.557 1.409 

UVB 280-315 nm 0.055 0.099 0.130 0.126 0.102 

All UV 233-400 nm 1.049 1.557 1.966 1.775 1.587 

All Light 233-1000 nm 561.711 871.300 1136.498 918.832 872.085 

%UV 233-400 nm 0.187 % 0.179 % 0.173 % 0.193 % 0.183 % 

Table 2: Amount of available light in different sections of the GH categorized by relevant parts 

of the electromagnetic spectrum. Units are in µmol/m2/s/nm. 
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Figure 17: (A) Amount of available light in 

µmol/m2/s/nm at 230 nm - 1000 nm in different 

sections of the GH along with a line showing the 

average amount of light. (B) A closer look at the UV 

section of fig.17A; axes are shown in the same units as 

above.  
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APPENDIX B 

Temperature and Relative Humidity in Experimental Environments 

Environmental data were taken from the publicly available Arizona Meteorological 

Network database, a program run by the University of Arizona College of Agriculture and Life 

Sciences which collects data from weather stations across Arizona including one at the 

University of Arizona Campus Agricultural Center, near the study site in Tucson, AZ (AZMET, 

2020). The archive of data from the Tucson weather station can be accessed through the website: 

https://cals.arizona.edu/azmet/01.htm. The data shown in table 3 below describes air 

temperatures (in °F) and relative humidity (%RH) for each trial separated by the days that 

colonies were in the primary or secondary environments. Air temperature and RH were not 

measured in the GH environment, however the environmental controls were set to 85°F and the 

existing system is a pad-and-fan evaporative cooler. Environmental data was also not taken in 

the SH environment but was expected to be similar to outdoor conditions listed in table 3. 
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  Trial 1 Trial 2 Trial 3 
Pr

im
ar

y 
C

on
te

xt
 Average Air 

Temperature 79.86 84.60 86.06 

Minimum 47.66 49.82 49.82 
Maximum 107.78 107.78 108.86 

Average RH 21.98 20.81 15.84 
Minimum 8.44 9.52 6.22 
Maximum 45.57 41.17 35.61 

Se
co

nd
ar

y 
C

on
te

xt
 Average Air 

Temperature 84.60 87.39 87.69 

Minimum 49.82 59.36 67.46 
Maximum 107.78 108.86 106.52 

Average RH 22.97 15.85 27.40 
Minimum 10.69 6.33 12.68 
Maximum 43.73 35.71 57.63 

 

Table 3: air temperatures (in °F) and relative humidity (%RH) for each trial separated by the 

days that colonies were in the primary or secondary environments, averaged across days colonies 

were in each environment. Minima and maxima are the lowest and highest measurements seen 

during each timespan. Measurements were taken from a weather station located near the study 

site managed by AZMET in Tucson, AZ.   
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