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Abstract-Activity of bumble bees, Bombus impatiens Cresson, was examined in 
commercial tomato, Lycopersicon esculentum Mill. (Solanaceae), greenhouses in re- 
lation to greenhouse covering type, solar radiation, greenhouse temperature and hu- 
midity. Bumble bee activity was measured by photodiode monitors inserted into the 
entrance of the colonies. Colony sizes were monitored as an indicator of bee loss 
through gutter ventilation systems in relation to covering. Activity monitors were 
found to be a good predictor of actual bumble bee entrances and exits (? = 0.85). 
Bumble bee activity was 94.0% greater under the ultravioltet (UV)-transmitting cov- 
ering than under ones that transmitted less UV light. No relationship was found be- 
tween bee activity and the amount of solar radiation or internal greenhouse 
humidity. Bee activity was weakly positively correlated with internal greenhouse 
temperature (2 = 0.18). Bee activity was not different during three periods of 
the day: morning, midday, and evening. The mean + SE colony size under the UV- 
transmitting covering was 86.0 + 2 bees per colony after 10 days within the green- 
houses, compared with 36.4 + 5.8 bees per colony under the other three types of 
covering. Our results suggest that bee activity is greatest and bee loss through gutter 
ventilation systems lowest in greenhouses made with coverings that transmit high 
levels of UV light. 
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RkumC-L'activitC des bourdons, Bombus impatiens Cresson, a CtC CtudiCe dans 
des serres de culture commerciale de tomates, Lycopersicon esculentum Mill. (Sola- 
naceae), en fonction du type de couverture de la serre, de la radiation solaire, des 
conditions de tempCrature et d'humiditC. L'activitC des bourdons a CtC mesurCe au 
moyen de sondes ?I photodiodes insCrCes ?I I'entrCe des colonies. Les tailles des co- 
lonies servaient d'indicateurs des pertes de bourdons par le systbme de ventilation 
des gouttieres en relation avec la couverture. Les sondes d'activitk se sont avCrCes 
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de bons outils pour prkdire les entrCes et sorties rCelles des bourdons (? = 0,85). 
L'activitC des bourdons Ctait de 94,O % plus importante sous les couvertures qui 
laissent passer l'ultraviolet (UV) que sous les couvertures qui transmettent moins 
bien la lumibre UV. Nous n'avons pas trouvC de relation entre 1'activitC des bour- 
dons et la quantitC de radiation solaire ou dlhumiditC 1'intCrieur des serres. 
L'activitC des bourdons Ctait en faible corrClation positive avec la tempCrature a 
1'intCrieur des serres (? = 0,lS). L'activitC ne diffkrait pas au cours des pCriodes de 
la journCe : matin, midi et soir. La taille moyenne + Ccart type des colonies sous la 
couverture qui laisse passer l'ultraviolet a CtC estimCe 86,O 2 individus par co- 
lonie aprbs 10 jours en serre, comparativement a 36,4 * 5,8 individus par colonie 
sous les trois autres types de couverture. Nos rCsultats indiquent que I'activitC des 
bourdons est maximale et la perte d'individus par le systbme de ventilation des 
gouttikres, minimale dans les serres ou la couverture laisse passer l'ultraviolet. 

[Traduit par la RCdaction] 

Introduction 

The farm value of greenhouse tomato crops in southern Ontario was estimated at 
$177 million in 2000 (Ontario Ministry of Food and Rural Affairs 2001). Before 1992, 
pollination of greenhouse tomato crops in Ontario was done by hand vibration. Bumble 
bees were found to be effective pollinators of greenhouse tomatoes (e.g., Banda and 
Paxton 199 1 ; Kevan et al. 199 1 ; Asada and Ono 1996; Dogterom et al. 1998; Pressman 
et al. 1998). Now, virtually all Ontario commercial growers use bumble bees as their 
sole means of pollination. Although the use of bumble bees as greenhouse pollinators 
has spread rapidly, little basic research has been conducted to answer many important 
questions linked to loss of bees through the ventilation systems and variation in levels 
of bee activity among greenhouses. 

