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Abstract
Barely touched on and resulting in unsettled findings in previous research, the effect of
simultaneous deprivation of pollen and nectar on pollen collection in bumblebee colonies
is investigated in the present thesis. This investigation is further expanded to include the
roles of colony growth and foraging experience in mediating the effect of deprivation on
foraging behaviour. In all experiments colonies were presented with one of two
treatment conditions: Pollen-deprivation (-P) or pollen-and nectar-deprivation (-P-N). In
Study One, the effect of type of deprivation on colony growth was examined. Results
showed that colony growth in -P-N did not differ from colony growth in -P. Study Two
includes two experiments. Experiment 1 examined the role of prior foraging tasks
combined with resource deprivation in pollen collection. Colonies were first assigned to
either -P or -P-N treatment conditions and were subsequently tested while deprived of
both resources (-P-N). Colonies that had experience in managing both foraging tasks
collected more pollen and allocated greater foraging effort than did colonies that only had
experience in collecting pollen. Experiment 2 examined the role of colony size combined
with resource deprivation in pollen collection. Larger colonies collected more pollen
although smaller colonies collected more pollen relative to their colony size. Taken
together, these experiments provide a comprehensive understanding of the
interrelatedness between colonies’ nutritional requirements, foraging experience, colony
development and foraging behaviour. Also, they clarify the effect of simultaneous
deprivation on pollen collection. Contributions of this thesis are placed within the
context of practical implications for greenhouse pollination, as well as research

implications for bumblebees’ foraging currencies and foraging decisions.



General Introduction

Bumblebee colonies require two resources to grow and survive: pollen and nectar
(Free, 1993). Nectar provides most of the energy in the form of carbohydrates for activity
and thermoregulation (Seeley & Heinrich, 1981) and pollen provides protein for egg
production, promotes bees’ growth and longevity, brood rearing, ovary development, body
fat, and development of hypopharyngeral glands (Knox, Shimanuki & Herbert, 1971;
Maurizio, 1950, 1951; Plowright & Pendrel, 1977; Ribeiro, Duchateau & Velthuis, 1996;
Standifer, 1967; Sutcliffe & Plowright, 1988, 1990). Hence, nectar serves as an immediate
energy resource and pollen serves as a long-term resource for growth and longevity
(Heinrich, 1979; Ribeiro et al., 1996; Sutcliffe & Plowright, 1988, 1990). Given their
pivotal role in colony survival, it is not surprising that pollen and nectar availability affect
bumblebees’ foraging behavior (Cartar & Dill 1990a; Cartar & Dill 1991; Free, 1955;
Plowright, Thomson, Lefkovitch & Plowright, 1993), which is the focus of the present study.

In order to understand the interrelatedness of pollen and nectar availability, colony
growth and foraging behavior in bumblebee colonies, it is important to understand their life
cycle and division of labor. Bumblebees have two important periods in their annual
reproductive cycle in which one generation of bumblebees is produced in each cycle. In the
first period, the queen produces worker (female) eggs. During this period, the queen is
responsible for collecting pollen and nectar, constructing food pots, warming, and feeding
the first brood. When the first workers emerge, the social phase of the colony begins. The
workers help the queen to rear other workers and collect food. In the second period of the
colony’s cycle (the reproductive period), production of sexuals (males and new queens)

occurs. As in the first period, workers help to rear sexual reproductives. In the reproduction



phase, the colony has reached the end of its life cycle and rarely if ever returns to pure
worker production. Younger queens leave the colony, then mate and go into hibernation
during the winter. The young queens start new colonies in the following spring (Alford,
1975; Free & Butler, 1959; Macevicz & Oster, 1976; Michener, 1974; Plowright & Laverty,
1984; Sladen, 1912).

Workers, males, and queens have different roles in the colony. Research has
suggested that workers may be classified according to their duties as foragers or non-
foragers (Cartar, 1992; Free, 1955). Nevertheless, non-foraging household workers are
capable of foraging, and they do so especially when the colony is in need of more resources.
Foragers may be further distinguished according to their specific foraging activities as pollen
collectors or nectar collectors. However, when in need, foragers can switch from pollen
collection to nectar collection and vice versa (Cartar, 1992). Having said this, all workers
are likely capable of foraging for all resources, yet at times some workers forage for one
resource while others forage for another or do not forage at all. The queen (except for the
period before the emergence of the first brood), new queens, and males do not have a role in
resource collection for the colony, though they do forage for themselves (Free, 1955; Sladen,

1912).

Resource Availability and Colony Growth

Resource availability affects colony growth and development (Plowright & Jay,
1968). For example, larvae in colonies develop more slowly and become smaller workers as
pollen availability decreases (Sutcliffe & Plowright, 1988, 1990). Similarly, queens in

pollen-deprived colonies have a longer larval stage than queens in pollen-supplemented



colonies (Sutcliffe & Plowright, 1990), and pollen-supplemented larvae are more likely to be
larger and become queens than pollen-deprived larvae (Katamaya, 1966, 1973, 1975;
Plowright & Jay, 1977). When nectar-deprived, colonies have a lengthened developmental
period resulting in smaller colony size at the time of reproduction (Cartar & Dill, 1991).
Because reproduction depends on the number of workers in the colony (Pomeroy, 1979;
Pomeroy & Plowright, 1982; Shykoff & Muller, 1995), the size of the worker population is
associated with reproductive success and timing of the change from worker production to
sexual production (Pomeroy, 1979; Pomeroy & Plowright, 1982). That is, new queens are
produced sooner when more workers are present (Pomeroy & Plowright, 1982). In
summary, pollen and nectar are vital resources to colony growth and development in that
they affect larvae and workers’ size, as well as its reproduction.

The relationship between resource availability and colony development is reciprocal:
Resource availability determines colony’s growth and development, and in turn, colony
development determines resource intake. For example, larger larval biomass predicts higher
pollen consumption (Pendrel & Plowright, 1981). Also, queens are heavier and so require
more food intake and care (Fisher & Pomeroy, 1989), and therefore, queen larvae are fed
more often during the last phase of the larval stage than are worker larvae (Ribeiro, 1997).
In short, increased resource intake leads to an increase in colony growth, which results in a
greater need for resource intake and consequently an increase in foraging activity.

Another factor associated with colony growth and resource collection is workers’
size. Large workers are more likely to become foragers and small workers are more likely to
become household workers (Reviewed in Goulson, 2003; Free, 1955b). Furthermore, recent

findings show that larger body size in bumblebee workers is associated with a higher



foraging performance (Goulson et al., 2002; Peat & Goulson, 2005; Spaethe &
Weidenmuller, 2002). Spaethe and Weidenmuller (2002) examined foraging activity in two
free-flying bumblebee colonies and found a significant correlation between body mass and
nectar foraging rate. Compared to small workers, large workers had higher nectar return by
volume, perhaps because of their capacity to collect larger nectar loads per trip and handle
larger flowers with large nectar stores. Similar results in another study showed that nectar
loads per time unit are positively correlated with worker size (Peat and Goulson, 2005).
These findings suggest that colonies in which large workers are produced may have a higher
foraging activity than colonies with small workers.

In short, resource collection and colony growth are interrelated. Colonies with ample
resource availability of either pollen or nectar produce larger workers and colonies. They
are also more likely to have an early reproduction stage than resource-deprived colonies. In
turn, large workers and large colonies maximize resource influx. Nevertheless, it is unclear
how colony growth is affected by as well as affects pollen and nectar collection when both
resources are in need. Which resource is more in demand in different developmental stages?
Is it nectar as an immediate energy resource or is it pollen as a growth resource? And how
does simultaneous deprivation of pollen and nectar affects colony growth? These questions

are examined in this thesis.

Foraging Behaviours for Pollen and Nectar Collection
Pollen and nectar collection require different foraging behaviours. Bumblebees’
pollen manipulation varies depending on flower’s morphological structure. For example,

when collecting pollen from flowers with challenge-access anthers, such as blueberry,



kiwifruit, cranberry, and tomato, bumblebees are required to “shake” the flower in order to
release their pollen. They gather its anthers holding it tightly against their abdomen and
thorax producing small vibrations, or a “buzz” sound (Buchmann, 1985). The “buzz”, or the
“shake”, elicits resonance within the flowers’ anther causing pollen to be ejected. On
flowers with easy-access anthers, or “platform flowers” such as grass flowers, bumblebees
scrabble for pollen (Heinrich, 1976). When scrabbling, bees may walk up on a flower’s
inflorescence as they become dusted with pollen, or they may press their bodies onto the
inflorescence while rapidly walking on it, which, as noted earlier, depends on flower’s
structure. Following buzzing and scrabbling the flower for pollen, bumblebees groom and
scrape pollen from their body and hind legs packing it on their corbiculae (reviewed in King,
1993 and in Rasheed and Harder, 1997).

To collect nectar, bumblebees extend their proboscis (i.e., the bee’s “tongue”) to
access this resource by probing the flower’s corrola. Although pollen and nectar collection
require two distinct behaviours, bumblebees’ probing and buzzing often co-occur when
visiting flowers offering both of these resources (Heinrich, 1976). Resource collection,
especially pollen collection, is energy costly in that it is physically demanding for bees to
collect (i.e., requires grooming behaviour and buzzing on some flowers) and it is mainly
used as a protein resource. Therefore, compared with nectar collection, pollen collection
entails a relatively large energetic investment yet provides a poor utility as an energy source
for bumblebee colonies (Rasheed & Harder, 1997).

Foraging efficiency

Bumblebees’ success in resource collection may be affected by their different

characteristics, such as innate physiological characteristics as well as their capability to adapt



to a variety of environmental conditions. With regard to the first factor, physiological
features such as tongue length may affect bee’s access to nectar in flowers. For example,
short-tongued bees may be limited in their success in obtaining nectar from long-corolla
flowers compared with long-tongued bees (Heinrich, 1976). Conversely, long-tongued bees
are comparatively inefficient when foraging on short-corolla flowers (Plowright &
Plowright, 1999). Another important physiological characteristic affecting foraging success
is body size. Body size may limit bees’ successful entrance to structurally complex flowers,
and therefore, small bees handle structurally complex flowers more successfully and
efficiently than large bees (Stout, 2000).

Foraging theory

With regard to bees’ second characteristic affecting resource collection, the
capability to adapt to the environment, foraging theories assert that bumblebees’ foraging
behaviour involves adaptive features to optimize and improve foraging efficiency. In his
theory of classical optimal foraging, Charnov (1976a, 1976b, also see a review of the
literature by Bateson & Kacelnik, 1998) presented a model in which long-term energy gain
rate is a ratio of energy obtained from food to the expected time spent foraging. The model
assumes that animals that maximize this currency are fit and more likely to survive and
reproduce. Therefore, the more net energy an animal is gaining, the higher its probability to
survive and allocate more energy into reproduction and predator avoidance. Also, according
to this model, animals should display a foraging behaviour that will maximize their long-
term rate of energy gain because it will result in a minimized foraging time and effort.

Elaborating on and modifying Charnov’s model, risk sensitivity theorists (e.g.,

Stephens, 1981, refer to reviews by Bateson & Kacelnik, 1998, and Plowright & Laverty,



1984) argue that the function between energy gained to fitness is nonlinear, and therefore
animals engage in foraging behaviours that are either risk-prone (i.e., preference towards a
more variable option) or risk-averse (i.e., a preference towards a less variable option).
Studies examining this notion mostly focus on bumblebee’s nectar collection and address
questions, such as what rules or “decisions” bumblebees use to modify their foraging
behaviour, and what factors or information affect their foraging decisions. Early findings by
Hodges (1981, 1985) as well as contemporary research (e.g., Niv, Joel, Meilijson, & Ruppin,
2002) suggest that bees’ decisions in foraging behaviour are consistent with their expected
rate of cost and benefits. For example, Hodges (1981) found that bees were likely to stay on
a plant and visit another flower if nectar was available in the first flower, but they were
likely to leave and forage elsewhere if nectar was unavailable.

In another study examining bumblebees’ ability to discriminate between flowers,
bees’ choice of flowers depended on pollen quality and pollen quantity within the flower
species (Robertson et al., 1999). Similarly, Keasar, Rashkovitch, Cohen, and Shmida (2002)
found that bumblebees gradually increased their visits to a higher rewarding food source
when presented with two food sources differing in reward probabilities. The bees did not,
however, exclusively choose the higher rewarding food resource as would be predicted by
optimality models (Krebs, Kacelnik, & Taylor, 1978). Instead, their choice ratio was in
tandem with resources’ ratio of reward probability. Keasar et al. (2002) suggest that in terms
of proximate causes of behaviour, the foraging choices of rewarding flowers depend on past
experiences and may involve long-term memory processes. In general, explaining

discrepancies between optimality models and observed behaviours is an area of fruitful



collaboration between behavioural ecologists and psychologists (e.g., Shettleworth, 1988,
1989).

