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ABSTRACT 

 

FLORAL SCENT AND POLLINATION OF GREENHOUSE TOMATOES 

 

Andrew Morse                                                                             Advisor: 

University of Guelph, 2009                                                         Professor P. G. Kevan 

 

 

 In this study floral scent of greenhouse tomato was examined.  Neutral red 

staining was used to identify osmophores on tomato flowers and dynamic headspace 

analysis was used to identify the volatiles released by the flowers.  Tomato flowers 

produced β-phellandrene, 2-carene, α-pinene and p-cymene mostly from their petal and 

anther tips.  Bumble bees, the main pollinators of greenhouse tomato, seemed to be 

repelled by the floral scent of tomato flowers.  Two cultivars of greenhouse tomato 

(Bigdena and Clarance) were examined for production of floral scent and pollination 

success.  In addition, the effect of growth condition on floral scent and pollination 

success was investigated.  Results indicated that bumble bees visited tomato flowers that 

produced less scent more frequently than flowers that were heavily scented.  Bigdena and 

Clarance differed in their production of floral scent.  Growth conditions could be 

manipulated in order to reduce floral scent and thus make tomato flowers more appealing 

to bumble bees.  
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CHAPTER 1.  General Introduction and Literature Review 
 

1.1.  Introduction 

 Canada is an international leader in the production of greenhouse vegetables in 

the Americas.  Of all the greenhouse vegetables commercially grown in the country, the 

tomato crop (Lycopersicon esculentum Mill) has the highest farmgate value (Statistics 

Canada 2007).  Ontario is the largest producer of greenhouse tomatoes in Canada 

producing 122,469,940 kg of fruit, worth $198,500,000 (Statistics Canada 2007).  

Because of this, Ontario has been a significant contributor to Canada’s continued success 

in the production of greenhouse vegetables.  The value placed on greenhouse tomato 

world-wide has led to Canadian research on the crop, much of which is taking place in 

Ontario.   

The high value of greenhouse tomato can be attributed to the quality (roundness, 

size and sugar content) of the tomatoes produced; allowing growers to sell their product 

exclusively to the fresh produce market.  Producing a tomato crop is dependent on many 

factors; but pollination success and the growth regime used to manage the plants are two 

major components of tomato cultivation.  

 

1.2.  What is Pollination? 

 Pollination is the transfer of pollen from the male reproductive structures of a 

flower (anthers) to the female receptive structures of a flower (stigma) for sexual 

reproduction.  If successful, the pollen grain germinates, producing pollen tubes which 



2 

 

grow down the style to the ovaries where fertilization occurs.  Sexual reproduction leads 

to the development of seeds and, in plants like tomato, edible fruit.  Thus, pollination is 

important to the life cycle of many plant species and is essential for production of most 

fruit.   

 

1.3.  The Flowers of Tomato and their Pollination  

Tomato is monoecious and has hermaphroditic flowers.  At first glance flowers seem to 

have only male reproductive structures because their anthers are fused forming a cone 

that encloses the stigma and style (Figure 1.1). The anthers of tomato are poricidal, 

meaning that the flower’s pollen is produced within the anthers and released through 

small pores (Buchmann 1983, Plowright and Laverty 1987).  As with poricidal anthers of 

other plants, tomato’s anthers require agitation to release pollen (Buchmann 1983).  By 

restricting pollen release, poricidal anthers may help to ensure that the flower’s pollen is 

distributed to many pollinators and thus potentially many flowers (Harder and Barclay 

1994).  For tomato, however, pollen release alone is often adequate for pollination 

because the plant’s flowers are self fertile and fruit quality (such as increased fruit 

weight) is not improved by cross-pollination (Fletcher and Gregg 1907).  Regardless of 

whether tomato is self- or cross-pollinated, the agitation necessary for pollination is 

facilitated generally by insects or wind (Free 1970). 
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Figure 1.1.  Structure of the Tomato Flower.  The tomato flower looks as though it 

only has male reproductive structures (A,B) because the anther cone obstructs view of the 

female reproductive structures, the stigma, style and ovary (C: anthers removed). 
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Tomato does not produce fruit without pollination, and inadequate pollination 

results in low quality misshapen fruit (Fletcher and Gregg 1907).  Increasing pollination 

activity is known to affect positively many desired characteristics of tomato fruit quality 

including roundness, weight and the number of seeds present (Fletcher and Gregg 1907, 

Sawhney and Dabbs 1978, Kevan et al. 1991, Morandin et al. 2001b).  Through 

optimizing pollination in tomato crops, growers help to ensure that their plants are 

productive and that the fruit produced are of the highest quality.  

Unfortunately, tomato’s poricidal anthers pose a pollination challenge for 

greenhouse growers.  Greenhouse environments are artificial and exclude tomato’s 

natural sources of agitation such as wind and pollinating insects.  Thus, tomatoes within a 

greenhouse do not typically achieve adequate pollination without human-introduced 

agitation.  Until the early 1990s greenhouse growers manually pollinated their tomato 

flowers using hand-held electric vibrators (Banda and Paxton 1991, Kevan et al. 1991).  

Because pollinating a tomato crop in this way was not labour-efficient, other options 

were examined.  The use of insect pollinators within greenhouses posed an attractive and 

eventually cost-effective alternative to manual pollination (Velthuis and van Doorn 

2006).   

 

1.4.  The Bumble Bee Pollination System 

Pollination experiments on greenhouse tomato in Canada were conducted to 

compare bumble bee (Bombus spp. Hymenoptera, Apidae) pollination and manual 

pollination.  The results indicated that the two methods produced tomatoes of equal 

quality and quantity; thus bumble bee pollinators could be successfully used for 



5 

 

pollinating commercial crops (Kevan et al. 1991, Dogterom et al. 1998).  Subsequent 

research has demonstrated that bumble bee pollination is superior to manual pollination, 

resulting in larger yields and higher quality produce (Banda and Paxton 1991, Abak and 

Dasgan 2005, Palma et al. 2008).  With bumble bees being less expensive and more 

productive than manual pollination techniques, the greenhouse tomato sector has become 

dependent on bumble bees to pollinate their crops (Morandin et al. 2001a,c).  Today, 

bumble bees are the most common pollinators of greenhouse tomatoes world-wide 

(Velthuis and van Doorn 2006). 

The species of bumble bee used for pollination depends on the geographic 

location of the greenhouse.  Many countries discourage importing alien species for 

pollination (North American Pollinator Protection Campaign 2006) and have attempted to 

adapt their own native species (or subspecies) of bumble bees for greenhouse pollination.  

In eastern North America Bombus impatiens (Cresson) is the standard pollinator for 

tomato, but B. occidentalis (Green) originally was the pollinator used west of the Rocky 

Mountains, where B. impatiens (Cresson) is not naturally present (Velthuis and van 

Doorn 2006).  However, commercial production of B. occidentalis (Greene) ceased and 

B. impatiens (Cresson) is now used throughout North America.  Bombus terrestris L. is 

the most commonly used species outside of North America, being utilized throughout 

Europe, Asia, New Zealand and Chile (Velthuis and van Doorn 2006).  

Bumble bees were selected as the standard pollinators of greenhouse tomato 

because of their ability to extract pollen from the poricidal anthers by buzz pollination 

(Plowright and Laverty 1987).  Bumble bees buzz pollinate flowers by grasping the 

poricidal anthers with their mandibles and then vibrating their flight muscles at a high 
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frequency to shake pollen from the flower (Michener 1962, Buchmann 1983, Corbet et al. 

1988).  The pollen is released on to the venter of the bee’s abdomen (Figure 1.2A,B), 

where it is collected into the corbiculae (Figure 1.2C,D) and carried back to the colony.  

In addition, most species of bumble bees are relatively docile and do not swarm.  

Considering that greenhouse staff are commonly present in commercial greenhouses, it is 

important that they are not attacked by the pollinators.   

Although the bumble bee’s docility and ability to buzz pollinate make them 

suitable as tomato pollinators, introducing them into greenhouses creates other challenges 

and obstacles for tomato growers.  Bumble bees require both pollen and nectar for 

survival: pollen for its protein and nectar for its high sugar content providing energy to 

forage (Heinrich 2004).  Because tomato plants do not produce nectar, bumble bee 

colony producers provide colonies with sugar syrup in their domiciles (Ptácek 2001). 

 

1.5.  Difficulties in Bumble Bee Pollination of Greenhouse Tomato 

 Recently, some Ontario greenhouse tomato producers have had difficulty 

achieving adequate pollination using bumble bees.  To compensate for the reduced 

pollination efficiency, growers have been forced to increase the number of bumble bee 

colonies in their facilities; even though this tactic has had limited success (S. Khosla, 

personal communication, October 5, 2006).  There are many possible causes for reduced 

pollination success, but none has been identified definitively.  Suggested causes for 

reduced pollination success include the high prevalence of parasites in greenhouse 

bumble bee populations, the ability of the bumble bees to leave the greenhouse and poor 

attractiveness of the tomato flower. 
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Figure 1.2.  Foraging Technique of the Bumble bee on Tomato.  The bumble bee must 

vibrate the tomato flower to extract its pollen.  This pollen is first released onto the 

underside of the bee (A,B), then collected on to the corbiculae (elongated hairs on the 

hind leg, C) forming a pollen clump (D).  p, pollen; r, corbiculae; c, pollen clump. 

 



8 

 

1.5.1.  Parasites of Greenhouse Bumble Bees 

Commercially raised bumble bees are more likely to be infected with parasites 

than wild bumble bees (Colla et al. 2006).  Moreover, greenhouse bumble bees often drift 

into other colony’s domiciles (Birmingham and Winston 2004), increasing their contact 

with other bees.  Greenhouse bumble bee parasites identified in commercially raised B. 

impatiens (Cresson) and wild Bombus spp. include the intestinal protozoans Crithidia 

bombi (Lipa and Triggiani) and Nosema bombi (Fantham and Porter), as well as the 

tracheal mite Locustacarus buchneri (Stammer) (Colla et al. 2006).  Those three parasites 

have different effects on their host and tend to affect foraging behaviour negatively 

(Gegear et al. 2005, Otterstatter et al. 2005, Gegear et al. 2006) which could affect the 

bees’ ability to pollinate tomato.   Recent research has shown that wild bumble bees 

captured near commercial greenhouses around Leamington, Ontario, a Canadian center of 

greenhouse tomato production, have a higher prevalence of parasites than do bumble bee 

populations in places far from commercial greenhouse operations (Colla et al. 2006). To 

our knowledge, no survey has examined the prevalence of these parasites within 

commercial greenhouses. 

 

1.5.2.  Greenhouse External Foraging 

 Although greenhouses reduce the movement of insects between the greenhouse 

environment and the outside, they are not completely closed.  Pollinators can, and do, 

leave the greenhouses through gutter ventilation to forage on plants outside the 

greenhouse (Morandin et al. 2001c, Sabara and Winston 2003).  One suggested and 

partial solution to this problem was to encourage increased use of ultraviolet (UV) light 
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transmitting coverings on the greenhouses (Morandin et al. 2001c).  Bumble bees are 

capable of finding flowers with or without UV light (Dyer and Chittka 2004), but 

allowing UV transmission into greenhouses decreases the frequency of bumble bees 

exiting a greenhouse and increases colony activity (Morandin et al. 2001c). 

 Difficulties with bumble bees exiting greenhouses are more of a problem during 

spring and summer months when bumble bees can survive outside.  In British Columbia, 

as much as 73% of the pollen collected by a single colony during July has been recorded 

as coming from plants other than tomato (Whittington et al. 2004).  The amount of non-

tomato pollen collected during winter, however, is dramatically reduced to 5% between 

September and February (Whittington et al. 2004).   

Considering that Ontario’s pollination difficulties occur mostly during the spring 

and summer months (S. Khosla, personal communication), tomato pollination may 

indeed suffer from bumble bees escaping greenhouses.  Applying screens or nets to cover 

greenhouse vents would help restrict pollinators to forage inside the greenhouse (Sabara 

and Winston 2003).  Although nets have been tested (Yoneda et al. 2007), tomato 

growers are concerned that screening vents is costly and would reduce temperature 

control in the greenhouse through loss of ventilation (S. Khosla, personal 

communication).   

 As vent screens are not likely to be used by growers, it is important to consider 

why bumble bees attempt to forage outside the greenhouse.  Cook et al. (2003) showed 

that honey bees preferentially forage on highly nutritious pollen.  Whittington and 

Winston (2003) investigated the possibility that bumble bees did not receive adequate 

nutrition through a tomato-only pollen diet.  Their results suggested that bumble bee 
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colonies do not clearly benefit from any pollen supplement additional to tomato pollen.  

Thus, tomato pollen seems to be adequate for bumble bee’s nutritional requirements, so 

pollen quality should not be a factor in influencing bumble bees to forage outside a 

tomato greenhouse.  Considering that bumble bees do not likely attempt to escape 

greenhouses for nutritional reasons, it is possible that tomato’s floral display does not 

sufficiently attract bumble bees.  

  

1.5.3.  Plant Attractiveness  

 Many floral characteristics influence the floral foraging behaviour of insects.  For 

the purposes of this thesis, floral characteristics are categorized into floral advertisements 

or pollinator rewards.  Typical rewards for pollinators include pollen, nectar or, in some 

cases, oil (Kevan and Baker 1983), but pollen is the only reward presented by tomato 

flowers.  Pollinators interested in the reward within the flower may use the advertisement 

to find the reward, or estimate how much reward is available.  Bumble bees are adept in 

learning to use floral advertisements such as flower size (Blarer et al. 2002), floral 

display (Ishii 2006, Biernaskie and Gegear 2007), flower colour (Kunze and Gumbert 

2001), floral scent (Kunze and Gumbert 2001, Laloi and Pham-Delegue 2004) or a 

combination of advertisements (Kunze and Gumbert 2001, Lunau 1992, Kulahci et al. 

2008) to find and collect floral resources such as pollen or nectar efficiently.  Prior to 

learning about rewards, bumble bees typically visit flowers with large displays regardless 

of the reward available (Makino and Sakai 2007).  

Because pollen is the only resource presented to tomato pollinators, any floral 

advertisement that indicates the presence of pollen on a tomato flower could be important 
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to foraging decisions by bumble bees.   Pollen-predicting floral characteristics have yet to 

be identified for tomato, but floral scent has been suggested (Dobson 2005).  Floral scents 

are known to be important for insect pollination of many plants (Dobson 1994, Raguso 

2008) and this may also be true for bumble bees and tomato.   

If tomato’s attractiveness to bumble bees is indeed a factor in encouraging the 

insects to forage, enhancing the plant’s attractiveness could also increase pollination 

efficiency in greenhouses.  Through adjusting growth conditions within greenhouses, it 

may be possible to grow tomatoes of high attractiveness to bumble bees. 

 

1.6.  Importance of Growth Regime and Environmental Conditions to Tomato 

Production 

Greenhouse tomato growers are adept at manipulating environmental and growth 

conditions to manage their plants’ productivity, although the potential effect of those 

manipulations on floral advertisement is unknown.  The Ontario Ministry of Agriculture 

Food and Rural Affairs (OMAFRA 1998) has outlined general production practices for 

greenhouse tomato growers.  In their suggested production practices, OMAFRA 

describes two different growth patterns in tomato that relate to the productiveness of the 

plant: vegetative and generative, which must be balanced for optimal productivity.   

According to OMAFRA (1998), plants which are overly vegetative have larger 

leaf areas, bigger and rougher flowers, smaller fruit, reduced fruit set, delayed harvest 

and a greater susceptibility to diseases when compared to traditionally grown plants.  On 

the opposite end of the spectrum, overly generative plants have smaller leaf areas, smaller 
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and smoother flowers, reduced or delayed fruit set and ultimately reduced total 

production compared to traditionally grown plants.    

In order to control tomato growth patterns, plants must be influenced early in their 

life cycle.  If the first flower cluster of a young plant does not set fruit, the plant likely 

remains vegetative.  Environmental conditions are the primary tool for growing tomato 

plants to be more vegetative or generative, but these conditions vary for different periods 

of the year.  Managing a plant to be more vegetative requires that day and night 

temperature differences are small.  Conversely, pushing plants to become more 

generative can be done by increasing the difference between day and night temperatures.  

Irrigation is also a useful tool in influencing plant condition.  Plants become more 

vegetative when provided with short and frequent irrigations, while long and infrequent 

irrigations over the course of a day results in more generative growth (Ontario Ministry 

of Agriculture Food and Rural Affairs 1998).   

Although tomato growth conditions (as described here) are not commonly 

reported on in the literature, environmental conditions used to impact growth conditions 

have been shown to affect the plant’s growth and fruit production (Hussey 1965, Peet et 

al. 1998, Gautier et al. 2001, Van Der Ploeg and Heuvelink 2005).  Tomato pollen is 

affected by high temperature, reducing its production, release, germination success and 

starch content (Abdulbaki and Stommel 1995, Pressman et al. 2002, Sato and Peet 2005, 

Firon et al. 2006, Sato et al. 2006).  Larger differences in day and night temperature, such 

as those commonly used to influence growth condition, are known to increase fruit 

quality as well as total fruit yield and pollen germination (Peet and Bartholemew 1996, 

Willits and Peet 1998).  Temperature has also been shown to affect the floral scent of 
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white clover (Trifolium repens L.) (Jakobsen and Olsen 1994, Sagae et al. 2008), but its 

impact on floral scent of tomato has yet to be studied.  

Environmental conditions which are used to produce generative and vegetative 

plants are known to affect floral characteristics such as scent and pollen availability; 

therefore, generative and vegetative tomato plants may be more or less attractive to 

pollinators.  If the generativeness of the plant, or the environmental conditions which 

encourage generative growth negatively affect floral advertisement in tomato, pollination 

success could be significantly affected.   

 

1.7.  Summary and Objectives 

 Production of high-quality greenhouse tomatoes in Canada partially depends on 

pollination success and favourable growth conditions.  Modification of growth conditions 

could lead to the production of greenhouse tomatoes with poorer floral attractants and 

pollinator rewards resulting in poor pollination.  When presented with poor floral 

attractants and rewards, bumble bees may choose to leave their greenhouses through 

gutter ventilation and forage on plants which are more attractive to them, resulting in 

poor pollination of tomato crops.  This poses a serious problem for greenhouse tomato 

growers using bumble bees for pollination; without pollination their crops suffer in terms 

of both quantity and quality of produce. 

 This study aims to determine if the attractiveness of tomato flowers is affected by 

growth conditions commonly imposed by growers in southern Ontario.  In order to 

evaluate this possibility three objectives have been described: 
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1. Determine if tomato floral scent or flower size encourages or dissuades bumble 

bee foraging. 

2. Determine which tomato floral characteristics differ between cultivars or are 

affected by the growth condition of the plant.  

3. Determine if plant growth condition can affect pollination success in tomato. 
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CHAPTER 2.  Osmophore Location and Chemical 
Identification of Floral Scent in Greenhouse Tomato: 

Implications in Pollination 

2.1.  Abstract 

 Floral scent has been little studied in some economically important insect-

pollinated plants such as tomato (Lycopersicon esculentum Mill).  Comparative studies of 

floral scent are often made using dynamic headspace collection techniques; however, 

these techniques often vary from one study to the next.  Before large-scale quantitative 

scent-analysis could be undertaken to study tomato’s floral scent, dynamic headspace 

collection techniques needed to be designed and tested to ensure that the samples 

collected were representative and comparable.  Osmophores, the scent producing glands 

of flowers, were first determined to be present on tomato using neutral red staining. 

Osmophores were common on the petal and anther tips.  A dynamic headspace collection 

apparatus was consurtcued using 10 mg Super Q scent traps and tested with two 

greenhouse tomato cultivars; Clarance and Bigdena.  Two scent traps were used to collect 

volatiles from the headspace of a single sample and data were analyzed using a linear 

regression.  The major volatiles produced by the flowers were β-phellandrene, 2-carene, 

α-pinene and p-cymene.  Linear regression analysis confirmed that scent traps, when 

sampling from the same headspace, collected similar quantities of all volatiles 

encountered; suggesting that results produced by these scent traps were similar and 

adequate for analyes of floral scent.  
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2.2.  Introduction 

Greenhouse tomato (Lycopersicon esculentum Mill. (Solanaceae)) is an 

economically important crop for Ontario, being valued at $198,500,000 in 2007 

(Statistics Canada 2007).  Plant yield and fruit quality, however, are very much 

dependent on pollination success: without pollination fruit quality is substantially reduced 

(Fletcher and Gregg 1907).  Although tomato is self fertile (Fletcher and Gregg 1907) 

and normally pollinated by both wind and insects (Free 1970), a greenhouse environment 

excludes both sources of pollination.  Thus, pollination is an important challenge for 

greenhouse tomato producers.   

Before 1991, greenhouse tomato growers hired workers to manually pollinate 

their crops by vibrating overhead wires or by using battery powered flower vibrators or 

air blowers; however this was costly and time consuming.  In the early 1990s, bumble 

bees were identified in Canada (as elsewhere) as being capable of pollinating tomato in a 

greenhouse environment (Kevan et al. 1991).  Since then, bumble bee pollination in 

tomato greenhouses has become the standard for tomato producers world-wide.  

Currently, greenhouse tomato production is reliant on bumble bee pollination (Velthuis 

and van Doorn 2006, Morandin et al. 2001c).  The greenhouse tomato industry’s 

dependence on the bumble bee pollination system became quite clear in western Canada 

when shortages of their commonly used greenhouse pollinator (Bombus occidentalis 

Greene) resulted in growers needing to import an exotic species (B. impatiens Cresson 

from eastern North America) to ensure that they would still achieve pollination adequate 

for tomato production (Sabara and Winston 2003). 
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 Many studies have evaluated various dynamics of bumble bee pollination, 

including pollination success of different species (Kevan et al. 1991, Dogterom et al. 

