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Abstract
Flower constancy (the tendency of pollinators to restrict visits to one floral species) provides
obvious benefits to plants, however, the benefits to pollinators remain unclear. For example,
specialisation to a single species in an environment where many floral resources are available would
likely result in the exclusion of food sources that are energetically superior. The hypotheses put forward
as potential explanations of this behaviour can be separated into two schools of thought; those that argue
flower constancy arises due to constraints of pollinator cognition (cognitive constraint hypotheses) and
those that argue the behaviour evolved to maximise foraging success (adaptive hypotheses). Despite a
growing number of papers reporting evidence against cognitive constraint hypotheses, they continue to
be cited as offering the most popular explanation of why flower constancy arises. However, to date
there are no known attempts to quantify the level of support for each hypothesis within the literature.
In chapter one, a literature review first summarises flower constancy hypotheses. A brief
bibliometric study was then conducted to gauge the level of support present for each hypothesis category
(cognitive constraint or adaptive). Several factors including the study type (lab, field or semi field),
methods used, number of citations gained, and the hypothesis supported were recorded for papers
published on flower constancy. The bibliometric study identified that cognitive constraint hypotheses
do indeed offer the most popular explanation of why flower constancy arises. However, this may be
attributed to the setting in which these studies were conducted, an overwhelming majority of papers
reporting evidence for cognitive constrains hypotheses were conducted under laboratory conditions
using artificial flowers. To date there have been no known studies that have attempted to replicate
laboratory studies with the use of natural flowers. Before a study of this kind can be conducted, natural
flowering species must first be identified.
Chapter 2 aims to determine flowering plant species suitability for use in a greenhouse (semi
field) experiment on flower constancy. Five flowering plant species were grown from seeds and
seedlings. Flowering plant species were judged to be suitable if three or more colour morphs could be
reliably grown, were consistently visited by bees, provided a constant food source of similar quality
and were not greatly affected by disease or pests. Snapdragon (Antirrhinum majus) and cornflower
(Centaurea cyanus) were identified as the flowering plant species to best meet this selection criteria.
Further analyses (flower colour spectrum, pollen quality and nectar quantity) were conducted on the
chosen flowering plant species. Both cornflower and snapdragon were found to produce three and four
colours distinguishable within bee colour space respectively, produce lipid predominant pollen (high
energetic value to insect pollinators), and an equal nectar quantity (less than 1 micro-litre) within and
across species. A key observation of this study was the difference in behaviour between pollen and
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nectar foraging bumble bee (Bombus terrestris) workers. Whether these differences should be
considered when quantifying flower constancy is discussed.
The aim of chapter 3 was to determine whether predictions made by cognitive constraint
hypotheses are met within a semi field environment using natural flowers. The flower constancy of
bumble bee workers was measured across simple and complex environments, in arrays of
morphologically complex and simple flowers, and compared between nectar bouts requiring simple
handling skills and pollen bouts requiring complex handling skills. No significant differences were
observed across any of the experimental treatments (environmental array, flower morphology
complexity or handling skill). This could be explained by the criteria used to define complexity being
subjective, differences between treatments not being large enough or cognitive constraint hypotheses
not being the main driving force of bumble bee constancy within a semi field environment. A key
observation was nectar foragers exhibiting higher levels of constancy than pollen foragers (although
this difference was not significant). This observation provides some evidence to the idea that constancy
may arise due to reward thresholds, as nectar (containing high sugar content) is easier to attribute value
to than pollen (carbohydrates). This has potential implications to pollination efficiency although further
studies need to be conducted to substantiate this claim.
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Chapter 1 Call Me Loyal; Summary of the Flower
Constancy Literature
1.1 Introduction
Over 2000 years ago (340 BC) Aristotle was the first to describe a seemingly perplexing
behaviour of pollinators, noting that during the foraging bouts of honey bees “the bee does not settle
upon flowers of different kinds, but flies, as it were, from violet to violet, and touches no other till it
returns to the hive” (quoted in (Christy, 1883)). This behaviour has since been termed flower constancy
(Plateau, 1901) and is defined as pollinating animals restricting their visits to flowers of a single plant
species on a given foraging trip, bypassing alternatives that may be available (Waser, 1986). Flower
constancy is now believed to be a truly widespread behavioural phenomenon shared among many
pollinating taxa including bees (Gegear & Thomson, 2004; Pangestika, Atmowidi, & Kahono, 2017;
Somanathan, Saryan, & Balamurali, 2019) butterflies (Goulson, Ollerton, & Sluman, 1997; Kandori &
Ohsaki, 1996), flies (Babaei, Asghar Fathi, Gilasian, & Barimani Varandi, 2018; Goulson & Wright,
1998) pollen feeding beetles (Wiesenborn, 2018) and birds (Noland & Taylor, 2013; Schmid et al.,
2016).
Floral fidelity (another term for flower constancy) provides obvious benefits to plants, as
pollinators that exhibit high levels of constancy prevent the loss of pollen to allospecific species and
reduce stigma blocking from heterospecific pollen (Janovský, Smyčka, Smyčková, & Herben, 2017;
Schaefer, Schaefer, & Levey, 2004). Several authors have implicated flower constancy as an important
ethological isolating mechanism that could act to drive the evolution and speciation of plants through
the reduction of inter morph pollen transfer (Hopkins & Rausher, 2012; Jones & Reithel, 2001; Liang
et al., 2018).
However, the benefits pollinators receive from flower constancy remain unclear. For example,
specialisation to a single species in an environment where many floral resources are available may
provide the benefit of a constant, reliable food source, but would likely result in the exclusion of food
sources that are energetically superior. Additionally, pollinators have been observed to remain flower
constant even when the travel distance between and the time associated with locating flowers of the
same species is greater than those of alternative food sources (Amaya-Márquez, 2009; Hill, Hollis, &
Wells, 2001). This seemingly contradicts optimal foraging models, which assume animals to move
minimal distances between food sources, feeding on the mixture of resources that maximises their
energy intake per unit of time (Gegear & Thomson, 2004; Ishii & Masuda, 2014; Sanderson, Orozco,
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Hill, & Wells, 2006). This apparent contradiction of optimal foraging has spawned a magnitude of
hypotheses aimed at describing how and why flower constancy arises in pollinators.
The hypotheses put forward as explanations of flower constancy can be separated into two
schools of thought. 1) Cognitive Constraint Hypotheses: Flower constancy arises due to nervous system
limitations that constrain memory and learning (Darwin’s Learning Investment, Darwin’s Learning
Interference and Search Image). 2) Adaptive Behaviour Hypotheses: Flower Constancy is itself an
efficient foraging method (Costly Information and Resource Partitioning). This chapter firstly outlines
the hypotheses regarding flower constancy that fall under cognitive constraint and adaptive categories
(Table 1). A bibliometric study was then conducted to review the current state of the flower constancy
literature. Support and popularity of each hypothesis category, along with methods used, were
quantified to determine knowledge gaps that warrant future research.
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Table 1.1 Brief description of Cognitive Constraint and Alternative hypotheses aimed at describing
why flower constancy arises in pollinating taxa and the predictions made by each hypothesis. Papers
that define each of these hypotheses have included in this table.
Cognitive Constraint Hypotheses
Darwin’s
Hypothesis: Pollinators exhibit constancy to avoid the
Learning
time and energy costs (learning investment) associated
Investment
with learning new floral types.
Prediction: Pollinators will exhibit higher levels of
constancy when foraging on flowers of complex
morphology.
Darwin’s
Hypothesis: Constancy arises as foragers are subject to
Learning
interference effects when learning handling skills of
Interference
novel food sources. Interference effects are described as:
previous foraging experiences ‘interfering’ with a
pollinators ability to learn new handling skills. Or novel
handling skills displacing memory of previous handling
skills.
Prediction: Pollinators will exhibit increases in handling
time immediately after switching between two food
sources
Search Image
Hypothesis: To avoid sensory overload, pollinators adopt
a ‘search image’ whereby they focus exclusively on cues
emitted by one floral resource ignoring those emitted by
alternatives.
Prediction: Pollinators will exhibit higher levels of
flower constancy when flower density is highest.
Adaptive Hypotheses
Costly
Hypothesis: Pollinators remain constant to a floral
Information
resource if the reward provided by this resource is of
sufficient quality. IE: If pollinators are foraging on a
flower that is providing a high nectar reward, then gaining
information on the value of alternate food sources
(Switching) is potentially costly. If alternate food sources
offer lower reward than the one they are currently
foraging on then sampling alternative food sources
resulted in an unnecessary expenditure of energy.
Prediction: Pollinators will exhibit flower constancy if
the nectar/pollen reward gained from this resource is
above a given threshold.
Resource
Hypothesis: Members of a colony specialise (exhibit
Partitioning
constancy) to different plant species to avoid within
colony competition.
Prediction: Colonies will exhibit higher levels of
constancy when competition is highest. Competition
could be high due to limited floral resources or when
colonies reach large populations.
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(Chittka, Thomson, &
Waser, 1999; Waser,
1986)

(Dukas, 1995;
Goulson, 1999;
Goulson, Stout, &
Hawson, 1997)

(Goulson,
2000;
Wilson & Stine, 1996)

(Chittka et al., 1999;
Grüter,
Moore,
Firmin, Helanterä, &
Ratnieks, 2011)

(Chittka et al., 1999;
Grüter & Ratnieks,
2011)

1.2 Cognitive Constraints Hypotheses
1.2.1 Darwin’s Explanation of Flower Constancy
Darwin was one of the first to propose an explanation of why pollinators (specifically insects)
exhibit flower constancy:
“That insects should visit the flowers of the same species as long as they can, is of great
importance to the plant, ...but no one will suppose that insects act in this manner for the good of the
plant. The cause probably lies in insects being thus enabled to work quicker. They have just learnt how
to stand in the best position on the flower, and in how far and in what direction to insert their
proboscides. They act on the same principle as does an artificer who has to make half a dozen engines,
and who saves time by making consecutively each wheel and part of them” – Darwin 1876
This citation has been used by many authors (Chittka et al., 1999; Gegear & Laverty, 1998; D.
Goulson, Stout, et al., 1997), leading to several interpretations having become embedded within the
literature. The two most prevalent hypotheses regarding Darwin’s explanation of constancy are referred
to as Darwin’s learning investment hypothesis and Darwin’s learning interference hypothesis.

1.2.2 Darwin’s Learning Investment Hypothesis
Darwin’s learning investment hypothesis interprets Darwin’s citation to imply that insects learn
and remember the motor and pattern skills required to handle flowers of species they are currently
visiting, in doing so they become more efficient at monopolising this food source over alternatives
(Chittka et al., 1999; Waser, 1986). However, learning how to manipulate this familiar resource required
a period of poor efficiency in which the insect was not only unaware of how to handle this flower but
also had no way of determining its energetic value (Grüter & Ratnieks, 2011). Darwin’s learning
investment hypothesis thus attributes pollinator constancy to the high energy and time requirement
needed when learning new floral resources (Chittka et al., 1999). In other words, it states that pollinators
will exhibit a reluctance to switch from a familiar food source if learning how to manipulate this
resource required a large learning investment.
According to Darwin’s learning investment hypothesis, pollinating insects foraging on
morphologically complex flowers should show a higher reluctance to switch (greater constancy) than
those foraging on flowers with simple morphology (Gegear & Laverty, 1998). Support for this
prediction has come from a study by Muth, Keasar & Dornhaus (2015) in which they observed bumble
bee (Bombus impatiens) workers to show higher levels of constancy to complex artificial flowers than
flowers with simple morphology. However, it is important to note that the complex artificial flowers
used in this study contained nectar rewards twice the value of those found in the simple flowers. Thus,
it is difficult to distinguish whether this increase in constancy is attributed to flower morphology or a
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greater energetic reward. Several other studies have also shown a similar result, in that pollinators
exhibited increased flower constancy when foraging on morphologically complex flowers compared to
simple flowers, however the flowers used these studies also varied across shape and colour (Gegear &
Laverty, 1995, 2005). Therefore, similarly it is hard to attribute the increased constancy to handling
skill alone, as other factors, such as perceptual stimuli (shape and colour) could have influenced this
behaviour.
A recent study by Ishii and Kadoya (2015) attempted to isolate these potential influencing
factors (reward quality, handling skill, and perceptual stimuli), by investigating whether bumble bees
(Bombus terrestris) exhibited constancy to a foraging mode (foraging type constancy). Bumble bees
were observed to either forage legitimately (by entering the corolla tube to access nectar), or nectar rob
(biting a small hole in the corolla tube to access nectar) on three flowering plant species (red clover,
white clover, bird’s-foot trefoil). Individuals’ foraging type constancy was recorded from behavioural
and pollen basket analyses which indicated that bees were more likely to stay constant to foraging mode
than to flowering plant species. For example, bees foraging legitimately on one species might switch
and forage legitimately on another species but were rarely observed to switch to nectar robbing. Ishii
and Kadoya (2015) interpreted this finding to indicate that handling skill was the primary driver of
flower constancy, as the flowering plant species used in this experiment all shared similar morphology.
Therefore, the level of foraging type constancy could not be attributed to other factors such as
perceptual stimuli.
Despite this recent evidence, support for Darwin’s learning investment hypothesis amongst the
literature remains limited, as studies have revealed the cost of learning new handling skills to be much
lower than previously perceived (Goulson, Stout, et al., 1997; Woodward & Laverty, 1992). In relation
to the total foraging career of a pollinating insect (which can last several weeks to months), it takes a
bee only 30 to 100 visits (equating to less than an hour) to learn the motor skills necessary to manipulate
the most morphologically complex flowers (Raine & Chittka, 2007b). Furthermore, pollinators have
been observed to exhibit flower constancy to morphologically simple flowers, that require very little in
terms of investment to learn and manipulate (Goulson & Wright, 1998).