The role of experience

Heinrich (1976) suggested that bumblebees’ foraging behaviour is flexible and hence
adaptive because their habitat’s environmental conditions are generally unpredictable. He
described bumblebee colonies as “floral generalists” and their workers as “specialists”, that
is, bumblebees at the colony level forage on a large variety of flowers efficiently, but at the
individual level they have a limited behavioural repertoire and tend to concentrate on a
narrow spectrum of flowers'. Heinrich argued that this social structure of bumblebee
colonies, in which colonies are both floral generalists and specialists provides them with the
plasticity to adapt their foraging behavior to food resources in the environment and
maximize resource influx into the colony. Furthermore, he postulated that despite their
limited foraging repertoires as specialists, bumblebee workers develop their foraging “know-
how” following repeated interactions with the environment. In his examination of
bumblebees’ foraging acquisition skills, Heinrich (1976) found that inexperienced
bumblebee workers were unsuccessful in their first foraging attempts on monkshood
flowers. However, once made a correct entry to the flower and were rewarded with a
successful resource collection, workers made successive visiting trips in which they
efficiently manipulated these flowers (see also Laverty, 1980; Laverty & Plowright, 1988;
and a review by Plowright & Laverty, 1984).

In accord with Heinrich’s and Hodges’ classic work on bumblebee foraging

behavior, contemporary research findings confirm that bumblebees’ foraging behaviour is

! The terms “generalist” and “specialist” here are used loosely; the only known specialist bumblebee is Bombus
consobrinus that feeds primarily on monkshood, unlike other bumblebees that feed on a variety of flowers
(Dukas, 1998).



modified and foraging efficiency is maximized following experience in resource collection
(Cresswell & Robertson, 1994; Harder, 1990; Keasar et al., 2002; Peat & Goulson, 2005;
Rasheed & Harder, 1997; Robertson et al., 1999). For example, bumblebees detect and
respond to differences between flowers in their revisits according to nectar and pollen
quality and availability (Cresswell & Robertson, 1994; Harder, 1990; Robertson et al.,
1999).

Other studies illustrating the effect of experience on bumblebees’ foraging behavior
examined the adaptation of naive bumblebees to resource collection (Cartar, 1992; Heinrich,
1976; Peat & Goulson, 2005). Peat and Goulson (2005) examined factors influencing nectar
collection in three colonies of free-flying bumblebees. Nectar-foraging rate for each trip was
calculated by pairing out-goings and in-comings for each bee returning with nectar, which
was evaluated by weighing bees before and after the trip. During their first few trips, naive
bees had low foraging rates. Moreover, they lost more energy (i.e., weight) than they
collected (i.e., nectar). However, as time passed, foraging rates increased and reached a
plateau after approximately 30 trips. Congruent with findings in Peat and Goulson (2005),
other research findings show that inexperienced bumblebee workers are less efficient than
forage-experienced workers (Heinrich, 1976, Cartar, 1992). For example, Cartar (1992)
examined foraging effort and task switching in energy-manipulated bumblebee colonies.
Following nectar depletion, some workers that typically collected pollen switched to nectar
collection and household workers that did not forage prior to manipulation, switched to
foraging. Switching workers were less efficient in resource collection than continuing
foragers in that they made longer and fewer trips and collected smaller pollen and nectar

loads. Interestingly, switching-task workers were the least productive workers pre-and post-
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manipulation. Based on these and other research findings (Free, 1955), Cartar (1992)
suggested that bumblebees’ foraging may involve a learning component in the efficiency of
task performance, and therefore, foragers that have reached competency in foraging for one
resource may be less likely to engage in a novel foraging task.

To summarize the above, experience has an important role in shaping bumblebee’s
foraging behavior. Bumblebees choose flowers based on previous visits and increase their
visits to higher-rewarding resources. In addition, findings suggest that foraging behaviour is
a malleable skill in that foraging efficiency increases with number of trips. In their
adjustment to resource manipulation, workers’ differences in foraging abilities depend on
their pre-manipulation skills. The present study examines the role of experience in pollen
collection by foraging bumblebees, which, compared to nectar collection, has received little
attention by foraging theorists (Plowright & Plowright, 1999). The next section discusses in

further detail the effect of resource manipulation on foraging.

Resource Deprivation and Foraging Behaviour

Deprivation of either pollen or nectar

Bumblebees’ foraging behaviour is sensitive to changes in colony resource reserves
(Cartar, 1991; Cartar & Dill, 1990a; Cartar & Dill 1991; Free, 1955; Plowright et al., 1993).
Studies examining the relationship between resources and foraging behaviour typically
manipulate resource availability in colonies using one of three treatments. In the pollen-
deprivation treatment the reserves of pollen are removed from the colony by the
experimenter, and the colony forages for the resource in need (pollen) outside of the colony.

In a second treatment, nectar-deprivation, nectar reserves are removed from the colony, and
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the colony forages for the resource in need (nectar) outside of the colony (for example of
both treatment conditions see Plowright et al., 1993). The third treatment, pollen-and nectar-
deprivation, is a simultaneous deprivation of both resources within the colony. The colony
forages for both resources in need outside of the colony (for example see Cartar, 1992;
Plowright & Silverman, 2000). Usually, these treatment conditions are compared to
conditions in which the colony is supplemented (i.e., non-deprived) with pollen, nectar, or
both.

Bumblebees modify their foraging behaviour following resource manipulation.
When pollen-deprived, bumblebee colonies collect more pollen in comparison to nectar-
deprived and pollen-supplemented colonies (Landry, Plowright & Plowright, 2000;
Plowright et al., 1993; Plowright, Cohen-Salmon, Landry & Simonds, 1999). For example,
Plowright et al., (1993) examined the effects of pollen-deprivation and nectar-deprivation in
two bumblebee colonies. Pollen or nectar stores were removed on alternate days and
colonies were to forage freely for the needed resource at a field site. Pollen collection was
influenced by pollen reserves within colonies with workers’ pollen load size significantly
increased in their incoming trips when the colony was pollen-deprived compared to when it
was nectar deprived.

In a follow-up study, Plowright et al., (1999) examined the question of how the
response to pollen deprivation was achieved. They compared the effects of pollen
deprivation vs. nectar deprivation on workers’ flower handling and choice in two
experiments. In the first experiment, colonies were resource-manipulated on alternate days
(e.g., days 1 and 2 pollen deprived, days 3 and 4 nectar deprived) and presented with fresh

and day-old thistle flowers as their foraging source. Type of deprivation affected colonies’
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foraging behaviour in two ways. When the colony was pollen-deprived, workers opted for
day-old flowers over fresh flowers for pollen scrabbling, perhaps because dry polien was
easier to gather. Also, the relative frequency of scrabbling for pollen rather than probing for
nectar was greater when the colony was deprived of pollen.

In their second experiment, Plowright et al., (1999) replicated colonies’ resource
manipulation (i.e., pollen deprivation vs. nectar deprivation), but replaced the foraging
resource (i.e., thistle flowers) with artificial flowers containing either pollen or pollen-and
nectar stores. As in the first experiment, colonies’ flower handling and choice depended on
type of deprivation. Scrabbling behavior was significantly elevated and probing was much
less frequent in the pollen deprivation condition than in the nectar deprivation condition.
The bees also tended to avoid flowers that contained no pollen when the colony was pollen-
deprived. In short, research findings show that when pollen-deprived, colonies collect larger
pollen loads: This occurs because workers choose pollen-rich flowers and they engage in
floral handling behaviours (buzzing and scrabbling) associated with pollen collection.

Deprivation of both pollen and nectar

Although findings in previous studies show that pollen deprivation leads to increased
pollen collection and nectar deprivation leads to increased nectar collection, they do not
predict how deprivation of one resource affects collection of the other. In other words,
previous studies, by studying the two resources in isolation, are silent on the
interrelationship between pollen and nectar collection. Having said this, which resource is
sought out by foragers when the colony is in need of both? Would pollen collection be
further enhanced or depressed if colonies were both pollen and nectar depleted? In nature,

colonies are likely to face shortages of both resources and so these questions are of
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ecological importance. Also, the present study focuses on pollen collection because
bumblebees are widely used as natural pollinators in buzz-pollinated greenhouse crops, and
hence, it examines selected factors, such as resource deprivation and colony size, which may
contribute to the enhancement of pollen collection. The discussion on the implications of
bumblebee pollination greenhouses is expanded further in the paper. The next section
reviews studies examining the effect of simultaneous pollen-and nectar-deprivation on
pollen collection.

Cartar (1992) examined the effects of energy manipulation on bumblebees’ pollen
and nectar foraging behaviour in free-foraging colonies. Natural-like conditions provided
the baseline comparison condition in which colonies were not supplemented with either
pollen or nectar and required to forage for both resources in the field. Manipulation
consisted changes in energy stores, specifically, colony’s nectar stores were either removed
or enhanced on alternate days for a period of two hours. Following nectar depletion,
foragers had more frequent foraging trips and shorter visits inside the colony and frequency
of pollen collection trips and pollen-load size decreased. In contrast, when nectar enhanced,
frequency of pollen collecting trips and size of pollen loads was increased. Cartar’s findings
suggest that when nectar is in greater demand, colonies compromise pollen collection.

Other research using laboratory settings has found significant, yet conflicting results
in experiments on pollen collection in pollen-and nectar-deprived colonies. In accord with
Cartar’s findings, Plowright and Silverman (2000) have found that nectar collection in
pollen- and nectar-deprived Bombus impatiens colonies was maintained at a high level, but
pollen collection was compromised. In this study there was a foraging trade off in that

nectar was collected at the expense of pollen. When deprived of both pollen and nectar,
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workers collected less pollen in comparison to when the colony was deprived only of pollen.
In contrast, Landry et al., (2000) found that when deprived of both resources, a few workers
collected more pollen, not less, than when the colony was deprived only of pollen. These
mixed findings of the effect of pollen-and nectar-deprivation on pollen collection require
further investigation.

Several methodological considerations may be raised in understanding the
differences in Landry et al.(2000) and Plowright and Silverman (2000). First, pollen
deprivation was followed by nectar deprivation in the same colony in these studies.
Therefore, it is possible that the first type of deprivation carried over to the next type of
deprivation and affected foraging behavior. Second, Landry et al. (2000) and Plowright and
Silverman (2000), selected and examined active foragers. Extrapolating from research on
task switching in bumblebees (Cartar, 1992), it is possible that the workers’ selection
prevented colonies from allocating additional naive workers, such as household workers to
foraging. Therefore, the selection of active foragers might have restricted colony’s resource
collection. Third, Landry et al. (2000) and Plowright and Silverman (2000) used small
sample sizes in their studies (i.e., two and one colonies, respectively), which may have
contributed to the conflicting findings of pollen collection in resource-manipulated colonies.

In a similar line of investigation, a pilot study by Weinberg and Plowright (2002, see
Appendix A) examined pollen collection in pollen-deprived colonies in two conditions:
nectar was available in a feeder attached to the colony versus nectar was available in the
flight cage. The former condition mimics foraging conditions in greenhouses in which
nectar supplies are attached within the hive. The study compared six colonies of Bombus

impatiens. Colonies were paired and randomly assigned to nectar in colony versus nectar in
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cage. That is, nectar was readily available in the colony or the bees had to forage to obtain
it. For 20 days, paired colonies placed side by side in a divided flight cage were let to forage
for 40 minutes. Bees that worked to collect nectar collected also less pollen than bees that
had nectar provided to them. This effect may have been due either to the placement of the
feeders, or to a difference in how much nectar the bees had stored. What was striking was
that pollen collection was affected by presentation of nectar, thus suggesting that the two
resources are not independent. There may be additional methodological considerations
contributing to this difference, such as foraging time. Specifically, 40 minutes of foraging
may have been insufficient for collection of both pollen and nectar, and therefore, colonies
that had to forage for both resources in the flight cage may have collected nectar at the
expense of pollen due to pressing energy demands. Also, workers may have had insufficient
time to gain efficient foraging skills when required to collect both resources outside the
colony. The present thesis investigates these suggestions by improving on the method used
pilot study (specifically Study Two).

In summary, research is inconsistent in findings on the effect of simultaneous pollen-
and nectar-deprivation on pollen collection. Results in two studies show that when colonies
were deprived of both resources workers collected less pollen, however, findings in another
study show the opposite. Also, previous studies examining simultaneous deprivation in a lab
setting present with several methodological considerations presenting the need to expand on
existing research in the field.