1998, Pressman et al. 1999, Whittington and Winston 2004), the effects of bumble bee 

pests (Otterstatter and Whidden 2004, Gegear et al. 2005, Otterstatter et al. 2005, Gegear 

et al. 2006), greenhouse insecticides (Morandin and Winston 2003), greenhouse 

environment and coverings (Morandin et al. 2001c), foraging external to the greenhouse 

(Whittington et al. 2004) and foraging on multiple cultivars (Lefebvre and Pierre 2006).    

Despite a wealth of literature on bumble bee pollination of tomato, very little has 

focused on the effects of the floral scent.  Floral scent often plays a pivotal role in 

pollination success for many insect-pollinated plants: it can attract pollinators to flowers 

and thus impact a plant’s fecundity (Dobson 1994).  Bumble bee foraging behaviour can, 

in some instances, be affected by floral scent (Kunze and Gumbert 2001, Laloi and 

Pham-Delegue 2004) and Dobson (2005) suggests that floral scent may indeed affect 

bumble bee pollination of tomato.  Better understanding of the relationship between 

characteristics of tomato floral scent and bumble bee pollination success could help 

greenhouse managers and pollination experts ensure that tomato crops achieve optimal 

pollination. 

Studying floral scent is commonly undertaken using dynamic headspace 

collection coupled with gas chromatography and mass spectrometry (GC-MS) analysis.  

Before dynamic headspace analysis can be used for any large scale studies focusing on 

tomato’s floral scent and pollination, sampling protocols must be developed and tested to 

ensure that the volatiles collected are representative of the sample plant and accurately 

quantifiable.   
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Dynamic headspace collection begins with floral volatiles being sucked from a 

sampling vessel containing a flower through a scent trap. The trap is then eluted using a 

chemical solvent, concentrated in inert gas and analyzed on a GC-MS.  At each of these 

stages of analysis some of the volatile sample may be lost (Raguso and Pellmyr 1998), 

reducing the accuracy of the data collected.  Therefore, it is desirable to avoid any 

unnecessary steps involved in scent analysis whenever possible.   

This research had three objectives.  

1. Determine the location of scent producing glands (osmophores) on tomato 

flowers. 

2. Identify the volatiles released by tomato flowers 

3. Determine if a dynamic headspace collection protocol quantifiably collects 

floral scent 

 

2.3.  Materials and Methods 

2.3.1.  Study Area and Plant Production 

 Tomato plants were produced in two cohorts; one for osmophore location and a 

second for evaluation of floral scent and scent trap comparability.  All studies were 

conducted in the experimental greenhouses at the Greenhouse and Processing Crops 

Research Center in Harrow Ontario (Agriculture and Agri-Food Canada, AAFC).  Plants 

were grown using rock-wool bags as the growing medium, two plants per bag, and 

suspended by overhead wires as is common practice in the greenhouse tomato industry.  

Plant nutrition and irrigation was provided ad-hoc based on plant size and temperature 
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within the greenhouse as described by OMAFRA’s publication 371 (OMAFRA 1998).  

Temperatures in the experimental greenhouses ranged from 16
o
C at night to 24

o
C during 

the day and plants were grown under natural light.  Experimentation was done using 

tomato cv. Bigdena, a beefsteak variety, and cv. Clarance, a tomato on the vine variety. 

 

2.3.2.  Osmophore Location  

One hundred and ninety two tomato cv. Clarance were seeded on March 7
th

 2008 

and transplanted into two experimental greenhouses (8m x 13m).  On 29 May 2008, 24 

flowers were collected for osmophore analysis and their peduncles were immediately 

placed into water to keep the flowers fresh.  Before staining, the anther cones of two 

flowers were removed in order to expose the female parts to the stain; all other flowers 

were left intact.  Granular neutral red stain (N4638, Sigma-Aldrich) was mixed with 

double-distilled water in a 1:1000 ratio as described by Stern et al. (1986).   

Living flowers were stained with neutral red by submerging them in the stain for 

2 h.  The peduncles were kept free of neutral red to ensure that stain uptake was through 

the flowers’ osmophores and not through the cut tissue.  Excess stain was removed by 

rinsing in double-distilled water for ~20 min.   

Photographs of flowers before and after staining were taken using both a Lumix 

FZ20 digital camera and a Pax Cam 5 digital microscope camera mounted on a Leica 

MZ8 stereo microscope.  Photographs of pre- and post-stain flowers were compared to 

determine the location of osmophores.  
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2.3.3.  Scent Analysis 

Five-hundred and seventy six tomato plants (288 cv. Clarance and 288 cv. 

Bigdena) were seeded on August 3
rd

 and sampled between September 11
th

 and October 

11
th

 of 2007 in three experimental greenhouses.  Before scent analysis, flower clusters 

were pruned so that each flower cluster would have only a single flower; ensuring that 

scent collected from each sample was of only one flower.  Volatile sampling was by 

dynamic headspace collection as described earlier.  In order to reduce wound volatile 

release into out samples, cut pedicles were covered using using Teflon tape. 

For a sampling vessel, medium size LOOK! brand polyester oven bags (imported 

by Reckitt Benckiser Canada) cut to 25 cm by 25 cm were used.  Polyester oven bags 

were used because they are known to be effective for floral scent collection (Stewart-

Jones and Poppy 2006) and their internal temperatures are relatively unaffected when 

sampling in greenhouses compared to other sample vessels such as glass (Pare and 

Tumlinson 1997).   

To sample from multiple plants simultaneously a vacuum system composed of a 

vacuum pump connected to a vacuum manifold was constructed.  The manifold was built 

out of PVC piping: it was 59 cm long with an outer diameter of 3.3 cm and an inner 

diameter of 2.1 cm and its ends were plugged using end caps sealed on with silicone glue.  

The manifold was connected to a HYVAC 7 vacuum pump (Central Scientific Co.) 

through a 1.27 cm rubber tube and a 0.635 cm brass hose barb mounted on to the 

manifold. Thirteen 0.635 cm holes were drilled along the PVC pipe’s length, opposite the 

hose barb to connect the vacuum to thirteen 0.635 cm rubber tubes which were each 15 m 

in length (Fisher Scientific) (Figure 2.1).  Ten of the 13 tubes were used to sample from 
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sampling vessels, one was connected to a control sampling vessel which contained no 

plant tissue and the remaining two tubes left open in order to prevent excessive stress 

from being placed on the vacuum pump.   

Before scent sampling, all scent traps were connected to the vacuum system to 

calibrate air flow rates through the scent traps.  Once all scent traps were connected and 

the vacuum pump was switched on, a GFM17 (Aalborg, Orangeburg, New York) mass 

flow meter was used to identify the rate at which air was flowing through each scent trap: 

brass stop cocks were used to restrict flow rates to 210 ml/min ± 5 ml/min. After 

calibration, scent traps and sampling vessels were attached to the sample plants for 

collection.  An activated carbon filter (20-60 mesh, Supelco, Oakville, Ontario ) 

constructed in the laboratory was attached to the sampling vessel to clean air before it 

entered the vessel bags.  Filters were constructed of 6 cm long glass tubes packed with 

activated charcoal between two plugs of silanized glass wool (Supelco, Oakville, 

Ontario).  Sampling took 2 h, therefore each scent trap sampled 25.2 L of headspace.  

Figure 2.2 illustrates the dynamic headspace collection in opperation. 

Scent traps were constructed in the laboratory similar to specifications of Ashman 

et al. (2005).  Borosilicate glass pasteur pipettes (14.605 cm long, VWR) were packed 

with 10 mg of SuperQ (80-100 mesh, Supelco) column packing as an adsorbant between 

two plugs of silinized glass wool (Supelco) (Figure 2.3).  Once scent samples had been 

collected (two hours), scent traps were removed from the sampling vessels and then 

eluted by pushing 500 µl of dichloromethane through using a rubber nipple the trap.  

Dichloromethane was collected in a 1 ml Target DP™ vial (Chromatographic Specialties) 

with a screw top lid and teflon/silicon septum (Chromatographic Specialties) for GC-MS.   
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Figure 2.1.  Manifold design.  Manifolds were constructed of PVC pipe capped on 

either end using end caps and sealed with silicone glue.  Thirteen ¼” holes cut along the 

pipe were used to connect thirteen rubber tubes to sampling vessels.  One ½” hole was 

used to connect a brass hose barb, which allowed connection of a ½” outer diameter tube 

leading to a vacuum pump; providing suction for sampling vessels. 
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Figure 2.2.  Dynamic headspace sampling system.  Air proceeded through a lab-

constructed activated charcoal air inlet filter (A) into polyester oven-bag vessels 

containing the floral tissue.  Headspace in the vessel was pulled through a SuperQ packed 

scent trap (B) where floral volatiles were collected.  From there, air was pulled through a 

brass stopcock (C) which restricted air flow to 210ml/min.  Air then traveled through a 

tube (D) to a manifold, eventually leading to a vacuum pump (E) which provided suction 

for the system.  
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Figure 2.3.  Lab-constructed scent trap.  Scent traps were constructed of a 5 and ¾” 

long pasteur pipette containing one 10mg bed of SuperQ column packing (S) packed 

between 2 plugs of silinized glass wool (W).  The lower glass wool plug was always 

placed 3cm from the tip of the pipette, to ensure that SuperQ packing was always in the 

same position. 
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The scent traps were cleaned by flushing three times with 3.3 ml of dichloromethane 

(total 10 ml) and dried in a closed fume hood over night before re-use.   

Eluted samples were left un-concentrated to avoid sample loss and analyzed on a 

Hewlett-Packard 5890 Series II GC equipped with a 5971A mass selective detector 

(ionization voltage 70ev) using scan mode at AAFC.  Samples of 1 µl were injected into 

the GC inlet where they were volatilized at 200
o
C and run along a DB-5 capillary 

column, 60m x 0.25 mm, 0.25 µm film thickness with (J & W, Folsom California) helium 

as the carrier gas.  Column temperature remained at 50
o
C for 5 min, after which it was 

increased by 10
o
C/min to 280

o
C where it was maintained for another 10 min.  Resulting 

data was analyzed using HP Analytical MSD Productivity ChemStation Software.  

Volatile quantities were estimated based on peak area compared to external standards of 

2-carene separately run under the same GC-MS protocol. 

 

2.3.3.1.  Identifying Floral Scent Components  

 Mass spectra of collected volatiles were compared to the Wiley 7N library and, 

when available, to authentic chemical standards for volatile identification.  Authentic 

standards of (+)-2-carene, limonene, trans-caryophyllene and p-cymene were acquired 

from Sigma-Aldrich.   

 

2.3.3.2.  Testing Consistency of Scent Traps for Quantification of Floral Scent 

 To ensure that constructed scent traps were adequate for comparisons of floral 

scent from different flowers, trap consistency was tested.  Sampling vessels were set up 
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on three tomato cv. Bigdena plants, and six tomato cv. Clarance plants (n = 9).  Two 

scent traps were attached to each sampling vessel and taped together with teflon tape to 

ensure that both traps sampled headspace from approximately the same location within 

the sampling vessel.  Traps which collected volatiles from the same sampling vessel were 

compared using a linear regression in SPSS (2007) to determine if the traps produced 

similar results.  

 

2.3.3.3.  Relationship of Floral Volatiles to Each Other 

The techniques that used here resulted in some tomato volatiles being present in 

concentrations below the GC-MS threshold of detection.  Although those volatiles were 

not always detected, they were likely present in the samples; therefore it was desirable to 

estimate their concentrations using volatiles which were present in high concentration.   

Forty four samples were collected from tomato cv. Clarance and 44 from cv. 

Bigdena between September 25
th

 and October 11
th

 2007.  For each cultivar a linear 

regression analysis was used to compare β-phellandrene concentration (the largest 

component of tomato’s floral scent) to the concentration of all other frequently occurring 

volatiles.   

 

2.4.  Results 

2.4.1.  Osmophore Location 

 Neutral red successfully stained all tomato flowers tested (Figure 2.4A).  Stained 

flowers showed heavy deposition of neutral red intermittently along the center of petals 
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and at their tips (Figure 2.4A, B).  In addition, all anthers stained at the center of their tips 

(Figure 2.4C).  Emasculated flowers stained heavily on their stigmas, but not on their 

styles (Figure 2.4D).   

 

2.4.2.  Components of Floral Scent 

 Tomato’s floral scent was composed of four commonly occurring terpinoids; the 

monoterpenes β-phellandrene, 2-carene, α-pinene, and p-cymene (Figure 2.5).  Some 

samples contained also trace levels of trans-caryophyllene, a sesquiterpene.  Table 2.1 

presents the identification method for each of the volatiles and their relative quantities.  

 

2.4.3.  Testing Consistency of Scent Traps for Quantification of Floral Scent  

 Scent traps were compared based on their collection of β-phellandrene, 2-carene, 

α-pinene and p-cymene.  Regression analysis showed that both traps sampling from the 

same vessel collected almost identical quantities of β-phellandrene, 2-carene, α-pinene 

and p-cymene (R
2
 = 0.983, 0.983, 0.979 and 0.977, respectively) (Figure 2.6).   
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Figure 2.4.  Comparison of flower features before and after staining.  Flowers stained 

heavily on the tips of their petals (A,B), as well as at the tips of their anthers (C) and on 

their stigmas but not their styles (D). 
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Figure 2.5.  Chromatogram of tomato flower volatiles.  1 = α-pinene; 2 = p-cymene; 3 

= 2-carene; 4 = β-phellandrene; 5 = trans-caryophyllene. 

 

 

 

 

 

 

Table 2.1.  Volatiles collected from tomato flowers using dynamic headspace 

collection. 

 

 

 

Peak number Compound Identification method 

1 α-pinene 

 

W7N 

2 p-cymene 

 

W7N, ASMS, ASRT 

 

3 2-carene 

 

W7N, ASMS, ASRT 

 

4 β-phellandrene 

 

W7N 

5 trans-caryophyllene W7N, ASMS, ASRT 

Wiley 7N Library, W7N; Authentic Standard Mass Spectrometry, ASMS; Authentic 

Standard Retention time, ASRT. 
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Figure 2.6.  Linear regression of collected volatile abundance in traps sampling the 

same headspace.  Traps sampling the same headspace always collected similar quantities 

of β-phellandrene, 2-carene, α-pinene and p-cymene. 
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2.4.4.  Relationship of Tomato’s Floral Volatiles to Each Other  

 β-phellandrene was a good predictor for 2-carene and α-pinene in both Bigdena 

(Figure 2.7A, B; R
2
= 0.984 and 0.925 respectively) and Clarance (Figure 2.7D, E; R

2
= 

0.964 and 0.878 respectively).  p-Cymene was not so well predicted by β-phellandrene in 

either Bigdena (R
2
= 0.638, Figure 2.7C) or Clarance (R

2
= 0.699, Figure 2.7F). 

 Using the average production rates for each volatile, ratios for production of each 

volatile for each cultivar were determined.  Bigdena produces its four main volatiles in a 

100 :  26.1 : 2.5 : 3.1 ratio (β-phellandrene : 2-carene : p-cymene : α-pinene) and 

Clarance produces its volatiles in a 100: 24.9 : 2.9 : 3.1 ratio (β-phellandrene : 2-carene : 

p-cymene : α-pinene). 

 

2.5.  Discussion 

SuperQ scent traps were shown to be valuable for collection of tomato floral 

scent.  Because linear regression results have shown that the traps collect volatiles in a 

comparable and quantifiable manner, these scent traps are adequate for comparisons of 

scent production between different flowers and industrially-produced scent traps are not 

required.   

 The results presented here indicate that tomato flowers commonly produce four 

volatile compounds; β-phellandrene, 2-carene, α-pinene and p-cymene.  These volatiles 

are likely released from either the tips of the petals or the tips of the anthers, and can be 

easily collected and analyzed using scent traps constructed from pasteur pipettes packed 

with a 10 mg bed of SuperQ column packing between plugs of silinized glass wool. 



 

 

 

Figure 2.7.  Linear regression comparing two volatiles from single samples from flowers of tomato cv. Bigdena and cv. 

Clarance.  For both cultivars β-phellandrene was a good predictor of both 2-carene (A, D) and α-pinene (B,E), but not p-cymene 

(C,F). 
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Although neutral red staining is commonly used to stain osmophores and scent 

producing glands (Vogel and Renner 1990, Stern et al. 1986, Dafni et al. 2005, Effmert et 

al. 2005), it is not clear by what action neutral red stains these structures (Stern et al. 

1986).  Neutral red is known to stain vacuoles (Stern et al. 1986, Stadelmann and Kinzel 

1964), volatile oils (Stern et al. 1986) and also cell sap (Stadelmann and Kinzel 1964).  

However, these features may be present in floral organs other than osmophores.  Thus, 

interpretation of neutral red staining and osmophore localization must be considered 

carefully; neutral red staining does not confirm the presence or absence of osmophores in 

all circumstances.   

These results illustrated stain deposition on tomato petal tips, anther tips and 

stigmas, but osmophores may not be present on all these floral structures.  Neutral red 

staining should not be used to imply osmophore presence on the stigma: it is glandular 

and metabolically active when receptive.  Some research has used neutral red as a 

measure of stigma receptivity through indicating increased permeability of cell walls 

(Dulberger 1987, LeRoux et al. 1996); therefore stigma staining could be caused by 

receptivity or osmophore presence.  Considering the consistency of staining in the petals 

and anther tips, it is quite possible that one if not both of these structures contribute to the 

floral scent of tomato flowers.   

The value of neutral red staining is in macroscopically identifying tissues which 

are likely releasing volatiles.  Areas which stain well with neutral red warrant further 

study to determine if osmophores are indeed present.  In order to confirm the presence of 

osmophores in either tomato petal tips or anther tips two techniques may be used.  Firstly, 

electron microscopy has been used in the past to confirm the presence of osmophores or 
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scent producing glands (Skubatz et al. 1996, Effmert et al. 2005).  A second way to 

determine the location of floral scent production is to isolate floral tissues in a sampling 

vessel and sample floral parts for volatile production individually.  SPME would likely be 

the ideal technique as it is capable of  collecting volatiles present in low concentrations.  

Through collecting floral scent from floral parts individually, specific volatiles can be 

identified from specific flower parts.  If, however, chemical techniques are unavailable to 

determine which floral parts are producing floral scent, researchers may consider 

separating floral parts into separate sealed glass jars then using a panel of individuals to 

sniff each sample to determine which floral part has a stronger smell (Dafni et al. 2005).   

Tomato flowers produce scent largely composed of β-phellandrene, 2-carene, α-

pinene, p-cymene and trans-caryophyllene, but the impact these volatiles have on bumble 

bee foraging is unknown.  Insect responses to chemical cues vary from species to species 

and this seems to be true for these volatiles as well.  For Ips pini (Say) β-phellandrene 

acts as a pine-produced kairomone; likely assisting the beetle in finding lodgepole pine 

which the beetles use for reproduction (Miller and Borden 1990).  In contrast, β-

phellandrene is repellent to the banana weevil Cosmopolites sordidus (Germar) (Ndiege 

et al. 1996) and is toxic to eastern larch beetles (Dendroctonus simplex LeConte) in high 

concentrations (Werner 1995).  In tomato, production of β-phellandrene from vegetative 

tissue increases based on herbivory by tobacco hornworm (Manduca sexta L.) (Farag and 

Pare 2002), and thus the role of this volatile in tomato flowers is still unclear.  Like β-

phellandrene, 2-carene production in tomato can also be increased by herbivory (Farag 

and Pare 2002), although its relationship to insect behaviour remains largely un-studied.   
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p-Cymene has been studied in relation to insect behaviour and as with β-

phellandrene, the responses to the volatile differ from one insect species to another.  It 

has been suggested as a larvicide for the yellow-fever transmitting mosquitoes Aedes 

aegypti L. and A. albopictus (Skuse) (Lucia et al. 2008, Cheng et al. 2009) and may be 

toxic to the bean weevil (Acanthoscelides obtectus Say) and the western flower thrips 

(Frankliniella occidentalis Pergrande) (Regnault-Roger and Hamraoui 1995, Janmaat et 

al. 2002).  In addition, p-cymene may also be a repellent for the Colorado potato beetle 

(Leptinotarsa decemlineata Say) (Schearer 1984).  Other insects may use p-cymene as a 

kairomone to find their host plants:  the medfly (Ceratitis capitata Weidemann) may use 

p-cymene to assist it in locating mango (Mangifera indica L.) (Hernández-Sánchez et al. 

2001) and the blueberry maggot fruit fly (Rhagoletis mendax Curran) and European 

grapevine moth (Lobesia botrana Denis and Schiffermüller) can detect p-cymene and 

aggregate on plants which produce the volatile (Lugemwa et al. 1989, Gabel et al. 1992).  

Honey bees (Apis mellifera L.), not only detect p-cymene, but can be trained to recognize 

it as a cue to extend its proboscis for feeding (Blight et al. 1997).  Blight et al.’s (1997) 

results, however, do not imply p-cymene is a foraging cue: honey bees can be trained to 

exhibit the same responses even to volatiles which are repellent or unattractive to them 

(Menzel 1985, Lucia et al. 2008).  

α-Pinene has been studied for its relationship to insect behaviour and has been 

described as a prominent component of floral scent of many plants (Knudsen et al. 2006).  

Much of the research on interactions between α-pinene and insects are centered on forest 

entomology as the volatile may act as a kairomone for many wood boring beetles (Miller 

2007).  Beyond forest entomology, α-pinene has been shown to have a variety of impacts 
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on insect behaviour.  The volatile is reported to have repellent characteristics for the 

American cockroach (Periplaneta americana L.) (Ngoh et al. 1998) and toxic effects on 

the bean weevil (Acanthoscelides obtectus Say) (Regnault-Roger and Hamraoui 1995), 

spruce beetle (Dendroctonus rufipennis Kirby) and eastern larch beetle (Dendroctonus 

simplex LeConte) (Werner 1995).  For some plants, α-pinene may be related to protection 

from herbivorous insects: the volatile’s production has been shown to increase in cotton 

which is under attack by beet armyworm (Spodoptera exigua Hübner) (Loughrin et al. 