Anecdotal reports from growers and bee suppliers suggest that variation in colony 
size occurs among greenhouses as a result of the loss of bees through cooling vents. Be- 
cause of the expense of this problem and the effect on pollination levels, it is important 
to determine what causes the substantial loss of bees in some greenhouses. 

The level of bee activity varies among greenhouses, but there is no information 
about the factors that may be responsible for the variation, such as the type of polyeth- 
ylene covering, internal greenhouse temperature and humidity, and internal light levels. 
Various types of polyethylene, which have unique transmission spectra and differ in the 
amount of ultraviolet (UV) light transmitted, are used in different greenhouses. 

Bumble bees and honey bees have trichromatic colour vision (e.g., Menzel and 
Backhaus 1991; Peitsch et al. 1992) spanning about 300 nm of natural daylight starting 
at about 310 nm (Kevan and Backhaus 1998). The three colour receptors are stimulated 
by UV, blue, and green wavelengths, with peak sensitivities at 345, 440, and 550 nm, 
respectively (Kevan and Backhaus 1998; similar to Peitsch et al. 1992). It has been 
shown that honey bees and other insects are four to six times more sensitive to UV light 
than to other parts of the spectrum, suggesting that UV is an important component of 
insect vision (Kevan 1970, 1979, 1983; Laughlin 1976; Menzel and Backhaus 1991); 
this high responsiveness to UV light may result from the insects' taking it as an indica- 
tor of an open environment (von Hess 1913; Laughlin 1976; Menzel and Greggers 
1985). 

In addition, UV light may be an important component of bumble bee orientation. 
As light passes through the atmosphere, the rays become scattered, resulting in partial 
polarization of the light. The result is a symmetrical ray pattern that is fixed with re- 
spect to the solar meridian (Brines and Gould 1982). The polarization pattern of the sky 
may be used as a celestial compass even under cloudy conditions (Brines and Gould 
1982). Von Frisch (summarized 1965) showed that honey bees use polarized light as a 
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means of orientation and navigation. With increasing wavelengths, the polarized pattern 
becomes subject to atmospheric disturbance (Rozenberg 1966) and, consequently, it is 
believed that bees primarily use polarized light within the UV range for orientation. 
Von Helverson and Edrich (1974) tested the sensitivity of honey bees to different wave- 
lengths of polarized light and found a maximum sensitivity at 345 nm; they determined 
that polarized light was detected exclusively by the UV receptors. 

In southern Ontario, commercial tomato growers use various greenhouse polyeth- 
ylene coverings that differ in intensity and spectrum of light transmission. Coverings 
that transmit more of the UV range may result in greater levels of activity. High levels 
of UV light within a greenhouse may entice more bees to leave the colony or enable 
the bees to better orient and navigate, resulting in shorter, more efficient foraging 
trips. Because bee activity increases with increasing temperature (bumble bees, 
Lundberg 1980; alfalfa-pollinating bees, Abrol 1990, 1998; euglossine bees, Armbruster 
and McCormick 1990; honey bees and bumble bees, Corbet et al. 1993), variation in 
the intensity of transmission and the wavelengths transmitted by the coverings, which 
can cause differences in internal temperature and humidity, may also affect bee activity. 

Loss of bees through ventilation systems may also be affected by greenhouse cov- 
ering. In greenhouses with coverings that transmit large amounts of UV light, there will 
be little visual contrast between the open vents and the rest of the roof, whereas in 
greenhouses with UV-blocking coverings, there will be a large visual contrast between 
the light coming through the open vents and the light coming through the rest of the 
roof. 