The present thesis compares the effect of simultaneous deprivation of pollen and
nectar with treatment conditions similar to those presented in greenhouses. Bumblebees in

experiments presented here are required either to forage for both resources outside the
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colony or to forage for pollen outside the colony while being supplemented with nectar
inside the colony. The next section reviews the important role of bumblebees in greenhouse

crop pollination.

Greenhouse Crop Pollination by Bumblebees

Natural pollinators, especially bumblebees, have gained an important role in
commercial crop pollination since 1987 in Europe, where they were first introduced to the
industry, and since 1990 in North America. For example, commercial crops that are
pollinated by bumblebees include tomatoes, peppers, eggplants, melons, watermelons,
cucumbers, zucchinis, strawberries, raspberries, blackberries, currants, cranberries,
blueberries, apples, pears, cherries, kiwifruit, peaches, apricots, and plums (reviewed in
Velthius & van Doorn, 2006).

With regard to cost-efficiency, mechanical pollination of crops exceeded €10,000 per
hectare per year in 1991 in comparison to bumblebee pollination costs estimated at €9000
(Velthuis & van Doorn, 2006). Today, colonies can pollinate from 1000 square meters to
3000 square meters of crop for up to 12 weeks. Cost of a commercially reared colony ranges
between $65-$200 depending on size and longevity, and typically contains between 30- 100
workers (Biobest Biological Systems Ltd). Number of colonies required to pollinate crops
depends on several factors, such as the size of the greenhouse, season, variety of crops in
greenhouse, number of plants for square meter, and outside-greenhouse plant competition.
Although colonies can be self-reared, growers typically prefer commercial colonies, as they

do not require special apparatus and handling procedures during the rearing period. Another
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appealing factor in commercial colonies is its prompt availability; colonies can be ordered on
a need basis. Typical specie used for pollination in North America is B. impatiens Cresson.

Bumblebee pollination is superior to mechanical pollination methods (i.e., manual
use of vibrators, hormone application) and is shown to improve yield and quality of a variety
of fruits and vegetables, thus increasing produce market value and decreasing labor costs
(Abak et al., 1997; Asada & Ono, 1996; Dogterom, Matteoni, & Plowright, 1998; Ecran &
Onus, 2003; Kevan, Gadawski, Kevan, & Gadawski, 1983; Kevan, Starver, Offer, &
Laverty, 1991; Macfarlane, 1992; Paydas, Eti, Kaftanogul, Yasa, & Derin, 2000; Plowright
& Laverty, 1987; Sampson & Spiers, 2002). For example, pollination by the bumblebee
Bombus impatiens Cresson enhances berry qualities. Blueberry flowers visited by
bumblebees reached earlier fruit maturation (i.e., 11 to 13 days earlier) in comparison to
flowers receiving no bumblebee pollination (Sampson & Spiers, 2002). Other fruit quality
enhancement attributed to bumblebee pollination includes increased number of mature seeds
per berry, as well as yield of heavier and larger fruit (Paydas et al., 2000; Sampson & Spiers,
2002). The advantages of bumblebee-pollinated crops were also observed in self-pollinating
crops, such as peppers (Abak et al., 1997; Ercan & Onus, 2003). Specifically, total fruit
yield, fruit size and weight, seed number, and flesh thickness were all positively affected by
bumblebee pollination. Similar fruit-enhancement results were obtained in bumblebee-
pollinated tomato crops (Dogterom et al., 1998).

Bumblebees are also superior pollinators to other natural pollinators, such as
hummingbirds. Unlike birds, bumblebees are frequent visitors on flowers and can pollinate
a variety of plants including buzz-pollinated flowers, such as berries and tomatoes (see

Castellanos, Wilson, & Thomson, 2003). Bumblebees are also superior pollinators to other
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social bees, such as honeybees, because of their physiological characteristics. For example,
bumblebees’ tongues are longer than those of honeybees, and hence are more suitable for
pollinating deep corolla flowers, such as red clover (Velthuis & van Doorn, 2006). Also,
bumblebees are superior pollinators to honeybees in that their pollinated fruit are heavier on
average than honeybee-pollinated fruit. And, in contrast to honeybees, bumblebees are
resilient to cold climate conditions (Paydas et al., 2000; also see review by Richards &
Kevan, 2002). In accord with Paydas et al., (2000), other findings show that in greenhouses,
bumblebees are efficient foragers in temperatures ranging from 6 to 30 degrees Celsius,
making bumblebees suitable pollinators for northern countries, such as Canada, as well as
Mediterranean countries, such as Turkey and Israel (Bal, 1997; Sampson & Spiers, 2002).
Hence, bumblebees’ frequent visitation rate, ability to collect pollen from a large number of
plants including buzz-pollinated flowers, and their suitability to a variety of climate
conditions contributes to their appeal as natural commercial crop pollinators.

In light of all the above advantages as well as their economic advantages (i.e., cheap
and low-maintenance labour, produce of larger fruit, facilitator of early fruit maturation), it
is not surprising, that bumblebees are widely used in greenhouses to pollinate tomatoes,
which are buzz-pollinated. Bumblebee-pollinated tomatoes represent about 95% of sales
and their crop value is estimated to be €12,000 million per year (Velthuis & van Doorn,
2006). Because tomato crops provide only pollen, bumblebees are provided with an inside
supply of nectar within their colonies. In other words, in greenhouses, bumblebee colonies
are supplemented with nectar and are to forage for the resource in need (i.e., pollen) on
crops. This condition resembles the experimental condition described earlier, pollen

deprivation, in which colonies are pollen-deprived and nectar-supplemented. As mentioned
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earlier, deprivation of both resources and their presentation outside the colony may possibly
enhance bumblebees’ pollen collection. Therefore, pollen collection by bumblebees may
possibly be improved by further resource manipulation, namely simultaneous deprivation of
pollen and nectar, resulting in bumblebees foraging for pollen on flowers and nectar on
feeding stations.

In a personal communication with Mr. Gordon Yakel on June 13, 2005, principal
greenhouse technician at Gipaanda Greenhouses LTD, British Columbia, he stated that
growers have not considered providing nectar outside colonies, perhaps to avoid care and
maintenance. He noted that the only method used to improve bumblebee pollination in the
greenhouse is temperature manipulation so that optimal foraging conditions are mimicked
(i.e., fall-like temperatures apprx. between 18 and 22°C). Another factor Mr. Yakel reported
to be associated with greater foraging is plant species. For example, he reported noticing
that bumblebees tend to have a higher foraging rate on cherry tomatoes than on beefsteak
tomato crops, perhaps due to differences in pollen quality. In sum, bumblebees are widely
used as natural pollinators in greenhouses and applied research has examined factors
affecting their foraging behaviour in greenhouses, such as bee species, temperature, and
lightening conditions (e.g., Morandin, Laverty, Gegear, & Kevan, 2002). However, the
conditions addressed in the present study, namely simultaneous deprivation and colony size
and their effect on pollination have not received attention in the research literature, hence the

impetus for the present thesis.
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Summary and Focus of Present Study

The foraging behaviour of bumblebees is affected by a number of factors, such as
colony size and growth, resource availability and colony’s nutritional demands, and
exposure to foraging tasks. Some work has been done to investigate these factors, but has
not established a comprehensive examination of the relationship between them. In addition,
there is as yet no clear understanding of the factors that elevate pollen collection in
bumblebee colonies, namely the effect of simultaneous deprivation on resource collection.
Furthermore, investigation of contributing factors to improvement in pollen collection is of
economic importance because pollination by bumblebee colonies is practiced in
greenhouses. Having said all that, the main objective of the present study is to examine the
relationship between pollen and nectar deprivations (pollen-and nectar-deprivation vs.
pollen-deprivation), colony growth and foraging experience, and their effect on polien
collection in Bombus impatiens colonies. This study expands on previous research on
pollen-deprivation (Plowright et al., 1993; Plowright et al., 1999) and pollen-and nectar-
deprivation in bumblebee colonies (Landry et al., 2000; Plowright & Silverman, 2000), and
incorporates the role of experience in foraging behavior and developmental factors in
affecting foraging behaviour and resource intake (Cartar, 1992; Peat & Goulson, 2005;
Ribeiro, 1994; 1996; Pomeroy & Plowright, 1982; Shykoff & Muller, 1995).

Three experiments were designed to examine the effects of resource manipulation,
colony size and foraging experience on pollen collection. In all studies, resource
manipulation served as a common thread. In one condition, colonies were pollen-deprived
(i.e. supplemented with nectar but not pollen). In the other condition, colonies were

deprived of both pollen and nectar.
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Study One examines the effects of simultaneous deprivation of pollen-and nectar on
free-foraging bumblebee colonies’ growth. Findings pointing to the effect of pollen on
colony development on the one hand, but the absence of previous research on simultaneous
deprivation on the other hand, lead to the following hypothesis: Type of deprivation will
affect colony growth. Specifically, pollen-deprived colonies will differ from pollen-and
nectar deprived colonies in their pollen collection and consequently result in a different
colony size. Hence, if colonies in one condition collect more pollen then they will produce
larger colonies (i.e., more workers and queens) than colonies in the other condition. Two
possibilities then arise. Assuming that managing one task (i.e., pollen collection in pollen-
deprived colonies) is easier than collecting both pollen and nectar, then pollen-deprived
colonies will collect more pollen and consequently produce a greater number of workers and
queens in comparison to pollen-and nectar-deprived colonies. Alternatively, colonies might,
for instance, allocate a greater foraging force according to their nutritional demands. If so,
pollen-and nectar-deprived colonies will allocate a greater foraging force and collect more
pollen in comparison to pollen-deprived colonies.

In Study Two, a set of two experiments is presented. The first experiment examines
the effect of resource manipulation and foraging experience on pollen collection and
suggests that type of deprivation and prior exposure to type of deprivation will affect pollen
collection. Given the presence of mixed findings in previous studies on pollen collection in
resource manipulated colonies and presence of only one study examining the effect of prior
experience on pollen collection the hypothesis is as following: Type of deprivation and prior
experience will affect pollen collection. Thus, if pollen collection depends on experience,

then colonies exposed to different resource manipulation will differ in their pollen collection.
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As in Study One, two possibilities arise. One possibility follows the assumption that
managing one task is easier than the “balancing act” of collecting two resources. Therefore,
colonies that have been deprived of pollen, but not nectar, would be proficient pollen
collectors and therefore will collect more pollen when exposed to deprivation of both
resources compared with colonies that have been only exposed to the deprivation of pollen-
and nectar. The second possibility follows the assumption that the introduction to an
additional foraging task (i.e., additional depletion of resources) will compromise pollen
collection in colonies exposed to deprivation of only one resource. Thus, pollen-deprived
colonies would experience greater difficulty in managing pollen collection when introduced
with new nutritional demands (i.e., depletion of both pollen and nectar) and will collect less
pollen in comparison to pollen-and nectar-deprived colonies. To test the above assumptions,
a standard test procedure allowing the reading of change in behaviour following experience
is introduced.

The second experiment in Study Two examines the effect of colony growth on pollen
collection. In the absence of previous research examining the effect of colony size and
simultaneous deprivation on pollen collection, the hypothesis states that colony size and type
of deprivation will affect pollen collection. Colonies will differ in pollen collection
depending on colony size and type of deprivation. Several predictions are outlined. If
colonies are in their first stages of their development then they may require more protein and
therefore will collect more pollen than colonies in advanced stages of development. In
contrast, large colonies, by the virtue of having more foraging force, will collect more pollen
than small colonies. With regard to the effect of deprivation, predictions are as previously

stated in Study One and Experiment 1. If managing one task (i.e., pollen collection in
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pollen-deprived colonies) is easier than collecting both pollen and nectar, then pollen-
deprived colonies will collect more pollen than pollen-and nectar deprived colonies.
Alternatively, assuming that colonies allocate a greater foraging force according to their
nutritional demands, pollen-and nectar-deprived colonies will collect more pollen in
comparison to pollen-deprived colonies.

A schematic illustration of the experiments and the proposed relationship between

the variables is presented in Figure 1.

A Word on Methodological Considerations

As noted earlier, resource manipulation in colonies is consistent in all experiments
presented here. Colonies are either pollen-deprived or pollen-and nectar-deprived.
Deprivation in the context of this thesis means that the colony has to forage for the resource
in need outside of the colony (i.e., field in Study One, flight cage in Study Two). Pollen-
deprived colonies are supplied with an ad libitum supply of sugar solution (heretofore
referred to as “nectar”) inside the colony, but are not supplied with an ad libitum supply of
pollen inside the colony, and are required to forage for this resource outside the colony.
Similarly, pollen-and nectar-deprived colonies are not supplied with an ad libitum supply of
either pollen or nectar in the colony, and are required to forage for these resources outside
the colony. In both conditions pollen and nectar are available in the flight cage and are
assumed to be available in the field.