1994).  In addition to this, α-pinene has been shown to reduce or mask the attractiveness 

of host plant volatiles to herbivorous insects (Williams and Dodson 1972, Hori and 

Komatsu 1997).   

Dodson et al. (1969) studied euglossine bees and suggested that α-pinene was not 

attractive for them. Similarly, Schiestl and Roubik (2003) suggested that α-pinene could 

not be detected by the euglossine bees Euglossa cybelia (Moure) and Eulaema 

polychroma (Friese).  However, like p-cymene, Blight et al. (1997) also showed that α-

pinene could be used to initiate foraging responses in trained honey bees.  While the 

results of the experiments by Blight et al. (1997) indicate that α-pinene can be detected 

by honey bees, they do not imply α-pinene as an attractant (Menzel 1985). Since the 

euglossine bees and honey bees are both Apidae yet show differences in detection 

abilities for α-pinene, it is difficult to predict how other Apidae, such as bumble bees, 

may respond to the volatile.   

The role of α-pinene in pollination of tomato is further complicated by the 

potential presence of limonene.  Some research shows that limonene can prevent the 

detection of α-pinene by insects (Nordlander 1991).  While no limonene was detected in 
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these floral samples, it has been reported as being a large component of tomato’s general 

volatile production (Buttery et al. 1987, Runyon et al. 2006).  Chemical standards of 

limonene run using this protocol eluted with the same retention time as β-phellandrene, 

the largest peak in these samples.  It is possible that limonene may have been present in 

the samples of tomato’s floral scent; however this GC-MS protocol may have missed it.   

Trans-caryophyllene, like β-phellandrene, p-cymene and α-pinene, has repellent 

properties to arthropods, repelling the two spotted spider mite (Tetranychus urticae 

Koch) (Antonious and Snyder 2006).  However, unlike the other volatiles collected from 

tomato, trans-caryophyllene was only collected from Bigdena and only from 11.1% of 

samples. 

All in all, the components of tomato’s floral scent seem to be common repellents 

of various arthropods, but no-one has specifically looked at the effect that these volatiles 

have on bumble bees.  Even so, it is likely that some, if not all, can be detected by at least 

some species of bees.  Many chemicals can play various roles in the ecology of different 

insects (Rodriguez and Levin 1976).  Moreover, much of the research implying insect 

responses to floral scent is based on circumstantial evidence rather than experimentation 

(Dobson 1994).  Hence, bumble bee interactions with the chemical blends of tomato 

flowers cannot be predicted here.  Bumble bees are adept at learning to use floral cues, 

such as scent, to estimate the presence or absence of floral rewards (Kunze and Gumbert 

2001, Laloi and Pham-Delegue 2004) so it would be beneficial to determine if tomato 

floral scent could be used to estimate the presence or absence of pollen on tomato 

flowers.   



38 

 

The volatiles collected in this study have been collected from tomato vegetative 

tissue in previous studies (Buttery et al. 1987, Runyon et al. 2006, Antonious and Snyder 

2006); although, this technique did not yield all the volatiles collected in other studies.  

Volatiles which were not found in this study were likely masked by co-elution with other 

volatiles.  Adjustments to the GC-MS protocol may ensure all volatiles are collected in 

the future.   
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CHAPTER 3.  Tomato Flowers Stink: The Bumble Bee 
Perspective. 

3.1.  Abstract 

 Greenhouse tomato production relies on pollination by bumble bees.  Some 

growers have suggested that they experience difficulty with bumble bee pollination at 

certain times of year.  Bumble bees are known to frequently leave tomato greenhouses in 

order to forage on flowers of other plants for unknown reasons.  This study aimed to 

determine if tomato’s floral advertisement was unappealing to bumble bees.  This study 

investigates which of tomato’s floral characteristics affect bumble bee pollination by (1) 

determining if the plant’s floral advertisements could be used by the bees to estimate 

pollen availability; (2) identifying temporal changes in floral display which correspond to 

peak-bumble bee activity; and (3) observing foraging preferences for bumble bees on 

greenhouse tomato.  Flower size (petal length, anther cone width and anther cone length) 

and floral scent (release of β-phellandrene, 2-carene, α-pinene and p-cymene) were 

studied in order to identify the pollinator-important characteristics of tomato flowers.  

Results show that (1) flower size and floral scent are not likely used by the bees to 

estimate pollen availability; (2) components of tomato’s floral scent are produced less 

during bumble bee’s peak activity; and (3) bumble bee pollination success (as measured 

by flower bruising) is better in flowers which produce less β-phellandrene and 2-carene 

in comparison to flowers producing more of the volatiles.  Those chemicals may be anti-

herbivory volatiles and reduced production during bee activity may help to facilitate 

pollination of tomato.  Pollinator-repellent volatiles may help to protect flowers from 

damage caused by over-pollination.   
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3.2.  Introduction  

 Greenhouse tomato (Lycopersicon esculentum Mill) is a high value and well 

studied commodity of Canada’s agricultural sector.  Sales of greenhouse tomato are 

largely for fresh fruit and vegetables: because of this, the crop’s value is dependent on 

quality.  Pollination has been identified as a critical component of successful tomato 

production.  Tomato plants do not set fruit without pollination and better pollination 

results in improved quality fruit (Fletcher and Gregg 1907).  Although tomato is self 

fertile, its flowers require agitation in order to release pollen (Fletcher and Gregg 1907) 

from its poricidal anthers (Buchmann 1983, Plowright and Laverty 1987).  Natural pollen 

release is usually facilitated by external sources of agitation such as wind or pollinating 

insects (Free 1970).  Greenhouse environments typically obstruct wind and pollinating 

insects from interacting with the crop; thus, greenhouse managers must manage for 

pollination, leasing colonies of bumble bees (Bombus impatiens Cresson for Ontario 

greenhouses) to pollinate their tomato plants (Velthuis and van Doorn 2006, Morandin et 

al. 2001c). 

 Bumble bees (Bombus spp.) have been shown to be adept pollinators of 

greenhouse tomato over the last two decades (Banda and Paxton 1991, Kevan et al. 1991, 

Abak and Dasgan 2005, Palma et al. 2008).  The bees buzz-pollinate tomato by grasping 

the flowers with their mandibles and vibrating their flight muscles to extract pollen.  

Currently, bumble bees are the standard pollinators for greenhouse tomato world-wide 

(Velthuis and van Doorn 2006).  Despite their success as pollinators of greenhouse 

tomato, difficulties still persist: some growers have suggested that their bumble bees are 

not adequately pollinating their tomato crops.  The reason for this pollination difficulty is 
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still unknown, although some studies suggest that bumble bees leave greenhouses 

through gutter ventilation when UV-impenetrable greenhouse coverings are used 

(Morandin et al. 2001c, Sabara and Winston 2003).  Other research has shown that 

bumble bee colonies may in some instances collect much more pollen from plants outside 

of greenhouse operations and return to the colony without pollinating the crop 

(Whittington et al. 2004).   

It is unknown why bumble bees attempt to forage outside tomato greenhouses that 

are rich with resources.  Whittington and Winston (2003) determined that bumble bee 

colonies can attain adequate nutrition from a tomato-only pollen diet, and that obtaining 

resources additional to tomato pollen did not further benefit bumble bee colonies.  This 

suggests that bumble bees may not forage outside commercial greenhouses out of 

necessity, but rather out of preference.   

Little research has focused on bumble bee foraging preferences for tomato.  

Bumble bees have been shown to be adept in learning rewarding information; they may 

use a variety of floral cues to assess the presence or absence of floral resources.  Bumble 

bees have been shown to recognize floral size (Ashman and Stanton 1991, Blarer et al. 

2002), display (Ishii 2006, Biernaskie and Gegear 2007), colour (Kunze and Gumbert 

2001), scent (Kunze and Gumbert 2001, Laloi and Pham-Delegue 2004) or combinations 

of advertisements (Kunze and Gumbert 2001, Lunau 1992, Kulahci et al. 2008) in 

assessing resource availability.  No one has identified which (if any) floral characteristics 

are indicative of resource availability for tomato; but floral scent has been suggested 

(Dobson 2005).   
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Pollinator-important floral characteristics can be identified by examining plants 

for diurnal changes in floral display which correspond to pollinator activity (Jakobsen 

and Olsen 1994, Dudareva and Pichersky 2000, Effmert et al. 2005, Theis et al. 2007).  

For some plants (such as Trifolium repens L. and Mirabilis jalapa L.) floral display and 

especially floral scent is known to change over the course of a day in accordance with 

their pollinators’ behaviour (Jakobsen and Olsen 1994, Effmert et al. 2005).  The 

pollinator-important floral characteristics of tomato may also be identified through 

observation of bumble bee foraging decisions in relation to tomato floral characteristics.   

Tomato flowers were studied in terms of both size and scent as well as bumble 

bee activity in greenhouses.  This study aimed to (1) determine if floral advertisements 

could be used to estimate pollen characteristics, (2) identify diurnal changes in 

greenhouse tomato pollen availability and floral scent/size, and (3) identify which floral 

advertisements affect bumble bee foraging decisions on greenhouse tomato. 

 

3.3.  Materials and Methods 

3.3.1.  Study Area and Plant Production 

 All experiments were conducted at the Greenhouse and Processing Crops 

Research Center of Agriculture and Agri-Food Canada (AAFC) in Harrow, Ontario.  

Chemical analyses of floral volatiles were conducted at AAFC London.  Tomato cv. 

Bigdena and cv. Clarance were seeded on August 3
rd

 2007 and transplanted into three 

experimental greenhouses (8m x 13m) on August 30
th

 2007.  Bigdena and Clarance were 

selected for their common use in commercial greenhouse tomato production in southern 
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Ontario.  All greenhouses were equipped with insect screens to prevent bumble bees 

escaping from the experimental greenhouses.  Each greenhouse was split into an east and 

a west plot; east always being used for Clarance and west for Bigdena.  Within each plot, 

96 plants were grown two to a slab in 90 cm rock-wool slabs and were organized in 8 

north-south rows of 12 plants per row.  Plants were supported by overhead suspension 

wires as is common practice for greenhouse tomato production (OMAFRA 1998).   To 

avoid plot edge effects, plants in the first and last rows of each plot as well as the first and 

last plant of each row were considered as border plants and were not sampled (Figure 

3.1).  Temperature within the greenhouses was allowed to range from day time highs to 

night time lows of 24
o
C and 16

o
C, respectively, and irrigation was modified weekly to 

accommodate the changing needs of the plants in each greenhouse.   

 

3.3.2.  Experimental Procedures 

3.3.2.1.  Collection of Floral Scent 

Floral scent was collected using a dynamic headspace collection system (Dafni et 

al. 2005).  Before sampling, all but one flower was removed from the flower cluster to be 

sampled.  Because removal of extra flowers could result in the release of wound response 

volatiles entering the sample (Pare and Tumlinson 1997), wounded tissue was covered 

with Teflon tape prior to sampling.   

Medium Look! Brand® polyester oven bags (imported by Reckitt Benckiser 

Canada) were cut to 25cm by 25cm and used as sampling vessels.  Each flower to be 

sampled was covered with an oven bag which was attached by a plastic tie to the flower’s  
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Figure 3.1.  Greenhouse layout.  Ninety-six Bigdena and 96 Clarance were grown in 

each greenhouse, arranged into 8 rows of 12 plants.  All plants were grown in 90 cm rock 

wool slabs: two plants were grown in each slab.  For experiments involving bumble bees, 

one colony was positioned in the center of one end of the greenhouse as illustrated. 
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pedicle.  Air was allowed to enter into the sample bag through a laboratory-constructed 

activated carbon filter (20-60 mesh, Supelco) and was pulled through of the bag through 

a scent trap which collected the volatiles released by the flower.  Scent traps were made 

in the laboratory using Borosilicate glass pasteur pipettes (14.605 cm long, VWR) packed 

with 10mg of SuperQ (80-100 mesh, Supelco) column packing between two plugs of 

silinized glass wool (Supelco) as described by Ashman et al. (2005).  Suction was 

provided to the scent traps by a HYVAC 7 vacuum pump (Central Scientific Co.) which 

was connected to all samples through a vacuum manifold, 13 rubber tubes and brass 

stopcocks (Figure 2.2).  Rates of air flow through the scent traps were calibrated to 

210ml/min ± 5ml/min using brass stopcocks to restrict air flow: a GFM17 gas flow meter 

(Aalborg; Orangeburg, New York) was used to determine air flow rates.  Flow rates for 

each trap were calibrated immediately before sampling on each sampling instance. 

Headspace volatile samples were collected from 10 sample bags at once.  One of 

the remaining three rubber tubes was used to collect volatiles from an empty sample bag, 

a control, and two tubes were left disconnected to reduce negative pressure on the 

vacuum pump.  Sampling time duration varied by experiment.  In studying floral display 

and indication of floral rewards, a one hour floral-volatile sampling period was used. 

Two hours was used for studying the effect of floral display on pollinator activity.  A 

shorter duration was used in the floral display study to facilitate collection of floral scent 

multiple times per day. 

Scent traps were eluted using 500ul of dichloromethane.  The solvent was forced 

through each scent trap using a rubber nipple and collected in Target DP™ GC vials 

(Chromatographic Specialties, Brockville, Ontario).  Samples were stored at -4
o
C until 
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transport to AAFC London for chemical analyses.  Eluted solvent samples were analyzed 

on a Hewlett-Packard 5890 Series II GC equipped with a 5971A mass selective detector 

(ionization voltage 70ev) using scan mode and a J & W DB-5 capillary column (60m x 

0.25mm, 0.25µm film thickness) using helium as the carrier gas.  Injector inlet 

temperature was set to 200
o
C, column temperature was maintained at 50

o
C for 5 min, 

then increased by 10
o
C/min until reaching a temperature of 280

o
C which was maintained 

for 10 min.  HP Analytical MSD Productivity ChemStation Software was used to analyze 

the data.  Volatiles were identified initially using the Wiley 7N library and chemical 

standards when available.  Later analyses used retention time to identify all compounds.  

Chemical volumes present in the samples were estimated by comparing sample peak 

areas to external standards of 2-carene analyzed using the same GC-MS protocol.   

Preliminary research indicated that this protocol yields four common volatiles in 

tomato cv. Bigdena and cv. Clarance: β-phellandrene, 2-carene, α-pinene and p-cymene.  

Analyses of floral scent were conducted with consideration for each of these volatiles.  

 

3.3.2.2.  Measuring Flower Size 

 Three characteristics of flower size were measured; petal length, anther cone 

length and anther cone width.  Petal length was measured as the distance from the tip of 

the petal to where the sepals meet at the base of the flower and anther cone length was 

measured from the tip of the anther cone to where it meets the petals.  Anther cone width 

was measured at the widest point, generally near the base of the anthers. Digital callipers 

(Mastercraft/Canadian Tire, Toronto, Ontario) were used to ensure that all measurements 

were accurate to 0.1mm. 
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3.3.2.3.  Pollen Quantification 

 Pollen was collected by vibrating single tomato flowers over microcentrifuge 

tubes for 5 seconds using a commercial pollinating wand as described by Sato and Peet 

(2005).  Once pollen had been collected, the anther cones were removed and stored at       

-4
o
C in a separate microcentrifuge tube.  Before counting, all samples were allowed to 

defrost at room temperature and were then mixed with 300µl of water and vortexed for 5 

seconds using a Gilson GV Lab Vortexer.  The number of pollen grains released by 

vibrating each flower was estimated by counting pollen samples that were mixed with 

water using the full grid of a hemacytometer.   

 After defrosting, each anther cone was mixed with 600µl of water and 

homogenized in a Wheaton Tenbroeck 7ml tissue grinder.  Pollen present in those anther 

cone samples was then estimated by hemacytometer.  Total pollen grain production and 

percent of pollen grains released were determined using estimates of pollen release and 

pollen remaining in the anthers.  

 

3.3.2.4.  Estimating Bumble Bee Foraging 

 Bumble bee pollination was estimated by grading flowers into one of five bruising 

categories as defined by Morandin et al. (2001a).  Bruising categories range from 0 to 4: 

a score of 0 represents a non-visited flower and 4 represents very highly visited (Figure 

3.2).  Bruising scores closely approximate pollination success for tomato (Morandin et al. 

2001a) and they are now commonly used by specialists to determine tomato pollination 

success. 
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Figure 3.2.  Flower bruising scores.  Flowers were ranked from 0 to 4 based on bruises 

resulting from bumble bee foraging activity.  Flowers which fall into the 0 category are 

considered not to have been visited by bumble bees, while flowers in the 4 category are 

considered to have been heavily visited.  The above figure is modified from Morandin et 

al. (2001a). 
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3.3.3.  Experimental Design and Analysis 

3.3.3.1.  Floral Display and Indication of Floral Rewards 

 Flowers were examined for floral scent, flower size and pollen characteristics at 

three sampling times per day (8am, 11:30am and 3pm) over 5 days between November 

14
th

 and 28
th

 2007.  Five tomato cv. Bigdena and five cv. Clarance were randomly 

selected for each sampling time.  Plants would only be selected for this experiment if at 

least one open flower was present and the plant had not previously been sampled for 

floral scent.  For each sampling time, scent was first collected over 1 h, then flower size 

was measured and finally pollen release and production were quantified.   

 Pearson correlations were used to identify which of the tomato’s floral volatiles or 

flower size characteristics could be used to predict pollen availability on the flower.  

Analysis was repeated individually for each time of day and pooled together. 

Scent profiles of plants at different times of day were compared using factorial 

ANOVAs and a post-hoc Tukey HSD comparison.  When normality could not be 

established through logarithmic, square root or exponential transformations, data were 

compared using a Kruskal Wallis test (for multiple comparisons) or a Mann-Whitney U-

test (for pair-wise comparisons). All statistical analyses were conducted using SPSS 

version 16.0.  
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3.3.3.2.  Effect of Floral Display on Pollinator Activity 

 Flowers in three greenhouses were sampled for floral scent, flower size and 

flower bruising caused by bumble bees.  Floral characteristics which influenced bumble 

bee foraging were determined by comparing flower bruising to floral scent and flower 

size characteristics.   

Each of the three greenhouses was provided with one class A bumble bee colony 

(Biobest® Leamington, Ontario), consisting of six workers and one queen.  Colony 

populations were maintained at six workers for the complete experiment through weekly 

CO2 anesthetization and removal of excess workers and brood.  Management of colony 

populations was essential to ensure that bumble bees could not pollinate all available 

plants: bees were forced to choose which flowers to forage on and which to avoid.  

Colonies were rotated at random between greenhouses once per week and their activity 

was recorded using bee counters attached to colony entrances as described by Kevan et 

al. (2009).  Bumble bee colonies were always set on top of two bricks in a tub of water to 

prevent ants from entering the colonies (Figure 3.3).  All colonies were placed in 

greenhouses on September 12
th

 2007; tracking of bumble bee activity using bee counters 

was conducted between September 18
th

 and November 4
th

 2007.   

 Five plants per cultivar in each greenhouse were sampled for floral scent and 

flower size once per week for three weeks between September 25
th

 and October 11
th

 2007 

(n=15/greenhouse/cultivar).  Sample plants were randomly selected two days before scent 

collection and floral measurements.  Plants for this study were selected only if at  
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Figure 3.3.  Bumble bee colony.  Bumble bee colonies were kept on top of two bricks 

set in a tub of water to prevent ants from entering the colony. 
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least one flower beginning anthesis was present.  Flowers were selected during anthesis 

because bumble bees could not have foraged on them yet.   

Experimental flowers were then covered with mesh bags to prevent bumble bees 

from foraging on them until after they had been sampled for floral scent and flower size 

two days later.  Floral scent, for many plants, is known to change following pollination 

(Tollsten 1993, Euler and Baldwin 1996, Schiestl et al. 1997, Dudareva and Pichersky 

2000, Negre et al. 2003, Muhlemann et al. 2006); therefore sampling floral scent after 

pollination can lead to discrepancies between the volatiles collected and the volatiles 

encountered by the pollinator.  After anthesis, flowers were sampled for scent over 2 h 

from 8am to 10am.  Flowers were then measured for size and marked by labels.  Flowers 

were left un-covered for 24 h allowing bumble bees to forage on them, after which each 

flower was rated for bumble bee bruises as described by Morandin et al. (2001a).   

 Data from all three greenhouses were pooled and flower bruising scores were 

analyzed for correlations against all measurements of flower size and floral scent using 

Pearson correlations (α = 0.05).  All statistical analyses were conducted using SPSS 16.0. 

 

3.4.  Results 

3.4.1.  Floral Display and Indication of Floral Rewards 

 Pollen characteristics could not be consistently estimated based on any floral 

measurement or the quantity of any floral volatile.  Significant correlations consistently 

differed between times of day and cultivar (Table 3.1, 3.2).  Pollen release in Bigdena  
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Table 3.1.  Correlations between pollen characteristics and floral characteristics 

over three times of day for Tomato cv. Bigdena. 