The purpose of our experiments was to assess if the type of greenhouse covering 
affects loss of bees and if covering type and other internal and external climatic condi- 
tions affect the activity of bees. Factors that were investigated in relation to average 
daily activity per bee include external light levels, greenhouse temperature and humid- 
ity, and greenhouse covering. Because bees see within the UV range, we tested the pre- 
diction that coverings that transmitted high amounts of UV light would be associated 
with high levels of bee activity. It was also expected that daily ambient sunlight levels 
and internal greenhouse temperature would be positively correlated with bee activity. 
Because UV light has been shown to act as a positive phototaxis for bees (von Hess 
1913; Laughlin 1976; Menzel and Greggers 1985), it was expected that there would be 
greater loss of bees under coverings that transmitted less UV light. Daily activity pat- 
terns within greenhouses were also assessed. 

Materials and methods 

Study area 

All greenhouses were in the Learnington (42"N, 82"W), Ontario, area and were 
devoted to growing tomatoes. Environmental conditions, such as temperature and hu- 
midity, were kept within standards optimal for tomato growth; greenhouses were vented 
using "gutter venting." Gutter vents are hinged openings that extend the length of the 
roof of the greenhouse and are computer controlled, being triggered when the internal 
greenhouse humidity or temperature reaches a specific preset value. None of the green- 
house vents were screened and, as a result, bees were able to exit the greenhouse when 
the vents were open. Greenhouses were constructed of various polyethylene coverings 
and ranged in size from 6.4 to 32.1 ha. Beefsteak tomatoes [Lycopersicon esculentum 
Mill. (Solanaceae)] were grown in all greenhouses, with the cultivars Trust and Grace 
being the most common. Bombus impatiens Cresson (Hymenoptera: Apidae) was used 
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exclusively in all greenhouses and, in all cases, colonies were located along the center 
walkway. 

Colonies 

Colonies of B. impatiens were obtained from two suppliers: Koppert Biological 
Systems Canada, and Biobest Canada Ltd. Colonies from both suppliers were housed in 
plastic containers approximately 20 x 28 x 18 cm, surrounded by an outer cardboard 
casing. Because tomato flowers do not produce nectar, colonies were equipped with a 
bag containing a nectar substitute. Commercial colonies provided for greenhouse polli- 
nation normally contain cotton but, for the purpose of estimating bee numbers, experi- 
mental colonies with no cotton were used. Upon delivery, each colony contained 
approximately 60-90 workers and one queen. Colonies were used for no more than 
2 months, after which they began to produce males and new queens. Foragers moved in 
and out of the colony through a 1.5-cm hole, which was fitted with an electric-powered 
photodiode tunnel and monitor (herein referred to as a "bee counter") designed to count 
entries and exits from the colony. 

Commercial-greenhouse experiments 

Within the commercial greenhouses, three response variables were examined: av- 
erage daily activity (mean number of trips per bee), daily activity patterns (mean num- 
ber of trips per bee per period), and bee loss. Average daily activity was assessed in 
relation to four predictor variables: type of plastic, ambient sunlight, internal tempera- 
ture, and internal humidity. Daily activity patterns were assessed in relation to the time 
of the day, and bee loss was measured in relation to type of plastic. 

General experimental setup 

Types of greenhouse covering were grouped into four categories: (1) Patilux (Pati 
Corporation, Armin Films, City of Industry, California); (2) AT Bee Plastic (AT Plas- 
tics, Brampton, Ontario) and De Klerk (Klerk's Group, Richburg, South Carolina); 
(3) AT Duratherm 3 (AT Plastics); and (4) CT (Huntsman Films, Salt Lake City, Utah). 
AT Bee Plastic and De Klerk were grouped together based on similar light-transmission 
spectra. Four of the covering types were chosen because they are among the most com- 
monly used in the Leamington area. CT plastic was chosen because of its high degree 
of UV transmittance and because of verbal reports from growers of high levels of bee 
activity under this type of covering. Spectral distributions were measured in commercial 
greenhouses using an LI-1800 portable spectroradiometer (Fig. 1). All readings were re- 
corded on the same day within a 1-h period. Five bumble bee colonies were monitored 
at a time in each of four greenhouses, one from each group of coverings. All green- 
houses were oriented in a north-south direction and were greater than 6.4 ha in area. 
With the exception of one greenhouse, all used only one type of covering. In the first 
set of four greenhouses, AT Bee plastic and AT Duratherm 3 were used in the same 
greenhouses, but the colonies monitored for the two types of covering were separated 
by at least 200 m. As CT plastic was used in only one greenhouse in the study area, all 
CT activity readings are from the same site; however, colonies were placed in different 
sections of the CT greenhouse for each of the three sets of experiments. 