However, deprivation in the context of this thesis also means that colonies are allowed
to keep and store collected resources; pollen lumps were not removed from workers’ legs.

Furthermore, because colonies in Study Two were restricted in foraging time, they were
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supplemented on a need basis with small amounts of the resource in need to prevent larval
expulsion and premature colony’s death. This procedure is typical for bee studies in
laboratory settings (e.g., Laundry et al., 2000; Plowright & Silverman, 2000). Having said
all this, “deprivation” in this thesis does not refer to the traditional procedure in which
resources are completely being withheld from the animals.

As for measuring resource intake (i.¢., pollen collection), the procedure in this thesis
involved counting number of entries with pollen on workers’ legs and estimating pollen load
size. This method may not be as accurate as weighing the loads, but it follows the rationale
that direct contact with workers (e.g., scraping pollen of workers’ legs and weighing it) may
affect their foraging behaviour. This rationale was confirmed in a personal communication
with Dr. James Thomson, University of Toronto (May 12, 2006), who noted that workers in
one of his experiments were “hesitant” to enter the colony with pollen loads after having the
experience of it being scraped of their legs.

The comparison group in the experiments is colonies that are pollen-deprived and
nectar-supplemented. The choice of this comparison group is based on consistent research
findings showing that pollen-deprived colonies collect more pollen than pollen-
supplemented colonies or nectar-deprived colonies, as elaborated earlier in the Introduction.
Furthermore, personal communication with other experts in the field, such as Dr. Chris
Plowright and Dr. Catherine Plowright, provided the impetus for limiting comparison groups
to resource manipulated colonies and excluding a group in which both resources are
supplemented ad libitum inside the colony. The rationale follows experts’ observations in
which colonies that are being supplemented at all times with both pollen and nectar do not

forage. Nevertheless, Experiment 2 in Study Two examines this notion.
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Abstract
The study examines the effect of simultaneous deprivation on colony growth in five pairs of
pollen-deprived colonies (-P) and pollen-and nectar-deprived colonies (-P-N). Colonies
were left to free forage in a field setting for 24 hours for a period of five weeks. To estimate
colony growth, workers were counted each week. Cocoons were also counted to better
estimate colony size at the end of the experiment. Results showed that colony growth in
-P-N did not differ from colony growth in -P. Results are discussed in terms of colony’s

adaptation to resource availability.
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Growth and Reproduction in Resource Manipulated Field-Foraging Bumblebee Colonies
Introduction

In order to grow and survive, bumblebee colonies require pollen as a source of
protein and nectar as a source of carbohydrate (Heinrich, 1979, Sutcliffe & Plowright, 1988,
1990). Pollen and nectar depletion affects colony growth, specifically, pollen-deprived
colonies produce smaller workers and their developmental period is lengthened (Cartar &
Dill, 1991; Plowright & Jay, 1977). The notion that colonies’ growth is affected by resource
availability is further supported in research on honeybees showing that colony’s growth was
increased when supplemented with high levels of pollen (Fewell & Winston, 1992).

The size of a colony is often a reliable indicator of its foraging workforce, which is
usually a third of the total number of workers in the colony (Alford, 1975). Therefore,
naturally, larger colonies have a larger foraging force than smaller colonies. The availability
of pollen and nectar indirectly affects colony’s work force in that it affects the growth of a
colony and size, and consequently its foraging workforce.

The size of a colony, however, does not necessarily imply a higher volume of pollen
collection. Pollen collection is strongly affected by the availability of pollen and nectar in
the colony as demonstrated in resource-manipulation research studies (Cartar, 1992; Landry,
Plowright, &Plowright., 2000; Plowright, Thompson, Lefkovitch, & Plowright, 1993;
Plowright, Cohen-Salmon, Landry, & Simonds, 1999; Plowright & Silverman, 2000). For
example, pollen-deprived colonies collect more pollen in comparison to pollen-
supplemented colonies (Plowright et al., 1993; 1999) and colonies that are further depleted
of nectar collect less pollen in comparison to nectar-supplemented colonies (Cartar, 1992).

Research on simultaneous deprivation of pollen and nectar has reached inconclusive results.
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In one study, pollen-and nectar-deprived colonies collected more pollen than pollen-deprived
colonies (Landry et al., 2000), but in another study results showed the opposite effect
(Plowright & Silverman, 2000).

Extrapolating from the above, findings suggest that the energy state of the colony
determines colony’s growth and its workers allocation to resource collection. But, which
resource is more in demand when the colony is deprived of both pollen and nectar? Which
resource, pollen or nectar, would colonies collect under simultaneous deprivation of
resources, and what would be the subsequent effect on their growth?

The objective of this study is to examine the effects of simultaneous deprivation of
pollen and nectar on colonies’ growth. Absence of previous research on simultaneous pollen
and nectar deprivation and colony growth provides the impetus for the study. Findings
pointing to the effect of pollen on colony development on the one hand, and the absence of
previous research on simultaneous pollen and nectar deprivation on the other hand, lead to
the following hypothesis: Type of deprivation will affect colony development and growth.
Specifically, pollen-deprived colonies will differ from pollen-and nectar-deprived colonies
in their pollen collection and therefore will result in a different colony size. If colonies in
one condition collect more pollen then they will produce larger colonies (i.e., more workers
and queens) than colonies in the other condition. Two possibilities then arise. Assuming
that managing one task (i.e., pollen collection in pollen-deprived colonies) is easier than
collecting both pollen and nectar, then pollen-deprived colonies will collect more pollen and
consequently produce a greater number of workers and queens in comparison to pollen-and
nectar-deprived colonies. Alternatively, assuming that colonies allocate a greater foraging

force according to their nutritional demands, pollen-and nectar-deprived colonies will
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allocate a greater foraging force, collect more pollen and consequently produce a greater

number of workers and queens in comparison to pollen-deprived colonies.

Method
Subjects Initially, twelve colonies of Bombus impatiens were examined in the experiment,
but during the procedure one colony had lost its queen and therefore the pair including this
colony was eliminated from the study and the analysis. The colonies were from wild-caught
queens reared in the lab following the methods of Plowright and Jay (1966), and kept in a
wooden domicile (30 cm x 15 ¢cm x 15 cm) in the lab. The colonies were fed with fresh
frozen pollen and “Bee Happy” solution/sugar water solution (2:1 vol:vol). The numbers of
workers in colonies prior to the experimental manipulation in the remaining ten colonies
were 11, 12, 12, 15, 20, 27, 29, 29, 36, and 75. Colonies that were excluded from the
analysis included 16 and18 workers.
Materials Colonies were transported to a field site in Cantley, Quebec, and were housed
within a shed (4x3x2.5m) with connecting tubes leading to the out side. See Figure 1 for
illustration of the setting.
Procedure The study was conducted in July- August 2001 in Cantley, Quebec. Colonies
were assigned into pairs according to similarity in workers’ number in colonies: 11 and 12
workers; 12 and 15; 20 and 27; 29 and 29; 36 and 75. Although colonies in the last pair (36

and 75 workers) were markedly different in size, this issue was addressed in the analysis by
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calculating growth in proportion to colony size. The colonies were placed equidistant from
one another. Each colony in each pair was randomly assigned by a coin flip into one of two
conditions: (1) pollen-and nectar-deprivation (-P-N) or (2) pollen-deprivation (-P). In -P-N,
pollen lumps and nectar tubes were removed. In -P colonies, only pollen lumps were
removed and sugar solution was supplied ad libitum inside the colony.

Colonies in both conditions were left to free forage 24 hours each day in the field.
Data were collected weekly for a period of five weeks and consisted of weekly census count
of workers in each colony, a record of date of emergence of new queens and males in each
colony, and their number. Each week, new workers were colored with a non-toxic paint or
numbered with labels glued onto their thorax in order to track the colony size.

Following one month of treatment, colonies were frozen in order to allow a count of
cocoons. The final data collection of cocoons allowed for a better estimation of colonies’
size and number of new queens produced (workers’ and males’ cocoons differ
morphologically from queens’ cocoons). This final estimation of colonies’ size was
essential, because new queens and males may have been absent from the colony permanently
when bees were counted.

Data analysis Colony growth (number of new workers) was calculated each week using the

following formula:

%F = [(current — past)+ past]x100

The percentage of new workers each week was first treated as a binominal
proportion. Because the residual was much greater than the degrees of freedom, the

variability was greater than the theoretical variability of a binomial distribution. Similarly,
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when the data were treated as counts reflecting a Poisson process, the variability was greater
than predicted. Accordingly, the data were treated to a square root transformation. Normal
error distribution and log link were used (Baker & Nelder, 1978). See Appendix B for a

sample of statistical output.

Results

The counts of queen cocoons vs. males or workers are given in Table 1. Despite an
almost two fold difference in the average number of queen cocoons and the number of
workers/male cocoons (more individuals in -P colonies), the differences were non-significant
for the worker/male cocoons (F 1, 4= 3.64, P= .13, n.s.) as well as for the queen cocoons (F,
4= .22, P=.67,n.s.). Figure 2 shows a similar pattern in colony growth in both treatment
conditions, resulting in an insignificant interaction between time and treatment condition (£,
16= 1.98, P =.18, n.s.).

We also evaluated these findings by (1) using the total number of workers at the start
of the experiment as a co-variate (2) ignoring the pairing of the colonies and treating the
experiment as a between-groups design rather than a paired-colonies design (3) looking for a
main effect at just the beginning of the experiment and discarding the data for weeks five
and six (4) excluding one pair of colonies where the starting sizes were less well matched

than in the other.



Workers/males Queens
Pair # -P -P -N -P -P-N
1 153 81 16 26
2 666 336 11 123
3 836 486 366 55
4 1039 200 17 16
5 1082 1142 61 133

Study 1- Table 1. Number of worker and male cocoons and number of queen cocoons for
each pair of colonies, one of which was pollen deprived (-P) and the other of which was

deprived of both pollen and nectar (-P-N).
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Discussion

Briefly, no significant differences between treatment conditions were obtained in this
experiment, even though the manipulation could not have been stronger (colonies either had
to collect all their nectar in the field for a period of 5 weeks or had it supplied to them
directly ad-libitum). One possible interpretation of the failure to find an effect is that
colonies are resilient to resource deprivation. Furthermore, colonies were let to free forage
24 hours a day during the experimental period. Hence, as in natural habitats, deprived
colonies had no time or labor restrictions to obtain the resource in need.

The suggestion that colonies will change their foraging strategy and adapt to a novel
storage condition is supported by findings in Fewell and Winston (1992). In their
experiment on honeybee colonies, Fewell and Winston (1992) found that pollen-deprived
colonies collected more pollen than pollen-supplemented colonies, but pollen-supplemented
colonies collected pollen with higher nutritional value than pollen-deprived colonies.
Colonies returned to their pre-experimental levels of pollen storage within 16 days. Two
conclusions can be drawn from their findings. First, colonies change their foraging behavior
and adjust to new storage conditions. Second, as noted by Fewell and Winston (1992),
colonies regulate pollen storage levels around a homeostatic set point. Therefore, with
regard to the present experiment, no differences in reproduction were evident possibly
because colonies were able to regulate their resource homeostatic set point over time, and
thus, growth was not affected by the experimental treatment.

It was not feasible to monitor foraging activity in 10 colonies, but perhaps pollen-and

nectar-deprived colonies worked harder than pollen-deprived colonies and provided
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sufficient pollen and nectar for colony development to be unaffected. The interpretation that

colonies adapt to shortage in resource is the subject of Study Two.
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Abstract
To examine factors influencing pollen collection by bumblebees (Bombus impatiens), we
compared pollen collection in free-foraging resource-manipulated colonies (i.e., pollen-and
nectar-deprived vs. pollen-deprived only). Additional manipulations included prior foraging
experience in Experiment 1, and colony size in Experiment 2. In Experiment 1, colonies
were either deprived of both resources or deprived of only pollen and were subsequently
tested while deprived of both resources. Colonies that had experience in managing both
foraging tasks subsequently collected more pollen and allocated greater foraging effort than
did colonies that only had experience in collecting pollen. In Experiment 2, larger colonies
collected more pollen although smaller colonies collected more pollen relative to their
colony size. Results show that colonies collect more pollen when deprived of both
resources, exhibit foraging efficiency depending on previous tasks, and allocate foraging
effort according to their nutritional and energetic demands. Results in our study demonstrate
that pollen collection is dependent on nectar availability and have practical implications for
growers of bumblebee-pollinated crops: Pollination may possibly be improved by causing

colonies to forage for nectar as well as for pollen.