 Flower size (mm) Floral scent (ng) 

  

Petal 

length 

Anther 

cone 

width 

Anther 

cone 

length 

β-

phellandre

ne 

 

2-carene 

 

α-

pinene 

 

p-

cymene 

Pooled 

Pollen 

release 

 

r= 

n= 

p= 

-0.316* 

65 

0.010 

0.156 

65 

0.215 

0.020 

65 

0.847 

-0.197 

67 

0.111 

-0.156 

67 

0.208 

0.120 

40 

0.463 

-0.141 

42 

0.372 

Pollen 

production 

 

r= 

n= 

p= 

-0.204 

65 

0.104 

0.163 

65 

0.194 

0.071 

65 

0.574 

-0.115 

67 

0.353 

-0.106 

67 

0.392 

-0.028 

40 

0.866 

-0.086 

42 

0.589 

Pollen 

percent 

release 

r= 

n= 

p= 

-0.314* 

65 

0.011 

0.092 

65 

0.465 

0.015 

65 

0.909 

-0.199 

67 

0.106 

-0.162 

67 

0.191 

0.124 

40 

0.444 

-0.158 

42 

0.317 

8:00 am 

Pollen 

release 

 

r= 

n= 

p= 

0.142 

22 

0.529 

0.485* 

22 

0.022 

0.143 

22 

0.525 

-0.015 

23 

0.945 

-0.031 

23 

0.888 

0.452 

13 

0.121 

0.577* 

15 

0.024 

Pollen 

production 

 

r= 

n= 

p= 

0.085 

22 

0.706 

0.210 

22 

0.349 

0.255 

22 

0.252 

0.059 

23 

0.790 

-0.051 

23 

0.816 

-0.135 

13 

0.661 

0.162 

15 

0.565 

Pollen 

percent 

release 

r= 

n= 

p= 

0.002 

22 

0.992 

0.433* 

22 

0.039 

0.155 

22 

0.610 

-0.127 

23 

0.564 

-0.104 

23 

0.637 

0.492 

13 

0.088 

0.553* 

15 

0.032 

11:30 am 

Pollen 

release 

 

r= 

n= 

p= 

-0.526* 

22 

0.012 

-0.340 

22 

0.122 

-0.258 

22 

0.246 

-0.490* 

23 

0.018 

-0.443* 

23 

0.034 

-0.133 

16 

0.625 

-0.362 

15 

0.185 

Pollen 

production 

 

r= 

n= 

p= 

-0.188 

22 

0.403 

0.062 

22 

0.783 

0.053 

22 

0.816 

-0.588** 

23 

0.006 

-0.523** 

23 

0.009 

-0.491 

16 

0.054 

-0.471 

15 

0.076 

Pollen 

percent 

release 

r= 

n= 

p= 

-0.458* 

22 

0.032 

-0.378 

22 

0.083 

-0.240 

22 

0.282 

-0.423* 

23 

0.044 

-0.361 

23 

0.091 

-0.048 

16 

0.860 

-0.395 

15 

0.146 

3:00 pm 

Pollen 

release 

 

r= 

n= 

p= 

-0.392 

21 

0.079 

0.043 

21 

0.852 

0.185 

21 

0.421 

0.011 

21 

0.961 

-0.006 

21 

0.978 

0.174 

11 

0.608 

-0.242 

12 

0.449 

Pollen 

production 

 

r= 

n= 

p= 

-0.474* 

21 

0.030 

0.138 

21 

0.550 

-0.147 

21 

0.523 

0.176 

21 

0.445 

0.179 

21 

0.437 

0.452 

11 

0.163 

-0.023 

12 

0.942 

Pollen 

percent 

release 

r= 

n= 

p= 

-0.369 

21 

0.100 

-0.018 

21 

0.937 

0.142 

21 

0.540 

-0.045 

21 

0.846 

-0.68 

21 

0.770 

0.129 

11 

0.705 

-0.271 

12 

0.395 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 
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Table 3.2.  Correlations between pollen characteristics and floral characteristics 

over three times of day for Tomato cv. Clarance. 

 Flower size (mm) Floral scent (ng) 

  

Petal 

length 

Anther 

cone 

width 

Anther 

cone 

length 

β-

phellandre

ne 

 

2-

carene 

 

 

α-pinene 

 

p-

cymene 

Pooled 

Pollen 

release 

 

r= 

n= 

p= 

-0.082 

70 

0.501 

0.249* 

71 

0.036 

0.014 

71 

0.909 

-0.163 

74 

0.166 

0.160 

74 

0.173 

-0.045 

33 

0.803 

-0.092 

44 

0.554 

Pollen 

production 

 

r= 

n= 

p= 

-0.172 

69 

0.157 

0.343** 

70 

0.004 

0.137 

70 

0.257 

-0.117 

73 

0.322 

0.092 

73 

0.438 

0.041 

32 

0.828 

-0.065 

43 

0.677 

Pollen 

percent 

release 

r= 

n= 

p= 

0.006 

69 

0.964 

0.149 

70 

0.218 

-0.024 

70 

0.845 

-0.169 

73 

0.153 

0.146 

73 

0.219 

-0.182 

32 

0.318 

-0.178 

43 

0.253 

8:00 am 

Pollen 

release 

 

r= 

n= 

p= 

0.076 

23 

0.732 

0.365 

23 

0.087 

0.103 

23 

0.683 

-0.315 

25 

0.125 

-0.281 

25 

0.174 

0.163 

6 

0.757 

0.230 

12 

0.472 

Pollen 

production 

 

r= 

n= 

p= 

-0.148 

23 

0.499 

0.433* 

23 

0.039 

0.364 

23 

0.088 

-0.271 

25 

0.190 

-0.245 

25 

0.238 

0.356 

6 

0.488 

-0.239 

12 

0.454 

Pollen 

percent 

release 

r= 

n= 

p= 

0.428* 

23 

0.041 

0.195 

23 

0.372 

-0.84 

23 

0.704 

-0.135 

25 

0.520 

-0.107 

25 

0.610 

-0.024 

6 

0.964 

0.309 

12 

0.328 

11:30 am 

Pollen 

release 

 

r= 

n= 

p= 

-0.114 

24 

0.595 

0.133 

24 

0.563 

0.012 

24 

0.954 

-0.153 

25 

0.466 

0.407* 

0.043 

25 

0.029 

13 

0.926 

-0.098 

18 

0.699 

Pollen 

production 

 

r= 

n= 

p= 

-0.228 

23 

0.296 

0.392 

23 

0.064 

0.138 

23 

0.530 

-0.163 

24 

446 

0.321 

24 

0.126 

-0.006 

12 

0.986 

-0.130 

17 

0.619 

Pollen 

percent 

release 

r= 

n= 

p= 

-0.093 

23 

0.674 

0.080 

23 

0.715 

0.091 

23 

0.679 

-0.254 

24 

0.231 

0.296 

24 

0.160 

-0.093 

12 

0.773 

-0.217 

17 

0.402 

3:00 pm 

Pollen 

release 

 

r= 

n= 

p= 

-0.266 

23 

0.220 

0.179 

24 

0.402 

-0.073 

24 

0.734 

-0.037 

24 

0.865 

-0.032 

24 

0.881 

-0.054 

14 

0.855 

-0.337 

14 

0.238 

Pollen 

production 

 

r= 

n= 

p= 

-0.211 

23 

0.334 

0.196 

24 

0.357 

-0.008 

0.972 

24 

0.095 

24 

0.658 

0.087 

24 

0.685 

0.213 

14 

0.464 

0.061 

14 

0.863 

Pollen 

percent 

release 

r= 

n= 

p= 

-0.263 

23 

0.225 

0.162 

24 

0.488 

-0.136 

24 

0.525 

-0.142 

24 

0.507 

-0.134 

24 

0.532 

-0.211 

14 

0.469 

-0.486 

0.078 

14 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 
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was significantly correlated to anther cone width (P = 0.022) and p-cymene (P = 0.024) at 

8:00am; petal length (P = 0.012), β-phellandrene (P = 0.018) and 2-carene (P = 0.034) at 

11:30am; and no correlations were detected at 3pm.  On the other hand, pollen release in 

Clarance did not significantly correlate to any floral characteristics at 8:30am; 2-carene 

significantly correlated (P = 0.043) at 11:30am; and no correlations were detected at 3pm.  

Pooled pollen release data also differed between cultivars; significantly correlating to 

petal length (P = 0.010) in Bigdena and nothing in Clarance.  Because of this, it is not 

possible to say which (if any) of floral characteristics of tomato could be used to predict 

pollen characteristics.   

None of the measured characteristics of floral display were significantly affected 

by time of day for Bigdena (Table 3.3).  For Clarance, however, release of the floral 

volatiles β-phellandrene (F (2,59) = 8.645, P = 0.01), (+)-2-carene (χ
2
= 11.280, P = 0.004) 

and p-cymene (F (2,29) = 5.852, P = 0.017) differed between times of day, all of which 

were produced less during the morning hours than later in the day (Figure 3.4, Table 3.4).  

Pollen production, release and release percentage did not significantly differ between 

times of day for Bigdena (F (2, 52) = 0.305, P = 0.745; χ
2
 = 1.964, P = 0.375; χ

2 
= 1.384,P = 

0.501, respectively) or Clarance (F (2, 58) = 0.564, P = 0.599; F (2, 59) = 0.02, P = 0.981; χ
2 

= 

0.268, P = 0.867, respectively).  Complete results for time of day comparisons of floral 

characteristics are illustrated in Appendix 3.1. 
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Table 3.3.  Effects of sampling time on tomato (cv. Bigdena) floral characteristics.  
No floral or pollen characteristics were significantly impacted by time of day. 

 

 

Floral 

Characteristic 

 

Normality 

 

Test 

Time of day 

effect 

Sample day 

effect 

Day*time 

of day 

Pollen release not normal Kruskal 

Wallis 

χ
2
= 1.964 

df = 2 

P= 0.375 

 

  

Pollen production normal ANOVA 

 

F = 0.305 

df = 2, 52 

P = 0.745 

F = 5.867* 

df = 4,52 

P = 0.016 

F = 1.085 

df = 8,52 

P = 0.388 

 

Pollen release% not normal Kruskal 

Wallis 

χ
2 
= 1.384 

df = 2 

P = 0.501 

 

  

β-phellandrene log ANOVA 

 

F = 0.098 

df = 2, 54 

P = 0.908 

 

F = 4.270* 

df = 4, 54 

P = 0.038 

 

F = 0.738 

df = 8, 54 

P = 0.657 

2-carene log ANOVA 

 

F = 0.634 

df = 2, 54 

P = 0.553 

 

F = 

15.464** 

df = 4, 54 

P = 0.001 

 

F = 0.270 

df = 8, 54 

P = 0.973 

 

α-pinene not normal Kruskal 

Wallis 

χ
2 
= 0.137 

df = 2 

P =  0.934 

 

 

  

p-cymene log ANOVA 

 

F = 1.493 

df = 2, 28 

P = 0.277 

 

 

F = 2.709 

df = 4, 28 

P = 0.106 

F = 1.242 

df = 8, 28 

P = 0.312 

Anther cone width normal ANOVA 

 

F = 3.103 

df = 2, 52 

P = 0.092 

 

 

F = 1.222 

df = 4, 52 

P = 0.372 

F = 0.257 

df = 8, 52 

P = 0.977 

Anther cone length not normal Kruskal 

Wallis 

χ
2 
= 2.722 

df = 2 

P =  0.256 

 

 

  

Petal length log ANOVA 

 

F=2.641 

df = 2, 52 

P = 0.129 

F = 2.794 

df = 4, 52 

P = 0.129 

F = 0.879 

df = 8, 52 

P = 0.540 
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Figure 3.4.  Mean quantities (ng ± SE) of four floral volatiles collected from tomato 

(cv. Clarance) flowers at three times of day.  Different letters indicate significant 

differences based on ANOVA and Tukey tests for β-phellandrene, α-pinene (log) and p-

cymene (log).  2-Carene was analyzed using a Kruskal Wallis Test and Mann-Whitney 

U-Tests, α = 0.05. 
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Table 3.4.  Effects of sampling time on tomato (cv. Clarance) floral characteristics. 
Only β-phellandrene, 2-carene and p-cymene production were significantly affected by 

time of day. 

 

 

Floral 

Characteristic 

 

Normality 

 

Test 

Time of day 

effect 

Sample 

day effect 

Day*time 

of day 

Pollen release square root ANOVA F = 0.020 

df = 2, 59 

P = 0.981 

 

F = 0.826 

df = 4, 59 

P = 0.544 

F = 1.768 

df = 8, 59 

P = 0.102 

Pollen production log ANOVA 

 

F = 0.564 

df = 2, 58 

P = 0.599 

 

F = 2.062 

df = 4, 58 

P = 0.178 

F = 1.698 

df = 8, 58 

P = 0.118 

Pollen release% not normal Kruskal 

Wallis 

χ
2
 = 0.286 

df = 2 

P = 0.867 

 

  

β-phellandrene  normal ANOVA 

 

F=8.645** 

df = 2, 59 

P = 0.010 

 

F = 2.270 

df = 4, 59 

P = 0.150 

F = 0.675 

df = 8, 59 

P = 0.711 

2-carene not normal Kruskal 

Wallis 

χ
2
 = 11.280** 

df = 2 

P = 0.004 

 

  

α-pinene log ANOVA F = 2.840 

df = 2, 21 

P = 0.139 

 

F = 1.536 

df = 4, 21 

P = 0.349 

F = 0.566 

df = 8, 21 

P =0.725 

p-cymene  log ANOVA 

 

F = 5.852* 

df = 2, 29 

P = 0.017 

 

F = 3.560* 

df = 4, 29 

P = 0.045 

 

F = 0.464 

df = 8, 29 

P = 0.871 

 

Anther cone width log ANOVA 

 

F = 0.853 

df = 2, 56 

P = 0.460 

 

F = 0.785 

df = 4, 56 

P = 0.565 

F = 0.201 

df = 8, 56 

P = 0.990 

Anther cone length normal ANOVA 

 

F = 0.598 

df = 2, 56 

P = 0.573 

 

F = 1.364 

df = 4, 56 

P = 0.327 

F = 2.737* 

df = 8, 56 

P = 0.013 

 

Petal length  normal ANOVA 

 

F = 0.159 

df = 2, 55 

P = 0.855 

F = 3.953* 

df = 4, 55 

P = 0.046 

F = 0.659 

df = 8, 55 

P = 0.725 
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3.4.2.  Floral Display and Bee Activity Over the Day 

 Bumble bee counters in all three greenhouses recorded activity being highest 

during the morning hours and tapering off throughout the day (Figure 3.5).  Peak activity 

of bumble bee colonies seemed to occur when β-phellandrene, (+)-2-carene and p-

cymene were at their lowest levels in Clarance.   

 

3.4.3.  Effect of Floral Display on Pollinator Activity 

 Of all characteristics observed, only bruising scores were significantly and 

negatively correlated to β-phellandrene and 2-carene production for both cultivars (Table 

3.5).  For Clarance, however, petal length also correlated significantly to bruising (r =      

-0.332*, P = 0.032), indicating that tomato petal length may affect pollination decisions 

by bumble bees (Table 3.5).  Further results are presented in Appendix 3.2. 

 

3.5.  Discussion 

These results indicate that (1) pollen production, release and release percentage 

cannot likely be predicted for tomato flowers based on flower size or floral scent; (2) for 

Clarance, floral volatiles are released less during the bumble bee’s normal peak activity 

than during lower activity; and (3) bumble bees prefer tomato (cv. Bigdena and Clarance) 

flowers that emit less β-phellandrene and 2-carene over flowers which produce more.  

Difficulties in bumble bee-pollination of greenhouse tomato may be linked to unattractive 

volatiles naturally produced by the flowers. 



60 

 

 
Figure 3.5.  Diurnal bumble bee activity profile in three tomato greenhouses.  A B 

and C represent the hourly average number of entrances or exits of bumble bees from a 

colony in greenhouse A, B, or C (respectively) over 26, 32 and 32 days (respectively).  

Number of sampling days differed between greenhouses due to errors in bee counter 

recordings: days where errors were detected could not be analyzed due to data 

unreliability.  D represents the average activity in all three greenhouses combined for a 

total of 90 days.  Black arrows indicate the time at which scent samples and flower 

measurements were taken. 
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Table 3.5.  Correlations between flower bruising scores and floral characteristics 

pooled for all three greenhouses. 

 

  

β- 

phellandrene 

2-

carene 

α-

pinene 

p-

cymene 

Petal 

length 

Anther 

cone 

length 

Anther 

cone 

width 

Bigdena 

bruising  

r= -0.325
*
 -0.341

*
 -0.296 -0.260 -0.013 -0.135 0.014 

p= .031 0.023 0.060 0.174 0.932 0.383 0.927 

n= 44 44 41 29 44 44 44 

Clarance 

bruising 

r= -0.422
**

 -0.449
**

 -0.292 -0.274 -0.332
*
 -0.073 -0.253 

p= 0.005 0.003 0.157 0.271 0.032 0.646 0.106 

n= 42 42 25 18 42 42 42 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 
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Although bumble bees are adept learners of rewarding information, it does not 

appear from these results that their learning abilities could assist them in estimating 

pollen availability in either Clarance or Bigdena.   Correlations between pollen and floral 

characteristics were inconsistent between times of day for both cultivars: correlations in 

one time of day were rarely repeated in others.  Because of this, bumble bees foraging 

preferences for tomato flowers were not likely related to predicting resource availability.   

These results suggest that for at least Clarance, β-phellandrene, 2-carene and p-

cymene were all produced significantly less by unpollinated flowers during the bumble 

bee’s peak activity times.  In addition, bruising scores showed that bumble bees foraged 

more heavily on flowers of both cultivars which produced less β-phellandrene and 2-

carene.  Because β-phellandrene and 2-carene could not be consistently used to imply 

resource availability (no correlation to pollen characteristics), they may have been 

unattractive to bumble bees.  α-Pinene and p-cymene may also be unattractive to bumble 

bees.  Volumes of the two volatiles were often below the threshold of detection and thus, 

the sample sizes for α-pinene and p-cymene were smaller than for β-phellandrene and 2-

carene.  Despite α-pinene and p-cymene’s correlations to flower bruising being 

insignificant, they were always negative correlations.   

 Production of volatiles that reduce pollination may seem counter-intuitive, 

although in some cases flowers have been shown to produce volatiles which deter insects 

(Gabel et al. 1992, Euler and Baldwin 1996) or even potential pollinators (Omura et al. 

2000).  In addition, pollinator-attractive volatiles are thought to have evolved from 

herbivore repellent volatiles (Pellmyr and Thien 1986, Pellmyr et al. 1991)  and the 

similarities between the two groups of chemicals have not gone un-noticed (Rodriguez 



63 

 

and Levin 1976).  Plant production of insect-repellent volatiles are usually based on 

herbivory: in tomato, β-phellandrene, 2-carene and α-pinene emission has been shown to 

significantly increase in vegetative tissue which is under attack by tobacco hornworm 

(Manduca sexta L.) (Farag and Pare 2002) or Egyptian cotton leafworm (Spodoptera 

littoralis Boisduval) (Maes and Debergh 2003).  Production of β-phellandrene and 2-

carene from vegetative tissue of tomato has been shown to be similar between day and 

night (Farag and Pare 2002), however this research showen that both of these volatiles 

are produced by the plant’s flowers in lower quantities during the morning.  Although 

tomato flowers may produce these volatiles specifically for protection from herbivores, 

the volatiles also negatively affect pollinators.  By reducing the flowers’ production or 

release of these volatiles during peak bumble bee activity, tomato plants may be able to 

defend themselves against herbivores without dramatically dissuading pollinators. 

 The repellent characteristics of β-phellandrene and 2-carene to bumble bees may 

benefit the plant through protecting its flowers.  Herbivore damage is known to 

encourage production of those volatiles by vegetative tissues of tomato (Farag and Pare 

2002), so the same may be true of floral damage.  Sometimes bumble bees can 

aggressively forage on tomato, pulling apart the anther cone and exposing the stigma, or 

destroying the flower entirely (personal observation).  If tomato flowers increased 

production of β-phellandrene and 2-carene after pollination or excessive floral damage, 

they might reduce the likelihood that other bumble bees would visit them and so 

potentially reduce floral destruction before fruit set.   

Post-pollination changes in floral scent emission are common (Tollsten 1993, 

Negre et al. 2003, Muhlemann et al. 2006) and pollinated flowers sometimes become less 
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attractive to pollinators (Schiestl et al. 1997).  Therefore, pollinators may be more likely 

to visit other un-pollinated flowers on the same plant (Schiestl et al. 1997) and less likely 

to damage already pollinated flowers (Dudareva and Pichersky 2000).  Also, if floral 

scent is increased in tomato flowers by foraging damage, bumble bees may simply use 

the scent as an indicator of pollen depletion: flowers producing more scent would be 

more likely to have been visited earlier. 

  Most of the volatiles examined here have been shown previously to have 

repellent or toxic effects on insect species (β-phellandrene; Ndiege et al. 1996, Werner 

1995, α-pinene; Werner 1995, Regnault-Roger and Hamraoui 1995, Ngoh et al. 1998 and 

p-cymene; Schearer 1984, Regnault-Roger and Hamraoui 1995, Janmaat et al. 2002, 

Lucia et al. 2008, Cheng et al. 2009).  Higher concentrations of these volatiles in tomato 

flowers likely deter pollinators from foraging.   

The results presented here likely have significant implications for greenhouse 

tomato growers experiencing pollination difficulties.  Unattractiveness of β-phellandrene 

and 2-carene, the largest components of tomato floral scent, to bumble bees may 

encourage the insects to exit the greenhouse in order to forage on flowers which do not 

produce repellent volatiles.  Thus, tomato’s repellent floral scent production may be in 

part responsible for bumble bee pollination failure in some tomato greenhouses. 
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CHAPTER 4.  Managing Floral Scent for Bumble Bee 
Pollination of Greenhouse Tomato. 

 

4.1.  Abstract 

 Bumble bees (Bombus impatiens Cresson) are the principle pollinators of 

greenhouse tomato (Lycopersicon esculentum Mill) in Ontario.  Some greenhouse tomato 

growers have suggested that bumble bee pollination in their greenhouses is often 

inadequate due to the insects leaving greenhouses to forage on non-crop plants.  