1.2.3 Darwin’s Learning Interference Hypothesis
The second way in which Darwin’s statement has been interpreted has been called “Darwin’s
learning interference hypothesis.” According to Darwin’s learning interference hypothesis the handling
skills required for flower species are rarely transferable and can act to interfere or displace memory of
previously learnt skills (Dukas, 1995; Goulson, 1999; Goulson, Stout, et al., 1997). The handling skills
required to access reward (pollen or nectar) from flowers can vary drastically across species (Neal,
Dafni, & Giurfa, 1998). Flower size, shape, corolla and anther length are notable floral traits that can
determine how pollinators approach and manipulate different flower types (Krishna & Keasar, 2018;
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Makino, Ohashi, & Sakai, 2007; Prado, Collazo, Stevenson, & Irwin, 2019). Pollinators are said to
remain constant because the time cost associated with finding flowers of the same species is argued to
be lower than time required to learn or relearn handling skills (Chittka et al., 1999; Waser, 1986).
A prediction of this hypothesis is that pollinators should exhibit increases in handling time
immediately after switching between two food sources, particularly when the handling skills required
to manipulate them are distinct (Goulson, Stout, et al., 1997). Increases in handling time are predicted
to be highest when a pollinator switches between flowers of complex morphology that require a
combination of many handling skills to manipulate (Raine & Chittka, 2007a; Waser, 1986). Studies on
bumble bees (Gegear & Laverty, 1995; Woodward & Laverty, 1992) and butterflies (Goulson, Ollerton,
et al., 1997; Goulson, Stout, et al., 1997) have revealed increases in handling time following flower
switching only to be evident when pollinators are forced to switch among morphologically complex
flowers (Lewis, 1986; Woodward & Laverty, 1992). However, it is unclear whether the increase in
handling time following switching (1-2 seconds) is a large enough cost to induce flower constancy
(Gegear & Laverty, 1995; Goulson, Stout, et al., 1997; Woodward & Laverty, 1992). Additionally,
naïve pollinators can take 10 to 50 times longer to learn a new flower than experienced workers (Lewis,
1986). Therefore, rather than handling techniques interfering with each other, it seems that previously
learnt skills are somewhat transferable among flower species.

1.2.4 Darwin’s Hypotheses Conclusions
Both interpretations of Darwin’s quote argue handling skill to be a main driver of pollinator
constancy but differ from each other in that Darwin’s learning investment hypothesis attributes the
avoidance of switching to failings (interference) of short term-memory (Goulson, Stout, et al., 1997),
while Darwin’s learning investment hypothesis attributes constancy to an evaluation of the time and
energy costs (investment) required to learn specific handling skills (Chittka et al., 1999).
There seems to be some confusion surrounding the differences between these two hypotheses
with some authors referencing one hypothesis when they have been describing the other (AmayaMárquez, 2009; Ellis & Johnson, 2012). In some cases, the two hypotheses have been used
interchangeably to support the same idea despite these interpretations of Darwin’s quote being different
(Janovský et al., 2017). Darwin’s learning investment hypothesis has commonly been cited to support
the idea that flower constancy arises due to cognitive constraints despite definitions of this hypothesis
describing it as being adaptive (Chittka et al., 1999; Waser, 1986). For the sake of consistency, Darwin’s
learning investment hypothesis has been categorised as a cognitive constraint hypothesis (remaining
true to the interpretations of authors citing this) but it is argued that going forward, it would be best
categorised as an adaptive explanation of flower constancy.
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1.2.5 Search Image Hypothesis
When foraging, pollinators must discriminate between flowers of plant species that provide a
rich nectar and pollen source, against those that offer little or no reward using many sensory cues such
as floral colour, size, shape and scent (Chittka & Raine, 2006; Dafni, Lehrer, & Kevan, 1997). As
pollinators encounter several flower species per second of flight it is likely that the amount of
information collected will exceed the capacity that can be processed by their brain (Dukas, 2004). To
compensate, pollinators are thought to selectively focus on certain aspects (e.g. flower colour) of the
incoming sensory information (Chittka & Raine, 2006). Continued visitation to flowers of the same
species has been argued by several authors to arise due to the formation of a search image (Goulson,
2000; Ishii & Masuda, 2014).
Tinbergen (1960) originally outlined the search image concept to explain prey selection patterns
by predators. When predators are observed to sequentially collect prey of the same species, they are
said to have adopted a “search image”, whereby they attend exclusively to cues of one prey species
while ignoring those emitted from others (Bond & Riley, 1991; Dukas & Kamil, 2001; Plaisted &
Mackintosh, 1995). This in turn increases the efficiency in which this prey is detected and is believed
to be a particularly effective strategy when attention is limited. However, search images are difficult to
demonstrate experimentally in natural situations and are only evident when prey is cryptic (Bond &
Riley, 1991; Dukas & Kamil, 2001; Reid & Shettleworth, 1992). Thus, it is assumed that animals rely
on search images when searching for cryptic prey (Dukas & Real, 1993; Goulson, 2000; Wilson &
Stine, 1996).
The argument that flower constancy arises due to pollinators forming a search image was first
introduced by Levin in 1978 (as cited in Goulson 2000) and is based on two assumptions. Firstly, the
amount of sensory information collected by pollinators when foraging will exceed the cognitive
capacity of their brain (Dukas & Ellner, 1993). Secondly, the brightly coloured displays of flowers are
cryptic to pollinators (Goulson, 2000; Ishii & Masuda, 2014). The first assumption is likely met, a
pollinator is estimated to encounter an inflorescence that can vary across many floral traits (size, shape,
scent) every 0.14 seconds, which likely surpasses the amount of sensory information a pollinator can
interpret at a given time (Chittka et al., 1999; Dukas, 2004). The second assumption remains contentious
as it could be interpreted as conflicting with the idea that the brightly coloured displays of flowers
evolved to attract pollinators. However, the idea that flowers could be cryptic does not infer that flowers
evolved to reduce their detectability by pollinators, but rather that individual flowers are hard to
perceive in an environment comprised of flowers varying across many visual traits (e.g. colour and
shape) (Amaya-Márquez, 2009). Support for the idea that flowers could be cryptic has been drawn from
a study by Goulson (2000), who found that in a foraging arena, bumble bees took twice as long to locate
yellow flowered birds-foot trefoil when they were presented against a background of other yellow
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flowers. In other words, in an environment in which flowers were hard to distinguish from the
background (i.e. cryptic), bumble bees foraged less efficiently.
Additional support for the search image hypothesis has come from the reinterpretation of the
data from previous studies, which have shown foragers to become less flower constant as flower density
(and thus crypsis) declines (Chittka, Gumbert, & Kunze, 1997; Goulson, Ollerton, et al., 1997; Kunin,
1993). However, flower density affects not only visual crypsis of flowers but also flight distance
between flowers. Therefore, various authors have interpreted these results differently; Gegear &
Thomson (2004) attributed the decrease of floral fidelity to be due to increasing travel costs, while
Raine & Chittka (2007) argued the decay of short-term memories when flights were longer as being
responsible. Arguments in favour of the search image hypothesis cannot necessarily be used to explain
flower constancy because studies have only focussed on verifying the assumption (that flowers can be
cryptic) rather than measuring the influence of crypsis on pollinator flower constancy.

1.3 Adaptive Hypotheses for Flower Constancy
1.3.1 Costly Information Hypothesis
The “costly information hypothesis” predicts that insects should exhibit floral fidelity when the
average reward of given flower species is above a certain threshold but should start to sample
alternatives when this species starts to become less rewarding (Chittka et al., 1999). Thus, even in
habitats with multiple rewarding food sources, flower constancy can still be an effective foraging
strategy given informational uncertainties regarding the alternatives that are available (AmayaMárquez, 2009; Grüter & Ratnieks, 2011). If a pollinator is collecting from a relatively profitable
flower, many of the alternative flower species will be less profitable (Cakmak et al., 2009). Switching
from a food source that is currently reliable is likely to be inefficient, as finding a more rewarding flower
species could take a substantial amount of time and energy. Therefore, a pollinator may be resistant to
switching from a preferred plant species, because assessing the reward value of a novel species can be
costly (Chittka et al., 1999; Grüter et al., 2011; Grüter & Ratnieks, 2011). Several studies have
supported this idea observing pollinators to be highly constant when visiting flowers from a profitable
species and to be more likely to switch when visiting low rewarding flowers (Chittka et al., 1997; Grüter
et al., 2011; Slaa, Tack, & Sommeijer, 2003).
However, a barrier to this argument is that the “costly information hypothesis” cannot explain
the findings of early studies which reported honey bees to exhibit spontaneous flower constancy to
colour, irrespective of energetic rewards (Hill et al., 2001; Hill, Wells, & Wells, 1997; Sanderson et al.,
2006). In these studies, bees were presented artificial flower arrays containing blue and yellow flowers
which differed in reward, and bees seemingly became constant to the first flower colour visited,
remaining constant to this colour even when this reward was increased or decreased. Recent evidence
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reported from Grüter et al. (2011) argued that the inability of honey bees (Apis mellifera) to adjust their
choice may have arisen due to the use of unnaturally large nectar (sucrose solution) rewards used. When
ecologically realistic concentrations of sucrose were used, foragers quickly and flexibly adjusted their
level of constancy in a mixed patch of otherwise identical blue and yellow artificial flowers, according
to the reward quality and quantity each flower type provided (Grüter et al. 2011). Thus, the rewards
used in the experiments where bees showed “spontaneous fidelity” to colour may have simply been
above the reward threshold that would induce flower constancy.

1.3.2 Resource partitioning Hypothesis
The resource partitioning hypothesis argues that flower constancy is a strategy employed by
social foragers to reduce within-colony competition for flowers (Chittka et al., 1999). Individual
foragers are said to avoid competition with members of their colony by specialising on different floral
resources within a foraging patch (Chittka et al., 1999; Grüter & Ratnieks, 2011). The resource
partitioning hypothesis therefore predicts individuals from large colonies to exhibit higher levels of
flower constancy than individuals from small colonies (Chittka et al., 1999). However, to date it appears
that this hypothesis has only ever been discussed as a potential explanation of flower constancy (Chittka
et al., 1999; Grüter et al., 2011), there are no known papers that have investigated the effect of colony
size on this behavour. Furthermore, the resource partitioning hypothesis cannot be used to explain why
floral fidelity is observed in solitary foragers as it is a hypothesis used to describe within colony
competition (Goulson, Ollerton, et al., 1997; Goulson & Wright, 1998; Pangestika et al., 2017).

1.4 Bibliometric Study
1.4.1 Are Cognitive Constraints Hypotheses the Best Explanation of Flower
Constancy?
While reviewing the literature on the flower constancy hypotheses, a common theme that
revealed itself was authors stating cognitive constraint hypotheses to offer the most popular explanation
of flower constancy (Amaya-Márquez, 2009; Chittka et al., 1999; Ellis & Johnson, 2012; Gegear &
Thomson, 2004; Grüter et al., 2011). This statement is of interest because there are numerous studies
that report evidence against these hypotheses (see Section 1.2). To date there have been no attempts to
quantify the level of support present for each hypothesis within the literature.
The impact of a scientific article has commonly been judged by the number of citations it
receives (Agarwal et al., 2016). With papers that receive a high number of citations often perceived as
being more influential than papers with few (Agarwal et al., 2016; Wang, Song, & Barabási, 2013).
Popularity of ideas or hypotheses have also been quantified by the number of published articles
discussing them. Although, assessment of performance by these metrics has clear disadvantages across
fields (e.g. field of medicine hosting far more researchers/potential for citations than Archeology), they
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can help identify points of interest within fields of scientific research (Iivari, 2008). This bibliometric
review aims to summarize the current state of the flower constancy literature by counting the number
of papers/citations that support and refute each hypothesis.

1.4.2 Methods of Bibliometric Data Collection
Papers with the search terms ‘flower constancy’, ‘floral constancy’, ‘flower fidelity’ or ‘floral
fidelity’ in their title, published between 1995 and 2017, were identified using the Scopus search engine.
Literature reviews or letters that did not conduct experimental studies were excluded from this study.
Recent publications (2018 and 2019) were also excluded, as they may have not had enough time to
accumulate citations. Several factors including the study type (lab, field or semi field), methods used
(artificial or natural flowers, how constancy was calculated and study species), number of citations
gained, and the hypothesis supported were recorded for papers found using the described search method.
Only papers published in English were used in this survey.

1.4.3 Hypothesis Categorization
Papers were recorded as supporting a hypothesis, if in the results or discussion section authors
explicitly stated support for a specific hypothesis. This ensured that interpretation of results was not
biased. Darwin’s learning investment hypothesis, Darwin’s learning interference hypothesis and the
search image hypothesis all argue flower constancy to arise due to constraints of cognition and can be
considered non-exclusive (Barker, Dornhaus, Bronstein, & Muth, 2018; Grüter et al., 2011; Ishii &
Masuda, 2014). Therefore, papers referencing support for any of these hypotheses were grouped to form
the ‘cognitive constraints’ category. Papers arguing constancy to be an adaptive behaviour (costly
information, resource partitioning and species differences) were grouped under the category ‘Adaptive
hypotheses’. Papers that did not state support for any flower constancy hypothesis or were focused on
some other aspect of the behaviour (E.g. does species X exhibit constancy) were recorded under the
category ‘No Hypothesis’.

1.4.4 Data Analysis
To determine whether papers published reporting evidence for certain hypothesis categories
received more citations than others, A Generalized Linear Model (GLM) (Distribution: Poisson; Link:
Log) where the response variable was ‘number of citations’, and the fixed effects included ‘hypothesis
category’ (Cognitive Constraints, Alternate or No) was used. Study type (lab, field or semi-field) and
methods used (artificial or natural flowers, how constancy was calculated and study species) were not
included as factors. All statistical analyses were conducted in JMP v. 14.
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1.4.5 Results
The majority papers aimed at describing why pollinators exhibit ‘flower constancy’ published
between 1995 and 2017 reported evidence supporting cognitive constraint hypotheses (Figure 1.1).
Many papers published within this timeframe were not focused on why flower constancy arises in
pollinators, and thus did not provide support for any hypothesis (Figure 1.1).

Figure 1.1 The number of studies published between 1995 and 2019 with ‘flower constancy’ in the title
that showed support for cognitive constraint hypotheses (n=13), adaptive hypotheses (n=4) or no
hypothesis (11) (n=28).
Most studies investigated the flower constancy of Hymenopterans (bumble bees, honeybees,
stingless bees and solitary bees) with an overwhelming majority of research focused on bumble bees
(Figure 1.2). Few papers were focused on other pollinating taxa (butterflies, hoverflies and birds).

Figure 1.2 The number of studies published between 1995 and 2019 with ‘flower constancy’ in title
for each taxa (bumble bees, honey bees, stingless bees, solitary bees, butterflies, hoverflies and birds
(n=28).
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Studies reporting evidence for cognitive constraint hypotheses were primarily conducted
under laboratory conditions (Figure 1.3). Studies conducted under semi-field conditions report
evidence for both hypothesis category equally, while, field studies report evidence for adaptive
hypotheses (Figure 1.3).

Figure 1.3 The number of studies aimed at describing why flower constancy arises under laboratory
(n=13), semi field (n=2) and field (n=2) conditions.
Papers showing support for cognitive constraint or alternative hypotheses received a higher
average number of citations than papers that did not support a hypothesis (Figure 1.4; GLM: Number
of Citations χ2 = 368.78 DF = 2, P = 0.01).