The bee counters recorded all movements over the photodiode cells, including the 
activity of "guard bees" at the nest entrance. Thus, it was necessary to calibrate the bee 
counters for the actual number of foraging trips. A regression line was generated relat- 
ing bee-counter values to actual observed bee entrances and exits by observing 23 colo- 
nies, on different days and at various times, for 10-min intervals, in commercial tomato 
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FIGURE 1. Spectral distributions of daylight and light transmitted through five types of commercial 
greenhouse covering in the Leamington, Ontario, area recorded using a LI-1800 portable 
spectroradiometer. 

greenhouses and regressing the actual number of bee entrances and exits on the bee- 
counter number. The bee-counter values for each day were transformed using the re- 
gression equation, to estimate the actual number of entrances and exits per colony. This 
value was divided by two to estimate the daily number of trips per colony. The hourly 
number of trips per colony was divided by the number of bees per colony, resulting in 
activity in mean daily trips per bee. 

Activity 

Type of plastic 

Three sets of four greenhouses, each of the four covered with plastic from one of 
the four groups, were monitored for 4 d each. Three replicates resulted in a balanced 
design, with a total of 36 d of activity readings for each group of coverings. 

To begin monitoring, five unopened colonies were placed within each of the four 
greenhouses. The number of bumble bees per colony was recorded before opening, and 
all 20 colonies were fitted with a bee counter and opened on the same day. After open- 
ing, the colonies were left for an acclimation period of 3-10 d. After sunset the evening 
before the monitoring day, the number of bees per colony was visually estimated and 
bee-counter tunnels were cleaned and set to zero. After sunset the following evening, 
bee-counter numbers were recorded. 

New colonies were introduced into the greenhouses after the second round of data 
collection, following the same procedure used for the initial colonies. Repeated- 
measures ANOVA was used to determine if activity was different among the four 
groups of plastic coverings, followed by Tukey's pairwise comparison test. Interactions 
between day, plastic, and experimental round were assessed. In all experiments, signifi- 
cant differences among means were detected using a < 0.05. 
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Other predictor variables 

Bee activity was also assessed in relation to factors other than type of plastic. The 
average daily number of trips per bee in the above experiment was regressed on total 
daily external radiation ( m ~ l m ~ )  recorded at the Greenhouse and Processing Crops Re- 
search Centre weather station (Harrow, Ontario). Because all greenhouses were within 
the Leamington area, one daily radiation value was used for all greenhouses. 

The temperature and humidity within the CT greenhouse and one Patilux green- 
house were recorded at 5-min intervals, using Priva Control systemsa; also, the mean 
daily temperature and humidity were calculated from sunrise to sunset over a 2-month 
period for these two greenhouses. Multiple regression and ordinary least squares regres- 
sion was used to assess the relationship between bee activity and both temperature and 
humidity. 

Daily activity 

This experiment was designed to assess activity patterns throughout the day. The 
average number of trips per bee per period of the day was calculated for morning (about 
06:00-10:30), midday (about 10:30-15:00), and evening (about 15:OO-19:30). The ex- 
perimental design was the same as that used when average daily trips per bee was esti- 
mated but, in this case, mean trips per bee per period of the day was calculated. Time 
periods were always of the same length and were adjusted slightly over the 5 weeks of 
the experiment (24 March - 1 May), to compensate for increasing day length. Average 
number of trips per bee per period was log-transformed, and ANOVA was used to test 
for significant differences among periods of the day. 