Recently, tomato pollination was found to be best when release of some floral volatiles 

was lowest.  Here, practical methods of reducing tomato’s floral scent in order to 

encourage bumble bee pollination of tomato are identified.  Tomato’s floral display is 

known to differ between cultivars and growth conditions; therefore two tomato cultivars 

(Bigdena and Clarance) and three growth conditions (generative, traditional and 

vegetatively grown plants) were compared for floral scent production and bumble bee 

pollination success.  A choice test was used to determine if bumble bees preferred to 

forage on plants grown in a generative or vegetative regime.  Clarance produced 

significantly less β-phellandrene, 2-carene and α-pinene than did Bigdena  and in some 

instances had higher pollination rates.  Choice tests illustrated that bumble bees prefer to 

forage on the less scented vegetative tomato rather than more scented generative plants (F 

= 110.094, P = 0.008).  These results suggest that bumble bee pollination of greenhouse 

tomato can be encouraged by growing pollination-friendly cultivars and by growing 

plants to be more vegetative in habit.   
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4.2.  Introduction 

  Pollination is important for fruit set in many crop plants and pollination 

techniques differ from one crop to another.  For greenhouse tomato (Lycopersicon 

esculentum Mill) production, commercially-reared bumble bee colonies (Bombus 

impatiens Cresson for Ontario) have been used as the standard and most cost effective 

pollination technique for nearly two decades (Velthuis and van Doorn 2006).  The 

greenhouse tomato industry’s near-exclusive use of bumble bees for pollination has been 

based on the insect’s superior pollination capabilities over manual pollination techniques 

(Banda and Paxton 1991, Kevan et al. 1991, Abak and Dasgan 2005, Palma et al. 2008) 

or other commercially available pollinators such as honey bees (Banda and Paxton 1991).  

Despite the large scale success of bumble bees as pollinators for greenhouse tomato, their 

use has not been without problems.  Some growers have complained that their bumble 

bees commonly exit their greenhouses to forage on non-crop plants and research has 

suggested that this is true (Sabara and Winston 2003, Whittington et al. 2004). 

 In order to determine why bumble bees exit greenhouses to forage on non-crop 

plants, Whittington and Winston (2003) considered the possibility that bumble bees had 

received inadequate nutrition in tomato greenhouses.  Their conclusions illustrated that 

colonies attained no added benefit from consuming pollen of various plants when 

compared to a tomato-only pollen diet (Whittington and Winston 2003).  That suggests 

that bumble bees are not leaving greenhouses for nutritional reasons.  Research presented 

in Chapter 3 suggested that bumble bees preferred to forage on tomato flowers releasing 

lower levels of floral volatiles.  These volatiles are not likely produced in order to attract 
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pollinators but rather to repel herbivores and potentially protect damaged flowers from 

over-pollination by aggressive pollinators.   

 Production of repellent floral scent by tomato plants may encourage bumble bees 

to forage on other available flowers, including flowers external to the greenhouse 

environment.  No simple technique preventing bumble bees from escaping greenhouses is 

currently available.  Vent screens have been tested for keeping both honey bees (Sabara 

and Winston 2003) and bumble bees (Yoneda et al. 2007) inside greenhouses, but 

growers are concerned that the screens are an additional expense and would reduce their 

ventilation capabilities.  Heat stress is known to be a serious problem for fruit set in 

tomato (Sato et al. 2000, Sato et al. 2006) and thus growers are likely more willing to lose 

some pollination success in order to keep their greenhouse environment under control.  

Because vent screens are not likely to be installed by growers for pollination, other 

options need to be explored. 

Tomato cultivars differ in growth and flower characteristics; it is possible that 

some may differ in floral scent production and release as well.  Through selecting lesser 

scented cultivars growers may be able to encourage pollination in their greenhouses.  To 

our knowledge no-one has ever compared tomato cultivars for floral scent production.   

Similarly, growth conditions are also known to affect tomato’s floral 

characteristics.  The Ontario Ministry of Agriculture, Food and Rural Affairs’ publication 

317 (OMAFRA 1998) describes two growth conditions for greenhouse tomato: 

generative and vegetative growth.  Very generative plants tend to have smaller flowers, 

delayed fruit set and larger fruit loads.  Vegetative plants, in contrast, produce larger 

leaves and flowers, smaller fruit and are more susceptible to disease (OMAFRA 1998).  
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Vegetative and generatively produced plants have never been compared for pollinator 

preference and because they are known to differ in floral advertisement, they may also 

differ in pollinator-repellent volatile production or in characteristics of their floral 

display. 

Tomato growers are obliged to balance these growth conditions for their plants in 

order to encourage a productive crop: a balanced crop may be referred to as being 

“traditional”.  Balancing these growth conditions in tomato is done by frequently 

modifying environmental conditions within the greenhouse.  Forcing plants to become 

more generative can be done through increasing the day/night temperature differential 

and irrigating plants less frequently but for longer periods.  Encouraging vegetative 

growth can be done through keeping temperatures close between day and night, while 

giving plants short frequent irrigations throughout the day (OMAFRA 1998).   

  Environmental conditions also affect tomato growth and fruit production (Hussey 

1965, Peet et al. 1998, Gautier et al. 2001, Van Der Ploeg and Heuvelink 2005).  Elevated 

temperature, specifically, is known to reduce tomato pollen production, release, 

germination success and pollen starch content (Abdulbaki and Stommel 1995, Sato et al. 

2000, Pressman et al. 2002, Sato and Peet 2005, Firon et al. 2006, Sato et al. 2006).  In 

addition, temperature has also been implicated in affecting floral scent of white clover 

(Trifolium repens L.) (Jakobsen and Olsen 1994, Sagae et al. 2008).  Therefore, it was 

reasoned that greenhouse environmental conditions aimed at producing plants vegetative 

or generative in habit may influence pollination of tomato through affecting the plant’s 

floral scent.   
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 This study aimed to determine whether two tomato cultivars grown under three 

growth conditions would affect floral scent sufficiently to affect bumble bee pollination 

success.  Comparisons were made between (1) tomato cv. Bigdena and cv. Clarance for 

differences in pollination success and production of floral scent; (2) generative, 

traditional and vegetatively grown tomato plants for differences in floral scent 

production; and (3) flowers of vegetative and generative plants for bumble bee 

preference.   

 

4.3.  Materials and Methods 

4.3.1.  Study Area and Plant Production and Environmental Treatments 

 All work presented here was conducted using the experimental greenhouses at the 

Greenhouse and Processing Crops Research Center (AAFC) in Harrow, Ontario.  Gas 

chromatography and floral chemistry were undertaken at the Southern Crop Protection 

and Research Center (AAFC) in London, Ontario.  Two tomato cultivars were used for 

this work: Bigdena and Clarance.  These two cultivars were ideal plants for these 

experiments because they differ in terms of growth rate and productivity and are both 

commonly produced in greenhouses in southern Ontario.  Plants were produced in three 

cohorts: the first (1) was used for comparing Bigdena and Clarance as well as comparing 

the effects of growth conditions on floral scent (experiment 1).  The second and third 

cohorts (2a and 2b) were both used to compare pollinator preference of vegetative or 

generative Clarance plants (experiment 2).  Two cohorts were used in experiment 2 so 

that plants would be approximately within one week of the at the time of sampling.  
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Cohort 2a was used for the first two weeks of the experiment and cohort 2b was used for 

the second two weeks.  Cohort 1 (288 Clarance plants and 288 Bigdena plants) was 

seeded on August 3
rd

 2007; cohort 2a (192 Clarance plants) was seeded on February 21
st
 

2008; and cohort 2b (192 Clarance plants) was seeded on March 7
th

 2008.   

 Experiments were conducted in three experimental greenhouses (A, B and C), 

measuring 8m x 13m.  Bumble bees were prevented from escaping these greenhouses by 

insect screening on all vents.  Each greenhouse was split into east and west plots of 96 

plants arranged in 8 north/south running rows of 12 plants per row.  For experiment 1, 

Bigdena was always grown in the east plot and Clarance was grown in the west.  In 

experiment 2, cohort 2b was grown in the east plot and cohort 2a was grown in the west.  

All plants were grown in 90cm rockwool slabs and suspended by overhead suspension 

wires as is common practice in greenhouse tomato production (OMAFRA 1998).  Plants 

on the border of each plot were not sampled to prevent edge effects.   

For both experiments, each greenhouse represented a different environmental 

condition treatment.  All environmental conditions were representative of growth 

practices common in tomato production and were overseen by OMAFRA’s greenhouse 

vegetable specialist, Shalin Khosla.  In experiment 1, greenhouse A was used to grow 

generative plants; B for traditional plants and C for vegetative plants.  In experiment 2; 

generative plants were grown in greenhouse C, and vegetative plants in greenhouse A 

with greenhouse B being used for exclusively for experimentation on plants which had 

grown in the vegetative or generative treatment greenhouses.  A detailed plot plan for 

both experiments is described in Figure 4.1.   
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Figure 4.1.  Plot plan for experiment 1 and 2.  Plot plans for experiment 1 and 2 each 

involved planting 12 plants per row in 8 rows per cultivar (for experiment 1) or 8 rows 

per cohort (experiment 2).  Generative and vegetative treatments were reversed between 

experiments to ensure a plot effect was not affecting results. 
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  For experiment 1, day/night temperatures ranged from 24
o
C/16

o
C for generative 

plants, 21.5
o
C /17.5

o
C for traditional plants and 20

o
C /18

o
C for vegetative plants.  

Temperature was controlled using heating pipes, roof top vents, wall mounted fans, 

cooling pads and shade curtains.  Irrigation in each greenhouse was adjusted weekly 

based on the changing needs of the plants and the greenhouse treatment.  Each treatment 

greenhouse received a near-equal amount of water per day but each differed in irrigation 

frequency: the generative greenhouse received the fewest irrigations per day (6 

irrigations, 2L per day); while the vegetative greenhouse received the most (14 

irrigations, 2.2L per day) and traditional greenhouses received an intermediate number 

(11 irrigations, 2.3L per day). 

 For experiment 2, environmental conditions were modified slightly compared to 

experiment 1.  Day/night temperatures ranged from 26
o
C/16

o
C in the generative 

greenhouse; 23
o
C/19

o
C in the vegetative greenhouse and 24

o
C/21

o
C in the experimental 

greenhouse.  As in experiment 1, irrigation was modified weekly based on plant 

requirements and differed between greenhouses: the generative greenhouse received the 

fewest number of irrigations (3-7 irrigations, 0.8L-1.86L per day) and the vegetative 

greenhouse received the most (5-10 irrigations, 1-2L per day).  During experimentation 

on plants in the experimental greenhouse, all plants received 4-10 irrigations per day and 

1-2L of water. 
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4.3.2.  Experimental Procedures 

4.3.2.1.  Collection of Floral Scent 

 Dynamic headspace analysis (Dafni et al. 2005) was used for collection of all 

floral scent samples.  Experimental flower clusters were pruned to only one flower to 

ensure that floral scent collected from each sample was of only one flower.  Plant damage 

can result in wound response volatiles being released (Pare and Tumlinson 1997): to 

avoid wound response volatiles entering the samples, Teflon tape was used to cover the 

wounded tissue. 

 Floral samples were each covered with a Medium Look! Brand polyester oven 

bag (imported by Reckitt Benckiser Canada) cut to 25cm x 25cm as a sampling vessel.  

Sampling bags were attached to plants using a plastic tie.   Air entered the sampling bag 

through a filter constructed in the laboratory from a 6cm long glass tube packed with 

activated carbon (20-60 mesh, Supelco) between plugs of silanized glass wool.  

Headspace from the bag was sucked thorough a scent trap where volatiles released by the 

flower were collected.  Scent traps were constructed from borosilicate glass pasteur 

pipettes (5 ¾” long, VWR) packed with 10mg of SuperQ (80-100 mesh, Supelco) column 

packing between two plugs of silinized glass wool (Supelco) as described by Ashman et 

al. (2005).  Headspace volatiles were pulled through the trap using a HYVAC 7 vacuum 

pump (Central Scientific Co.) which was connected to multiple samples through a 

vacuum manifold and a series of rubber tubes.  Brass stopcocks separated sample bags 

from the vacuum system; partly closing the stopcocks restricted air flow rates to a 

standardized volume per min.  Before every sampling period, each scent trap was 

individually calibrated to air flow rates of 210ml/min ± 5ml/min using GFM17 (Aalborg, 
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Orangeburg, New York) gas flow meter.  Figure 2.2 illustrates how this sampling system 

was constructed.  Floral scent was sampled from 10 flowers and one empty control vessel 

at once.  The two remaining sample tubes were not connected to sample bags in order to 

reduce negative pressure on the vacuum pump.  Sample collection was allowed to 

proceed for a period of 2 h between 8:00am and 10:00am. 

 After volatile collection, 500µl of dichloromethane chemical solvent was forced 

through each scent trap using a rubber nipple and into Target DP™ GC vials 

(Chromatographic Specialties, Brockville, Ontario).   Collected samples were then kept at 

-4
o
C until GC-MS analysis.  All samples were analyzed on a Hewlett-Packard 5890 

Series II GC with J & W DB-5 capillary column (60m x 0.25mm, 0.25µm film thickness) 

using helium as the carrier gas and a 5971A mass selective detector (ionization voltage 

70ev) using scan mode.  Samples were injected into the injector inlet and volatilized at 

200
o
C.  Temperature in the column was kept at 50

o
C for 5 min then increased by 10

o
C 

per min up to a temperature of 280
o
C where it remained for 10 min.  Analysis of mass 

spectra and GC peaks was conducted using HP Analytical MSD Productivity 

ChemStation Software.  All volatiles were originally identified using the Wiley 7N 

library in addition to chemical standards (if available).  After initial identification, all 

volatiles were identified based on retention time.  Resulting volatiles were quantified in 

one of two ways. In experiment 1, all peak areas were compared to known volumes of an 

external standard (2-carene) which was analyzed using the same protocol.  For 

experiment 2, however, known quantities of toluene (Sigma) were added to all samples as 

an internal standard.  Toluene was selected because its retention time in this protocol was 

distant from all volatiles in these samples and it was unlikely to coelute with them. 
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 Work in chapter 2 illustrated that analysis of tomato floral volatiles using this 

protocol yields reproducible volatiles: β-phellandrene, 2-carene, α-pinene and p-cymene.  

Each of these volatiles were considered in analyses of floral scent. 

 

4.3.2.2.  Quantification of Pollen Characteristics 

 Pollen collection and analysis was adapted from Sato and Peet (2005).  In order to 

collect pollen, virgin flowers were each vibrated using a commercial pollinating wand for 

5 seconds over a microcentrifuge tube and their anthers were subsequently collected in a 

second microcentrifuge tube.  All samples were stored at -4
o
C until pollen grains were to 

be counted.  For analysis, each pollen sample was allowed to defrost at room 

temperature: after which time 300µl of water was added to each microcentrifuge tube and 

samples were vortexed for 5 seconds on a Gilson GV Lab vortexer to distribute the pollen 

grains within the water.  Pollen release was then estimated using a hemacytometer to 

estimate the number of pollen grains present in each sample.   

 Anther cones were first defrosted at room temperature and then mixed with 600µl 

of water.  Samples were then homogenized using a Wheaton Tenbroeck 7ml tissue 

grinder and the number of pollen grains present was estimated using a hemacytometer.  

Pollen production was estimated by adding the number of pollen grains released to the 

number of pollen grains remaining on the anthers.  Dividing pollen release by pollen 

production yielded the pollen release percentage.   Pollen data were collected at 10:00 am 

between September 21
st
 2007 and November 9

th
 2007. 

 



76 

 

4.3.2.3.  Quantifying Floral Display and Pollination Success 

Flower bruising due to bumble bee foraging was scored according to Morandin et 

al. (2001a).  Scores ranged from 0 to 4; 0 representing a flower which has not been 

foraged on by bumble bees and 4 representing a flower which has been heavily visited 

(Figure 3.2).   

For each of the selected plants, the open flowers were counted and bruising was 

scored on each flower.  Twelve plants per cultivar per greenhouse were randomly 

selected and sampled every week over the 8 week period (n=96 plants per cultivar per 

greenhouse).  Plants were selected only if they had not been sampled for floral scent in 

the prior 2 weeks.  Floral pruning undertaken in scent analysis would bias the number of 

flowers present on the plant: 2 weeks was thought to be long enough for all remaining 

flowers to senesce.  Floral display and pollination success were evaluated between 

September 21
st
 2007 and November 8

th
 2007.   

 

4.3.3.  Experimental Design and Analysis 

4.3.3.1.  Comparing Cultivars and Growth Conditions for Floral 

Characteristics (Experiment 1)  

Flowers of generative, traditional and vegetative tomato cv. Bigdena and cv. 

Clarance were sampled for floral scent production.  Bumble bees were present in each 

greenhouse, and pollination success was compared between cultivars.   

One class A bumble bee colony (Biobest® Leamington, Ontario) composed of six 

workers and one queen was placed into each of the experimental greenhouses on 
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September 12
th

 2007.  A bumble bee colony of only six workers is not normal for 

greenhouse production, but it was necessary to ensure that each greenhouse had an 

equivalent pollinator presence and that the colonies could not over-pollinate the plants.  

Each colony was maintained at six workers and one queen by weekly CO2 anesthetization 

and removal of excess bees and all brood.  In addition to this, each colony was moved to 

a new randomly assigned greenhouse weekly to ensure that an overly active colony 

would not bias results in one greenhouse over another.  Bee counters (Kevan et al. 2009) 

were used to record the number of daily entrances and exits of bumble bees from each 

colony between September 18
th

 and November 4
th

 2007. 

Floral scent was collected between September 25
th

 2007 and October 11
th

 2007; 

pollen collection continued until November 9
th

 2007.  For each cultivar, five plants were 

sampled in each greenhouse per week for 3 weeks for floral scent 

(n=15/greenhouse/cultivar).  Pollen characteristics were sampled on five plants per 

cultivar per greenhouse once per week for 6 weeks (n=30/greenhouse/cultivar).  Plants 

were selected randomly two days before sampling: plants could only be selected if at 

least one flower was beginning anthesis.  After selection, flower pruning (as described 

earlier) was undertaken and the remaining flower was covered with a mesh bag to protect 

it from pollination until sampling: some flowers are known to change their floral scent 

following pollination (Tollsten 1993, Euler and Baldwin 1996, Schiestl et al. 1997, 

Dudareva and Pichersky 2000, Negre et al. 2003, Muhlemann et al. 2006).   

Two-way factorial ANOVAs were used to compare Clarance and Bigdena as well 

as generative, traditional and vegetative crops for floral scent (production of β-

phellandrene, 2-carene, α-pinene and p-cymene), pollen production (pollen production, 
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pollen release and release percentage), the number of open flowers and pollination 

success.  In some instances data could not be normalized through log, square root or 

exponential transformations for both cultivars and all three growth conditions.  In this 

situation, cultivars and growth conditions were compared separately and transformed 

accordingly.  If transformations were still unable to normalize data, non parametric tests 

were used: Mann-Whitney U-Tests were used to compare cultivars and Kruskal Wallis 

tests were used to compare growth conditions.   

 

4.3.3.2.  Comparing Pollinator Preference for Vegetative or Generative Plants 

(Experiment 2)  

Bumble bee preference for generative and vegetative tomato flowers was 

examined in a caged choice experiment.  During this experiment, generative and 

vegetative plants were also compared for differences in production of floral scent.   

Plants were grown in generative or vegetative regime as described earlier.  One 

class A bumble bee colony was purchased from Biobest and kept un-modified.  Bumble 

bees were trained to forage on tomato by allowing the colony to forage on 12 vegetative 

and 12 generative Clarance in a flight cage (1.5m x 4.6m) over 48 h.  Training in this way 

was repeated once each week prior to experimentation. 

Six generative and six vegetative Clarance were randomly selected and placed 

into one experimental cage on the evening before experimentation.  Plants would only be 

selected if both plants on the same rock wool slab had at least one open flower.  

Immediately before experimentation, all but one open flower was removed from five 

plants per treatment and all flowers were removed from the remaining plant in each 
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treatment.  Pruning all flowers from one plant per treatment was necessary because this 

sampling protocol only allowed collection of volatiles from 10 flowers at once.  Because 

tomato flowers close at night and preparation for sample collection began before flower 

opening, it was impossible to be sure that all flowers transported into the cage would 

open on the day of experimentation.  By including a sixth plant per treatment, one flower 

was allowed to remain closed without depleting the number of flowers present in the 

cage.  Pruning test plants down to one flower each ensured that both treatments had an 

equal number of flowers available to the bee. 

Each plant was marked with a unique identifier and sampled for scent prior to the 

bumble bee choice test.  At noon, the bumble bee colony was placed into the 

experimental cage.  One bumble bee was allowed 30 min to forage on the 10 plants, 

beginning at its first contact with a flower.  If a bee would not begin to forage after a 

period of 15 min, it was killed and a new bee would be allowed to forage.  The number of 

times that the bumble bee visited each flower was recorded; foraging was considered to 

be synonymous with landing on a flower for at least 1 second.  After the 30 min foraging 

period, the bee was killed to ensure that it could not return to the colony and participate in 

the experiment again.  

This experiment was done 11 times between April 29 and May 22, 2008.  The 

results presented here are that of 10 replications; no bumble bees foraged on one of the 

sample days and thus it was removed from the sample set.  Cohort 2a was used for the 

first five replications, while cohort 2b was used for the second five.  Results from all 10 

replications were pooled; vegetative and generative tomato plants were compared for 

floral scent production and the number of flower visits by bumble bees.  All comparisons 
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were made using factorial ANOVAs when test requirements were met.  When sample 

sets were not normally distributed, log transformations were adequate to establish 

normality.  All transformations were indicated in the results and α was set to 0.05. 

 Mean values of floral scent and flower size were calculated for each treatment on 

each day and compared to their corresponding mean flower visits per treatment per day 

using a Pearson correlation (α = 0.05).  Correlations were based on mean values to 

prevent overly active bees from biasing results.  SPSS 16.0 was used for all statistical 

analyses. 

 

4.4.  Results 

4.4.1.  Comparing Cultivars and Growth Conditions for Floral Characteristics 

(Experiment 1) 

 Pollen production was the only pollen characteristic which could be compared by 

2-way factorial ANOVA and it was not affected by either cultivar or growth practice 

(Table 4.1).  Pollen release and release percentage were compared between cultivars in 

each growth practice individually and only in the traditional greenhouse did pollen 

release differ between cultivars (Table 4.2, 4.3).  Neither cultivar nor growth treatment 

affected percent pollen release. 