Figure 1.4 The average number of citations for papers that showed support for cognitive constraints,
adaptive or no hypotheses.
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1.5 Discussion
1.5.1 Cognitive Constraint Hypotheses Offer the Most Popular Explanation
of constancy
The aim of this review and bibliometric study was to summarize the current state of the flower
constancy literature to determine possible avenues for future research. The general consensus that
cognitive constraint hypotheses offer the most popular explanation of why flower constancy arises in
pollinators appears to be supported in that the highest number of papers to be published fell under the
cognitive constraint category (Figure 1.1). Furthermore, papers reporting evidence for either cognitive
constraint or adaptive hypotheses received more citations than papers not focused on why constancy
arises (Figure 1.4). These results suggest that a research paper on why constancy arises is more far
reaching than a paper focused on other facets of the behaviour. The high average number of citations
gained from papers under the adaptive hypothesis category (Figure 1.1) could be explained by the low
number of papers published under this category. Researchers may simply be referencing these papers
as they provide the only opposition to cognitive constraint hypotheses. Research concerning why
constancy arises appears to provide an avenue of research that would interest others within the field
(Figure 1.4).

1.5.2 Why Are Cognitive Constraint Hypotheses Popular?
Knowing that cognitive constraint hypotheses are the most popular explanations of constancy
is not useful in and of itself but to gain an understanding of why it is popular may be useful. Studies
investigating cognitive constraint hypotheses have predominantly been conducted in the laboratory
(Figure 1.3). Studies under laboratory conditions are generally more controlled than field studies and
allow pollinators to be more easily confined and observed (Gegear & Laverty, 2005; Hill et al., 2001,
1997; Sanderson et al., 2006). This likely results in the ability gain more reliable sample sizes that are
suitable for publication. Suitable sample sizes in field studies may be hard to obtain due to low pollinator
density or difficulty following or capturing pollinators (Ishii & Kadoya, 2016; Kozuharova, 2018;
Rossi, Santos, Salvarrey, Arbulo, & Invernizzi, 2015). The discrepancy between study types (lab, semifield, and field) may somewhat be explained by a larger number of field and semi-field studies failing
to produce to publications and laboratory studies being more reproducible and likely to result in
citations show support flower constancy hypotheses.
Despite a growing body of literature highlighting the evidence against cognitive constraint
hypotheses (Goulson & Wright, 1998; Grüter et al., 2011; Lewis, 1986; Raine & Chittka, 2007b), they
remain the most popular hypotheses within the literature (Figure 1.1, 1.3). Most studies are conducted
in the laboratory and perhaps these conditions (artificial flowers) favour the results that support these
ideas. Grutter (2011) suggested that most research conducted in the lab used rewards that were
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unnaturally high, which in turn resulted in spontaneous constancy regardless of colour. Additionally,
methods used to calculate constancy also vary between laboratory and field studies. Under laboratory
conditions, flower constancy is calculated from focal samples (observation of flower to flower
movement on a foraging bout) using indices which quantify the number of switches between different
flower types over the total number of visits (Bateman, 1951; Slaa, Cevaal, & Sommeijer, 1998; Waser,
1986). In comparison, field studies calculate constancy as a function of the relative pollen composition
of the foragers pollen basket. For example, a bee whose basket contains 80% sunflower pollen is said
to be 80% constant to sunflowers (Ishii & Kadoya, 2016; Pangestika et al., 2017; Rossi et al., 2015;
White, Cribb, & Heard, 2001). To date, it is unknown whether the differences in results reported
between laboratory and field studies is due to pollinator interactions with natural or artificial flowers or
due to methodological differences in constancy value calculations (field vs laboratory).
There exists a clear gap to investigate the flower constancy of pollinators in a more natural
context while still utilizing laboratory methods. It is unlikely that this could be achieved in the field due
to the difficulty associated with following free-flying pollinators in an open environment (Heinrich,
Mudge, & Deringis, 1977; Rossi et al., 2015). It is thus proposed that a study of this kind be first
attempted in a semi-field environment (exposed to natural conditions but confined to a finite space, e.g.
greenhouse).

1.5.3 Bumble bees as study organisms.
Bumble bees provide an excellent model system for studies concerning foraging behaviour;
specifically, flower constancy (Figure 1.2) (Leadbeater & Chittka, 2005; Owen, 2016). Their relatively
large size compared to other study organisms such as honey bees and flies makes them easier to follow
and track on foraging bouts. Accurate observation of flower to flower movement is required for reliable
calculations of flower constancy which makes bumble bees a suitable choice for studies regarding this
behaviour (Gegear & Thomson, 2004; Goulson, 2010). The large body size of bumble bees also allows
them to manipulate a greater number of flowering plant species than most other pollinating taxa
(Goulson, 2010). Bumble bee colonies are easily attainable from commercial providers that allow
colonies to be purchased at different ‘strengths’ or life stages (Owen 2016). Colonies numbers rarely
exceed 200 (honey bees as a comparison have colonies that commonly exceed 30,000 individuals) and
require very little in terms of management (Biobees 2019). Bumble bees offer the most appropriate
choice for preliminary field studies using laboratory protocols because of the wealth of knowledge
present within literature (Figure 1.2). If semi-field studies under these conditions are found to be
valuable it is highly encouraged that the flower constancy of alternate pollinating taxa is investigated.
The literature in its current state highly biases studies on bumble bees despite flower constancy being a
behaviour shared by many pollinators (Figure 1.2). Looking to other pollinating taxa may provide
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insights into the mechanisms governing the behaviour that cannot be achieved by investigating bumble
bees alone (Chittka et al., 1999; Grüter & Ratnieks, 2011).

1.6 Thesis Objectives
The overall aim of this thesis is to investigate whether cognitive constraint hypotheses can
explain the flower constancy of bumble bee (Bombus terrestris) workers in a semi-field environment
(allowed to forage on live flowers, but confined to a finite space, e.g. greenhouse). This question was
identified as a suitable avenue of research following a review of flower constancy literature, which
revealed that most studies supporting these hypotheses were conducted under laboratory conditions
with the use of artificial flowers. There exists a clear need to investigate whether constancy can be
explained under these hypotheses in a more natural context, however before this can be done flowering
plant species suitable for such experiments must be first identified.
Chapter 2 first determines which out of five flowering plant species (Antirrhinum majus,
Centaurea cyanus, Echium plantagineum, Lupinus polyphyllus and Nigella damascena) provide
suitable natural flower options for tests of flower constancy in a semi-field environment. Secondly,
further analyses were conducted on the chosen flowering plant species to ensure that these species
represent the level of floral trait diversity present in the artificial flowers commonly used in laboratory
studies. These results may provide flowering plant options and justification for authors interested in
investigating pollinator foraging behaviour with the use of natural flowers.
Chapter 3 investigates whether the predictions made by cognitive constraint hypotheses can
explain the flower constancy of bumble bee (Bombus terrestris) workers in a semi-field environment
using the flowering plant species identified in Chapter 2. The results from this study provides insight
into how interactions with natural flowers influences the floral fidelity of pollinators. Chapter 3 acts as
a framework for researchers who may be interested in investigating flower constancy with the use of
natural flowers, and guide the development of new, more setting appropriate methods.
Chapter 4 summarises the key findings of the thesis, identifies potential for improvement and
aims to help focus future research efforts.
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Chapter 2 Determining Flowering Plant Species
Suitability for Use in a Greenhouse Study of Bumble Bee
Flower Constancy
2.1 Introduction
Most experimental studies of flower constancy have been conducted under laboratory
conditions with the use of artificial flowers (Figure 1.3, Chapter 1). Studies under these conditions
allow foraging behaviour to be reliably observed and many floral attributes (such as colour, reward and
display size) to be strictly controlled. Flower constancy is quantified from focal samples using various
indices (Batemans, Constancy, Jacobs) that determine whether a forager recorded a higher number of
consecutive visits between flowers of the same species, than would be expected by chance (Gegear &
Laverty, 2005; Gegear & Thomson, 2004; Ishii & Masuda, 2014; Slaa et al., 2003). In comparison, field
studies typically investigate pollinator interactions with natural floral arrays. Flower constancy in field
studies is calculated as a function of the relative composition of pollen species found within a forager’s
pollen basket (Ishii & Kadoya, 2016; Pangestika et al., 2017; Rossi et al., 2015; White et al., 2001).
Field studies have been conducted far less frequently than laboratory studies (Figure 1.3, Chapter 1),
and as a result most of the hypotheses concerned with why flower constancy arises have been
formulated within the context of laboratory conditions. However, the results of field studies do not
always mirror those found in the laboratory (Brosi & Briggs, 2013; Goulson & Wright, 1998;
Kozuharova, 2018; Marzinzig et al., 2018). This could partly be attributed to differences in the methods
employed by each study type (laboratory vs field) or represent a difference in pollinator interaction
between artificial and natural flowers.
There exists a clear need to investigate the flower constancy of pollinators foraging on natural
flowers under more controlled laboratory methods (Section 1.5.2, Chapter 1). It is unlikely that a study
utilizing laboratory protocols could be achieved in the field, due to the difficulty associated with
following free-flying pollinators in a natural environment (Heinrich et al., 1977; Rossi et al., 2015).
Therefore, it is proposed that a study under semi-field (exposed to natural conditions but confined to a
finite space, e.g. greenhouse) conditions would be most suited for studies exploring pollinator constancy
with natural flowers. However, flowers differ across multiple traits (scent, size, colour, shape, etc.) thus
making some more suitable than others for a study of this nature (Galen, 1999; Hopkins & Rausher,
2012; Majetic, Raguso, & Ashman, 2009; Yan, Wang, Sui, Wang, & Zhang, 2016). Consequently, the
most appropriate flowers must be chosen before the study is commenced. The current study aims to
first establish a set of colour polymorphic flowering plant species that can be reliably grown in a semi
field environment that provide pollinators with a constant food source and are free of major pests or
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diseases. Secondly, this study aims to determine the most suitable flowering plant species following
criteria related to flower constancy (i.e. colour, nectar quantity and pollen quality).

2.2 Methods 1: Determining Flowering Plant Species Suitability
2.2.1 Study Site
All research was conducted in a large greenhouse at the Invermay Agriculture Research Centre,
Dunedin, New Zealand (Figure 2.1). The greenhouse (12m width × 40m length × 2.5m high) was
divided at the centre, separating it into a north side (12m width × 20m length × 2.5m high) and a south
side (12m width × 20m length × 2.5m high). Aluminum screens were installed along the length of
greenhouse to limit the escape of bumble bee workers. Automated fans were set to turn on when
temperatures inside the greenhouse reached 30˚C, this ensured temperatures did not exceed the
tolerance limits of plant species and bumble bee colonies used in the experiment. Fans were
programmed to turn off when temperatures fell below 26 ˚C.

Figure 2.1 Greenhouse at research site, Invermay Agriculture Research Centre, Dunedin, New Zealand,
separated into the north side and south side. Arrow indicates greenhouse division. Photo taken from
north side.

2.2.2 Flowering Plant Species Grown
Five flowering plant species were used in this experiment, chosen based on the criteria that they
were ‘bee friendly’ (attractive to bees) and that they were readily available in at least three different
colour morphs: Antirrhinum majus L. (Plantaginaceae; Figure 2.2A), Centaurea cyanus L. (Asteraceae;
Figure 2.2B), Echium plantagineum L. (Boraginaceae; Figure 2.2C), Lupinus polyphyllus Lindl.
(Fabaceae; Figure 2.2D) and Nigella damascena L. (Ranunculaceae; Figure 2.2E). Plants were grown
from both seeds and seedlings. All seeds were purchased from Egmont seed company, New Plymouth,
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New Zealand (https://www.egmontseeds.co.nz/). Seedlings were sourced from Zealandia Horticulture
Ltd

Christchurch

(https://www.zealandia.co.nz/),

and

Waimea

Nurseries,

Nelson

(https://www.waimeanurseries.co.nz).

Figure 2.2 Plant species grown for use in experiment: (A) Antirrhinum majus (snapdragon), (B)
Centaurea cyanus (cornflower), (C) Echium plantagineum (viper’s bugloss), (D) Lupinus polyphyllus
(lupin) and (E) Nigella damascene (ragged lady).

2.2.3 Seed Planting
Seeds were sown on 29/09/2017 and 15/11/2017 (austral early and late spring; Table 2.1) at a
depth of 0.05cm to 2cm into 6 pot seedling starter trays filled with a soil mix (40L Number 8 potting
mix + 40L of pumice + 80mg of Yates Water Wise Storage Crystals + a handful of Osmocote selfreleasing fertilizer). Trays were placed in a rearing greenhouse located adjacent to the experimental
greenhouse with estimated temperatures between 10 – 35˚C and were watered each day in the morning
(before 10am). The number of days taken for a seed to germinate and the total number of seeds that had
germinated by three days after the expected germination date (based on the information from the seed
packet) was recorded for all species planted (Table 2.1).
Table 2.1 Summary of the number of seeds planted, date of germination and the germination success
of each species planted.
Date Planted

Species Planted

Number
Planted

Days to
Germinate

Number
Germinated

Germination
Success

29/09/2017
15/11/2017

Snapdragon
Snapdragon

72
112

19
22

2
6

3%
5%

29/09/2017
15/11/2017

Cornflower
Cornflower

60
36

6
7

51
29

85%
81%

29/09/2017
15/11/2017

Viper’s bugloss
Viper’s bugloss

60
40

7
7

47
31

78%
78%

29/09/2017
15/11/2017

Lupin
Lupin

80
36

17
16

63
30

79%
83%

29/09/2017
15/11/2017

Ragged lady
Ragged lady

60
36

10
13

48
26

80%
72%
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2.2.4 Seedling Transplanting
Commercially procured seedlings (less than 6cm in height) of snapdragon, cornflower, viper’s
bugloss, lupin, and ragged lady purchased from various outlets within Dunedin were transplanted on
14/10/2017, 19/11/2017 (mid and late austral spring), 8/02/2018 and 26/02/2018 (mid and late austral
summer) (Table 2.2). Seedlings were transplanted into 6L and 9L pots filled with purpose made soil
mix (number 8 potting mix). Seedlings transplanted on 14/11/2017 and 19/11/2017 were planted in the
same soil mix that was used for seeds. Seedlings transplanted on 8/02/2018 and 26/02/2018 were
planted in a similar soil mix, though 20L horticultural sand was used in place of 40L pumice; due to a
region wide pumice shortage. Plants were placed in the same rearing greenhouse as seeds and were
watered in the morning (before 10am) 7 days a week and, if temperatures outside the greenhouse
exceeded 20˚C, were watered a second time in the afternoon (after 4pm). All pots were hand watered
using a hose with the hose head set to shower for roughly 3 seconds per pot. Plants that commenced
flowering prematurely (before experimental trials) were debudded (flower buds removed from the stem)
to ensure the development of the remaining buds and increase the overall lifespan of the plants
(Olasantan, 1986). Debudding did not have a strict schedule and was carried out whenever plants not
currently being used in experiments were seen to be flowering. The species and number of seedlings
planted throughout the field season and the number of days taken for the first plant of each species to
flower was recorded (Table 2.2).
Table 2.2 The planting schedule and flower emergence date for seedling species used in the experiment.
Date Planted
14/10/2017
19/11/2017
8/02/2018
26/02/2018

Species Used
Snapdragon
Snapdragon
Snapdragon
Snapdragon

Number Planted
60
55
78
18

Days to Flower
17
15
18
16

14/10/2017
19/11/2017
8/02/2018
26/02/2018

Cornflower
Cornflower
Cornflower
Cornflower

60
52
60
12

46
26
33
32

14/10/2017
19/11/2017

Viper’s bugloss
Viper’s bugloss

20
21

20
18

14/10/2017
19/11/2017

Lupin
Lupin

120
78

57
64

14/10/2017
19/11/2017

Ragged lady
Ragged lady

60
78

49
61
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2.2.5 Estimating Flower Colour
The flower colour (human visual spectrum) of each plant was recorded each week from
07/11/2017 to 21/05/2018. The number of flower colour categories was constrained to six (blue, pink,
purple, red, white and yellow), to avoid confusion or disagreement between observers tasked with
recording these data (Figure 2.3). Plants with flowers that consisted of multiple colours, were recorded
into the category that best represented the dominant flower colour (Figure 2.3A, 2.3B).