Loss of bees 

Bee loss was quantified in relation to type of greenhouse covering. The actual 
number of bees lost through the ventilation systems could not be directly assessed, 
hence, colony size was used as an indicator of the number of bees lost. Bee loss is only 
a problem during the winter months when temperatures are too cold for the bees that es- 
cape out the vents to survive. In the summer, bees escaping through the vents are able to 
return to the colonies. Data were collected from 7 March to 31 March 1998. Counts 
were made in greenhouses over two 10-day periods during the first two sets of the ac- 
tivity experiment, after which, temperatures were warm enough for bees to survive out- 
side and the experiment was terminated. Mean proportion of bees remaining in the five 
colonies was arcsine square root transformed and repeated-measures ANOVA was used 
to test for differences among the types of plastic covering, followed by Tukey's 
pairwise comparison test. 

Results 

Activity 

The bee-counter value and the actual number of bee entrances and exits were 
highly correlated (2 = 0.85, F,,,, = 129.75, P < 0.0001). The regression equation used 
to transform the bee-counter numbers into actual entrances and exits was Y = 2.704 + 
0.2896~ (Fig. 2). 
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Counter value 
FIGURE 2. The number of bee entrances and exits from Bombus impatiens colonies in commercial 
tomato greenhouses regressed on the value recorded by a bee counter used to monitor activity. 

Type of covering 

Repeated-measures ANOVA showed that the mean daily number of trips per bee 
differed among the four types of covering (F3,20 = 5.28, P = 0.008) and among experi- 
ments (greenhouse groups) (F2,20 = 5.86, P = 0.01). Pairwise comparisons between 
types of covering showed that bees under CT plastic took, on average, twice as many 
daily trips as bees under the other three types of plastic (an average of 4.8 daily trips 
per bee under CT plastic versus an average of 2.4 under the other three types of cover- 
ing) (Fig. 3). There was no difference in activity among the other three types of cover- 
ing. 

Other predictor variables 

There was no correlation between average daily trips per bee and total daily radia- 
tion (? = 0.002, P = 0.59, n = 107). Multiple regression showed that activity was posi- 
tively correlated with both temperature and humidity in the two greenhouses (CT and 
Patilux) (F2,27 = 5.16, P = 0.013). There was no relationship between bee activity and humid- 
ity (? = 0.02, F1,28 = 0.51, P = 0.481). Bee activity was positively correlated with aver- 
age daily internal greenhouse temperature in the two greenhouses (? = 0.18, F1,,, = 
5.98, P = 0.021). Within the temperature ranges observed for these analyses (20-28"C), 
the relationship best fit a linear model, with no apparent decrease in activity at the up- 
per temperature ranges. For the days used in the analysis, 28 April - 26 May, the aver- 
age daily temperature in the CT greenhouse was 22.3"C, 6.3% higher than in the 
Patilux greenhouse (F1,28 = 6.79, P = 0.015). Activity was 4.4 daily trips per bee in the 
CT greenhouse during this time period, 130% higher than the 1.9 daily trips per bee in 
the Patilux greenhouse (F,,,, = 14.92, P = 0.001). 

Daily activity 

No difference in bee activity was found between the three periods of the day 
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Patilux AT Bee and Dura 3 CT 
De Klerk 

Covering type 
FIGURE 3. Mean + SE Bombus impatiens activity measured at the hive entrance of five colonies under 
four types of commercial greenhouse polyethylene covering. 

(F3,,,, = 0.10, P = 0.977) and there was no interaction between time period and type of 
covering (F6,156 = 0.544, P = 0.774). 

Loss of bees 

There was a difference in bee loss among the four groups of covering (F3,4 = 
16.29, P = 0.010). The CT plastic experienced lower bee loss compared with the other 
three groups (P = 0.004, 0.004, and 0.010 for CT compared with covering types 1, 2, 
and 3, respectively). For CT, the mean number of bees remaining after 10 d was 86.0 + 
2 bees per colony, 136% greater than the 36.4 + 5.8 bees per colony remaining for the 
other three groups of covering. 