 Floral scent, unlike pollen characteristics, did differ between cultivars.  β-

phellandrene, 2-carene  and α-pinene were all produced in significantly lower amounts by 

Clarance than Bigdena (Table 4.1).  Further investigation indicated that cultivars in the 

traditional greenhouse never differed for production of any floral volatile, although in the 



 

 

Table 4.1.  Differences in pollen characteristics and floral scent between cultivars and growth conditions.  All characteristics 

were log-transformed for normality and compared using factorial ANOVAs.  β-phellandrene, 2-carene and α-pinene were all released 

less in Clarance than in Bigdena. 

 

 

  

 

 

Cultivar Effect 

 

 

Growth 

Condition Effect 

 

 

Sample day 

Effect  

 

Cultivar* 

Growth 

Condition 

 

 

Cultivar* 

Sample Day 

 

Growth 

Condition* 

Sample day 

Growth 

condition* 

Cultivar* 

Sample day 

 

Pollen 

Production 

 

F = 1.029 

df = 1, 128 

P = 0.357 

 

 

F = 0.722 

df = 2, 128 

P = 0.509 

 

F = 1.216 

df = 4, 128 

P = 0.398 

 

 

F = 0.985 

df = 2, 128 

P = 0.407 

 

 

F = 2.165 

df = 5, 128 

P = 0.139 

 

 

F = 1.770 

df = 10, 128 

P = 0.191 

 

 

F = 1.047 

df = 10, 128 

P = 0.408 

 

β-phellandrene F = 389.065** 

df = 1, 70 

P = 0.002 

 

F = 3.024 

df = 2, 70 

P = 0.158 

F = 1.778 

df = 2, 70 

P = 0.310 

 

F = 2.685 

df = 2, 70 

P = 0.182 

 

F = 0.197 

df = 4, 70 

P = 0.829 

 

F = 6.438* 

df = 2, 70 

P = 0.049 

 

F = 0.285 

df = 4, 70 

P = 0.877 

 

2-carene F = 922.525** 

df = 1, 70 

P = 0.001 

 

F = 3.715 

df = 2, 70 

P = 0.122 

F = 2.920 

df = 2, 70 

P = 0.252 

 

F = 1.227 

df = 2, 70 

P = 0.384 

 

F = 0.054 

df = 2, 70 

P = 0.948 

 

F = 3.647 

df = 4, 70 

P = 0.119 

 

F = 0.464 

df = 4, 70 

P = 0.762 

 

α-pinene F = 16.312* 

df = 1, 50 

P = 0.050 

 

F = 2.525 

df = 2, 50 

P = 0.190 

F = 1.048 

df = 2, 50 

P = 0.476 

 

F = 0.260 

df = 2, 50 

P = 0.782 

 

F = 0.817 

df = 2, 50 

P = 0.493 

 

F = 2.296 

df = 4, 50 

P = 0.220 

 

F = 0.374 

df = 4, 50 

P = 0.493 

 

p-cymene F = 2.422 

df = 1, 30 

P = 0.257 

F = 0.076 

df = 2, 30 

P = 0.982 

F = 4.505 

df = 2, 30 

P = 0.165 

F = 3.186 

df = 2, 30 

P = 0.124 

F = 1.322 

df = 2, 30 

P = 0.329 

F = 1.567 

df = 4, 30 

P = 0.337 

F = 0.394 

df = 4, 30 

P = 0.812 
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Table 4.2.  Comparison of pollen release and pollen release percentage between two 

cultivars.  Cultivars differed only in the traditional growth condition greenhouse for 

pollen release. 

 

 

  

Treatment 

 

Normality 

 

Test 

 

Cultivar 

Effect 

 

Sample day 

Effect 

Cultivar*Sample 

Day 

Pollen 

Release 

Vegetative square 

root 

ANOVA F = 0.105 

df = 1, 40 

P = 0.759 

 

F = 1.045 

df = 5, 40 

P =  0.481 

F = 2.066 

df = 5, 40  

P = 0.090 

 

Traditional square 

root 

ANOVA F = 9.007* 

df = 1, 44 

P = 0.029 

 

F = 7.034* 

df = 5, 44 

P = 0.026 

 

F = 0.670 

df = 5, 44 

P = 0.648 

 

Generative not 

normal 

Mann-

Whitney 

U-Test 

 

U = 

383.000 

n = 57 

P = 0.713 

 

  

Pollen 

Release 

Percentage  

Vegetative normal ANOVA F = 0.245 

df = 1, 40 

P = 0.641 

 

F = 0.885 

df = 5, 40 

P = 0.552 

F = 2.436 

df = 5, 40 

P = 0.049 

 

Traditional square 

root 

ANOVA F = 2.934 

df = 1, 44 

P = 0.147 

 

F = 5.011 

df = 5, 44 

P = 0.051 

 

F = 0.898 

df = 5, 44 

P = 0.491 

 

Generative square 

root 

ANOVA F = 0.131 

df = 1, 44 

P = 0.732 

F = 14.741** 

df = 5, 44 

P = 0.005 

F = 0.412 

df = 5, 44 

P = 0.838 
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Table 4.3.  Comparison of pollen release, pollen release percentage and bee activity 

between three growth conditions. Pollen release and release percentage did not differ 

between growth conditions for either Bigdena or Clarance. 

 

 

  

 

 

Cultivar 

 

 

 

Normality 

 

 

 

Test 

 

Growth 

Condition 

Effect 

 

 

Sample 

Day Effect 

Growth 

Condition* 

Sample 

Day Effect 

 

Pollen 

Release 

 

Bigdena 

 

not normal 

 

Kruskal 

Wallis 

 

χ
2
= 3.577 

df = 2 

P = 0.167 

 

 

 

 

 

Clarance not normal 

 

Kruskal 

Wallis 

χ
2
 = 3.032 

df = 2 

P = 0.220 

 

 

 

 

 

 

 

Pollen 

Release 

Percentage 

Bigdena square root ANOVA F = 0.420 

df = 2, 64 

P = 0.668 

 

F = 0.506 

df = 5, 64 

P = 0.766 

F = 4.123 

df = 10, 64 

P < 0.001 

 

Clarance square root ANOVA F = 1.074 

df = 2, 64 

P = 0.377 

 

F = 3.268 

df = 5, 64 

P = 0.052 

 

F = 1.333 

df = 10, 64 

P = 0.233 

 

Bee Activity  not normal Kruskal 

Wallis 

χ
2
 = 8.727* 

df = 2 

P = 0.013 
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generative greenhouse production of β-phellandrene (log transformed, F (1, 22) = 220.360, 

P = 0.003) and 2-carene (log transformed, F (1, 22) = 29.731, P = 0.031) differed between 

cultivars.  For the vegetative greenhouse, however, β-phellandrene (F (1, 24) = 28.749, P = 

0.033), 2-carene (log transformed, F (1, 24) = 23.809, P = 0.04) and α-pinene (F (1, 13) = 

14.586, P = 0.004) all differed (Figure 4.2).  Vegetative plants of both cultivars 

consistently produced less average β-phellandrene, 2-carene, α-pinene and p-cymene than 

generative or traditional plants, however the differences observed were insignificant 

(Table 4.4, 4.5). 

Floral display did, in some instances, differ between treatment and cultivar.  Data 

could not be normalized for both cultivar and growth condition: cultivar differences were 

examined within each growth condition treatment, and growth conditions were compared 

for each cultivar.  Bigdena and Clarance differed in pollination success (as measured by 

floral bruising) only in the vegetative greenhouse (U = 4824, n = 225, P = 0.001), but no 

significant difference was found between cultivars in the generative or traditional 

greenhouses (Figure 4.2).  Bruising could not be compared between treatments because 

the number of flowers present per plant differed between greenhouses in both cultivars 

(Figure 4.3).  With fewer available flowers in the vegetative greenhouse, bumble bees 

had fewer flowers to pollinate per bee than in the generative or traditional greenhouses.  

Bumble bee activity, however, significantly differed between growth condition 

treatments (χ
2
 = 8.727*, P = 0.013).  Colonies in the vegetative greenhouse were 

significantly more active than the generative (U = 262.5*, n = 58, P = 0.016) or 

traditional greenhouses (U = 317*, n = 64, P = 0.009) (Figure 4.4).  Further results are 

available in Appendix 4.1. 



 

 

Table 4.4.  Mean production of floral volatiles (ng) by tomato cv. Bigdena in three growth conditions. 

 Test notes Mean volatile production (ng) 

  

 

Normality 

 

 

Test 

Growth 

Condition 

Effect 

Sample Day 

Effect 

Growth 

Condition* 

Sample Day 

 

 

Generative 

 

 

Traditional 

 

 

Vegetative 

 

β-phellandrene 

 

log 

 

ANOVA 

 

F = 1.419 

df = 2, 35 

P = 0.342 

 

F = 1.572 

df = 2, 35 

P = 0.313 

 

F = 1.289 

df = 4, 35 

P = 0.293 

 

 

11523.4144 

n=14 

 

11736.1889 

n=15 

 

8673.4072 

n=15 

2-carene log ANOVA F = 1.774 

df = 2, 35 

P = 0.281 

F = 1.514 

df = 2, 35 

P = 0.324 

 

F = 1.318 

df = 4, 35 

P = 0.283 

 

3055.0527 

n=14 

3058.0727 

n=15 

2166.1225 

n=15 

α-pinene log ANOVA F = 1.123 

df = 2, 32 

P = 0.409 

F = 1.116 

df = 2, 32 

P = 0.411 

 

F = 1.139 

df = 4, 32 

P = 0.356 

 

341.4870 

n=14 

398.9603 

n=14 

303.5985 

n=13 

p-cymene normal ANOVA F = 0.914 

df = 2, 20 

P = 0.449 

F = 4.863 

df = 2, 20 

P = 0.053 

F = 0.538 

df = 4, 20 

P = 0.709 

344.1331 

n=8 

331.2137 

n=13 

321.6238 

n=8 

 

 

 

 

 



 

 

Table 4.5.  Mean production of floral volatiles (ng) by tomato cv. Clarance in three growth conditions. 

 Test notes Mean volatile production (ng) 

  

 

Normality 

 

 

Test 

Growth 

Condition 

Effect 

Sample Day 

Effect 

Growth 

Condition* 

Sample Day 

 

 

Generative 

 

 

Traditional 

 

 

Vegetative 

 

β-phellandrene  

 

normal 

 

ANOVA  

 

F = 3.144 

df = 2, 35 

P = 0.151 

 

 

F = 0.722 

df = 2, 35 

P = 0.540 

 

F = 1.115 

df = 4, 35 

P = 0.365 

 

6867.2337 

n=14 

 

8415.5622 

n=15 

 

4812.9587 

n=15 

2-carene  log ANOVA  F = 4.502 

df = 2, 35 

P = 0.094 

 

F = 1.912 

df = 2, 35 

P = 0.261 

F = 0.918 

df = 4, 35 

P =0.465 

1775.0580 

n=14 

2075.0107 

n=15 

1184.5660 

n=15 

α-pinene 

 

normal ANOVA  F = 2.092 

df = 2, 18 

P = 0.220 

 

F = 0.216 

df = 2, 18 

P = 0.812 

F = 0.420 

df = 4, 18 

P = 0.792 

293.5834 

n=9 

292.1626 

n=12 

220.5513 

n=6 

p-cymene 

 

not 

normal 

Kruskal 

Wallis 

χ
2 
= 4.322 

df = 2 

P = 0.115 

 

 

 

 

 

 

314.6800 

n=5 

328.7767 

n=10 

219.3363 

n=4 
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Figure 4.2.  Mean β-phellandrene production (ng ± SE) and bruising scores of two 

cultivars in three growth conditions.  Different letters indicate significant differences 

between cultivars within the same growth condition based on ANOVA and Tukey tests.  

In both vegetative and generative greenhouses Bigdena produced significantly more β-

phellandrene than Clarance, while Clarance had higher pollination success in the 

vegetative greenhouse, but not the generative greenhouse.  
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Figure 4.3.  Mean number (± SE) of flowers present per plant per treatment.  

Different letters indicated significant differences according to ANOVA and Tukey tests.  

Fewer flowers were produced per plant in the vegetative greenhouse than in the 

generative or traditional greenhouses.  Greenhouses cannot be compared for pollination 

success since bumble bees in the vegetative greenhouse had fewer flowers to pollinate 

than in other greenhouses.   
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Figure 4.4.  Mean (± SE) number of bumble bee entrances or exits per greenhouse 

per day.  Different letters indicated significant differences according to a Kruskal Wallis 

(χ
2 

= 8.7, P = 0.013) and subsequent Mann-Whitney U-Tests comparing generative and 

traditional (U = 390, n = 58, P = 0.684); generative and vegetative (U = 262.5, n = 58, P 

= 0.016); and traditional and vegetative greenhouses (U = 317, n = 64, P = 0.009).  

Kruskal Wallis and Mann-Whitney U-Tests were conducted because data was not 

normally distributed.  Different letters indicate significant differences in bumble bee 

entrances or exits between growth condition greenhouses. 
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4.4.2.  Comparing Pollinator Preference in Vegetative and Generative Tomato cv. 

Clarance (Experiment 2) 

 Floral scent production, in this experiment, differed between vegetative and 

generative plants; vegetative plants produced significantly less β-phellandrene (log 

transformed, F (1, 80) = 7.874*, P = 0.021) and 2-carene (log transformed, F (1, 80) = 8.231*, 

P = 0.19) (Figure 4.5).  Moreover, vegetative plants also received significantly more 

flower visits than generative plants (F (1, 80) = 11.486**, P = 0.008) (Figure 4.5).  

Generative plants produced volatiles in a 100 : 37.9 : 5 : 3.4 ratio (β-phellandrene, 2-

carene, p-cymene, α-pinene, respectively) and vegetative plants produced volatiles in a 

100 : 36.3 : 5.2 : 4.5 ratio. 

 The number of bee visits was significantly and negatively correlated with release 

of β-phellandrene, 2-carene, α-pinene and p-cymene (Table 4.6).  A summary of all 

results are presented in Appendix 4.2.  

 

4.5.  Discussion 

These results suggest that both cultivar choice and growth practice can impact 

pollination success due to inherent differences in production of floral volatiles which are 

likely repellent to bumble bees.    

Clarance produced significantly less β-phellandrene and 2-carene than Bigdena.  

Differences in floral scent did not always result in significant differences in pollination 

success. Therefore, it is not possible to conclude that floral scent is the only characteristic  
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Figure 4.5.  Mean β-phellandrene and 2-carene production (ng ± SE) and bee 

visitation compared between vegetative and generative plants.  Different letters 

indicated significant differences according to ANOVA and Tukey tests.  Vegetative 

tomato produced significantly less β-phellandrene and 2-carene than generative tomato.  

Vegetative plants were also more frequently visited by bumble bees.  



92 

 

Table 4.6.  Correlations between mean floral characteristics and mean number of 

bumble bee visits to tomato cv. Clarance. 
  

 

  β-phellandrene 2-carene α-pinene p-cymene 

Bumble 

bee 

visits 

r = -0.522* -0.516* -0.716** -0.575** 

p = 0.018 0.020 <0.001 0.008 

n = 20 20 20 20 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 
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affecting pollination in greenhouse tomato.  It should be noted, however, that in the 

vegetative greenhouse, where cultivars significantly differed in pollination success, a 

significant difference in floral scent was observed as well.  Bumble bees likely foraged 

on Clarance over Bigdena in the vegetative greenhouse because of floral scent differences 

between the cultivars; flowers of both cultivars provide equal rewards to the bees so there 

should have been no benefit in foraging on one cultivar over the other.  For each 

treatment the cultivar with the best mean pollination consistently had the lowest mean 

production of β-phellandrene and 2-carene, although differences were not always 

significant.  This is consistent with suggestions that flowers which produce more β-

phellandrene and 2-carene are pollinated less by bumble bees than flowers which produce 

more of the volatiles.   

 Negative relationships between pollinator foraging and floral scent release rates 

are not common, but do exist in other plants.  Omura et al. (2000) showed that the 

cabbage butterfly (Pieris rapae L.) would not pollinate fragrant tea olive (Osmanthus 

fragrans Lour) due to the floral scent of the plant.  For tomato, the repellence of 

pollinators from heavily scented tomato flowers could be potentially explained by the 

release of β-phellandrene, 2-carene and α-pinene from the vegetative tissues of the plant.  

Production of all three compounds is known to increase in vegetative tissues of tomato 

when under herbivore foraging pressure (Farag and Pare 2002, Maes and Debergh 2003).  

If this were also true of tomato flowers, then flowers which were already pollinated 

would likely increase production of the volatiles due to damage caused by the bee’s buzz 

pollination.  It is common for flowers to change their floral scent production following 

pollination (Tollsten 1993, Negre et al. 2003, Muhlemann et al. 2006).  By becoming less 
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attractive post-pollination, plants may encourage pollinators to visit non-pollinated 

flowers (Schiestl et al. 1997) rather than damaging already pollinated flowers (Dudareva 

and Pichersky 2000).   

 Although the research presented here considered only two cultivars, it has 

illustrated that cultivars can differ in floral scent production and in some instances this 

may impact pollination success.  A more robust analysis should consider multiple 

cultivars and compare each of them for production of β-phellandrene and 2-carene. These 

results are in contrast to suggestions that bumble bees do not forage more on one cultivar 

over another within one greenhouse if the cultivars are equally rewarding (Lefebvre and 

Pierre 2006).  Because Lefebvre and Pierre (2006) did not consider the floral scent of the 

two cultivars they compared, it is possible that both cultivars were equally repulsive to 

bumble bees and so bee activity was similar between plots of each cultivar.   

 In addition to cultivar choice, growth conditions can also be used to encourage 

pollination of greenhouse tomato.  Results generated by experiment 1 suggested that 

growth conditions do not impact pollinator-important floral characteristics; however, 

results from experiment 2 indicated the opposite.  Results from these two experiments 

may have differed due to difficulties in greenhouse environmental control.  During 

experiment 1, environmental conditions were not always near their targets, especially in 

greenhouse B (Traditional growth practice).  Plants in the traditional greenhouse more 

resembled generative plants than a traditionally grown crop.  As such, results from the 

generative and traditional growth conditions were often similar.  Experiment 2, however, 

was not hindered by this difficulty: environmental conditions were better controlled and 

only two growth conditions were compared (generative and vegetative).  Temperature is 
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known to affect floral scent of some plants (Sagae et al. 2008), but it was not likely 

responsible for differences in floral scent between generative and vegetative tomato 

because the plants were sampled in a common environment.  This suggests that growth 

conditions impact the plant’s development and its later production of floral scent. 

Still, bumble bee activity in experiment 1 illustrated that the colonies were 

significantly more active in the vegetative greenhouse than in the generative or traditional 

greenhouses.  This difference in activity cannot be attributed to the attractiveness of the 

plants because temperature is known to affect bumble bee activity in greenhouses (Kwon 

and Saeed 2003) and these greenhouses differed in temperature regimes.  Experiment 2, 

however, did show that vegetative plants were foraged on significantly more frequently 

than generative plants.  The relationships indicated here between production of floral 

volatiles and average flower visitation by bumble bees support the proposition that at 

least β-phellandrene and 2-carene act as repellents to bumble bees.   

By selecting cultivars which produce less β-phellandrene and 2-carene, growers 

may be able to encourage pollination of their greenhouse tomatoes.  Growers may be 

reluctant to change their cultivar for concerns of product value; however, modifying 

growth conditions can affect floral scent enough to impact pollination success as well.   
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CHAPTER 5.  Discussion and Future Considerations. 

 

5.1.  Discussion and Completion of Objectives 

 Pollination of crops has been highlighted as a crucial component of many 

agricultural production systems (Free 1970).  This is also true of tomato:  without 

pollination the plant cannot set fruit (Fletcher and Gregg 1907).  Increasing pollination on 

tomato, however, can increase the size and quality of the fruit produced (Fletcher and 

Gregg 1907, Sawhney and Dabbs 1978, Morandin et al. 2001b, Kevan et al. 1991) and 

thus, increase the value of the product.  Therefore, pollination is an important 

consideration for greenhouse tomato growers.   

 Pollination of tomato is dependent on agitation or vibration of its poricidal anthers 

(Buchmann 1983, Plowright and Laverty 1987).  In the wild, this agitation can be 

attained by means of either wind or pollinating insects (Free 1970).  Bumble bees are 

effective pollinators of greenhouse tomato (Plowright and Laverty 1987, Kevan et al. 

1991, Banda and Paxton 1991, Abak and Dasgan 2005, Palma et al. 2008), and over the 

last two decades, they have become the standard pollinators of greenhouse tomatoes 

world-wide   

 Recently, some growers have suggested that bumble bee colonies present in their 

greenhouses have not provided their crops with adequate pollination.  Some growers have 

suggested that the bumble bees fly out of open gutter vents and studies have confirmed 

that this is true (Sabara and Winston 2003, Whittington et al. 2004).  Poor nutritional 

value of tomato would have been a reasonable cause for bumble bees to expend more 
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energy foraging non-crop plants, but this was not proven: a tomato-only pollen diet 

provides adequate nutrition to support bumble bee colonies (Whittington and Winston 

2003).   

 Bumble bees can learn and use rewarding floral information: when flower 

characteristics suggest the presence of rewards, bumble bees may forage more frequently 

on flowers with those floral characteristics (Lunau 1992, Kunze and Gumbert 2001, 

Blarer et al. 2002, Laloi and Pham-Delegue 2004, Ishii 2006, Biernaskie and Gegear 

2007).  Presence, release potential and proportion of flower pollen to be released could 

not be predicted using flower size (petal length, anther cone width and anther cone 

length) or scent (β-phellandrene, 2-carene, α-pinene and p-cymene) as predictors.  

Therefore, bumble bees do not likely use tomato’s floral scent or flower size to estimate 

the availability of floral resources.  