Figure 2.3 Examples of flowers classified into each of the six colour categories (A) blue viper’s
bugloss, (B) pink lupin, (C) purple cornflower, (D) red snapdragon, (E) white ragged lady, (F) yellow
lupin.

2.2.6 Plant Diseases, Pests and Problems
Observations of plant health were made each week from 07/11/2017 to 21/05/2018. Plants
perceived to be affected by disease or pests were photographed; the stage of development (seed,
seedling or adult), intensity of infection or infestation (low: below 20%, moderate: 20% to 80%, high:
above 80% plants affected) and type of disease(s) affecting each plant species grown was recorded.
Plants heavily affected by pests or diseases were removed in an attempt to reduce the spread of infection.

2.2.7 Plant Species Flowering Period
The flowering period (number of days a plant produced flowers) was recorded for each of the
five flowering plant species grown. Flowering periods were determined through general observation,
flowering plant species were recorded to have started flowering when approximately 80% of plants had
begun to produce flowers and to have finished flowering once approximately 80% of plants had stopped
producing flowers. Flowering periods were then categorised as short (1 to 7 days), moderate (14-30
days) and long (30+ days). Debudding served to increase the flowering period of Snapdragon and
Cornflower flowering plant species.
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2.2.8 Bumble Bees
Two ‘standard’ bumble bee (Bombus terrestris) colonies (with queen and approximately 80
workers) were purchased from New Zealand distributor Biobees LTD. Upon arrival all bees from each
of the colonies were tagged using a tagging apparatus (Figure 2.4A); bees were gently pushed up the
cylinder until the back of their thorax and abdomen were firmly pressed against the top of the cage.
Tags coated in super glue were attached to the thorax of the bee through the small holes in the cage
using a blunted wooden skewer. The colour coded plastic bee tags denoted bee ID (tag number) and
colony origin (tag colour) (Figure 2.4B). Newly emerged bees detected by their lighter cuticle
(compared to older adults) were tagged each day throughout the duration of the pilot study.
Bees and nest material were transferred into 2-chambered wooden nest boxes (Figure 2.4C),
filled 2cm high with Essentials Cat Litter (a chemical free material used to soak up unwanted moisture
buildup (Figure 2.5D). The main chamber (20×20×15cm) served to house bumble bee nests and brood,
while the entrance chamber (10×20×15cm) provided a vestibule where temporary food sources (during
bee tagging) could be placed and bees could defecate. Each chamber had ventilation holes (25mm)
covered by gauze facilitating airflow within the nest.
Once bees were tagged, the colonies were placed on separate tables that were positioned
adjacent to the greenhouse division (Figure 2.5). The table (left or right) colonies were placed on was
randomly assigned. A polystyrene block (40×50×10cm) was placed on top of each colony to provide
additional insulation and reduce the amount of light entering the nest. A feeder containing low
concentration sucrose solution (10%) was placed adjacent to each hive providing bees with a
supplement sugar source during periods of food scarcity (e.g. high temperatures or when focal flowers
were netted).

Figure 2.4 Bumble bee colony setup and bee tags (A) tagging apparatus. (B) sheet of plastic colour
coded bee tags. (C) plexiglass covered wooden nest box used to house bumble bee colonies. (D) a
tagged colony of bumble bees placed inside the main chamber of the wooden nest box.
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2.2.9 Pilot Study Experimental Setup
A separate project concerning the effect of nutritional complexity on the fruit set of tomato
plants (Solanum lycopersicum) was being run concurrently with this thesis project, throughout the
duration of all experiments. Consequently, in the present study each environmental array (simple and
complex) included the addition of 26 tomato plants, 20 of which were constantly available, placed on
13 tables (2 plants on each table) spread evenly throughout middle of the greenhouse (Figure 2.5). Visits
by bees to tomato were recorded and included in observations of foraging behaviour. As the number of
tomato plants remained constant among experiments it was assumed that observable differences in
foraging behaviour across environmental treatments were not driven by the presence of tomato plants.
For this study, twenty-three tables (1 x 1 x 1 metres) were set up in a 5 x 5 grid throughout the
south side of the greenhouse (Figure 2.5). The two outer rows (1 and 5) consisted of tables housing
focal flowers while the middle rows (2, 3 and 4) were reserved for tomato plants (Figure 2.5). The centre
(3rd) row was comprised of three tables containing netted tomato plants that were unavailable to bees
for the duration of the pilot study (Figure 2.5). For the first week of the pilot study (27/11/2017 –
4/12/2017) bumble bees were presented an array consisting of two flowering plant species (snapdragon
and viper’s bugloss). Four randomly chosen snapdragon colour morphs were placed on focal Tables 1,
3, 5, 19, 21, and 23. Four blue viper’s bugloss plants were placed on the remaining focal tables (2, 4, 6
and 8). On 05/12/2017, floral arrays on focal tables were changed to include 1 flowering plant of each
of the 5 species grown (snapdragon, cornflower, viper’s bugloss, lupin, and ragged lady) of random
colour. Focal plants, and tomato plants (rows 3 and 4), were always accessible to bees throughout the
duration of the pilot study.

33

Figure 2.5 Schematic of Invermay greenhouse setup as described in methods. Focal flowers were
distributed over 10 tables in rows 1 and 5. The centre three rows consisted of tables with tomato plants,
with the centre-most row containing tomato plants that were netted (inaccessible to bumble bee
workers) for the entirety of each round. Bumble bee colonies were located at the rear of the greenhouse,
0.5m from the back of the wall that divided the greenhouse into the north and south sides.
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2.2.10 Bumble Bee Foraging Observations
Bumble bee foraging data were collected using a focal sampling technique. A pair of observers
positioned themselves to the side of a bumble colony’s entrance and waited for a tagged forager to leave
the nest. Foragers were followed throughout the greenhouse for the duration of their foraging bout. One
observer was tasked with narrating the bee’s movement between flowers, citing the species, colour,
plant number and noted unique behaviours. The other observer recorded these data. If observers lost
sight of a forager the focal sample was abandoned and the time at which the forager was lost was
recorded. Bees that were lost during a focal sample were eligible to be followed a second time if they
were located later in the day.

2.3 Results 1: Determining Flowering Plant Species Suitability
2.3.1 Flower Colours Grown
Three or more colour morphs were reliably grown for the flowering plant species snapdragon,
cornflower and lupin (Figure 2.6). These species shared purple, pink and white colour morphs. Both
snapdragon and lupin also produced yellow colour morphs. Red and blue colour morphs were only
produced by snapdragon and lupin respectively. A relatively equal number of colour morphs were
produced within snapdragon and lupin species. A disproportionally higher number of blue colour
morphs were produced for cornflower than other colours (pink, purple and white). Both viper’s bugloss
and ragged lady produced only 2 colour morphs (blue and white). Viper’s bugloss plants almost
exclusively emerged as blue colour morphs while ragged lady produced a relatively equal number of
blue and white flowered plants (Figure 2.6).
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Figure 2.6 The number of plants successfully raised within each flower colour category (blue, pink,
purple, red, white and yellow) for all plant species grown in the experiment (snapdragon, cornflower,
viper’s bugloss, lupin and ragged lady).
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2.3.2 Plant Diseases, Pests and Problems
All flowering plant species grown experienced some level of disease or pest infestation
throughout the growing period. The number of plants affected and the extent to which they were
damaged by disease or pests varied across species and stage of plant development. Ragged lady was
rarely affected by disease, with only a small minority of plants (less than 20%) exhibiting bud rot at the
late seedling stage of development (Figure 2.7A). The exact cause of this symptom was not determined.
A large majority (above 80%) of lupin plants exhibited leaf curling at the early to late seedling stage
(Figure 2.7B), which stunted the development of many plants. Consequently, a large percentage of lupin
seeds and seedlings planted failed to flower. Snapdragon flowering plants exhibited moderate levels of
petal rot/sun burn (Figure 2.7C) and Antirrhinum rust (a fungal disease caused by Puccinia antirrhinin)
infections. Petal rot/sunburn affected snapdragon plants at the adult stage of development and was often
restricted to one or few flowers on each infected plant, so was easily managed through the removal of
infected flowers. Similarly, Antirrhinum rust only affected plants at the adult stage, with infections
restricted to only a few leaves on each plant. Plants affected by rust still reached maturity (flowered)
and did not suffer irreparable damage. Leaves with visibly heavy rust infections were removed in an
attempt to limit spread to neighbouring plants.
Aphid infestation was the most common cause of plant death affecting three of the five plant
species grown (snapdragon, cornflower, viper’s bugloss,). All three plant species suffered moderate
levels of infection. Viper’s bugloss and snapdragon plants were susceptible to damage from aphid
infestation at the adult stage of development (Figure 2.7D, 2.7E). Aphid infestation of viper’s bugloss
was extremely heavy often causing plant death within a few days. Snapdragon infestations varied in
their severity, in most cases aphids were restricted to few flowers on each plant (Figure 2.7F), but some
plants suffered heavy infestations, dying a week after aphids were first seen. Cornflower plants were
mostly affected by aphid infestation at the adult stage of development. The severity of infestation for
adult plants was low and was restricted to one or few flowers. Cornflower plants affected by aphids at
the early to late seedling stage suffered severe infestations and almost always failed to reach maturity
(Figure 2.7G).
Aphid infestations could be reduced or eliminated by the removal or isolation of heavily
infested plants. Plants with low level infections can be lightly sprayed with water to dislodge a
percentage of the aphid population. This method failed to fully eliminate infestations but acted to
contain them to a level that was sustainable. Lupin seemed to have a natural resistance to aphid infection
and so were placed between plants identified to be more susceptible to infection in an attempt to reduce
the spread of infestations (snapdragon, cornflower and viper’s bugloss). In addition, the number of
plants on each growing table was reduced to four, to further isolate aphid outbreaks.
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Figure 2.7 Diseases and pests affecting the flowering plant species grown in the experiment. (A) Bud
death of ragged lady seedling, (B) Leaf curling of lupin (potential cause white flies), (C) Petal rot or
sunburn of snapdragon flowers, (D) P. antirrhinin infection of adult snapdragon plant (E) Aphid
infestation of adult viper’s bugloss, (F) Aphid infestation of adult snapdragon plant (G) Aphid
infestation of cornflower seedling.

2.3.3 Flowering Period
Snapdragon and cornflower plants provided consistently high numbers of flowers for the
duration of the pilot study. These species responded well to debudding, continually producing new
flowers for over 30 days. viper’s bugloss plants had a moderate (14 to 30 day) flowering period; heavy
aphid infestations likely resulted in the premature death (reduced flowering period) of many viper’s
bugloss plants. Lupin and ragged lady plants had short flowering periods (1 to 7 days). Flowers of both
species required few visits from Bumble bee workers for successful pollination, with all available
flowers on a plant setting seed a few days after presentation to pollinators. Debudding was not effective
on these species as they were slow to produce new flowers.

2.3.4 Flowers Species Visited by Bumble Bee Workers
Flowers of all species grown (snapdragon, cornflower, viper’s bugloss, lupin and ragged lady)
were visited by bees throughout the duration of the pilot study. Flower species visitation was not
influenced by number of species (two or five) presented in an array. A key observation was the
difference in behaviour of bumble bees foraging for pollen and nectar both within and between
flowering plant species, although no data were recorded to quantify this difference.
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Table 2.3 The presence or absence of foraging activity on flower species in each array presented
throughout the duration of the pilot study. The presence of foraging activity is represented by a ☑
symbol, plants species not available in a given array are indicated as N.A.
Date

Snapdragon

27/11/2017
28/11/2017
1/12/2017
4/12/2017
5/12/2017
9/12/2017
11/12/2017
12/12/2017

☑
☑
☑
☑
☑
☑
☑
☑

C.
cyanus
N.A
N.A
N.A
N.A

Viper’s bugloss

L. polyphyllus

Ragged lady

☑
☑
☑
☑
☑
☑
☑
☑

N.A
N.A
N.A
N.A

N.A
N.A
N.A
N.A

☑
☑
☑
☑

☑
☑
☑
☑

☑
☑
☑
☑

2.4 Conclusions from Methods 1: Determining Flowering Plant
Species Suitability
Flowering plant species were judged to be suitable for use in a semi-field experiment
concerning flower constancy if they could be reliably grown in three or more colours, were consistently
visited by bees, provided a constant food source and were not greatly affected by disease or pests. Based
on the data from the pilot study (Section 2.3), snapdragon and cornflower provided the best choices out
of the flowering plant species grown as they met four out of five of the criteria used to determine plant
species suitability. A key observation gained from the preliminary foraging observations, was the
difference in foraging behaviour between pollen and nectar foragers. The extent of this difference
(although not formally recorded) was not anticipated as the majority of research investigating the role
of cognitive constraints on flower constancy has been conducted using artificial flowers that only hold
nectar.
Table 2.4 Summary of results for criteria used to determine flowering plant species suitability.
Plant Species

Colours grown

Snapdragon
Cornflower
Viper’s bugloss
Lupin
Ragged lady

Five
Four
Two
Four
Two

Visited by Disease/Pest
foragers
Intensity
Yes
Moderate
Yes
Moderate
Yes
High
Yes
High
Yes
Low
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Flowering period
Long (30+ days)
Long (30+ days)
Moderate (14 - 30 days)
Short (1 to 7 days)
Short (1 to 7 days)

2.5 Methods 2: Characterising Snapdragon and Cornflower
2.5.1 What Makes a Flowering Plant Species Suitable for a Test of Flower
Constancy?
Laboratory studies involve the comparison of constancy across artificial floral arrays offering
nectar that vary in complexity. Complexity is often defined by the number of floral traits that vary
within an array, with simple arrays containing flowers only varying in one or few traits and complex
arrays comprised of flowers varying across many traits. Floral traits commonly manipulated include:
flower colour, morphology, required handling skill (e.g. location of nectar), reward quantity (sucrose
volume) and quality (sucrose concentration) (Gegear & Laverty, 2005; Hill et al., 2001, 1997; Ishii &
Masuda, 2014; Slaa, Cevaal, & Sommeijer, 1998). In order for snapdragon and cornflower to be suitable
for tests of flower constancy they must exhibit variation across multiple floral traits similar to those
represented by the artificial flowers typically used in laboratory studies. Further analyses (flower colour
spectrum, pollen quality and nectar quantity) and observations (flower morphology and bumble bee
handling skills) were conducted to determine how floral traits varied within colour morphs and between
flowering plant species.