Keywords: Bumblebees, Bombus impatiens, pollen collection, pollen and nectar

deprivation, colony requirements, colony size, foraging experience.
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Pollen Collection by Bumblebees (Bombus impatiens): The Effects of Resource
Manipulation, Foraging Experience and Colony size
Introduction

In recent years, bumblebee colonies have gained an important role in greenhouses.
Bumblebee pollination, especially by Bombus impatiens, has shown to improve greenhouse
crops (Dogterom, Matteoni, & Plowright, 1998; Macfarlane, 1992; Plowright & Laverty,
1987; Kevan, Straver, Offer, & Laverty, 1991). For example, tomato flowers that were
pollinated by bumblebees produced larger fruits than flowers that were pollinated manually
(Dogterom et al., 1998). Bumblebee pollination also increases the yield and quality of self-
pollinating crops, such as peppers (Abak et al., 1997). Given these considerable economic
and agricultural implications for greenhouses, it is important to understand factors affecting
colonies’ pollen collection.

In greenhouses, bumblebees collect pollen from flowers, but are provided with a
supply of sugar solution (here simply referred to as “nectar”) within the colony. We assume
that the purpose for supplementing the colonies is implicit and twofold. First, growers
purchase colonies with an ad libitum nectar supply attached to them. A “built-in” nectar
supply may be more convenient to growers, because in this way, colonies do not require
constant handling and feeding. Second, implicit in the practice is also the assumption that if
colonies were to collect both pollen and nectar outside the colony, then there would be a
- trade-off between pollen and nectar collection (Stephens & Krebs, 1986). In other words,
when deprived of both resources within the colony, bumblebees may collect nectar at the
expense of pollen when foraging in the greenhouse. However, research findings are not

consistent in supporting this assumption (see below).



42

Plowright and Silverman (2000) compared foraging behaviours under conditions of
single resource vs. two-resource deprivation. When a colony was deprived of both nectar
and pollen, bees spent just as much time foraging for nectar as when they were deprived only
of nectar. The results were different, however, for pollen foraging. When the colony was
deprived of both nectar and pollen, pollen foraging was compromised compared to when the
colony was only in need of pollen. Nectar was apparently collected at the expense of pollen.
In contrast, Landry, Plowright, and Plowright (2000) found no foraging trade-off in a sample
of two bumblebee colonies foraging on blueberry flowers. Specifically, when colonies were
deprived of both resources, a few workers collected more pollen, not less, than when
colonies were deprived only of pollen. In this case, pollen may have been used as a
substitute for nectar.

A variety of uncontrolled variables may account for the different findings in the two
studies. As noted by Plowright and Silverman (2000), the value of pollen to the colony
depends on amount and age of brood, in that younger colonies require more pollen in order
to grow and develop than older colonies (Free, 1967; Pendrel & Plowright, 1981). Foraging
experience by individual workers may also be important. Indeed, in one of the studies, the
bees that collected more pollen when the colony was deprived of both resources tended to be
the most experienced (See Table 2 in Landry et al., 2000). Accordingly, the present studies
expand on Plowright and Silverman (2000) and Landry et al., (2000).

Our studies compare pollen collection under conditions of deprivation of pollen (with
nectar being supplemented to the colony) vs. deprivation of both pollen and nectar. The
previously uncontrolled variables of foraging experience and colony size are systematically

manipulated in Experiment 1 and 2, respectively.
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Experiment 1: The effects of resource manipulation and foraging experience

Bumblebees’ foraging behaviour may depend on their past foraging experiences
(Cartar, 1992; Jones, Reithel, & Irwin, 1998; Landry et al., 2000) and resource availability
within the colony (see Plowright & Plowright, 1999 for a review of the literature). For
example, following nectar depletion, number of foraging workers and nectar collection
increased, but inexperienced foraging workers were less efficient in resource collection than
experienced foraging workers (Cartar, 1992). Thus, bumblebees adjust their foraging effort
and resource collection according to colonies’ nutritional demand, yet foraging efficiency
may depend on workers’ experience in managing previous tasks.

The above proposed foraging principles stating that (1) colonies allocate foraging
effort according to their nutritional demands, and (2) colonies’ foraging efficiency depends
on experience in previous tasks, are the aim of investigation in the present study. First, we
follow previous research and examine pollen collection in pollen-and nectar-deprived
colonies vs. only pollen-deprived colonies. Then, because previous research does not
untangle effects of prior experience from effects of current environmental conditions, a
standard test procedure is introduced in this study (Shettleworth, 1998). A standard test is a
procedure allowing the reading of change in behaviour following experience by comparing
two groups at two times. Specifically, experience is manipulated between groups at Time A.
The two groups are then compared on an identical task at Time B. In our experiment, the
effect of foraging experience on pollen collection in colonies subsequently deprived of both
resources is examined following the principles of a standard test. At Time 1 colonies receive

no treatment. At Time 2 one group is deprived of both pollen and nectar and the other group
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is deprived only of pollen. At Time 3 both groups are deprived of both pollen and nectar.
The use of a standard test at Time 3, or a common test, is of great methodological
importance because it enables an examination of the effect of prior foraging experience on
pollen collection efficiency when both pollen and nectar are in current demand (see Figure 1
for an illustration of the experimental conditions and procedures).

We envisaged two possible scenarios regarding pollen collection behaviour at Time
3. One possibility was that the bees in Group 1 colonies would be proficient pollen
collectors, having “focus their energies” on pollen collection at Time 2. Conversely,
workers in Group 2 colonies, by virtue of having had to manage a “balancing act” between
nectar and pollen collection at Time 2, would be comparatively inefficient at pollen foraging
at Time 3. The other possibility was that the opposite might be observed. The Group 1
colonies were introduced to an additional foraging task (nectar collection) at Time 3,
whereas the Group 2 colonies had been foraging for both nectar and pollen all along Times
2-3. Perhaps the bees in the Group 1 colonies would experience greater difficulty, not less,
in managing pollen collection than the bees in the Group 2 colonies once the additional

demand of nectar collection was placed upon them.

Material and methods
Subjects Four Bombus impatiens colonies were reared in the laboratory from wild caught
queens during spring-summer 2002. The colonies were reared following the methods of
Plowright and Jay (1966). They were transferred into a wooden domicile (30cm x 15¢m x

15cm) and fed with honey-water solution (2:1 by volume) and fresh frozen pollen. Both of
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Time 1 Time 2 Time 3
No treatment Treatment Common test
(7 days) - (7 days)
Group 1 P
-P colonies . \
1P +N —P-N
Group 2: /
- =P -N colonies -P-N

+P +N  Pollen and nectar supplemented
—P —N Pollen and nectar deprived
-~P Pollen deprived and nectar supplemented

Study 2- Experiment 1- Figure I. 1llustration of experimental sequence in Experiment 1.
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the resources were available ad libitum prior to manipulation. Number of workers in
colonies prior to experimental manipulation was 18, 23, 26, and 29.

Testing apparatus A 165 x 165 x 166 cm flight cage with wooden frame and screen was

divided by a 66 x 66.5 cm wooden frame and screen partition into two 165 x 82.5 x 166 cm
flight cages. The two flight cages had a connecting door. Each division in the flight cage
contained two stands, one for each resource. One white wooden stand (84 cm high) was
used as a source of pollen. Frozen fresh pollen was ground and put on cheesecloth on the
top of a basin vat full of water. The pollen was ground and changed daily. The second
white wooden stand (140 cm high) supported a feeder containing honey solution. In
addition to the fluorescent lighting in the lab, a fluorescent lighting fixture was assembled on
the top of the flight cage.

Procedure Colonies were paired according to their size (18 and 23; 26 and 29) and then
randomly assigned by coin tossing to one of two conditions: (1) -P (pollen-deprived), or

(2) -P-N (pollen-and nectar-deprived). Colonies in the -P condition were supplemented
directly with sugar solution inside the colony. -P-N colonies were not supplemented with
either resource inside the colony. Both fresh ground pollen and nectar were available in the
flight cage for the two conditions during the experiment.

The experiment proceeded for 17 consecutive days. The experiment consisted of
three stages (see Figure 1 for a schematic illustration of the procedure). In the first stage
(Time 1) each of two pairs of colonies were connected to the flight cage, one pair at a time,
and left to free forage 3 hours a day. During this stage, which lasted for three days, colonies
were supplemented with pollen and nectar. For one hour out of the 3-hour foraging time

blocks, two observers recorded bees leaving and entering the colonies, time in which bees
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left/entered the colony, bees’ returns with pollen and size of pollen load. Assessment of
pollen size was adapted from Plowright et al., (1993), and Cartar (1992). Pollen load size
was classified according to the following categories: small, medium, large, and extra-large.
Observers agreed that the criteria for pollen load size was as following: 1mm in diameter for
a small load, 2mm for medium, 3mm for large, and 4mm or greater for extra-large. To
assure adequate inter-rater reliability, we counterbalanced observations. Specifically,
observer A would rate —P colonies and observer B would rate —P-N colonies on day 1, and
on day 2 observer A would rate —P-N colonies and observer B would rate —P colonies. Hour
of recording foraging activity was also counterbalanced. Each day, hour of recording was
changed so on Day 1 we recorded during the first hour of the experiment, on Day 2 we
recorded during the second hour of the experiment, and so on. Workers were counted and
individually labelled every day.

After three days the manipulation began (Time 2). Randomly assigned, two colonies
were -P for seven days and two colonies were -P-N. During each of the two 3-hour daily
foraging periods, colonies in the two treatments were paired. The observers recorded
foraging behaviour as recorded in the first stage of the experiment. After seven days, the
common test began (Time 3). -P colonies were deprived not only of pollen but also nectar
for seven days, and -P-N colonies remained deprived of both resources. Because the
foraging periods were restricted to three hours per day, colonies were given daily small
supplements of pollen (3 mm ball diameter) and nectar on a need basis (2 cc) to ensure that
they would not expel larvae in response to drastic pollen and nectar shortage.

Data analysis The frequencies of pollen collection trips were treated as a Poisson process.

The variance was greater than predicted by a Poisson model, and so the data were square-
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root transformed, which stabilized the variance, and a normal error distribution with log link
were used (Baker & Nelder, 1978). The data were analyzed using GLIM version 4.0
(Generalised Linear Interactive Modelling; Francis, Green, & Payne, 1993). We first tested
for a difference between groups in pollen trip frequency at each time. Secondly, to examine
whether the resource manipulation at Time 2 prompted the bees to collect larger or smaller
pollen loads, the pollen collection trip counts were classified according to condition and load
size. Even though pollen load size is a response variable, for purpose of statistical analysis it
was treated as an independent variable (McCullagh & Nelder, 1989). We tested for whether
the classification of trip counts according to pollen load size depended on condition, i.e. we

tested for an interaction between load size and condition.

Results

Although the colonies were roughly matched at the beginning of the experiment,
-P-N colonies were slightly smaller (mean = 22 workers) than -P colonies (mean= 26
workers). The growth rates were no different for the two conditions (Day x Condition
interaction F' 1 30 = 2.21, P=.15, n.s.). Accordingly, the absolute frequencies of pollen
foraging trips were corrected for the number of workers in the colonies thus resulting in
percentage of pollen foraging workers. Specifically, number of trips with pollen were
divided by number of workers in colony and then multiplied by 100. Figure 2 shows that the
frequency of foraging trips per worker is higher in -P-N colonies.
Time 1: No treatment

At Time 1, when colonies were supplemented with pollen and nectar (i.e., no

treatment) there was no record of foraging behaviour except for one worker.
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Time 2: Treatment (-P colonies vs. -P-N colonies)

At Time 2, when colonies were treated with different tasks (i.e., pollen deprivation
vs. pollen and nectar deprivation), the effect of condition on pollen collection was
significant, (F 1, 102= 7.05, P <0.025) with -P-N colonies collecting more pollen loads than
-P colonies (see Figure 2).