Floral characteristics (such as scent) which are important to a pollinator may 

change during peak activity of that pollinator (Jakobsen and Olsen 1994, Dudareva and 

Pichersky 2000, Effmert et al. 2005, Theis et al. 2007).  Two cultivars of tomato 

(Bigdena and Clarance) were examined for changes in floral display over the course of a 

day and results indicated that production of floral volatiles changed in Clarance.  

Production of the monoterpenes β-phellandrene, 2-carene and p-cymene were all reduced 

in the morning and increased from noon onward.  Peak bumble bee activity in the 

greenhouses corresponded well to times of reduced monoterpene production for 

Clarance.  This result suggested that those monoterpenes negatively affect pollination 

tomato.   
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 Flower bruising caused by bumble bee pollination was scored (Morandin et al. 

2001a) and results indicated that bumble bees more actively pollinate flowers which 

produce less β-phellandrene and 2-carene.  Floral volatiles repellent to pollinators seems 

counter-intuitive; however, studies on other plants have shown that flowers of coyote 

tobacco (Nicotiana attenuata) produce volatiles which are repellent to insects (Euler and 

Baldwin 1996) and volatiles of fragrant tea olive (Osmanthus fragrans Lour) deter the 

cabbage butterfly (Pieris rapae L), a potential pollinator (Omura et al. 2000).  Volatiles 

used to attract pollinators are often very similar to volatiles which repel herbivores 

(Rodriguez and Levin 1976) and it has been suggested that volatiles for pollination 

evolved from herbivore repellents (Pellmyr and Thien 1986, Pellmyr et al. 1991).  Of the 

volatiles collected, β-phellandrene α-pinene and p-cymene have each been shown to repel 

some insect species (Schearer 1984, Regnault-Roger and Hamraoui 1995, Werner 1995, 

Ndiege et al. 1996, Ngoh et al. 1998, Janmaat et al. 2002, Lucia et al. 2008, Cheng et al. 

2009). 

 In tomato, research has shown that the monoterpenes β-phellandrene, 2-carene 

and α-pinene are all produced in the vegetative tissues of tomato and that production of 

each component can be induced by herbivore damage (Farag and Pare 2002, Maes and 

Debergh 2003).  For tomato flowers, these volatiles are not likely produced for pollinator 

attraction but rather for defence against herbivory.  Thus, reduced production of these 

volatiles during bumble bee peak activity may allow bumble bees to forage while 

herbivores are repelled.   

 Moreover, it is conceivable that damage to the plant’s flowers may also result in 

release of pollinator-repellent volatiles.  Damage caused by buzz pollination could result 
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in greater production of volatiles and thus flowers which were already pollinated would 

become less attractive to bumble bees.  Floral scent production can in some instances 

change following pollination (Tollsten 1993, Negre et al. 2003, Muhlemann et al. 2006) 

making plants such as the early spider orchid (Ophrys sphegodes Mill) less attractive to 

pollinators (Schiestl et al. 1997).  Plants benefit by having flowers that become less 

attractive following pollination; pollinators may visit the more attractive un-pollinated 

flowers (Schiestl et al. 1997) rather than visiting and potentially damaging already 

pollinated flowers (Dudareva and Pichersky 2000).   

 The results that presented here may have significant implications for the 

greenhouse tomato industry: repellent floral volatiles may encourage bumble bees to 

forage on plants other than tomato.  This may be partly responsible for bumble bee’s 

tendency to forage on plants outside greenhouses.  Preventing bumble bees from escaping 

greenhouses is likely best accomplished through the use of vent screens that prevent 

bumble bees from exiting.  Growers, however, are hesitant to install vent screens because 

they are concerned about negative impacts on ventilation and environmental control.  

Heat stress is a common and well studied problem for tomato production (Sato et al. 

2000, Sato et al. 2006) and growers are likely more concerned about heat stress than 

pollination success. 

 Although vent screens could keep bumble bees inside greenhouses, growers have 

other options to manage bumble bee-pollination such as adjusting growth conditions or 

selecting less scented cultivars.  Various cultivars are available to tomato growers for 

greenhouse production; many of which are known to differ in terms of floral display and 

pollen availability (Lefebvre and Pierre 2006).  Results from this work have clearly 
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shown that the cultivars Clarance and Bigdena differ in production of floral scent.  

Differences in their floral scent did, in some instances, result in the lesser scented cultivar 

being pollinated better than the other.  Selecting tomato cultivars which produce less β-

phellandrene and 2-carene may help ensure better pollination. 

 Modifications of growth conditions also show promise for controlling floral scent 

in greenhouse tomato.  OMAFRA’s publication 371 (1998) describes two growth 

conditions (generative and vegetative) that differ in floral characteristics.  Encouraging 

plants to be more generative or vegetative depends on the environmental conditions used 

to produce the plants.  Although many environmental conditions are known to affect 

growth and fruit production in tomato (Hussey 1965, Peet et al. 1998, Gautier et al. 2001, 

Van Der Ploeg and Heuvelink 2005), heat stress has been shown to reduce pollen 

production, release, germination success and starch content (Abdulbaki and Stommel 

1995, Sato et al. 2000, Pressman et al. 2002, Sato and Peet 2005, Firon et al. 2006, Sato 

et al. 2006).  For white clover (Trifolium repens L), floral scent release increases with 

temperature (Jakobsen and Olsen 1994, Sagae et al. 2008).  Comparisons of generative 

and vegetative tomato indicated that vegetative flowers produced less floral scent than 

did generative flowers.   

 Choice tests indicated that growth conditions (generative and vegetative) affect 

the plant’s floral scent sufficiently to impact pollination success.  Vegetative plants were 

shown to produce significantly less floral scent and were visited significantly more than 

generative plants.  This suggests that growing tomato to be more vegetative can 

encourage pollination success.  Growth condition, and not temperature at the time of 

scent release, affected the floral scent because floral scent was collected from both 
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growth conditions in a common environment.  Environmental conditions in which tomato 

plants grow can affect the plant’s physiological condition and later production of floral 

scent.    

 

5.2.  Future Considerations 

 Release of floral scent by tomato may increase due to damage caused by buzz 

pollination, making previously pollinated flowers less attractive to bumble bees: future 

research should compare floral scent of tomato flowers before and after buzz pollination.  

If tomato flowers increase the production of β-phellandrene and 2-carene following 

damage associated with pollination, then these volatiles may help to protect flowers from 

damage caused by excessive buzz pollination.   

 Examination of post-pollination changes in floral scent could be accomplished by 

growing plants in a single greenhouse with bumble bees present.  Three flower treatments 

are necessary: one group of flowers which are visited by bumble bees, one group which 

are not visited by bumble bees and one group which are not visited by bumble bees but 

are mechanically damaged.  If floral scent production in the bee pollinated flower 

treatment is significantly greater than in the undamaged flower treatment then the 

function of floral scent of the tomato is likely to protect the flower from damage 

associated with buzz pollination.    

 This research determined that a relationship exists between the floral scent of 

tomato and bumble bee foraging activity; but could not determine which volatiles were 

responsible for dissuading bumble bee’s foraging.  Gas chromatographic-

electroantennographic detection (GC-EAD) is a common technique which could be used 
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to identify the volatiles insects can detect.  After using GC-EAD to identify which tomato 

volatiles a bumble bee can detect, bio-assays can be used to determine which volatiles 

repel the bees.   

 

5.3.  Concluding Remarks  

 Pollination is an important component of crop production for many cultivated 

plants.  Through pollination research focused on crop plants, agricultural practices 

become better designed to efficiently produce high quality crops.  This research on 

tomato’s floral scent indicates that bumble bees, greenhouse tomato’s primary pollinator, 

are repelled by the plant’s floral volatiles.  Understanding that this dynamic exists is the 

first step to accounting for it in greenhouse tomato production practices.  This research 

has also determined that bumble-bee repellent floral volatiles can be managed for 

greenhouse tomato production in two ways: firstly through selecting cultivars which 

produce low amounts of floral volatiles; and secondly by modifying greenhouse growth 

conditions to produce more vegetative plants.  Although a cost-benefit analysis is 

required to determine if the economic cost of adjusting growth practices or changing 

cultivars would significantly benefit tomato growers; this research provides growers and 

industry specialists with information and production options which can improve 

pollination efficiency of greenhouse tomato crops.   
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Appendices 
 

3.1.  Comparing floral characteristics at three times of day 

3.1.1.  Bigdena comparisons  
 Test notes Means 

 Normality test Time of 

Day Effect 

Sample 

Day Effect 

Time of day 

* Sample 

Day 

8:00am 11:30am 3:00pm 

Pollen release (Pollen 

grains) 

 

not normal Kruskal 

Wallis 

χ
2 
= 1.964 

df = 2 

P = 0.375 

 

 

 

 

 

 

 

46746.377 

n=23 

52427.536 

n=23 

34785.714 

n=21 

Pollen production 

(Pollen grains) 

 

normal ANOVA 

 

F = 0.305 

df = 2, 52 

P = 0.745 

 

F=5.867* 

df = 4, 52 

P = 0.016 

 

F = 1.085 

df = 8, 52 

P =0.388 

 

160806.348 

n=23 

164297.101 

n=23 

152674.60

3 

n=21 

Pollen release% not normal Kruskal 

Wallis 

χ
2 
= 1.384 

df = 2 

p= 0.501 

 

 

 

 

 

 

 

26.344444 

n=23 

28.697468 

n=23 

21.819688 

n=21 

β-phellandrene (ng) log ANOVA 

 

F = 0.098 

df = 2, 54 

P = 0.908 

 

F = 4.270 

df = 4, 54 

P = 0.038 

 

F = 0.774 

df = 8, 54 

P = 0.627 

8738.2389 

n=23 

9438.1661 

n=23 

9321.0740 

n=23 

2-carene (ng) log ANOVA 

 

F = 0.634 

df = 2, 54 

P = 0.553 

 

F=15.464* 

df = 4, 54 

P = 0.001 

F = 0.338 

df = 8, 54 

P = 0.947 

 

 

3143.4482 

n=23 

3223.1497 

n=23 

3359.8149 

n=23 

α-pinene (ng) not normal Kruskal 

Wallis 

χ
2
= 0.137 

df = 2 

 

 

 

 

392.2465 

n=13 

414.2629 

n=16 

466.4180 

n=12 



 

p= 0.934  

p-cymene (ng) log ANOVA 

 

F = 1.493 

df = 2, 28 

P = 0.277 

 

F = 2.709 

df = 4, 28 

P = 0.106 

F = 1.242 

df = 8, 28 

P = 0.312 

 

371.9598 

n=15 

389.9001 

n=15 

 

678.2553 

n=13 

AC width (mm) normal ANOVA 

 

F=3.103 

df = 2, 52 

P = 0.092 

 

F = 1.222 

df = 4, 52 

P =0.372 

 

F = 0.257 

df = 8, 52 

P = 0.977 

3.127 

n=22 

3.191 

n=22 

3.061 

n=23 

AC length (mm) not normal Kruskal 

Wallis 

χ
2
= 2.722 

df = 2 

P = 0.256 

 

 

 

 

 

 

 

8.605 

n=22 

9.227 

n=22 

8.770 

n=23 

Petal length (mm) log ANOVA 

 

F = 2.641 

df = 2, 52 

P = 0.129 

F = 2.794 

df = 2, 52 

P = 0.100 

 

F = 0.879 

df = 2, 52 

P = 0.540 

 

14.150 

n=22 

14.609 

n=22 

15.483 

n=23 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA with a Tukey’s HSD.  When data could not be normalized, a 

Kruskal Wallis test was used:  If Kruskal Wallis tests indicated a significant difference, a Mann-Whitney U-test was used to compare 

each of the three times.  All data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

 

 

 

 

 

 

 

 



 

3.1.2.  Clarance comparisons 
 Test notes Means Tukey/Mann-Whitney Post-

Hoc Results 

 Norm

ality 

test Time of Day 

Effect 

Sample Day 

Effect 

Time of 

Day* 

Sample 

Day 

8:00am 11:30am 3:00pm 8:00am  

vs 

11:30am 

 

8:00am  

vs 

3:00pm 

11:30am 

vs 

3:00pm 

Pollen 

release 

(# pollen 

grains) 

square 

root 

ANOVA 

 

F = 0.020 

df = 2, 59 

P = 0.981 

 

F = 0.826 

df = 4, 59 

P = 0.544 

F = 1.768 

df = 8, 59 

P = 0.102 

 

69366.666 

n=25 

60433.3

33 

n=25 

 

60631.9

44 

n=24 

   

Pollen 

production 

(# pollen 

grains) 

log ANOVA 

 

F = 0.564 

df = 2, 58 

P = 0.599 

 

F = 2.062 

df = 4, 58 

P =0.178 

 

 

F = 1.698 

df = 8, 58 

P = 0.118 

 

 

162793.33

3 

n=25 

145333.

333 

n=24 

165659.

722 

n=24 

   

Pollen 

release% 

 

not 

norma

l 

Kruskal 

Wallis 

χ
2 
= 0.286 

df = 2 

P = 0.867 

 

 

 

 

 

 

 

37.008 

n=25 

37.336 

n=24 

34.852 

n=24 

   

β-

phellandre

ne (ng) 

norma

l 

ANOVA/ 

Tukey 

F = 8.645 

df = 2, 59 

P = 0.010** 

F = 2.270 

df = 4, 59 

P =0.150 

F = 0.675 

df = 8, 59 

P =0.711 

 

4780.0027 

n=25 

7849.71

10 

n=25 

 

7651.02

67 

n=24 

P=0.010

* 

 

P=0.018

* 

P=0.979 

2-carene 

(ng) 

not 

norma

l 

Kruskal 

Wallis 

χ
2 
= 

11.280 

df = 2 

P = 0.004** 

 

 

 

 

 

 

1414.1856 

n=25 

3935.11

21 

n=25 

2428.22

58 

n=24 

P=0.002

* 

U=155 

W=480 

Z= 

-3.056 

 

P=0.007

* 

U=164 

W=489 

Z=-2.72 

P=0.920 

U=295 

W=595 

Z= -0.1 

α-pinene 

(ng) 

log ANOVA F = 2.840 

df = 2, 21 

F = 1.536 

df = 4, 21 

F = 0.566 

df = 5, 21 

247.0095 

n=6 

341.730

4 

316.902

0 

   



 

P = 0.139  

 

P = 0.349 

 

P =0.725 

 

n=13 n=14 

p-cymene 

(ng) 

log ANOVA/ 

Tukey 

F = 5.852 

df = 2, 29 

P = 0.017* 

 

F = 3.560 

df = 4, 29 

P = 0.045* 

 

F = 0.464 

df = 8, 29 

P = 0.871 

 

 

245.1503 

n=12 

354.301

3 

n=18 

376.795

1 

n=14 

P=0.162 P=0.041

* 

P=0.672 

Anther 

cone width 

(mm) 

log ANOVA 

 

F = 0.853 

df = 2, 56 

P = 0.460 

F = 0.853 

df = 4, 56 

P = 0.565 

 

F = 0.201 

df = 8, 56 

P =0.990 

 

3.161 

n=23 

3.192 

n=24 

3.217 

n=24 

   

Anther 

cone 

length 

(mm) 

norma

l 

ANOVA 

 

F = 0.598 

df = 2, 56 

P = 0.573 

 

F = 1.364 

df = 4, 56 

P = 0.327 

F = 2.737 

* 

df = 8, 56 

P = 0.013 

 

8.374 

n=23 

8.533 

n=24 

8.337 

n=24 

   

Petal 

length 

(mm) 

norma

l 

ANOVA 

 

F = 0.159 

df = 2, 55 

P = 0.855 

F = 3.953 

df = 4, 55 

P = 0.046* 

F = 0.659 

df = 8, 55 

P = 0.725 

 

14.287 

n=23 

14.146 

n=24 

13.978 

n=23 

   

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA with a Tukey’s HSD.  When data could not be normalized, a 

Kruskal Wallis test was used:  If Kruskal Wallis tests indicated a significant difference, a Mann-Whitney U-test was used to compare 

each of the three times.  All data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 
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3.2.  Correlations between floral display and pollinator activity 

3.2.1.  Bigdena correlations 
  

β 

Phellandrene 

2-

Carene 

α-

pinene 

p-

cymene 

Petal 

Length 

Anther 

cone 

Length 

Anther 

cone 

width 

Bruising 

pooled 

r= 
-0.325

*
 -0.341

*
 -0.296 -0.260 -0.013 -0.135 0.014 

 p= 0.031 0.023 0.060 0.174 0.932 0.383 0.927 

 n= 44 44 41 29 44 44 44 

Bruising 

greenhouse A 

r= 
-0.300 -0.317 -0.306 -0.276 0.574

*
 0.103 0.150 

 p= 0.297 0.270 0.287 0.508 0.032 0.725 0.609 

 n= 14 14 14 8 14 14 14 

Bruising 

greenhouse B 

r= 
-0.244 -0.222 -0.331 -0.385 -0.407 -0.389 0.023 

 p= 0.381 0.427 0.248 0.193 0.132 0.152 0.935 

 n= 15 15 14 13 15 15 15 

Bruising 

greenhouse C 

r= 
0.186 0.191 0.275 -0.341 -0.273 -0.120 -0.469 

 p= 0.508 0.495 0.364 0.408 0.324 0.670 0.078 

 n= 15 15 13 8 15 15 15 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

3.2.2.  Clarance correlations 
  

β 

Phellandrene 

2-

Carene 

α-

pinene 

p-

cymene 

Petal 

Length 

Anther 

cone 

Length 

Anther 

cone 

width 

Bruising 

pooled 

r= 
-0.422

**
 -0.449

**
 -0.292 -0.274 -0.332

*
 -0.073 -0.253 

 p= 0.005 0.003 0.157 0.271 0.032 0.646 0.106 

 n= 42 42 25 18 42 42 42 

Bruising 

greenhouse A 

r= 
-0.310 -0.358 -0.152 -0.870 -.417 -0.095 -0.306 

 p= 0.302 0.229 0.719 0.055 .156 0.757 0.309 

 n= 13 13 8 5 13 13 13 

Bruising 

greenhouse B 

r= 
-0.204 -0.219 -0.072 -0.049 -0.305 -0.336 -0.479 

 p= 0.466 0.433 0.823 0.894 0.269 0.221 0.071 

 n= 15 15 12 10 15 15 15 

Bruising 

greenhouse C 

r= 
-0.319 -0.315 -0.271 -0.841 

-

0.767
**

 
-0.065 -0.393 

 p= 0.266 0.273 0.659 0.364 0.001 0.825 0.165 

 n= 14 14 5 3 14 14 14 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 



 

4.1.  Comparisons between Cultivar and Growth Condition (Experiment 1) 

4.1.1.  Two-way factorial ANOVA results 
Dependent 

Variable 

normality Growth 

Condition  

Cultivar Sample 

Day 

Growth 

condition* 

Cultivar 

Growth 

condition* 

Sample Day 

Cultivar* 

Sample Day 

Growth condition* 

Cultivar* Sample 

Day 

Trt 

Tukey 

β-

phellandren

e 

log F=3.024 

df = 2, 70 

P=0.158 

F=389.065 

df = 1, 70 

P=0.002 

F=1.778 

df = 2, 70 

P=0.310 

F=2.685 

df = 2, 70 

P=0.182 

F=6.438 

df = 2, 70 

P=0.049 

F=0.197 

df = 4, 70 

P=0.829 

F=0.285 

df = 4, 70 

P=0.887 

Gen(ab) 

trd(b) 

veg(a) 

2-carene log F=3.715 

df = 2, 70 

P=0.122 

F=922.525 

df = 1, 70 

P=0.001 

F=2.920 

df = 2, 70 

P=0.252 

F=1.227 

df = 2, 70 

P=0.384 

F=3.647 

df = 4, 70 

P=0.119 

F=0.054 

df = 2, 70 

P=0.948 

F=0.464 

df = 4, 70 

P=0.762 

Gen(ab) 

trd(b) 

veg(a) 

α-pinene log F=2.525 

df = 2, 50 

P=0.190 

F=16.312 

df = 1, 50 

P=0.050 

F=1.018 

df = 2, 50 

P=0.476 

F=0.260 

df = 2, 50 

P=0.782 

F=2.296 

df = 4, 50 

P=0.220 

F=0.817 

df = 2, 50 

P=0.493 

F=0.374 

df = 4, 50 

P=0.826 

Gen(a) 

trd(a) 

veg(a) 

p-cymene log F=0.076 

df = 2, 30 

P=0.982 

F=2.422 

df = 1, 30 

P=0.257 

F=4.505 

df = 2, 30 

P=0.165 

F=3.186 

df = 2, 30 

P=0.124 

F=1.567 

df = 4, 30 

P=0.337 

F=1.322 

df = 2, 30 

P=0.329 

F=0.394 

df = 4, 30 

P=0.812 

Gen(a) 

trd(a) 

veg(a) 

Petal length normal F=0.261 

df = 2, 70 

P=0.783 

F=11.716 

df = 1, 70 

P=0.076 

F=12.247 

df = 2, 70 

P=0.202 

F=3.920 

df = 2, 70 

P=0.114 

F=1.343 

df = 4, 70 

P=0.391 

F=0.581 

df = 2, 70 

P=0.600 

F=1.247 

df = 4, 70 

P=0.299 

Gen(a) 

trd(a) 

veg(a) 

Anther 

cone length 

not 

normal 

        

Anther 

cone width 

not 

normal 

        

Flower 

number 

not 

normal 

        

Pollen 

release 

not 

normal 

        

Pollen 

production 

log F=0.722 

df = 2, 128 

P=0.509 

F=1.029 

df = 1, 128 

P=0.357 

F=1.216 

df = 5, 128 

P=0.398 

F=0.985 

df = 2, 128 

P=0.407 

F=1.770 

df = 10, 128 

P=0.191 

F=2.165 

df = 5, 128 

P=0.139 

F=1.047 

df = 10, 128 

P=0.408 

Gen(a) 

trd(a) 

veg(a) 