2.5.2 Flower Colour Spectrum Analysis
Hymenopterans have trichromatic colour vision based on UV, Blue and Green photoreceptors
and thus perceive colours differently than humans, whose colour vision is based on red, blue and green
photoreceptors (Peitsch et al., 1992). Therefore, the categories flower colours were placed into (see
section 2.6) may not represent the true number of colours distinguishable within bumble bee colour
space. The flower colour spectra of all cornflower and snapdragon colour categories grown (blue, pink,
purple and white; pink, purple, red, white and yellow respectively) was quantified using an Ocean
Optics USB2000 reflectance spectrometer. The resulting spectra were converted to co-ordinates in the
bee colour hexagon (Chittka, 1992; Chittka & Menzel, 1992; Dyer, 1999). Flower morphs differing by
at least 0.04-0.11 colour hexagon units are considered to be discriminated in bee colour vision (Bischoff,
Lord, Robertson, & Dyer, 2013).

2.5.3 Flower Nectar Quantity
The quantity of nectar (µL) produced by all Snapdragon colour morphs (yellow, pink, purple,
red and white) was measured on 10/02/2018. One flower from three flowering plants of each colour
morph were randomly selected for sampling. Microcapillary tubes (5µL) were inserted into the nectaries
of each flower, nectar was drawn into the tubes by capillary action and subsequently measured using
the volumetric measurements inscribed on the tubes. Flowering plants chosen for sampling had been
netted for 24 hours prior to data collection to ensure flowers of these plants had not been visited by
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bees, and the nectar stores within the flowers had sufficient time to replenish. Nectar quantity for
Cornflower was unable to be measured using microcapillary tubes due to the morphology of the flowers.

Figure 2.8 Nectar extraction from white snapdragon using a microcapillary tube (5µL).

2.5.4 Pollen Analysis
The quality of pollen as a food resource for pollinators can be determined by its chemical
content (Vanderplanck et al., 2014). Most insect pollinated plant species (entomophilous) produce
pollen that is high in lipid and sugar content and low in starch, while wind pollinated plants
(anemophilous) produce starchy pollen (Baker & Baker, 1979). Sugar/lipid predominant pollens are
more expensive to produce but offer higher nutritional value than starch predominant pollens (Baker &
Baker, 1979; Vanderplanck et al., 2014). The predominant component (lipid or starch) present within
pollen can be identified using iodide (Jensen, 1962) and sudan dye (Dafni & Firmage, 2000) tests.
Pollen that dyes blue-black in iodide reveals high starch levels (starch predominant), Pollen dying red
in sudan reveals high lipid levels (lipid predominant). Two flowers of each Snapdragon and Cornflower
colour morphs (pink, purple, red, white and yellow; blue, pink, purple and white respectively) were
collected on 15/02/2018 from flowering plants that had been previously netted (inaccessible to Bumble
bee workers) for 24 hours. The suitability of Snapdragon and Cornflower pollen as a food source for
bumble bee colonies was determined using iodide (Jensen 1962) and Sudan dye (Dafni & Firmage
2000) tests. All pollen present within the flowers collected for analysis was removed from the anthers
using forceps and placed into separate labelled petri dishes.

2.5.5 Bumble Bee Foraging Behaviour
As determined from the preliminary foraging observations; bumble bees exhibited clear
differences in foraging behaviour when collecting pollen and nectar within and between flowering plant
species. Videos and photographs were taken of bumble bee workers when foraging on snapdragon and
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cornflower flowers. Differences in the handling skills required to access resource (pollen and nectar)
were recorded for each flowering plant species and were used to form an ethogram (a list of behaviours,
identified and described) for accurate description of each behaviour.
Table 2.5 Ethogram describing the pollen and nectar handling skills utilised by bumble bee workers
to successfully manipulate snapdragon and cornflower flowers.
Behaviour
Pollen
Foraging

Spp
Snapdragon

Description
Image
Pollen removed from anthers using
mandibles. Bees balanced on the keel of
flowers, exposing the anthers/stamen via
lever action. Bees did not access the
Nectary
basal end of the flower (nectary).
Grooming behaviour, pollen brushed
from the thorax and abdomen into tightly
Anther
packed pollen pellets on the corbiculae
using the front legs, often observed
Pollen Basket
before bees departed flower. Little to no
pollen visible on the thorax or abdomen
after grooming.

Cornflower

Bees position themselves in the centre of
the flower to access anthers. Pollen is
brushed onto corbiculae (pollen basket)
forming tightly packed white pollen
pellets. No visible use of proboscis.

Anther

Nectary

Pollen basket
Nectar
Foraging

Snapdragon

Cornflower

Bees foraging for nectar were observed
to manoeuvre themselves deep within
flowers, gaining access to the nectaries
located near the basal end of the flower;
seeming to disappear. Very little
grooming was observed between flower
visits and pollen was often visibly
distributed over the thorax and abdomen
of nectar foraging bees.

Bees foraging for nectar were
observed to extend their proboscis to
gain access to nectaries located near
the centre of the flower. Nectar
foragers were most often observed to
have no pollen baskets.
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Bumble bee

2.6 Results
2.6.1 Flower Colour Spectrum Analysis
Spectral analyses revealed purple and pink cornflower and purple and red snapdragon
(represented by triangle shape) flowers to be indistinguishable (colours shown inside the circle; Figure
2.9) within bee colour space. To account for this purple and pink cornflower plants and purple and red
snapdragon plants will be referred to as purple colour morphs for each species respectively. To avoid
confusion, white flowering snapdragon plants will be referred to as cream morphs to represent the
finding that white cornflower and white snapdragon flower colours were distinguishable within bee
colour space. All other cornflower (blue and white) and snap dragon (pink and yellow) colours were
distinguishable within bee colour space, and thus will be referred to as blue and white morphs and pink
and yellow morphs for cornflower and snapdragon plants respectively.

Figure 2.9 Hexagon colour space showing the position of cornflower (represented by circles) and
snapdragon (represented by triangles) flower colour categories (blue, pink, purple and white; purple,
pink, red, white and yellow respectively) within bee colour space. The distance from the centre to each
of the six corners of the colour space is defined as 1.0 hexagon units. The scale bar above E(G)
represents 0.1 hexagon units. Colour distances < 0.04 hexagon units are not discriminated by bees,
colour distances between 0.04 hexagon units and 0.11 are discriminated by bees and a colour distance
> 0.11 hexagon units are easily discriminated by bees (Dyer et al. 2012). Flower types not discriminated
in bee colour vision have been circled.

43

2.6.2 Nectar Quantity Analysis
A nectar quantity of less than 1µL was recorded for all snapdragon flower colour morphs (pink,
purple, red, white and yellow). Microcapillary tubes capable of measurements smaller than 1µL were
unavailable, therefore the quantity of nectar produced between and within each snapdragon colour
morph was assumed to be equal. The morphology of cornflower inflorescences (large number of small
flowers contributing to an inflorescence) did not allow nectar to be quantified through the use of
microcapillary tubes. As a result of the inability to extract nectar from cornflower flowers, the quantity
of nectar produced by each cornflower colour morph was assumed to be less than 1µL.

2.6.3 Pollen Analysis
Pollen from all cornflower and snapdragon colour morphs (blue, purple and white; pink, purple,
pink, cream and yellow respectively) recorded a positive Sudan dye test result (Figure 2.9), indicating
that pollen from all flowers was lipid predominant (of high energetic value to bees).

Figure 2.10 (A) Sudan test of snapdragon pollen. (B) Sudan test of snapdragon pollen. Pollen grains
turned red indicating pollen to be lipid predominant.

2.6.4 Flower Morphology Classification
Snapdragon flowers are bilaterally symmetrical, bell shaped, have long corolla and concealed
nectaries (Krishna & Keasar, 2018; Stout, Allen, & Goulson, 1998). They are considered to have
complex morphology as they require the utilisation of multiple handling skills to access floral resources
(pollen or nectar)(Krishna & Keasar, 2018; Muth, Keasar, & Dornhaus, 2015). To access pollen bees
must balance themselves on the keel (bottom side) of the flower to expose the anthers by lever action
(Table 2.5). Pollen is then removed by bees using their mandibles. To gain access to nectaries bees
similarly open flowers though lever action, bees must then manoeuvre themselves deep within the basal
end of the flower accessing nectar through the extension their proboscis. In comparison cornflower
flowers are radially symmetrical, involucre barrel shaped, possess short corollas and open nectaries
(Bellanger, Guillemin, Touzeau, & Darmency, 2015; Krishna & Keasar, 2018). Cornflower flowers are
considered to have simple morphology as flowers require very little in terms of manipulation for bees
to access reward (pollen or nectar) (Krishna & Keasar, 2018; Muth et al., 2015). To access pollen or
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nectar bees must simply land on cornflower inflorescences, extend proboscis into open nectaries or
remove pollen from exposed anthers.

2.7 Discussion
Table 2.6 Morphological complexity classification for flowering plant species snapdragon and
cornflower.
Flower Species

Symmetry

Corolla

Nectaries

Shape

Classification

Bilateral

Long

Concealed

Bell

Complex

Radial

Short

Open

Involucre
barrelshaped

Simple

Snapdragon

Cornflower

2.7.1 Summary
Snapdragon and Cornflower flowering plants offer suitable choices for tests of flower
constancy in a greenhouse environment. Both species can be reliably grown in multiple colour morphs
(five and four colours respectively) (Figure 2.6) three of which for cornflower (blue, purple and white)
and four for snapdragon (cream, pink, purple and yellow) were confirmed to be distinguishable within
bee colour space (Figure 2.9). Nectar quantity (Figure 2.8) is assumed to be less than 1µL within and
between colour morphs of each species. Additionally, both species produce pollen of high energetic
value to bee pollinators (Figure 2.10) and offer flowers that vary in morphological complexity.
Therefore, these natural flowering species represent the range of floral trait variation needed to replicate
classical laboratory protocols for studies of flower constancy in a semi-field environment.

2.7.2 Adaptions to existing laboratory methodologies for use in a semi-field
experiment
Foragers were initially selected to be sampled as they left the nest entrance, as is consistent with
previous studies (Heinrich et al., 1977; Ishii, 2005; Slaa et al., 1998). However, when applied in a semifield setting, after approximately a week of preliminary foraging observations, this method was found
to be inefficient as waiting for bees to leave the nest was unreliable as it often did not result in the
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sampling of an active forager. This method was adapted for a semi-field setting by adjusting the way in
which bees were selected for sampling. Observers were stationed at a randomly selected focal table and
to a specific plant on that table and were instructed to follow the first bee that foraged on this plant.
This adaption reduces the selection bias associated with a non-random method of choosing foragers and
ensured that time was not wasted following bees that were not actively foraging. In addition, following
bees for the duration of their foraging bout was found to be unnecessarily time consuming as bouts
often reached upwards of an hour in duration. It was determined that restricting focal samples to 15
minutes was sufficient to capture a reliable subset of a foragers total foraging bout (the types of flower
to flower transitions made within 15 minutes were similar to those observed within a full foraging bout).
A key observation made throughout this experiment was the distinct behavioural differences
exhibited when bumble bees were foraging for pollen or nectar on each flowering plant species (Table
2.5). Previous studies regarding flower constancy have never needed to make such a distinction as the
conditions under which these studies were conducted only allowed flower constancy to be calculated
for either pollen or nectar foragers (Gegear & Laverty, 2005; Gegear & Thomson, 2004; Ishii &
Masuda, 2014; Pangestika et al., 2017; Rossi et al., 2015; Slaa et al., 2003; White et al., 2001). In
laboratory studies pollinators are presented arrays of artificial flowers that only contain nectar (Gegear
& Laverty, 2005; Gegear & Thomson, 2004; Ishii & Masuda, 2014; Slaa et al., 2003), while field studies
calculate constancy as a function of the relative pollen composition of a foragers pollen basket
(Pangestika et al., 2017; Rossi et al., 2015; White et al., 2001). In both cases only one resource (pollen
or nectar) contributes to the calculation of flower constancy. Therefore, whether the type of resource a
pollinator is foraging for influences flower constancy has never been formally tested. The behavioural
differences observed in this study (Table 2.5) present an opportunity to investigate this. A way in which
this could be achieved is by incorporating the resource a pollinator is foraging for into focal samples.
That is, when a pollinator visits a flower it is recorded as collecting either pollen or nectar, pollen and
nectar foraging behaviours could be identified using a previously constructed ethogram. Pollinators
could be categorised as either pollen or nectar foragers based on which resource was collected upwards
of 50% of the time. The constancy values of nectar and pollen foragers could then be calculated
separately and compared to determine whether the resource the pollinator is foraging for influences
flower constancy in any way.