Discussion 

Our results are consistent with the hypothesis that bees are most active when ex- 
posed to an extended range of UV light, although the higher internal temperatures in the 
CT greenhouse may have been partially responsible for the greater activity observed. It 
is unlikely that the 6% higher temperature in the CT greenhouse could have been solely 
responsible for the 4-fold increase in activity in the CT greenhouse over the Patilux 
greenhouse. The higher temperature, along with greater amounts of UV light, may both 
have been factors resulting in the greater activity observed in this greenhouse. 

The greater number of bees in colonies under CT plastic suggests that bee loss 
was lowest under this covering, possibly because the relatively small contrast between 
light transmitted through the covering and light entering through the vents makes it dif- 
ficult for the bees to visually detect open vents. As a result, fewer bees may have flown 
out of the greenhouse, suggesting that UV-transmitting coverings may help prevent bee 
loss during winter months. 
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Our experiments did not support the findings of previous research that showed 
bee activity to be positively correlated with light intensity (bumble bees, Lundberg 
1980; alfalfa-pollinating bees, Abrol 1990, 1998; euglossine bees, Armbruster and 
McCormick 1990). It may be that, during the daytime hours of this study, light intensity 
within the greenhouse was adequate for flight, regardless of the external conditions. Be- 
cause the other studies were conducted outside, the positive relationship between activ- 
ity and light levels may have been caused, in part, by a positive correlation between 
light levels and temperature. 

In the study greenhouses, temperatures were kept consistently above 19"C, well 
above the 5°C required for bumble bee flight (Heinrich 1979). Within the greenhouses, 
light levels were adequate for bumble bee flight soon after sunrise (LA Morandin, per- 
sonal observation). Throughout the day, pollen was assumed to be in excess, because of 
the large numbers of open tomato flowers that remained unpollinated. The combined ef- 
fect of consistently high temperatures, adequate light levels throughout the day, and ex- 
cess pollen may have resulted in the consistent levels of bumble bee activity among the 
three periods of the day. 

Extensive studies by Williams (1940, 1961) and Williams and Osman (1960) on 
insect activity, using trap catches, show that activity gradually increases with tempera- 
ture, reaching a maximum at 29°C; further temperature increases to 34°C result in a 
negative correlation with activity. Many studies have found that bees become more ac- 
tive with increasing temperatures (bumble bees, Lundberg 1980; alfalfa-pollinating 
bees, Abrol 1990, 1998; euglossine bees, Armbruster and McCormick 1990; honey bees 
and bumble bees, Corbet et al. 1993). As temperatures increase from 5 to 25OC, a posi- 
tive correlation between temperature and activity may be a result of decreased 
thermoregulation costs (Heinrich 1979). Chen and Hsieh (1996) examined bumble bee 
activity in tomato greenhouses and found that pollination activity was reduced in the 
summer as a result of extreme temperatures (up to 40°C) but, in our study, the highest 
average daytime greenhouse temperature was 28°C. Because there was no decreased 
activity up to this point, the observed greenhouse temperatures were likely within an 
acceptable range for foraging. 

Although greenhouses with coverings that transmit more light within the UV 
range result in greater bee activity and less bee loss, growers must balance various fac- 
tors when considering which covering to install. Increased grey mold (Botrytis) spore 
germination has been associated with plastics that transmit greater levels of UV light 
(Jarvis 1992), making the use of coverings that transmit high levels of UV light less de- 
sirable. In addition, greater transmission across the spectrum may result in summer tem- 
peratures that are above the optimum for tomato growth. 

Maximizing bee activity and minimizing bee loss has important economic conse- 
quences for bumble bee pollination in greenhouses. Greenhouses that experience high 
bee loss and (or) low bee activity may require more colonies for adequate pollination 
and fruit quality (Morandin et al. 2001~2, 2001b), making crop pollination more expen- 
sive. This study indicates that UV-transmitting coverings and high average daily tem- 
peratures promote colony activity, and UV-transmitting coverings result in a minimal 
loss of bees through ventilation systems. 
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