The effect of colony within condition was not significant (F 5, 10, = 0.97, P=.39, n.s.)
Furthermore, it appears that -P-N colonies had a general higher foraging activity than -P
colonies (i.e., incoming trips without pollen, see Figure 3). The tendency by -P-N colonies
to collect larger pollen loads was not significant (F 3 10, = 0.83, P= .49, n.s.) (see Figure 4).
Time 3: Common test (all colonies are -P-N deprived) |

At Time 3, when colonies were introduced with a common test (i.e., pollen-and
nectar-deprivation) the difference between groups was significant for pollen collection,

(F 1,102 =25.12, P <0.001). Colonies that had been -P-N at Time 2 collected more pollen at
Time 3 (see Figure 2) and no differences among colonies within condition were found (F -,
102 = 0.68, P= .51, n.s.). Finally, they collected larger loads at Time 3 than did -P colonies,
(F 3,102 = 3.34, P< 0.025) (see Figure 5). Specifically, more trips with extra-large pollen
loads were evident in -P-N colonies than in -P colonies. Also, -P-N colonies showed higher
general foraging activity than -P colonies when trips with pollen were excluded (see Figure
3). However, -P colonies seemed to have a higher proporﬁonal increase in pollen collection

between Time 2 and Time 3 in comparison to —P-N colonies.
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Study 2- Experiment I- Figure 2. Mean freQuency of trips with pollen with standard error

bars in -P colonies and -P-N colonies (corrected for number of workers in the colony).
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(Trips without pollen/workers in colony) x 100
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Treatment

Condition
M P (pollen deprived)

—P —N (polien and nectar deprived)

' Study 2- Experiment I- F igure 3. Mean frequency of foraging trips without pollen, with

standard error bars, in -P colonies and -P-N colonies (corrected for number of workers in the

colony).
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Load size
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Condition
Il -P (pollen deprived)

~P -N (pollen and nectar deprived)

Study 2- Experiment 1- Figure 4. Mean frequency of pollen loads of different sizes, with

standard error bars, for -P colonies and -P-N colonies at Time 2.
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MR -P (pollen deprived)
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(Trips with pollen/workers in colony) x 100

Study 1- Experiment 1- Figure 5. Mean frequencies of pollen loads of different sizes, with

standard error bars, for -P colonies and -P-N colonies at Time 3.
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Discussion

In summary, -P-N colonies at Time 2 collected more pollen and appeared to allocate
more foraging trips than -P colonies. Also, the overall foraging activity in -P-N colonies
was higher in comparison to -P colonies. Moreover, results in Time 3 show that experience
affects pollen collection. Colonies with previous experience in pollen and nectar collection
when deprived of both resources at Time 2 collected more pollen and bigger loads in the
common test (-P-N) than those that were experienced in pollen collection under deprivation
of only pollen at Time 2. These results show that type of deprivation and experience affect
pollen collection and colonies do not necessarily trade-off pollen collection for nectar

collection when deprived of both resources.

Experiment 2: The effects of resource manipulation and colony size

Bumblebees modify their pollen collection according to requirements inside the
colony. In particular, different developmental stages and changes in food resources in the
colony affect bumblebees’ pollen collection (Pendrel & Plowright, 1981; Plowright &
Plowright, 1999). For example, the presence of brood in colonies is associated with greater
pollen and nectar intake (Cartar & Dill, 1991; Pendrel & Plowright, 1981). However, it is
not clear how bumblebee colonies in different developmental stages modify their pollen
foraging behaviour when deprived of both resources. Accordingly, Experiment 2 examines
the effects of colony development and simultaneous deprivation of pollen and nectar.

In the absence of previous research examining the effect of colony size and
simultaneous deprivation on pollen collection, the hypothesis is as following: colony size

and type of deprivation will affect pollen collection so that colonies will differ in pollen
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collection depending on colony size and type of deprivation. Several predictions are
outlined. If colonies are in their first stages of their development then they may require more
pollen and therefore will collect more pollen than colonies in advanced stages of
development. In contrast, large colonies, by the virtue of having more foraging force, will
collect more pollen than small colonies. With regard to the effect of deprivation, predictions
are as previously stated in Study One and Experiment 1. If managing one task (i.e., pollen
collection in pollen-deprived colonies) is easier than collecting both pollen and nectar, then
pollen-deprived colonies will collect more pollen than pollen-and nectar-deprived colonies.
Alternatively, assuming that colonies allocate a greater foraging force according to their
nutritional demands, pollen-and nectar-deprived colonies will collect more pollen in

comparison to pollen-deprived colonies.

Materials and Methods
Subjects Twelve new Bombus impatiens colonies were reared as in Experiment 1. Number
of workers in each colony prior to experimental manipulation was 6, 7,7, 8, 9, 13, 31, 36,
37,55, 58, and 59. Colonies with less than 15 workers, presence of worker larvae, and no
presence of sexual reproductives were considered “small”, and colonies with more than 30
workers with sexual reproductives were considered “large”; number of workers and the
presence of reproduction are differential criteria for the developmental stage and hence the
size of the colony.

Testing apparatus see Experiment 1.

Procedure Colonies were paired according to their developmental stage. “Small” colonies

with less than 15 workers, presence of worker larvae, and no presence of sexual
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reproductives were paired together (6 and 7, 7 and 8). “Large” colonies with more than 30
workers and with the presence of sexual reproductives were paired together (37 and 55, 58
and 59). In all, there were six pairs of colonies, with three “small” pairs and three “large”
pairs. Eight colonies, four large and four small, were assigned to one of two possible
conditions: (1) -P (pollen-deprived), or (2) -P-N (pollen-and nectar-deprived). Within each
pair of colonies assignment to condition was made by a coin toss. The remaining four
colonies were assigned to the no treatment group (+P+N), a condition in which colonies
were supplemented with an ad libitum supply of pollen and nectar inside the colony.
Number of workers in +P+N was 9 and 13 in “small” colonies, and 31 and 36 in “large”
colonies.

The treatment began the afternoon before data collection. Pollen lumps were
removed from both treatment conditions. Nectar tubes were removed in the -P-N condition.
In the -P condition, nectar was supplied ad libitum. Bees were counted and recorded daily in
order to monitor colony’s growth. For 14 consecutive days, each pair was let to forage
simultaneously for three hours. Each pair was tested every day. Because the foraging
periods were short, colonies were given small supplements to avoid possible starvation and
larval expulsion. Other details on method of data collection were the same as Experiment 1.
Data analysis The frequencies of pollen collection trips were treated as a Poisson process.
The data were analyzed using GLIM version 4.0 (Generalised Linear Interactive Modelling;
Francis, Green, & Payne, 1993). Even though pollen load size is a response variable, for
purpose of statistical analysis it was treated as an independent variable (McCullagh &

Nelder, 1989). We tested for whether the classification of trip counts according to pollen
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load size depended on condition, i.e. we tested for an interaction between load size and

condition.

Results

A manipulation check revealed that mean number of workers was indeed
significantly different between colony size conditions (F | 256 = 146.63, P < 0.001).
Workers” number in small -P colonies ranged from 6 at the beginning of the experiment to
20 workers at the end of the experiment, and from 6 to 22 in small -P-N colonies. The
number of workers number in large -P colonies ranged from 54 at the beginning of the
experiment to 85 workers at the end of the experiment, and from 37 to 80 in large -P-N
colonies.

The effect of experimental condition was significant (F , 440 = 4.10, P <0.05). In
keeping with the trend in Experiment 2, -P-N colonies collected more pollen in comparison
to -P colonies. The effect of colony size on pollen collection was significant (F' | 440 = 8.46,
P<0.005). Not surprisingly, larger colonies collected more pollen loads than smaller
colonies (see Figure 6). However, when corrected for colony size, smaller colonies collected
more pollen loads than larger colonies relative to their colony size (Figure 7). The
interaction of condition by colony size, however, was not significant (F | 449 = .26, P=.62,
n.s.). Even when condition and colony size had been taken into account, there were
significant colony differences (colony within size group and condition (¥ 4,440 = 6.36, P

<0.001).
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Study 2- Experiment 2- Figure 6. Mean frequencies of pollen collection trips, with standard
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Discussion
In summary, -P-N colonies collected more pollen than -P colonies. Large colonies
collected more pollen than small colonies. Small colonies, however, collected more pollen
relative to their colony size. Furthermore, when colony size is experimentally controlled and

manipulated the same effect of -P-N deprivation emerges as in Experiment 1.

General Discussion

Under which conditions do bumblebees improve their pollen collection? Our results
clarify the effects of simultaneous deprivation, prior experience, and colony size on pollen
collection in bumblebee colonies. Deprivation of both resources as compared to just pollen
deprivation improved foraging on three measures: frequency of foraging trips, frequency of
trips with pollen and pollen size. Furthermore, pollen collection under dual resource
deprivation was magnified when paired with other variables, namely prior experience or
colony size.

Type of deprivation and prior experience in collecting resources in need seem to
determine colonies’ foraging allocation and efficiency when introduced with new nutritional
demands. In Experiment 1, colonies that were deprived of both resources exhibited higher
foraging efficiency (i.e., more frequent trips with pollen and larger pollen loads) in
comparison to pollen-deprived colonies that were introduced with a novel task (i.e., nectar
depletion). The notion that -P-N colonies will collect nectar at the expense of pollen (“trade-
off”) is rejected in our study. In fact, our findings show that pollen collection is intensified
vis-a-vis colonies’ energetic demand (i.e., nectar depletion) thus suggesting that nectar
collection may be strongly linked to the efficiency of pollen collection. Apparently, pollen

collection depends not only on pollen reserves but also on nectar reserves- a conclusion that
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would have eluded us had pollen and nectar requirements and foraging behaviour been
studied independently as they often are (Plowright & Laverty, 1984; Plowright & Plowright,
1999). Our findings here suggest that in the absence of pollen and nectar colonies enhance
their collection of pollen. These findings are important for a couple of reasons. First, they
elucidate previous findings on simultaneous deprivation (Landry et al., 2000; Plowright &
Silverman, 2000), in that under identical conditions, pollen-and nectar-deprived colonies
collect more pollen than pollen-deprived colonies. Second, they support previous
suggestions (Cartar, 1992), in which bumblebees adapt their foraging behaviour depending
on colonies’ needs and exposure to previous tasks.

Why did Group 1 in Experiment 1 collect less pollen after further depletion of nectar
than Group 2 at Time 3? Pollen collection and nectar collection are energy costly and entail
acquisition of foraging skills (Heinrich 1976). Therefore, colonies deprived of only pollen at
Time 2 may have had to elaborate on their foraging repertoire after further depletion of
nectar by including non-experienced foragers to their foraging. In contrast, colonies
deprived of both resources at Time 2 were not required to alter their foraging force and
skills, which may have allowed them to strengthen their mastery in pollen collection
resulting in greater collection of pollen in comparison to -P colonies. This suggestion,
however, requires further observation at the individual level to examine each worker’s
performance at Times 2 and 3.

The role of nectar availability in enhancing pollen collection suggests that workers’
nectar collection facilitates and improves their collection of pollen. How does the need for
nectar contribute to pollen collection? Findings in Cartar (1992) show that workers who

switched from nectar to pollen collection were as efficient in resource collection as workers
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who did not switch tasks. In contrast, workers who switched from pollen to nectar collection
were less efficient in resource collection after task switching. Extrapolating from Cartar’s
(1992) and our findings, workers specializing in nectar collection may display higher
versatility in resource collection efficiency than workers specializing in pollen collection.
Therefore, colonies in need for both pollen and nectar may have allocated “pollen workers”
and “nectar workers” for resource collection, and therefore pollen collection was further
enhanced with the “helping hands” of nectar workers. An inclusion of a comparison group
in which colonies are depleted of only nectar at Time 2 and then depleted of both pollen and
nectar at Time 3 to the method presented here may assist in confirming interpretations of our
findings.

Another possible explanation is that the availability of both resources outside the
colony may have been a reinforcing condition, in that it may have increased the likelihood of
workers to collect more pollen (Shettleworth, 1998). The availability of both resources in
need outside the colony may have had “a positive feedback” effect (for example see
Plowright & Plowright, 1988): A successful foraging trip on one resource may have led to a
successful foraging trip on another resource, thus resulting in greater foraging activity in
general over time. The “positive feedback” principle is observed in nature. Specifically, the
availability of nectar in flowers is strongly linked to bumblebees’ foraging behaviour in that
bumblebees increase their visits on flowers when nectar volumes are higher (Cresswell,
1999; Hodges, 1985). However, findings in this study showing the —P colonies had a higher
proportional increase in pollen collection compared with —P-N colonies do not support the
“positive feedback” notion. Also, nectar availability does not necessarily reflect on

bumblebees’ pollination activity on a flower. The latter is affected by pollen levels
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presented in the flower, as well as it depends on the flower’s morphological structure
(Cresswell, 1999). Hence, nectar may be “hooking” bumblebees to visit flowers, but its
availability does not guarantee pollination.

In generalizing the above findings and notions to the context of greenhouses, the
availability of nectar outside the hive is likely to enhance bumblebees’ pollination of crops,
especially on nectarless plants presenting with pollen only, such as tomatoes. By removing
the nectar supply from inside the colony and presenting it next to tomato crops, foraging
activity, including pollination, may be significantly increased.

Colonies’ size determines how much pollen foragers collect, and how many foragers
are allocated for resource collection. An interesting finding in our study shows that colony’s
foraging force is reflective of its size and nutritional needs. In Experiment 2, small colonies
allocated a greater foraging force relative to their colony’s size in comparison to large
colonies. It stands to reason that colonies in their first and second brood stages will increase
their foraging force because these resources are vital to their healthy development (Cartar &
Dill, 1991). However, in the case of greenhouses, large colonies are more suitable than
small colonies for pollination, because larger colonies have a greater absolute number of
foragers than small colonies.