2.7.3 Practical considerations when using natural flowering plant species
Seedlings were much more reliable in terms of reaching maturity (flowering) compared to
seeds. It was noted that costs spared through the purchase of seeds was outweighed by the cost of low
propagation success and inconsistent flower colours produced. The plant species chosen should be
considered for their practicality as well as their desired colour polymorphism. For example, lupin
produced a wide array of colours (Figure 2.6) but set seed almost immediately after being visited by
46

foragers and were unresponsive to debudding attempts. As a result, lupin plants had to be continually
replaced and stocks of each colour were quickly depleted. It should be noted that for this reason they
were excluded from use in the current experiment but may offer an alternative flowering plant species
to cornflower or snapdragon if funding resources allow. However, further analyses would need to be
conducted to ensure their suitability for tests of flower constancy specifically.

2.8 In Conclusion
Snapdragon and cornflower flowering plants offer the most suitable choices for tests of flower
constancy in a greenhouse environment. It is suggested that in a semi-field environment focal sampling
be modified in that foragers are selected from a randomly selected focal table rather than from the nest
entrance. Finally, it is urged that subsequent studies investigating the flower constancy of pollinators
with the use of natural flowers distinguish between pollen and nectar foraging behaviours when
calculating flower constancy values.
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Chapter 3 Do Cognitive Constraint Hypotheses Predict
the Flower Constancy of Bumble Bee Workers Foraging
on Natural Flowers in a Semi-Field Environment.
3.1 Introduction
The most popular hypotheses aimed at explaining why pollinators exhibit flower constancy
argue this behaviour arises due to a limited capacity for learning (Cognitive Constraint Hypotheses)
(Figure 1.1, 1.4, Chapter 1). A main prediction of these hypotheses is that pollinators will exhibit higher
levels of constancy when subject to increasing levels of foraging task or environmental complexity
(Chittka et al, 1999; Dukas, 1995; Goulson, 2000; Waser, 1986; Wilson & Stine, 1996).
Most tests of flower constancy have been conducted under laboratory settings (Figure 1.3). In
the lab, bees are presented with artificial floral arrays that vary across several floral traits, including
flower colour, display size, nectar-well depth and position (Gegear & Laverty, 2005; Gegear &
Thomson, 2004; Ishii & Masuda, 2014; Slaa et al., 2003). In these studies, complexity is defined by the
number of floral traits or the morphology of artificial flowers present within an array. Floral arrays
(arrangements of artificial flowers) described as being complex vary across more traits (three or four)
than arrays described as simple (two), while the complexity of artificial flowers is defined by the
difficulty associated with pollinators gaining access to sucrose rewards (e.g. increased well depth).
Flower constancy is calculated from focal samples (observation of flower to flower movement on a
foraging bout) using indices which quantify the number of switches between different flower types over
the total number of visits against what would be expected by chance (Bateman, 1951; Gegear & Laverty,
2005; Slaa et al., 1998; Waser, 1986). The index values of foragers are subsequently compared between
arrays of varying complexity. Studies supporting predictions of cognitive constraint hypotheses have
shown higher levels of flower constancy in complex artificial arrays and to complex artificial flowers
in comparison to arrays and flowers described as simple (Gegear & Laverty, 2005; Gegear & Thomson,
2004; Ishii & Masuda, 2014; Slaa et al., 2003).
In comparison, studies addressing the flower constancy of pollinators to natural flowers in the
field have been conducted far less frequently and do not always mirror the results found from laboratory
studies (Brosi & Briggs, 2013; Goulson & Wright, 1998; Kozuharova, 2018; Marzinzig et al., 2018)
(Figure 1.3, Chapter 1). However, field studies employ different methods than those used in the
laboratory, due to the difficulty associated with following free-flying pollinators in a natural
environment (Heinrich et al., 1977; Rossi et al., 2015). Flower constancy is instead calculated as a
function of the relative pollen composition of the foragers pollen basket. For example, a bee whose
basket contains 80% sunflower pollen is said to be 80% constant to sunflowers (Ishii & Kadoya, 2016;
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Pangestika et al., 2017; Rossi et al., 2015; White, Cribb, & Heard, 2001). This represents a difference
in not only in study setting (lab and field) but also a difference in the method of how flower constancy
is calculated and therefore the value produced from these two calculations provides different
information. That is, the laboratory method produces a measure of how often a pollinator switches
between flowers of different types during a foraging bout, whereas the field method provides a measure
of which flowers were visited overall across the total bout. These two values are not necessarily
comparable, and as a result, it is hard to discern whether the difference in results reported in these papers
(Brosi & Briggs, 2013; Goulson & Wright, 1998; Kozuharova, 2018; Marzinzig et al., 2018) is
attributed to discrepancies between the methodology of each study type (lab and field) or a difference
in pollinator interactions with natural and artificial flowers. Snapdragon flowers require several distinct
handling skills to access nectar or pollen, whereas cornflowers require few (Table 2.5). Therefore,
snapdragons represent flowers of complex morphology while cornflower represent flowers with simple
morphology (Figure 2.6). Comparing the level of flower constancy between the snapdragon one species
array and the cornflower one species array will provide insight into how or if flower morphology
influences bumble bee flower constancy.
To date no known attempts have been made to replicate methods of laboratory studies of flower
constancy under a more natural context. It is unlikely that an experiment of this kind could be conducted
under field conditions, due to the difficulty associated with following free-flying pollinators in a field
environment. The current study aimed to determine whether the predictions made by cognitive
constraint hypotheses can explain the flower constancy of bumble bee (Bombus terrestris) workers by
using focal sampling (lab method) in a glasshouse with natural flowers (semi-field environment;
exposed to natural conditions but confined to a finite space, e.g. greenhouse). If cognitive constraint
hypotheses do explain the floral fidelity of Bumble bee workers, it is predicted that bees will be more
constant under complex conditions. Bumble bee workers will exhibit higher levels of flower constancy
in arrays containing multiple flowering species compared to those with fewer species. Bumble bee
workers will exhibit higher levels of constancy compared to flowers with nectaries that are difficult to
access and Pollen foragers will exhibit higher levels of flower constancy than nectar foragers.

3.2 Methods
3.2.1 Study Site
All research was conducted in a same greenhouse described in Chapter 2 (Figure 2.1).

3.2.2 Bumble bees
Six ‘Standard’ (queen right with approximately 80 workers) bumble bee (Bombus terrestris)
colonies were purchased from New Zealand distributor Biobees LTD (two on 18/01/2018, two on
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23/02/2018 and two on 20/04/2018). The setup used for bumble bees was the same as that described in
chapter 2 (Figure 2.4).

3.2.3 Environmental Arrays
During each round of data collection, bumble bees were presented two different environmental
arrays. The ‘One Species Array’ (simple) consisted of either cornflower or snapdragon flowering plants
varying across three colours distinguishable in bee colour space (cornflower: purple, white and blue;
snapdragon: purple, cream, and yellow) as determined by the flower colour analysis (Figure 2.9). The
‘Two Species Array’ (complex) consisted of both snapdragon and cornflower flowering plants varying
across three colours distinguishable within bee colour space (purple, white and cream) as determined
by the flower colour analysis (See Chapter 2.6). The two species array was comprised of plants that
varied across both morphology and colour and can thus be considered more complex than both one
species arrays (cornflower and snapdragon) that are comprised of plants that vary only in colour.
Comparing the level of flower constancy exhibited in the one species array (cornflower and snapdragon)
and the two species array can provide insight into how environmental complexity effects the level of
flower constancy exhibited by bumble bees.

Figure 3.1 Environmental arrays used over rounds 1, 2 and 3 of data collection. A) cornflower simple
array consisting of 1 species (cornflower) and 3 flower colours (purple/pink, white and blue) used in
Round 2 of data collection, B) snapdragon simple array consisting of 1 species (snapdragon) and 3
flower colours (purple/red, white and yellow) used in rounds 2 and 3 of data collection and C) multispecies array consisting of 2 species (cornflower and snapdragon) and 3 flower colours (purple, white
and cream) used in Rounds 1, 2 and 3 of data collection. Flower types not separated by a border
represents colour morphs not distinguishable in bee colour space (see chapter 2.6).
The resource (pollen or nectar) a pollinator is foraging for has also been shown to influence
handling skill complexity. Nectar is often readily available to foragers, requiring minimal manipulation
of the flower to locate and access. Consequently, very little time is needed for foragers to learn the
handling skills required to extract nectar from flowers. In comparison the handling skills required to
remove pollen from flowers differs widely across flowering plant species and is dependent on many
factors including floral structure, anther and pollen morphology (Table 2.6) (Stone, Raine, Prescott, &
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Willmer, 2003; Thorp, 2000; Willmer & Stone, 2004). A study by Raine and Chittka (2007), found that
learning how to extract pollen from the morphologically simple poppy flowers took bumble bees
(Bombus terrestris) workers three times as many visits than learning the nectar handling skills of the
most morphologically complex flowers. If cognitive constraints determine flower constancy, constancy
will be highest in the complex floral arrays. Snapdragons were used in rounds 2 and 3 for the simple
array due to a shortage of cornflower flowering plants.

3.2.4 Experimental Setup
All flowering plants (cornflower and snapdragon) used in this experiment were sourced from
those grown in chapter 2. Twenty-three tables (1 x 1 x 1 metres) were set up in a 5 x 5m grid throughout
the greenhouse (Figure 3.3). Tables on the two outer rows (1 and 5) consisted of tables housing focal
and supplementary flowers. Focal flowering plants were placed on tables A, C and E in rows 1 and 5.
Focal flowering plant tables for both cornflower and snapdragon one species arrays was setup by placing
four plants (of the same species, but different colours or two purple) at the corner of each table. The
two species array was setup by placing a single plant at each corner of every table, which included one
purple and one white cornflower, along with one cream and one purple snapdragon. The colours in each
corner were randomised. When changing between floral arrays (e.g. cornflower one species array to the
two species array) all plants were replaced with new plants. The position of flower colours was again
randomised. Flowers that had become damaged or had started to set seed during an array presentation
were debudded to increase the longevity of the plants. Focal flowers were only made available to
bumble bees during data collection and were covered with mosquito netting when data were not being
collected. Four supplementary tables, each containing three cornflower and three snapdragon, with
colours different from focal colours, were placed on tables B and D (Figure 3.2). Supplementary flower
tables offered bees a pollen and nectar source when focal flowers were netted. Presenting both flower
species on supplementary tables also allowed bees to become familiar with handling each flower.
Tomato plants were also available as previously mentioned (Figure 2.5, Chapter 2). Visits to S.
lycopersicum flowers were recorded and included in calculations of flower constancy to ensure a
reliable measure of the observed behaviour. As the number of tomato plants remained equal across
rounds and array presentations it was assumed that observable differences in flower constancy across
environmental treatments were not driven by the presence of tomato plants. For the purpose of this
study tomato plants

will be excluded from of all definition’s complexity (environment, flower

morphology and handling skill) as their presence did not contribute to this study.
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Figure 3.2 Schematic of Invermay greenhouse setup as described in methods. Focal flowers were
distributed over 10 tables in rows 1 and 5. The center three rows consisted of tables with tomato plants,
with the center-most row containing tomato plants that were netted (inaccessible to bumble bee workers)
for the entirety of each round. Bumble bee colonies were located at the end of the greenhouse furthest
from the door, 0.5m from the back wall that divided the greenhouse into the north and south sides.
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3.2.5 Data Round Dates
Three rounds of data were collected between January 2018 and May 2018. Each round of data
collection lasted 4 weeks and the side of the greenhouse used for the experiment was alternated between
rounds. Each round of data collection lasted 1 month. The number and type of floral arrays presented
to bees varied across rounds (Table 1). In Round 1 of data collection, the floral array was changed twice,
with the first array being presented for the first 2 weeks and the second array for the last two weeks of
the round. Floral arrays in Round 3 and 4 were changed each week (Table 1).
Table 3.1 Assortment of key dates for each round of data collection.
Round Colony Arrival Array 1
1
18/01/2018
24/01/2018 - 6/02/2018

Array 2
7/02/2018 - 16/02/2018

2

5/03/2018 - 11/03/2018;

23/02/2018

27/02/2018 - 4/03/2018;

12/03/2018 - 18-03/2018 19/03/2018 - 21/03/2018
3

20/04/2018

23/04/2018 - 1/05/2018;

2/05/2018 - 8/05/2018;

9/05/2018 - 15/05/2018

16/05/2018 - 29/05/2018

3.2.6 Behavioural Data Collection
Data were collected between the hours of 7am and 12pm for approximately 15 days each round.
Bumble bee foraging data were collected using a focal sampling technique. A pair of observers first
located a tagged foraging bee and confirmed that data had not already been recorded for that bee earlier
in the day. To avoid bias in the bees chosen for focal samples, observer pairs chose a table at random
and followed the first bee they observed foraging on a flower from that table. Bees chosen for data
collection were followed throughout the greenhouse for a maximum of 15 minutes of their foraging
bout. One observer was tasked with narrating the bee’s movement between flowers, citing the species,
colour, plant number and whether the bee was foraging for pollen or nectar. The other observer recorded
these data. If the forager returned home or observers lost sight of her before the 15-minute time limit
was reached, the focal sample was abandoned and the time at which the forager was lost was recorded.
Bees that were lost during a focal sample were eligible to be followed a second time if they were located
later in the day.
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3.3 Data Analysis
3.3.1 Calculation of Flower Constancy
Flower constancy was calculated in two ways: (1) for each individual’s workers foraging bout
using a transition matrix (Fig 3.5) and (2) for all bees within an array using Bateman’s Index (Fig 3.6).
In the one-species environment, there were 4 flower types a bee could visit: blue, purple and
white cornflower and tomato or cream, purple and yellow snapdragon and tomato. In the two-species
environment, there were 5 flower types: purple and white cornflower, purple and cream snapdragon,
and tomato. Flower constancy was quantified by calculating a constancy value through the construction
of 4 × 4 transition matrices for bees recorded in the one species array, and 5 × 5 transition matrices for
bees recorded in the two species environment (Figure 3.3). A constancy value can be calculated by
dividing the total number of transitions between flowers of the same type by the total number of
transitions between all flowers visited in a foraging bout (Equation 3.1).