Percent 

Release 

not 

normal 

        



 

4.1.2.  One-way ANOVA and Non-Parametric Test Results 

4.1.2.1.  Comparing Floral Characteristics Between Clarance and Bigdena  

Pollen 

release 

 

   Mean values (pollen grains)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative square root ANOVA F = 1.045 

df = 5, 40 

P = 0.481 

F = 2.066 

df = 5, 40 

P =0.090 

62006.41026 

n=26 

81455.12821 

n=26 

F=0.105 

df = 1, 40 

P=0.759 

Traditional square root ANOVA F = 7.034 

df = 5, 44 

P = 0.026 

F = 0.670 

df = 5, 44 

P = 6.478 

34494.04762 

n=28 

66392.85714 

n=28 

F=9.007* 

df = 5, 44 

P=0.029 

Generative not normal Mann-

Whitney U-

Test 

  49089.28571 

n=28 

57540.22988 

n=29 

U=383.000 

W=789.000 

Z= -0.367 

P=0.713 

n=57 

Pollen 

Production 

 

    Mean values (pollen grains)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 0.229 

df = 5, 40 

P =0.934 

F = 0.917 

df = 5, 40 

P = 0.480 

193968 

n=26 

196276 

n=26 

F=0.000 

df = 1, 40 

P=0.998 

Traditional log ANOVA F = 12.461 

df = 5, 44 

P = 0.008 

F = 0.653 

df = 5, 44 

P =0.660 

161958 

n=28 

192869 

n=28 

F=9.494* 

df = 1, 44 

P=0.027 

Generative Square root ANOVA F = 1.067 

df = 5, 44 

P = 0.473 

F = 2.267 

df = 5, 44 

P =0.064 

173851 

n=28 

192917 

n=28 

F=0.442 

df = 1, 44 

P=0.536 

Percent     Mean values (percent)  



 

pollen 

release 

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 0.885 

df = 5, 40 

P = 0.552 

F = 2.436 

df = 5, 40 

p = 0.049 

29.85829 

n=26 

38.30071 

n=26 

F=0.245 

df = 1, 40 

P=0.641 

Traditional Square root ANOVA F = 5.011 

df = 5, 44 

P = 0.051 

F = 0.898 

df = 5, 44 

P = 0.491 

21.57479 

n=28 

30.97303 

n=28 

F=2.934 

df = 1, 44 

P=0.147 

Generative Square root ANOVA F = 14.741 

df = 5, 44 

P = 0.005 

F = 0.412 

df = 5, 44 

P = 0.838 

26.32695 

n=28 

25.26691 

n=28 

F=0.131 

df = 1, 44 

P=0.732 

Anther Cone 

Width  

    Mean values (mm)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative log ANOVA F = 2.300 

df = 2, 24 

P = 0.303 

F = 1.749 

df = 2, 24 

P = 0.195 

3.793 

n=15 

3.720 

n=15 

F=0.003 

df = 1, 24  

P=0.959 

Traditional not normal Mann-

Whitney U-

Test 

  3.733 

n=15 

3.693 

n=15 

U=92.500 

W=212.500 

Z= -0.836 

P= 0.403 

n=30 

Generative not normal Mann-

Whitney U-

Test 

  3.686 

n=14 

3.707 

n=14 

U=70.000 

W=175.000 

Z= -1.293 

P=0.196 

n=28 

Anther Cone 

Length  

    Mean values (mm)  

Greenhouse Normality Test used Sample Day Cultivar* Sample Bigdena Clarance Cultivar Effect 



 

Effect Day 

Vegetative normal ANOVA F = 5.294 

df = 2, 24 

P = 0.144 

F = 1.095 

df = 2, 24 

P = 0.351 

8.967 

n=15 

8.940 

n=15 

F=0.015 

df = 1, 24 

P=0.915 

Traditional normal ANOVA F = 4.480 

df = 2, 24 

P = 0.182 

F = 0.667 

df = 2, 24 

P = 0.522 

9.060 

n=15 

9.000 

n=15 

F=0.090 

df = 1, 24 

P=0.792 

Generative normal ANOVA F = 3.244 

df = 2, 22 

P = 0.236 

F = 0.429 

df = 2, 22 

P = 0.657 

8.829 

n=14 

8.650 

n=14 

F=2.562 

df = 2, 22 

P=0.250 

Petal Length      Mean values (mm)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 9.633 

df = 2, 24 

P = 0.094 

F = 1.305 

df = 2, 24 

P = 0.290 

14.460 

n=15 

13.707 

n=15 

F=3.377 

df = 1, 24 

P=0.208 

Traditional normal ANOVA F = 6.527 

df = 2, 24 

P = 0.133 

F = 0.548 

df = 2, 24 

P = 0.585 

15.007 

n=15 

13.540 

n=15 

F=19.571* 

df = 1, 24 

P=0.047 

Generative normal ANOVA F = 1.392 

df = 2, 22 

P = 0.418 

F = 1.779 

df = 2, 22 

P = 0.192 

13.857 

n=14 

14.157 

n=14 

F=0.319 

df = 1, 22 

P=0.629 

β-

phellandrene 

    Mean values (ng)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 0.332 

df = 2, 24 

P =0.751 

F = 0.296 

df = 2, 24 

P = 0.747 

8673.4072 

n=15 

4812.9587 

n=15 

F=28.749* 

df = 1, 24 

P=0.033 

Traditional normal ANOVA F = 3.656 

df = 2, 24 

P = 0.215 

F = 0.566 

df = 2, 24 

P = 0.575 

11736.1889 

n=15 

8415.5622 

n=15 

F=7.965 

df = 1, 24 

P=0.106 

Generative log ANOVA F = 111.392* F = 0.034 11523.4144 6867.2337 F=220.360** 



 

df = 2, 22 

P = 0.009 

df = 2, 22 

P = 0.966 

n=14 n=14 df = 1, 22 

P=0.003 

2-carene     Mean values (ng)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative log ANOVA F = 0.152 

df = 2, 24 

P =0.868 

F = 0.437 

df = 2, 24 

P = 0.651 

2166.1225 

n=15 

1184.5660 

n=15 

F=23.809* 

df = 1, 24 

P=0.040 

Traditional normal ANOVA F = 3.750 

df = 2, 24 

P = 0.211 

F = 0.610 

df = 2, 24 

P = 0.552 

3058.0727 

n=15 

2075.0107 

n=15 

F=9.257 

df = 1, 24 

P=0.093 

Generative log ANOVA F = 15.815 

df = 2, 22 

P = 0.059 

F = 0.281 

df = 2, 22 

P = 0.758 

3055.0527 

n=14 

1775.0580 

n=14 

F=29.731* 

df = 1, 22 

P=0.031 

α-pinene     Mean values (ng)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 0.864 

df = 2, 13 

P = 0.536 

F = 0.064 

df = 2, 13 

P = 0.939 

303.5985 

n=13 

220.5513 

n=6 

F=14.586** 

df = 1, 13 

P=0.004 

Traditional normal ANOVA F = 0.373 

df = 2, 20 

P = 0.729 

F = 1.354 

df = 2, 20 

P = 0.281 

398.9603 

n=14 

292.1626 

n=12 

F=3.094 

df = 1, 20 

P=0.218 

Generative log ANOVA F = 9.795 

df = 2, 17 

P = 0.093 

F = 0.145 

df = 2, 17 

P = 0.866 

341.4870 

n=14 

293.5834 

n=9 

F=5.109 

df = 1, 17 

P=0.134 

p-cymene     Mean values (ng)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative normal ANOVA F = 0.910 

df = 2, 6 

P = 0.523 

F = 4.171 

df = 2, 6 

P = 0.073 

321.6238 

n=8 

219.3363 

n=4 

F=2.729 

df = 1, 6 

P=0.236 

Traditional not normal Mann-   331.2137 328.7767 U=63.000 



 

Whitney U-

Test 

n=13 n=10 W=154.00 

Z= -0.124 

P=0.901 

Generative normal ANOVA F = 186.350* 

df = 2, 7 

P = 0.005 

F = 0.004 

df = 2, 7 

P = 0.996 

344.1331 

n=8 

314.6800 

n=5 

F=0.254 

df = 1, 7 

P=0.629 

Flower 

Bruising 

    Mean values (bruising score)  

Greenhouse Normality Test used Sample Day 

Effect 

Cultivar* Sample 

Day 

Bigdena Clarance Cultivar Effect 

Vegetative not normal Mann-

Whitney U-

Test 

  2.45 

n=121 

2.82 

n=104 

U=4824.00** 

W=12205.000 

Z= -3.225 

p= 0.001 

Traditional not normal Mann-

Whitney U-

Test 

  0.93 

n=218 

1.02 

n=183 

U=19096.000 

W=42969.000 

Z= -0.431 

p=0.431 

Generative not normal Mann-

Whitney U-

Test 

  1.10 

n=199 

1.20 

n=179 

U=17453.000 

W=37353.000 

Z= -0.357 

p=0.721 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using a one-way ANOVA while other data were compared using a Mann-Whitney 

U-Test.  All normal data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

 

 

 



 

4.1.2.3  Comparisons between production practices: Bigdena 
 Test notes Means Tukey’s/Mann-Whitney 

Results 

 Normalit

y 

test Growth 

Condition 

Effect 

Sample 

Day 

Effect 

Growth 

Condition* 

Sample 

Day 

Generative Traditional Vegetative Gen 

vs 

Trd 

 

Gen vs 

Veg 

Trd vs 

Veg 

Pollen 

release 

(grains) 

not 

normal 

Kruskal 

Wallis 

χ
2 
= 3.577 

df = 2 

P = 0.167 

 

 

 

 

 

 

49089.285

71 

n=28 

34494.047

62 

n=28 

62006.410

26 

n=26 

   

Pollen 

production 

(grains) 

log 

normal 

ANOVA F = 1.235 

df = 2, 64 

P = 0.331 

 

F = 1.052 

df = 5, 64 

P = 0.440 

F = 2.449* 

df = 10, 64 

P = 0.015 

173851 

n=28 

161958 

n=28 

193968 

n=26 

   

Pollen 

release% 

 

square 

root 

normal 

ANOVA F = 0.420 

df = 2, 64 

P = 0.668 

 

F = 0.506 

df = 5, 64 

P = 0.766 

F = 4.123* 

df = 10, 64 

P = <0.001 

26.32695 

n=28 

21.57479 

n=28 

29.85829 

n=26 

   

β-

phellandre

ne (ng) 

log ANOVA F = 1.419 

df = 2, 35 

P = 0.342 

F = 1.572 

df = 2, 35 

P = 0.313 

 

 

F = 1.289 

df = 4, 35 

P = 0.293 

 

 

11523.414

4 

n=14 

11736.188

9 

n=15 

8673.4072

n=15 

   

2-carene 

(ng) 

log ANOVA F = 1.774 

df = 2, 35 

P = 0.281 

F = 1.514 

df = 2, 35 

P = 0.324 

 

F = 1.318 

df = 4, 35 

P = 0.283 

 

 

3055.0527

n=14 

3058.0727

n=15 

2166.1225

n=15 

   

α-pinene 

(ng) 

log ANOVA F = 1.123 

df = 2, 32 

P = 0.409 

F = 1.116 

df = 2, 32 

P = 0.411 

 

 

F = 1.139 

df = 4, 32 

P = 0.356 

 

 

341.4870 

n=14 

398.9603 

n=14 

303.5985 

n=13 

   



 

p-cymene 

(ng) 

normal ANOVA F = 0.914 

df = 2, 20 

P = 0.449 

F = 4.863 

df = 2, 20 

P = 0.053 

 

F = 0.538 

df = 4, 20 

P = 0.709 

344.1331 

n=8 

331.2137 

n=13 

321.6238 

n=8 

   

AC width 

(mm) 

not 

normal 

Kruskal 

Wallis 

χ
2 
= 2.327 

df = 2 

P = 0.312 

 

 

 

 

 

 

3.686 

n=14 

3.733 

n=15 

3.793 

n=15 

   

AC length 

(mm) 

normal ANOVA F = 0.896 

df = 2, 35 

P = 0.477 

 

F = 

14.452* 

df = 2, 35 

P = 0.015 

F = 0.478 

df = 4, 35 

P = 0.752 

8.829 

n=14 

9.060 

n=15 

8.829 

n=14 

   

Petal 

length 

(mm) 

normal ANOVA F = 1.865 

df = 2, 35 

P = 0.268 

 

F = 2.460 

df = 2, 35 

P = 0.201 

F = 2.367* 

df = 4, 35 

P = 0.043 

13.857 

n=14 

15.007 

n=15 

14.460 

n=15 

   

number of 

flowers  

not 

normal 

Kruskal 

Wallis 

χ
2 
= 

34.984** 

df = 2 

P = 

<0.001 

  2.07 

n=96 

2.27 

n=96 

1.26 

n=96 

0.346 <0.001 

** 

<0.001 

** 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA with a Tukey’s HSD.  When data could not be normalized, a 

Kruskal Wallis test was used:  If Kruskal Wallis tests indicated a significant difference; a Mann-Whitney U-test was used to compare 

each of the three production treatments.  All data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 



 

4.1.2.4.  Comparisons between production practices: Clarance 
 Test notes Means Tukey’s/Mann-Whitney 

Results 

 Norm

ality 

test Growth 

Condition 

Effect 

Sample 

Day Effect 

Growth 

Condition* 

Sample 

Day 

Generative Traditional Vegetative Gen vs 

Trd 

 

Gen vs 

Veg 

Trd vs 

Veg 

Pollen 

release 

(grains) 

not 

norma

l 

Kruskal 

Wallis 

χ
2 
= 3.032 

df = 2 

P = 0.220 

 

 

 

 

 

 

57297.619

04 

n=28 

66392.857

14 

n=28 

81455.128

21 

n=26 

   

Pollen 

product

ion 

(grains) 

log 

norma

l 

ANOV

A  

F = 0.050 

df = 2, 64 

P = 0.951 

F = 3.501* 

df = 5, 64 

P = 0.043 

F = 0.847 

df = 10, 64 

P = 0.585 

192917 

n=28 

192869 

n=28 

196276 

n=26 

   

Pollen 

release

% 

square 

root 

norma

l 

ANOV

A    

F = 1.074 

df = 2, 64 

P = 0.377 

F = 3.268 

df = 5, 64 

P = 0.052 

F = 1.333 

df = 10, 64 

P = 0.233 

25.36691 

n=28 

30.97303 

n=28 

38.30071 

n=26 

   

β-

phellan

drene 

(ng) 

norma

l 

ANOV

A  

F = 3.144 

df = 2, 35 

P = 0.151 

F = 0.722 

df = 2, 35 

P = 0.540 

F = 1.115 

df = 4, 35 

P = 0.365 

6867.2337

n=14 

8415.5622

n=15 

4812.9587

n=15 

   

2-

carene 

(ng) 

log ANOV

A  

F = 4.502 

df = 2, 35 

P = 0.094 

F = 1.912 

df = 2, 35 

P = 0.261 

F = 0.918 

df = 4, 35 

P =0.465 

1775.0580

n=14 

2075.0107

n=15 

1184.5660

n=15 

   

α-

pinene 

(ng) 

norma

l 

ANOV

A  

F = 2.092 

df = 2, 18 

P = 0.220 

F = 0.216 

df = 2, 18 

P = 0.812 

F = 0.420 

df = 4, 18 

P = 0.792 

293.5834 

n=9 

292.1626 

n=12 

220.5513 

n=6 

   

p-

cymene 

(ng) 

not 

norma

l 

Kruskal 

Wallis 

χ
2 
= 4.322 

df = 2 

P = 0.115 

 

 

 

 

 

 

314.6800 

n=5 

328.7767 

n=10 

219.3363 

n=4 

   

AC 

width 

not 

norma

Kruskal 

Wallis 

χ
2 
= 0.615 

df = 2 

 

 

 

 

3.707 

n=14 

3.693 

n=15 

3.720 

n=15 

   



 

(mm) l P = 0.735   

AC 

length 

(mm) 

norma

l 

ANOV

A  

F = 1.156 

df = 2, 35 

P = 0.401 

F = 1.300 

df = 2, 35 

P = 0.367 

F = 1.395 

df = 4, 35 

P = 0.256 

8.650 

n=14 

9.000 

n=15 

8.940 

n=15 

   

Petal 

length 

(mm) 

norma

l 

ANOV

A  

F = 1.607 

df = 2, 35 

P = 0.307 

F = 

11.746* 

df = 2, 35 

P = 0.021 

F = 0.675 

df = 4, 35 

P = 0.614 

14.157 

n=14 

13.540 

n=15 

13.707 

n=15 

   

Numbe

r of 

flowers  

not 

norma

l 

Kruskal 

Wallis 

χ
2 
= 

30.167** 

df = 2 

P = 

<0.001 

  1.83 

n=96 

1.91 

n=96 

1.08 

n=96 

0.636 <0.001

** 

<0.001** 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA with a Tukey’s HSD.  When data could not be normalized, a 

Kruskal Wallis test was used:  If Kruskal Wallis tests indicated a significant difference; a Mann-Whitney U-test was used to compare 

each of the three production treatments.  All data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

4.1.2.5.  Bumble bee activity compared between greenhouse treatments 
 Test notes Means (entrances/ exits per day) Tukey’s/Mann-Whitney Results 

 Normality test Model and 

Other effects 

Generative Traditional Vegetative Gen vs Trd 

 

Gen vs Veg Trd vs Veg 

Bee 

activity 

per day 

not normal Kruskal 

Wallis/ Mann 

Whitney U-

Test 

χ
2
= 8.727* 

df = 2 

P = 0.013 

23.08 

n=26 

18.75 

n=32 

32.00 

n=32 

U= 390 

W=918 

Z= -0.407 

P= 0.684 

U= 262.5* 

W=613.5 

Z= -2.402 

P=0.016 

U= 317** 

W=845 

Z= -2.622 

P= 0.009 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA with a Tukey’s HSD.  When data could not be normalized, a 

Kruskal Wallis test was used:  If Kruskal Wallis tests indicated a significant difference; a Mann-Whitney U-test was used to compare 

each of the three production treatments.  All data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

4.2.  Comparisons between Caged Vegetative and Generative Clarance (Experiment 2) 

 

4.2.1.  Comparisons between treatments 
 Test Notes Means  

 Normality Test Sampling 

Day Effect 

Growth 

Condition * 

Sampling day 

Vegetative Generative Growth 

Condition 

Effect 

Visits normal ANOVA F = 12.862 

df = 9, 80 

P = <0.001 

F = 0.747 

df = 9, 80 

P = 0.665 

7.02 

n=50 

5.86 

n=50 

F = 110.094** 

df = 1, 80 

P = 0.008 

% work normal ANOVA F = 0.000 

df = 9, 80 

P = 1.000 

F = 0.657 

df = 9, 80 

P = 0.745 

10.98185015 

n=50 

9.018149854 

n=50 

F=13.868** 

df = 1, 80 

P = 0.005 

B-phellandrene (ng) log ANOVA F = 7.058 

df = 9, 80 

P = 0.004 

F = 0.561 

df = 9, 80 

P = 0.825 

14072.6731 

n=50 

20646.6438 

n=50 

F = 7.874* 

df = 1, 80 

P = 0.021 

(+)-2-Carene log ANOVA F = 6.035 F = 0.636 5113.7564 7830.3437 F = 8.231* 



 

(ng) df = 9, 80 

P = 0.007 

df = 9, 80 

P = 0.763 

n=50 n=50 df = 1, 80 

P = 0.019 

α-pinene 

(ng) 

log ANOVA F = 3.417 

df = 9, 68 

P = 0.041 

F = 0.722 

df = 9, 68 

P = 0.687 

627.1916 

n=42 

708.0441 

n=46 

F = 0.428 

df = 1, 68 

P = 0.529 

p-cymene 

(ng) 

not normal Mann 

Whitney U-

Test 

  732.9470 

n=45 

1039.9392 

n=47 

U = 873.000 

W = 1908.000 

Z = -1.441 

P = 0.150 

Petal Length (mm) normal ANOVA F = 4.980 

df = 9, 80 

P = 0.013 

F =  

df = 9, 80 

P = 

14.194 

n=50 

13.852 

n=50 

F = 2.289 

df = 1, 80 

P = 0.165 

Anther cone Length 

(mm) 

not normal Mann 

Whitney U-

Test 

  9.075 

n=50 

10.318 

n=50 

U = 1074.500 

W = 2349.500 

Z = -1.214 

P = 0.225 

Anther cone Width 

(mm) 

normal ANOVA F = 1.806 

df = 9, 80 

P = 0.196 

F = 0.712 

df = 9, 80 

P =0.696 

3.232 

n=50 

3.298 

n=50 

F = 1.489 

df = 9, 80 

P = 0.253 

Number of petals not normal Mann 

Whitney U-

Test 

  5.98 

n=45 

6.44 

n=45 

U = 

668.500** 

W = 1704.500 

Z = -3.366 

P = 0.001 

Normality column indicates if data were normally distributed, transformed to match normal distribution, or if a normal distribution 

could not be attained.  Normal data were compared using an ANOVA: non-normal data were compared using a Mann-Whitney U-

Test.  All normal data were tested for effects of model, week and interactions between model and week.   

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 

 

 

 



 

 

4.3.2.  Correlations between mean bumble bee visits and mean floral characteristics 

  

β-

phellandre

ne 

2-

carene 
α-pinene 

p-

cymene 

Petal 

Length 

Anther 

Cone 

Width 

Anther 

Cone 

Length 

Bumble 

bee 

visits 

r= -0.522* -0.516* -0.716** -0.575** -0.387 0.307 0.422 

p= 0.018 0.020 <0.001 0.008 0.092 0.188 0.064 

n= 20 20 20 20 20 20 20 

* indicates significance at the α = 0.05 level 

**indicates significance at the α = 0.01 level 

 