The results in our experiments fill a void in research on the effect of simultaneous
deprivation on pollen collection in bumblebee colonies. Thus far, only two studies
examined the effects of pollen and nectar deprivation on pollen collection resulting in
divergent findings (Landry et al., 2000; Plowright & Silverman, 2000). Expanding on their
research, our study controlled for type of deprivation, prior experience, and colony size.

Our findings suggest that bumblebees’ pollen collection depends on several key variables
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that should be controlled in future research. These variables include type of deprivation and
it is sensitive to their familiarity with the foraging task and colony size.

Results in our study may have potential applications for practices in greenhouses.
Our findings suggest that pollen collection is increased when bumblebees not only must
collect pollen but also must leave the colony to forage for nectar. Accordingly, greenhouse
growers might do well to remove the ad libitum supply of sugar solution to colonies at
delivery, and to place nectar reserves away from the colony. As counter-intuitive as it may
seem, crop pollination may possibly be improved by requiring bumblebees to do more, not

less, for themselves.
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General Discussion
Summary of Findings and Contributions

The meta-question binding all three experiments together was “Under which resource
deprivation condition, pollen-deprivation, or pollen-and nectar-deprivation, is pollen
collection enhanced?” Each experiment examined mediating factors, namely colony size
and foraging experience, to allow a more comprehensive understanding of the interplay
between resource availability and resource collection introducing sub-questions, such as
“How does resource manipulation affect colony growth?” and in turn, “How does colony
size affect resource collection?” and “How does foraging experience affect pollen
collection?” In the first experiment, results showed that simultaneous deprivation of pollen
and nectar did not differ from pollen-deprivation in its effect on colony growth in field free-
foraging bumblebee colonies. Results from the second and third experiments showed that
foraging activity for pollen is higher in colonies deprived of both pollen and nectar, and that
larger colonies collect more pollen than small colonies, but small colonies collect more
pollen in proportion to their colony size than large colonies. The results of the second
experiment also showed that previous foraging experience enhanced pollen collection when
colonies were not confronted with new energy demands.

As noted above, the experiments provide a comprehensive examination of the
relationship between resource availability, colony growth, foraging experience, and pollen
collection. While these factors were examined independently in previous studies, their
reciprocal relationship as well as their facilitating role in pollen collection has been ignored
in the literature. Furthermore, the experiments expand on previous research on simultaneous

deprivation that resulted in unsettled findings (i.e., Landry et al., 2000; Plowright &
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Silverman, 2000). By systematically manipulating variables that were previously allowed to
vary freely, consistent findings emerged: Simultaneous deprivation of pollen-and nectar in
colonies results in greater pollen collection compared to pollen collection in colonies that are
pollen-deprived and supplied with nectar inside the hive. These counter-intuitive findings
have an important practical implication for greenhouses using bumblebee colonies for crop
pollination. As discussed in the second paper, growers might do well to remove the ad
libitum supply of nectar to colonies at delivery, and to place nectar reserves away from the
colony thus possibly enhancing pollen collection on nectarless crops. In addition, results
from the first study in which treatment condition had no effect on colony growth further
strengthen the impetus for the applicability of the findings to colonies in greenhouses in that
growth (and therefore colonies’ foraging force) in pollen-and nectar-deprived colonies, in
comparison to pollen-deprived colonies, was not hindered. In other words, there is no
reason to expect that gains to the grower in terms of pollen foraging would be offset by a
decline in colony size.

With regard to research implications, the majority of studies on pollination have
mainly investigated pollen collection independently from nectar (Plowright & Laverty,
1984; Plowright & Plowright, 1999). Hence, the findings in this thesis corroborated the
principle stemming from the first preliminary study (Appendix A): Pollen collection
depends not only on pollen reserves but also on nectar, and that foraging for one resource is

not independent of the other.
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Strengths, Limitations, and Future Directions

The strengths of the thesis are the simplicity of the testing environment, variety of
experimental settings, as well as the consistency of the methodological design. The testing
environment in the first experiment consisted of a shed to house colonies collecting their
resources from the field. The use of a laboratory setting allowed for examination of the
effect of resource manipulation on foraging behaviour in a controlled environment on the
one hand, and on the other hand, the use of a field setting allowed for examination of the
effect of resource manipulation on growth in natural-like conditions. The repeated
comparison of pollen-deprived colonies to pollen-and nectar-deprived colonies in all three
experiments allowed for the search of congruency between findings hence leading to robust
conclusions with respect to the effect of the manipulation.

Although the method did not assist in detecting an effect of resource manipulation on
colony size in Study One, it did successfully examine the effects of resource availability,
foraging experience, and colony size on pollen collection in Study Two. To further explore
the link between resource availability and colony growth as well as to further refine the
study of factors shown here to affect pollen collection, the following methodological
improvements are suggested: (1) examination of simultaneous deprivation and colony
growth in a better controlled environment, such as in a laboratory flight cage to allow a
closer monitoring of colonies’ foraging behaviour; (2) examination of pollen collection at
the individual level, for example, measure of time elapsed between workers’ departure from
and return to the hive over time to further explore the role of foraging experience on

resource collection. Also, examination of pollen collection in “skilled” foragers vs. “naive”
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foragers to further disentangle the effects of new foraging tasks on workers’ resource
collection; (3) monitoring of change in foraging force allocation over time (i.e., how many
workers are allocated to resource collection under which condition and for how long) to
further reveal the relationship between experience, efficiency, and energy intake, and; (4)
inclusion of a nectar-deprived and pollen supplemented (-P+N) comparison group to the
experimental design presented in Study One, Experiment 1 (i.e., -P+N at Time 2 and -P-N at
Time 3), to better understand how does the need for nectar contribute to pollen collection.

In accord with findings in the research literature (e.g., Cartar, 1992; Heinrich, 1976;
Peat & Goulson, 2005), the results of the second experiment show that experience facilitates
bees’ foraging behaviour. Do these findings also point to learning processes involved in
bees’ pollen collection behaviour? In his review of the literature, Dukas (1998) noted that
learning is a change in behaviour as a result of experience. Bees in Experiment 1 indeed
showed foraging plasticity in response to resource manipulation, but the method used here is
not sufficient to demonstrate whether learning was involved in their behavioural change.
Specifically, the subsequent response in bees’ foraging behaviour may have been adaptive,
and did not necessarily involve change in memory. To examine presence of learning the
method should reflect whether foragers “record” their experience as response to resource
manipulation and on the basis of that memory modify their response to the manipulation
(Dukas, 1998). Based on that notion, future research may include the use of an ABAB
design (i.e., resource-supplemented; pollen-and nectar-deprivation; resource-supplemented;
pollen-and nectar-deprivation) to expand on the study of workers’ foraging response to
change in resource availability. Such a design will also distinguish motivation from learning

in bees’ foraging behaviour. That is, learning processes in bees’ foraging behaviour may be



70

detected if workers demonstrate an increased performance as a result of experience (i.e.,
increased pollen collection in B at time 2) and a lowered performance as a result of resource
manipulation (i.e., lowered pollen collection in A at time 2).

Other future directions for the study of bumblebee foraging behaviour include
colonies’ decision making around resource collection vis-a-vis possibly multiple currencies
(i.e., energy and protein intake), an area of research that has been overlooked in the
literature. The introduction of nectar collection as a dependent variable in addition to pollen
collection in a similar research context to the one presented here may help establish a better
understanding of foraging currencies, fitness and energetic costs in resource manipulated
colonies. A practical research avenue is the replication of the experiments presented here in
a greenhouse setting, but perhaps a more simplified design in which pollen-and nectar-
deprived colonies are compared with pollen-deprived colonies on pollen collection
behaviour would suffice. Such replication may be helpful in clarifying whether treatment
methods used here and shown to enhance pollen collection are portable and useful to
greenhouse settings.

Although this thesis did not aim to examine theoretical questions, it is important to
refer to foraging theories in understanding the results. However, interpretation of the results
in the present study by looking to foraging theories is encountered with some difficulty. The
basic assumption of some foraging models, in particular models of risk-sensitivity foraging,
is that if forager’s total intake of resources reaches a positive budget before foraging time
expires then the forager must rest for the remainder of the day (reviewed in Ydenberg,

1998). This assumption is not confirmed here. Although colonies needs for pollen were
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presumably similar, pollen-and nectar-deprived colonies collected more pollen than pollen-
deprived colonies under identical time restraints.

Why, then, did pollen-and nectar-deprived colonies show a higher foraging rate for
pollen than pollen-deprived colonies? There are several possible explanations for this
finding, including learning, motivation, and subject self-selection processes. First, as
discussed in the second and third experiments, the availability of both resources outside the
colony may have been a reinforcing condition, in that it may have increased the likelihood of
workers to collect more pollen as well as nectar (Shettleworth, 1998). Second, the
availability of both resources in need outside the colony may have had “a positive feedback”
effect (for example see Plowright & Plowright, 1988): A successful foraging trip on one
resource may have led to a successful foraging trip on another resource, thus resulting in
greater foraging activity in general over time. However, this explanation does not fit with
the finding showing the —P colonies had a higher proportional increase in pollen collection in
comparison to —P-N colonies. Third, the need for nectar in -P-N colonies may have
enhanced pollen collection by nectar-foraging workers who demonstrated greater versatility
in task switching and therefore efficiently collected pollen and nectar (as found in Cartar,
1992). Also, pollen-and nectar-deprived colonies’ decisions on foraging force allocation
may have contributed to maximization of the total net gain of resources while foraging. In
turn, greater foraging performance may have resulted in minimum probability of energy
shortfall thus perpetuating an enhanced foraging activity compared to pollen-deprived
colonies.

As noted earlier, this thesis focused on foraging behaviour and the factors affecting

it. It has not delved into functional questions that preoccupy foraging theorists, though the
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interplay between psychological and biological approaches to behaviour is now a fertile
ground (Chittka & Thomson, 2001). The main difficulty in the applicability of foraging
theories to the present findings may be linked to its constructs, in that they do not reflect
decision-making in foraging behaviour from a social-colony perspective, a point that has
been raised by other researchers (Plowright & Plowright, 1999; Seeley, 1995). For example,
in the risk sensitivity model (Stephens, 1981) foraging behaviour is explained in the
individual level (i.e., foragers’ choices and survival probability). Having said this, questions
raised from findings in the present thesis, such as “For how long/how many/ which workers
should be allocated for pollen collection” and “how much pollen should be collected when
the colony is deprived of both resources” are not easily answered by existing foraging
models. This difficulty in understanding findings in this thesis in a theoretical framework
may present the need for elaboration on existing foraging models and inclusion of social-
sensitive constructs. Ydenberg and his colleagues (1994, 1998) have already pointed out to
factors ignored in foraging models, such as efficiency as well as the social aspects in
foraging behaviour. Here, I suggest the inclusion of social decision mechanisms (i.e.,
foraging force allocation) as well as learning, experience, and task efficiency to foraging
models. Such a social perspective has begun to be developed in research on honeybee

behaviour (Moritzt & Southwick, 1992; Seeley 1995).

Summary
The main contribution of the thesis is its comprehensive examination of foraging
behaviour and the findings that colonies under simultaneous deprivation of pollen-and nectar

collect more pollen, not less, than pollen-deprived colonies. In addition, the findings
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challenge “common knowledge” assumptions about the effect of resource manipulation on
bumblebee’s foraging behaviour and more indirectly the assumptions underlying foraging
theories. Follow-up studies could further refine and expand on the understanding of

bumblebee colony’s economy and its foraging behaviour.
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Polien Collection in Resource Manipulated Bumblebee Colonies
Introduction

Pollen and nectar are two vital resources for bees’ growth and reproduction (Free,
1993; Ribeiro, Duchateau, Velthuis, 1996; Seeley & Heinrich, 1981). Given the importance
of these resources, bumblebees and honeybees modify their foraging behaviour according to
changes in either nectar reserves or pollen reserves in the colony (Cartar & Dill, 1991;
Fewell & Winston, 1995). For example, foraging activity increases after further depletion of
nectar (Cartar, 1992), and pollen collection increases following depletion of pollen storage
(Fewell &Winston, 1992). These findings suggest that colonies collect more of the resource
that is in greater immediate demand.

Bumblebees’ pollen collection behaviour is sensitive to different levels of pollen
reserves in the colony. For example, pollen-deprived colonies collect more pollen in
comparison to pollen-enhanced colonies (Plowright, Thomson, Lefkovitch, & Plowright,
1993). In contrast, pollen collection decreases when the colony is supplemented with pollen
and deprived of nectar (Landry, Plowright, & Plowright, 2000). While it is clear how
colonies change their foraging strategies following changes in either pollen or vnectar storage,
it is not clear how colonies change their foraging behaviour when deprived of both
resources. Interestingly, despite the occurrence of dual-resource deprivation in colonies in
nature, this topic has not received much recognition in the literature (see Plowright &
Plowright, 1999).