Transition Matrix:
From:

To:

1

2

3

4

1

A

B

C

D

2

E

F

G

H

3

I

J

K

L

4

M N

O

P

Eq. 3.1 Constancy =
(A+F+K+P)
(A+B+C+D+E+F+G+H+I+J+K+L+M+N+O+P)

Figure 3.3 Flower visitation sequences and flower constancy calculation (modified from Slaa, Cevaal
& 1998) for foraging bouts recorded in the Simple Array. Numbers 1, 2, 3 and 4 represent different
flower types (Round 1: 1 = purple cornflower, 2 = blue cornflower, 3 = white cornflower and 4 =
tomato or Rounds 2 and 3: 1 = purple snapdragon, 2 = yellow snapdragon, 3 = white snapdragon and 4
= S. lycopersicum) and letters A through to P represent the number of transitions between each flower
type (eg: A = number of transitions between purple cornflower and purple cornflower, B = number of
transitions between purple cornflower and blue cornflower). Eq. 3.1 A constancy value can be
calculated by dividing the total number of transitions between flowers of the same type by the total
number of transitions between all flowers visited in a foraging bout
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Batemans index (BI; Eq. 3.2) calculates the tendency of foragers to move assortatively
between similar flower types over and above the proportion of moves to similar flower types than
would be expected by chance (Gegear & Laverty 2005).
Eq. 3.2: BI = ((AD)1/2 – (BC)1/2)/((AD)1/2 + (BC)1/2)
Where A is the number of moves from flower type 1 to flower type 1, B is the number of moves
from flower type 1 to flower type 2, C is the number of moves from flower type 2 to flower type
1 and D is the moves from flower type 2 to flower type 2. Index values range from −1 (complete
inconstancy) to 0 (random foraging) to +1 (complete constancy).
BI was expanded to include all possible transition matrices for the 4 flower types present in the
simple environment (Eq 2), and all possible transitions for the 5 flower types present in the complex
environment (Eq 3).
Eq 3.3: BI = ((AFKP)1/4 – (BCDEGHILMNOP)1/12)/((AFKP)1/4 + (BCDEGHILMNOP)1/12)
Eq 3.4: BI = ((AGMSY)1/5 – (BCDEFHIJKLNOPQRTUVWX)1/20)/((AGMSY)1/5 +
(BCDEFHIJKLNOPQRTUVWX)1/20),
where A, F, K, P and A, G, M, S, Y are the number of moves to a similar flower type and the
remaining letters (B, C, D, E, F, H, I, J, K, L, N, O, P, Q, R, T, U, V, W, X) are the numbers of
movements to different flower types.
One problem with BI is that an index cannot be calculated unless each of the possible transitions
is observed at least once (otherwise the denominator = 0, see Eq 3.2-3.4). As a result, BI could not be
calculated for individual bees due to the large number of possible transitions in each experimental
treatment. To compensate, a single BI was calculated based on the pooled data of foragers recorded in
each environmental array (one species and two species) for each round separately. A value of one was
added to each possible transition to ensure a BI value could be calculated.

3.3.2 Environmental complexity
Individual bumble bee worker constancy values (Eq. 3.1) were averaged for each bee within
each environmental array (one species array or two species array) for each round of data collection.
Some bees were only observed in one environment (either one species array or two species array) as a
result of bees dying before an array change. Foraging data were therefore divided into two categories:
(1) foragers measured in only one environmental array and (2) foragers measured in both. Bees that
were recorded as visiting less than five flowers were excluded from the analyses as a value of flower
constancy calculated from this small number of visits would not be representative of a total foraging
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bout. A Generalized Linear Model (GLM) (Distribution: Binomial; Link: Logit) was used for each data
subset. For bees only measured in one environmental array; the response variable was average flower
constancy (from Eq. 1), and the fixed factors included environmental array (simple or complex), round,
and an interaction between environmental array and round. For bees measured in both environmental
arrays, bee (nested in round) was added to the model as a fixed factor.
The proportion of visits an individual bee collected nectar or pollen during a foraging bout was
calculated. A bee was considered a nectar forager if nectar was collected during >50% of the flower
visits, and a pollen forager if pollen was collected during >50% of the flower visits within a single
foraging bout. Foraging bouts where pollen = nectar (50% for both) were excluded from the analysis (n
= 5 bees). Foraging data were divided into two categories: (1) individuals observed in one environment,
categorised as pollen foragers, (2) individuals observed in one environment, categorised nectar foragers
(statistical analyses could not be run on bees observed to be nectar or pollen foragers in both
environmental arrays due to low sample size). A GLM (Distribution: Binomial; Link: Logit) was used
for each data subset, where for both, the response variable was flower constancy and fixed factors
included environmental array (one species or two species), Rounds (1, 2 and 3), and an interaction
between environmental array and round.
No statistical analyses were conducted on BI values (Eq 3.3-3.4) calculated from pooled focal
data as only one BI value could be calculated for each environmental array (simple and complex) across
rounds.

3.3.3 Flower Morphology complexity
The average flower constancy of bumble bee workers in the two different simple arrays
cornflower (Round 1, simple morphology) and snapdragon (Round 2 & 3, bilateral (complex)
morphology) were compared to investigate whether flower morphology influenced flower constancy.
A GLM (Distribution: Binomial; Link Logit) was run with average flower constancy as the response
variable and round as the factor.

3.3.4 Handling skill complexity
To determine whether nectar and pollen foragers exhibited different levels of flower constancy,
GLMs (Distribution: Binomial; Link Logit) with average flower constancy (Eq 3.1) as the response
variable, and probability to collect pollen, round, and an interaction between pollen probability and
round as the fixed factors were run for bees only measured in the simple environment and bees only
measured in the complex environment. All statistical analyses were conducted in JMP v. 14.

56

3.4 Results
3.4.1 Environmental complexity
No difference in flower constancy was observed between the one-species and two-species
array among the bees measured in a single environment (GLM: Environment: χ2 = 0.08, DF = 1, P =
0.78 Round: χ2 = 0.13, DF = 2, P = 0.94; Interaction: χ2 = 0.16, DF = 2, P = 0.9275; Figure 3.4A), nor
among those measured in both environments (GLM: Environment: χ2 = 0.15, DF = 1, P = 0.1442;
Round: χ2 = 0.46, DF = 2, P = 0.79; Interaction: χ2= 2.15, DF = 2, P = 0.92, Figure 3.4B).

Figure 3.4 Relationship between environmental complexity and the average flower constancy of
bumble bees in each environmental array (simple = light grey; and complex = dark grey) for rounds 1,
2 and 3 of data collection. (A) Workers observed in one environment only; (B) workers measured in
both environments. Numbers at the base of bars represent the number of bees recorded.
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Pollen foraging bees did not exhibit a difference in flower constancy across the two species and
three species arrays (GLM: Environment: χ2 = 0.02, DF = 1, P = 0.90; Round: χ2 = 0.25, DF = 2, P =
0.88; Interaction: χ2 = 0.22, DF = 2, P = 0.90; Figure 3.5A). Nectar foraging bees were slightly more
constant in the complex environmental array in all rounds of data collection (overall Mean +/- SE
Simple: 0.78 +/- 0.12; Complex: 0.96 +/- SE 0.02), although this difference was not statistically
significant (GLM: Environment: χ2 = 1.37, DF = 1, P = 0.24; Round: χ2 = 0.08, DF = 2, P = 0.96;
Interaction: χ2 = 0.18, DF = 2, P = 0.91; Figure 3.5B).

Figure 3.5 Relationship between environmental complexity and the average flower constancy of
bumble bee workers in each environmental array (simple = white; and complex = grey) for rounds 1, 2
and 3 of data collection. (a) Pollen foragers observed in one environment only; (b) Nectar foragers
measured in one environment only. Numbers at the base of bars represent the number of bees recorded.
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Batemans index (BI) values were between 0.83 and 0.9, across all rounds (1, 2 and 3) and
environment types (simple and complex) (Figure 3.6).

Figure 3.6 The Bateman’s index (BI) value of all foraging bouts recorded in the simple and complex
environmental arrays in all rounds (1, 2 and 3) of data collection. Numbers at the base of bars represent
the number of foraging bouts contributing the BI values in simple and complex environmental arrays
for all rounds (1, 2 and 3) of data collection.

3.4.2 Flower morphology complexity
There was no significant difference in the level of flower constancy exhibited by Bumble bee
workers observed in either the morphologically simple cornflower one-species array or the
morphologically complex snapdragon one-species array (GLM χ2 = 0.03, DF = 2, P = 0.98; Figure
3.7).

Figure 3.7 Relationship between the average flower constancy of bumble bee workers in the simple
environment (Round 1: tomato + cornflower; Rounds 2 & 3: tomato + snapdragon). Numbers above
the bars represent the number of bees recorded.
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Bumble bee workers observed to forage predominantly for pollen or nectar on subsequent bouts
in the one-species array across all rounds of data collection showed no statistically significant difference
in level of flower constancy exhibited when foraging for pollen or nectar (GLM: Environment: χ2 =
0.02, DF = 1, P = 0.89; Round: χ2 = 1.14, DF = 7, P = 0.89; Interaction: χ2 = 0.0092, DF = 7, P = 1;
Figure 5a) (GLM χ2= 0.02, DF = 1, P = 0.89; Figure 3.8A). Bumble bee workers observed to collect
both floral resources (nectar and pollen) in the complex environmental array exhibited higher levels of
flower constancy when foraging for nectar than when foraging pollen collection (overall Mean +/- SE
Nectar: 0.95 +/- 0; Pollen: 0.77 +/- SE 0.05, although this difference was not statistically significant
(GLM: Environment: χ2 = 0.51, DF = 1, P = 0.48; Round: χ2 = 0.12, DF = 3, P = 0.99; Interaction: χ2 =
0.09, DF = 3, P = 0.99; Figure 3.8B).
A

B

Figure 3.8 Relationship between handling skill complexity and the average flower constancy of Bumble
bees workers (white = simple nectar handling skill; and grey = complex pollen handling skill) for rounds
1, 2 and 3 of data collection. (a) The average flower constancy of pollen and nectar foraging bouts of
bees observed to forage for both floral resources (pollen and nectar) in the one species environmental
array. (b) Flower constancy of pollen and nectar foraging bouts of bees observed to forage for both
floral resources (pollen and nectar) in the two species environmental array. Numbers above bars
represent number of bees recorded.
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No difference between the average flower constancy of nectar and pollen foragers was observed
among individuals only measured in the simple environmental array (GLM: Floral resource: χ2 = 0.013,
DF = 1, P = 0.90; Round: χ2 = 0.22, DF = 2, P = 0.89; Interaction: χ2 = 0.068, DF = 2, P = 0.96; Figure
5a). Among individuals that were only measured in the complex environment, nectar foragers exhibited
higher levels of flower constancy than pollen foragers across rounds 1, 2 and 3 (overall Mean +/- SE
Nectar: 0.96 +/- 0.02; Pollen: 0.76 +/- SE 0.04),, although this difference is not statistically significant
(GLM: Floral resource: χ2 = 2.7, DF = 1, P = 0.13; Round: χ2 = 0.21, DF = 2, P = 0.90; Interaction: χ2 =
0.06, DF =A2, P = 0.97; Figure 5b).

B

Figure 3.9 Relationship between handling skill complexity and the average flower constancy of
Bumble bee workers (white = simple nectar handling skill; and grey = complex pollen handling skill)
for rounds 1, 2 and 3 of data collection. (a) The average flower constancy of pollen and nectar foraging
bouts of bees only observed in the simple environmental array. (b) Flower constancy of pollen and
nectar foraging bouts of bees only observed in the complex environmental array. Numbers at base of
bars represent number of bees recorded.
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3.5 Discussion
3.5.1 Summary
The aim of the current study was to investigate whether predictions made by cognitive
constraint hypotheses could explain the flower constancy of bumble bee workers in a semi-field
environment. If the flower constancy of bumble bees arises due to constraints on learning and memory,
we should have observed flower constancy to be highest when bees were foraging in the more complex
environment (two-species array), when subject to an array of morphologically complex flowers
(snapdragon) and when foraging for pollen which requires more complex handling skills to access than
nectar foraging (Raine & Chittka, 2007b). However, the study found that bumble bee workers exhibit:
1. No difference in the level of flower constancy across simple or complex environmental
arrays.
2. No difference in the level of constancy across arrays of morphologically simple or
morphologically complex flowers.
3. Higher levels of flower constancy when foraging for nectar than when foraging for pollen.
The results found from this study suggest that cognitive constraint hypotheses may not be the
main driving force of bumble bee flower constancy within a semi-field environment as none of the
predictions made by cognitive constraint hypotheses were met.