Two studies compared pollen collection behaviour in pollen-deprived colonies and
pollen-and nectar-deprived colonies (Landry, Plowright, & Plowright, 2000; Plowright and

Silverman, 2000). Both studies have found significant effects on type of deprivation,
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however resulted in unsettled findings. In Plowright and Silverman (2000), colonies that
were deprived of both pollen and nectar, collected less pollen compared to when it was
deprived only of pollen. In contrast, Landry et al., (2000) found that selected workers
collected more pollen when the colony was deprived of both resources.

The study of dual resource deprivation has also practical implications as bumblebee
colonies are successfully used to pollinate greenhouse crops (Abak et al., 1997; Dogterom,
Matteoni, & Plowright, 1998; Kevan, Straver, Offer, & Laverty, 1991; Macfarlane, 1992;
Plowright & Laverty, 1987). In greenhouses, bumblebees collect pollen from flowers, but
are provided with a supply of nectar within the colony. We assume that the purpose for
supplementing the colonies is implicit and two-fold. First, growers purchase colonies with a
“built-in” nectar supply inside the colony, which may be more convenient to growers,
because this way, colonies do not require constant handling and feeding. Second, implicit in
the practice is also the assumption that if colonies were to collect both pollen and nectar
outside the colony, then there would be trade-off between pollen and nectar collection
(Stephens and Krebs, 1986). In other words, when having to collect both resources outside
the colony, bumblebees may collect nectar at the expanse of pollen when foraging in the
greenhouse. However, as noted earlier, research findings are not consistent in supporting
this assumption.

The present study follows on the research by Plowright and Silverman (2000) and
Landry et al., (2000) and its main objective is to examine the effect of resource availability
on pollen collection in Bombus impatiens colonies. We hypothesize that manipulation of
resource availability (i.e., inside colony vs. outside colony) will affect foraging behaviour, so

that colonies having to forage for resources in need (i.e., pollen and nectar) will differ in
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pollen collection from colonies obtaining one resource inside the colony (i.e., nectar). Two
opposite predictions are suggested. The first prediction is based on findings in Plowright
and Silverman (2000) showing that colonies that had to forage for both resources collected
less pollen compared to colonies that had to forage just for pollen and were supplemented
with nectar. In contrast, the second prediction states that pollen collection will be increased
in colonies foraging for both resources in that colonies will fulfill its nutritional requirements
by using pollen as a substitute for nectar, as suggested in Landry et al., (2000). Also, the
general foraging activity in colonies collecting both resources may increase (Cartar, 1992),
which may be further contributing to an enhanced resource collection (a positive feedback

mechanism).

Material and Methods
Subjects Six colonies of Bombus impatients were examined in the experiment. Colonies
were from wild-caught queens reared in the lab following the methods of Plowright and Jay
(1966). Colonies were kept in wooden domiciles (30cm x 15cm x 15¢m) in the lab.
Colonies were fed with fresh frozen pollen and sugar-and water solution (2:1 by volume).
Number of workers in colonies prior to manipulation was 25, 25, 10, 12, 35, and 35 workers.
Colonies with more than 15 workers were considered “large” and colonies with less than 15
workers were considered “small”.
Materials A 165cm 165c¢m x 166cm flight cage with wooden frame and screen was divided
by a 66x 66.5 cm wooden frame and screen partition into two 165cm x 82.5cm x 166cm

flight cages (see Figure 1 for illustration of the flight cage). One flight cage contained 84cm
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wooden stand with pollen and also a140 cm wooden stand with sugar solution. Fresh frozen
pollen was ground and changed each day. Pollen and sugar solution stands were placed for
colonies foraging for pollen and nectar in the flight cage, and a pollen stand was placed for
colonies foraging for pollen in the flight cage and supplemented with nectar inside the
colony. An additional fluorescent lightening fixture was assembled on the top of the flight
cage.

Procedure The study was conducted in July 2000. Six colonies were paired according to
size in the beginning of the experiment. Colonies in pairs were randomly assigned by coin
flipping into one of two treatment conditions: Pollen and nectar available in the flight cage
(-P-N) vs. nectar available from feeder in the colony and pollen available in the flight cage
(-P+N). The treatment began the afternoon before data collection and ended after 20 days.
Each day, -P+N colonies received an ad libitum supply of nectar, and a 3x3x3mm of pollen
for small colonies and 5x5x5mm of pollen for large colonies. -P-N colonies received
3x3x3mm of pollen for small colonies and 5x5x5mm of pollen for large colonies. Also,
-P-N colonies also received 4cc of sugar solution or less when the colony had two honey-
puts full with nectar to prevent larvae from being expelled.

Workers in each colony were counted every other day. In a -P-N colony of pair
number three, half of the workers’ population died between days 8 and 9, and hence 20
workers from a naive colony were added to that colony.

For 20 days colonies in each pair were let to forage side by side for 40 minutes in the
flight cage. Forty minutes of foraging was assumed to be a sufficient time for foraging
based on previous findings on intensity of foraging activity (16 bees per 5 minutes) in

previous research (Dogterom, Matteoni, & Plowright, 1988). Using stopwatches, the
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researchers counted number of bees on the pollen stand in each condition to the nearest
minute. The behaviour was recorded only in the presence of actual pollen collection, that is,
pollen loading in the case of bee landing on the pollen stand (adapted from Plowright &
Silverman, 2000).

Data analysis To measure pollen collection, we calculated the proportion of workers on
pollen in order to control for difference in colony sizes. The data were treated as binominal
proportions (number of bees on pollen/total number of workers in colony) and so a logistic

model was used. The data were analyzed using GLIM (Generalized Linear Interactive

Modeling, Baker & Nedler, 1994). The tests of significance are x>

Results
The data set consisted of 4800 data points (6 colonies x 40 minutes x 20 days).

Overall, an effect for type of treatment deprivation on the proportion of bees collecting

pollen was found with -P+N colonies collecting more pollen than -P-N colonies (x%)=

368.7, P<. 001). This difference was consistent in each pair of colonies and more noticeable
in pairs one and three.

In pair number one, proportion of bees on pollen in -P+N colonies was .58 (bees per
minute) in comparison to .37 (bees per minute) in -P-N colonies. The same trend, although
not as pronounced, appeared in pair number two. In pair number two, percentage of bees on
pollen in the -P+N condition was .39 (bees per minute), compared with .33 (bees per minute)
in the -P-N condition. Pair number three had a noticeable difference in number of bees on

pollen between treatment conditions. In this pair, -P+N colonies had an average of 2.35 bees
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on pollen (per minute) while the -P-N colony had only an average of .60 bees on pollen (per

minute).

Discussion

A significant effect for availability of resources on pollen collection was found.
Colonies foraging for pollen outside the colony and supplied with nectar inside the colony
had a higher proportion of bees on pollen than colonies foraging for both resources outside
the colony. This difference was evident in all three pairs of colonies. These findings are in
accord with previous findings showing that pollen collection was compromised in colonies
required to forage for both pollen and nectar (Plowright & Silverman, 2000).

Despite the striking significance of the results, the numerical difference of number of
bees on pollen between conditions appears marginal on the surface. Nevertheless, it is
important to emphasize that we measured the proportion of bees on pollen per minute for a
period of only 40 minutes. Therefore, even such a small difference could have an impact of
pollen collection if measured over a whole day.

No support was found to the notion that foraging for nectar activates foraging in
general, which would have lead to an increased pollen collection in return. In fact, the
reverse was found. Another explanation for poor collection in -P-N colonies may be the
allocation of an insufficient foraging time. Perhaps 40 minutes of foraging were not
sufficient to collect both resources in need, and therefore the colony collected nectar to meet
its immediate energetic demand. Having said this, -P-N colonies may collect more pollen if

time allows.
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The nectar feeder available inside colonies mimics what is done in greenhouses.
Ideally, bees in the -P-N condition would have had 24 hour access to the feeder in the flight
cage, but this was not possible, so the best we could do was add four cc of sugar solution.
Even if it had been possible, however, the deprivation level in the two conditions would not
have been equated.

The interpretation, however, does not detract from the main point, which is that detail
of how nectar is placed, collected or stored are not irrelevant: pollen collection, and hence
pollination, depends on more than how much a colony is in need for pollen and nectar. In
this study, we did not increase pollen collection by alerting the nectar presentation from the
way it is done in greenhouses, though we have envisaged ways in which this might be done.
Our data should prompt greenhouses growers to at least consider other factors beyond that of
convenience in their decision of how best to deliver nectar to the colony.

While supporting previous research, present findings raise new questions for future
studies, such as what role does experience play in foraging behaviour. Perhaps with time
-P-N colonies will gain experience and become more efficient in pollen collection. The
notion that experience is involved in foraging behaviour is supported in the research
literature (Cartar, 1992; Rasheed & Harder, 1997). Another future direction for research
involves the effect of colony growth on pollen collection. As noted earlier, smaller colonies
differed in their magnitude of pollen collection from large colonies. This finding suggests
that colonies in different developmental stages may have different nutritional needs and
therefore demonstrate different decisions with regard to resource collection. Indeed, daily
pollen consumption per colony is correlated with the presence of larvae (Pendrel &

Plowright, 1981). To sum the above, pollen collection was not increased in colonies in
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which nectar was available in the flight cage. Differences in treatment effect are due either
to the different placement of the feeders or to a difference in amount of nectar stored in the
hive. Foraging time may have been a restricting variable compromising pollen collection in
colonies required to collect both resource from the flight cage. Future avenues for research
on pollen collection in bumblebee colonies may include variables such as foraging

experience and colony growth.
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$data col day cond csize nwork Isize freq plsize su

$c propfreq is the frequency of all load sizes divi
$c condition 1 pollen deprived, 2 pollen and nectar

$c prolsize is the frequency of each load size divi
$dinput 118

$c csize 1 big colony, 2 small colony$
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12 9 0 2 48 4 0
12 10 0 2 55 1 0
12 10 0 2 55 2 0
12 10 0 2 55 3 0
12 10 0 2 55 4 0
12 11 0 2 55 1 0
12 11 0 2 55 2 0
12 11 0 2 55 3 0
12 11 0 2 35 4 0
12 12 0 2 60 1 0
12 12 0 2 60 2 0
12 12 0 2 60 3 0
12 12 0 2 60 4 0
12 13 0 2 67 1 0
12 13 0 2 67 2 0
12 13 0 2 67 3 0
12 13 0 2 67 4 0
12 14 0 2 80 1 0
12 14 0 2 80 2 0
12 14 0 2 80 3 0
12 14 0 2 80 4 0

$cal nc=cond+1$

$c nc is just renaming condition so that it lies be
$cal w=%if(%eq(nc,1),0,1)$

$cal a=%if(%oeq(csize,1),0,1)$
$cal g=a*w$
$weight g$
$fac nc 3 csize 2 Isize 43
$cal sq=2*%sqrt (freq+1)$
$yvar sq$
$err n$
$link 1$
$tab the freq mean for nc$

NC 1 2 3

MEAN 0.0000 0.9509 1.3348

$tab the propfreq mean for nc$
NC 1 2 3

MEAN 0.00 13.54 21.89
$tab the freq mean for nc;csize;lsize into wmean by
$tprint(s=1) wmean wnc;wcsize;wlsize$

+ +
WLSIZE| 1 2 3 4 |

WNC WCSIZE | |
+ + +
| 1 1] 0.0000 0.0000 0.0000 0.0000 |
[ 2| 0.0000 0.0000 0.0000 0.0000 |

C OO OO OO OO OO OO OO OO OO O

OO OO OO OO OO OO OOOCDOOoOO O

C OO OO OO DO O OO OODOOO
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| 2 1]2.0000 1.9286 0.9643 0.1429 |
| 2| 0.5357 0.5714 0.8214 0.6429|

| 3 1] 29643 1.3929 1.4643 0.5357|
| 2| 1.4643 1.3214 1.3571 0.1786|
+ + +
$fit :+nwork:+nc:+nwork.nc$

deviance = 197.20 at cycle 4
residual df = 223 from 224 observations

deviance = 175.23 (change = -21.97) at cycle
4
residual df = 222 (change= -1 ) from 224
observations

deviance = 175.23 (change = -0.002224) at
cycle 4
residual df = 221 (change= -1 ) from
224 observations

deviance = 169.90 (change = -5.325) at cycle
4
residual df = 220 (change= -1 ) from 224
observations

$stop$
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