3.5.2 Cognitive Constraints May Not Determine Bumble Bees Flower
Constancy in a Semi-Field Environment
The current study showed non-significant differences in flower constancy across all axes of
complexity investigated (environment, flower morphology and handling skill), opposing the predictions
made by cognitive constraint hypotheses (Chittka et al., 1999; Dukas, 1995; Goulson, 2000; Waser,
1986; Wilson & Stine, 1996). The findings indicate that constraints of pollinator cognition may not be
the main driving force of flower constancy in a semi-field environment. An alternative hypothesis for
flower constancy argues that pollinators will begin to exhibit flower constancy when the quality of a
food reward exceeds a certain threshold (Chittka et al., 1999; Grüter et al., 2011) (the costly information
hypothesis; section 1.3.1, chapter 1). This hypothesis therefore predicts pollinators to exhibit higher
levels of flower constancy to resources that offer higher rewards than those that offer low rewards
(Grüter et al., 2011). The current study found bumble bees to exhibit higher levels of flower constancy
when foraging for nectar than when collecting pollen (Figure 3.8). This result could be interpreted as
supporting the prediction of the costly information hypothesis as nectar has been found to be a much
easier resource for pollinators to attribute value to than pollen, due to its high sugar content (Nepi, 2014;
Nicholls & Hempel de Ibarra, 2017). In other words, as nectar is more easily attributed to reward than
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pollen, it is more likely that this resource will exceed the threshold that will induce flower constancy.
Additionally, the distribution of pollen deposition on the body of bumble bee workers differed between
nectar and pollen foragers (Table 2.5, Chapter 2). Pollen foragers tightly packed pollen into stored
pellets on pollen baskets, whereas pollen was loosely deposited on the thorax and abdomens of nectar
foragers. The position of pollen on nectar foragers is more likely to result in successful pollen transfer
as it is more likely to come into contact with the reproductive unit of the plant (Parker et al., 2015; Zych,
Goldstein, Roguz, & Stpiczyńska, 2013), and the higher level of flower constancy among nectar
foragers will facilitate more effective pollination to conspecifics (reduction of heterospecific pollen
transfer) (Montgomery, 2009). However, this is likely to be species specific to plants whose flowers
hold pollen loosely at the front of the flower and must be bypassed to access the nectar reward (such as
snapdragon) (Barrett, 2002). The difference in flower constancy between nectar and pollen foragers
reiterates the importance of incorporating both pollen and nectar foraging into studies of flower
constancy.
When constancy values were calculated for all bees, indiscriminate of foraging type (pollen or
nectar) there was no statistically significant difference in constancy between the ‘One Species’ and
‘Two Species’ floral arrays (Figure 3.4). However, when separated by foraging type, the level of flower
constancy exhibited by nectar foragers appears to increase in the ‘Two Species’ environmental array
(Figure 3.5). It should be noted that this trend was not statistically significant, although it was observed
across independent rounds. Paradoxically, this effect observed in nectar foragers supports the prediction
of cognitive constraint hypotheses that flower constancy should increase when pollinators are subject
to complex environments. Additionally, foragers observed collecting both resources (pollen and nectar)
exhibited higher levels of constancy when foraging for nectar compared to pollen foraging in the “Two
Species” environmental array, once again this result was not statistically significant but represents a
trend that was observed in four individuals. Due to the small sample size of nectar foragers, any results
pertaining to the differences between foragers by resource type are inconclusive but represents a clear
gap in knowledge and an avenue for further research.
The differences in foraging type (pollen or nectar) could be driven by the equation used for
calculating constancy. The flower constancy index (Eq 1.) gives a proportion of the number of switches
over the total number of visits but does not account for direction (Slaa et al., 1998). That is, an
individual’s constancy value indicates their level of switching but does not indicate which species were
visited in the bout, or which were switched between. Thus, the result of nectar foragers exhibiting higher
constancy may be representative of a preference for the nectar of either cornflower or snapdragon in the
‘Two-Species’ array. Therefore, this result could be explained by adaptive hypotheses, specifically
those that infer and association between constancy and energetics (Chittka et al., 1999; Grüter &
Ratnieks, 2011), however this finding cannot be confirmed in this study due to the lack of qualitative
nectar analyses.
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The constancy indices typically used in laboratory studies require an equal number of flowers
of each type (e.g. 10 blue, 10 yellow, etc.) to produce an expected value (proportions of visits to each
flower type expected by chance, i.e. 50%) (Bateman, 1951; Gegear & Laverty, 2005; Slaa et al., 1998;
Waser, 1986). As the current study did not control for the number of inflorescences produced by each
plant, an expected value could not be calculated (Gegear & Laverty, 2005; Waser, 1986) and as a result
many of these indices could not be utilized (Gegear & Laverty, 2005; Waser, 1986). Attempts could be
made to control the number of flowers produced by each plant but this may be impractical and undercut
by the many factors that could influence this (e.g. soil quality, watering and fertilising schedule, diseases
and pests, temperature etc.) (Cremer, Havelange, Saedler, & Huijser, 1998; Muñoz, Celedon-Neghme,
Cavieres, & Arroyo, 2005). Even Bateman’s Index (Eq 2.) which does not require an expected value
had to be adapted for this experiment (Bateman, 1951). This was done by adding a value of one to every
possible transition to compensate for zero values where that particular switch was never observed (Eq
3. and Eq 4.). Studies that utilise this equation have BI values for individual bees, but because of the
high number of transitions in each environment the data needed to be pooled in the present study
(Gegear & Laverty, 2005; Pohl, Van Wyk, & Campbell, 2011). No bee exhibited visits between every
possible transition. For these reasons, existing constancy equations may not be suitable for use in field
or semi-field settings unless numbers of flowers produced in each colour morph are more tightly
controlled. Future studies may endeavor to pair both focal observation of flower to flower movement
with constancy indices to gain a more reliable accurate account of forager constancy.

3.6 In Conclusion
This study highlights the difficulties inherent to studies of flower constancy in a semi-field
environment. Identifying some key differences between the level of constancy exhibited by nectar and
pollen foragers, reiterating the importance of incorporating both pollen and nectar as rewards for studies
on flower constancy and foraging behaviour in general. This study could act as a framework for
researchers who may be interested in investigating flower constancy with the use of natural flowers,
and guide the development of new, more setting appropriate methods.
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Chapter 4 Thesis Summary
4.1 Synopsis
The main aim of this thesis was to investigate whether cognitive constraint hypotheses could
explain the flower constancy of bumble bee workers in a semi field environment. Chapter 1 revealed
this to be a relevant study question as it showed that majority of research regarding flower constancy
had been conducted on bumble bees in the laboratory (Figure 1.2, 1.3; Chapter 1). Chapter 2 focused
on determining what natural flowering plant species would be suitable for tests of flower constancy as
studies utilising natural flowering plants had rarely been conducted. Snapdragon and cornflower were
revealed to be the best natural flowering plants for tests of flower constancy as the both exhibited
variation across several traits (e.g. colour and morphology) commonly manipulated in studies using
artificial flowers (Gegear & Laverty, 2005; Gegear & Thomson, 2004; Ishii & Masuda, 2014; Slaa et
al., 2003). Pollen and nectar analyses confirmed their suitability, showing that the nectar and pollen
produced by each flowering plant species offered a viable and equal reward for bumble bee workers.
As both species produced equal rewards any differences in flower constancy could be attributed to
difference in floral traits and not reward. Chapter 3 included these flowering species (snapdragon and
cornflower), and in addition to tomatoes, investigated whether the predictions of cognitive constraint
hypotheses could explain the flower constancy of bumble bees in a semi field environment. Simple and
complex environments, flower morphologies, and handling skills were identified, with the prediction
that bumble bee would exhibit higher levels in flower constancy when foraging in the more complex
environments or on the more complex flowers. The results from Chapter 3 revealed no statistically
significant difference in the level of flower constancy across these three axes of complexity, opposing
the predictions made by cognitive constraint hypotheses that pollinators should exhibit higher levels of
flower constancy when subject to increasingly complex tasks or environments. These results infer that
cognitive constraint hypotheses may not offer the best explanation of flower constancy in a semi natural
environment. While this thesis does not provide a definitive answer on why flower constancy arises in
pollinators, it nonetheless provides a good framework for researchers to follow who may interested in
investigating this behaviour with natural flowering plants.

4.2 Potential Improvements
An aspect of the experiment that could be expanded on are the methods used to quantify and
qualify the nectar and pollen of snapdragon and cornflower flowering plant species. Both the quantity
(µL) and quality of nectar and pollen can affect pollinator interactions with flowers (Nepi, 2014;
Nicholls & Hempel de Ibarra, 2017). If energetics (assessment of resource quality) plays a role in
pollinator constancy it is important to better understand the underlying chemical properties of the pollen
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and nectar produced by focal flowering plant species. While the pollen and nectar analyses used in the
theses provided insight to value of cornflower and snapdragons as floral resources, they ultimately
failed to provide a comprehensive assessment.
The microcapillary tubes that were used to extract nectar from snapdragon flowers did not have
volumetric measurements low enough to accurately measure the volume of nectar produced by each
flower colour morph (See Section 2.6.2, Chapter 2). The use of smaller 1µL microcapillary tubes (as
opposed to 5µL) may prove to be a sufficient change in methodology in order to gain accurate
snapdragon nectar quantity measurements. However, the accuracy of microcapillary tubes on flowers
that produce low quantities of nectar (<1µL) has been questioned within the literature (Dungan, Beggs,
& Wardle, 2004; Mallick, 2000; Manetas & Petropoulou, 2000; Power, Stabler, Borland, Barnes, &
Wright, 2018). Microcapillary tubes often do not extract all nectar present within a flower (Manetas &
Petropoulou, 2000; Stephanou, Petropoulou, Georgiou, & Manetas, 2000) and probing can damage
nectary tissue, which could introduce unwanted cell content into drawn nectar (Willmer, 1980). The
inaccuracies caused by these events are likely to be exaggerated when drawn nectar quantities are low.
The morphology of cornflower inflorescences (large number of small flowers contributing to
an inflorescence) did not allow nectar to be quantified through the use of microcapillary tubes (See
Section 2.6.2, Chapter 2). The nectaries and thus the nectar produced by each flower was in too small
of a quantity to be extracted using this method. As a result, the quantity of nectar produced by each
cornflower flower colour morph was assumed to be less than 1µL. Further analyses could have been
taken to asses this assumption. Visual assessment of nectar production has been conducted on Banksia
which represent inflorescences that share similar morphology to cornflower flowers (Lloyd, Ayre, &
Whelan, 2002). Visual assessment involves the estimation of nectar quantity by counting the number
and estimating the size of nectar drops on a sample of flowers for each inflorescence (Lloyd et al.,
2002). This sampling technique does not provide a perfect estimate as the amount of nectar produced
may be underestimated as a result of subsampling, however it does provide a more extensive estimate
than assumption alone.
The use of Iodide and Sudan dye tests to confirm the pollen quality of both snapdragon and
cornflower flowering plant species to be lipid predominant provides a good starting point for the
qualification of this resource. This finding suggests that the pollen produced by the focal plant species
is of energetic value to pollinators (Dafni & Firmage, 2000; Jensen, 1962). If the differences between
nectar and pollen foragers is to be investigated in further detail it is urged that more extensive analyses
are conducted to highlight similarities or differences between species. The nutritional value of pollen
can be determined by the protein content, pollen with high protein percentage being ranked as more
beneficial than pollen with low protein content (Nicholls & Hempel de Ibarra, 2017). Whether the
quality of pollen affects the flower constancy of pollinators is a question remaining to be addressed.
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4.3 Further Research
An important observation of the thesis was the differences between the pollen and nectar
foraging behaviours of bumble bee workers. Very few studies of flower constancy have made this
distinction (or needed to) as they have been focused almost exclusively on nectar foragers (Gegear &
Laverty, 2005; Gegear & Thomson, 2004; Ishii & Masuda, 2014; Slaa et al., 2003). In these studies,
artificial flowers are filled with various concentrations and quantities of sucrose solution, which are
used to mimic nectar. Focal samples in which observers follow and record pollinator flower to flower
movement are used to record foraging behaviour. Constancy is then calculated using various indices
that determine the number of switches in a bout over the total number of flowers visited (Bateman,
1951; Gegear & Thomson, 2004; Slaa et al., 1998; Waser, 1986). Flower constancy studies concerning
pollen foragers involve the collection of pollen baskets from free-flying foragers for pollen analysis and
are commonly conducted in the field (Ishii & Kadoya, 2016; Pangestika et al., 2017; Rossi et al., 2015;
White, Cribb, & Heard, 2001). Flower constancy is calculated by determining the species composition
of a foragers pollen pellet. For example, if a pollinator had pollen baskets exclusively containing pollen
grain from snapdragon flowers, it would be said to be exhibiting 100% constancy to this floral resource)
(Ishii & Kadoya, 2016; Pangestika et al., 2017; Rossi et al., 2015; White, Cribb, & Heard, 2001).
Although these studies offer important information on the types of flowers foragers may be visiting on
a given foraging bout, they may not accurately describe flower constancy. Pollen baskets are often lost
or knocked off between flower visits and bees also foraging for nectar may be getting this resource from
flowers of other species (Raine & Chittka, 2007a). Additionally, pollinators commonly exhibit
differences in the composition of pollen found in their gut (consumed) and the pollen distributed in their
baskets. Lysenkov & Galinskaya (2017) argued that this could imply the emergence of asymmetrical
relations between plants and insects; plants not important to a pollinators diet may be gaining more
efficient pollination then plant species that produce pollen being targeted as a food source. Therefore,
the pollen within the pollen baskets may not be an accurate representation of the flowers that the
pollinator visits in a bout. Furthermore, the relative species composition of the pollen baskets provides
no information on the sequence in which flowers were visited.
The only way to get a definitive measure of flower constancy may be to record a foragers
flower to flower movement throughout the entirety of its bout (focal samples). However focal sampling
techniques also have their weaknesses; observers tend to select and focus only on bees within their field
of view which in many ways can bias results (e.g. Larger pollinators may be preferentially selected over
smaller pollinators as they are easier to identify, bees might be found on certain plants more easily than
other causing observers to look for these flower species to find bees, slow bees might be easier to follow
for longer without losing sight of them resulting in fast bees being excluded from data collection etc).
Observer bias paired with the fast-unpredictable movement of foragers makes focal sampling a hard
and often undesirable technique to quantify flower constancy despite offering the most accurate
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measure (when conducted correctly). Realistically, to eliminate observer bias and the loss of bees from
sight during data collection, a strict selection technique must be employed in an environment that
restricts pollinator movement (e.g. Laboratory or greenhouse).
In the current thesis, focal sampling was used to summarise bumble bee foraging bouts. This
sampling technique proved to have drawbacks in a semi-field environment. Bees were often lost midbout due to their dynamic movements resulting in many failed focal samples. The number of samples
that could were collected for each bee were not equal and as many bees died after one of very few
samples. It became apparent that floral array presentations (one species array or two species array) of
two weeks were too long to consistently observe foragers across multiple arrays. The reduction of array
presentations to one week increased the number of foragers observed across both arrays, although,
further reductions (two or three days) could help increase this number. While pollen basket analyses
were not conducted in the current thesis, it is an element that could be implemented in further studies.
Until recently, pollen has not been offered as a food resource for pollinators in arrays of
artificial flowers (Konzmann & Lunau 2014; Stöbbe, Russell & Papaj 2016; Schramme & ClaßenBockhoff 2016), likely due to the difficulty associated with creating an artificial flower that offers pollen
compared to artificial flowers offering nectar. Pollen must be packed onto artificial anthers (e.g. brush
bristles) within in a structure that somewhat resembles a flower, this is a much more mechanically
demanding structure to create then simply placing sucrose solution into nectar containing artificial
flowers that could be simply described as coloured shapes containing wells. Consequently, very little is
known about how or whether pollen and nectar forager exhibit different levels of flower constancy in
laboratory settings, thus providing an opportunity for further research.

4.4 Final Conclusions
The main findings of this thesis were (1) cognitive constraints offer the most popular
explanation of why flower constancy arises, however most studies reporting evidence for these
hypotheses have been conducted under laboratory settings. (2) Snapdragon and cornflower offer the
most suitable natural flowering plant options for semi-field tests of flower constancy out of the five
species we investigated. (3) Cognitive constraint hypotheses may not offer the best explanation of
flower constancy in a semi-field environment. Further studies could improve the methods used to
analyse the quality of the pollen and nectar produced by snapdragon and cornflower flowering plants
to determine whether reward values influence the level of flower constancy exhibited by pollinators.
The difference in flower constancy exhibited between nectar foraging and pollen foraging reiterates the
importance of including what resource a pollinator is foraging for into calculations of flower constancy.

68

References
Agarwal, A., Durairajanayagam, D., Tatagari, S., Esteves, S. C., Harlev, A., Henkel, R., … Bashiri,
A. (2016). Bibliometrics: Tracking research impact by selecting the appropriate metrics. Asian
Journal of Andrology, 18(2), 296–309. https://doi.org/10.4103/1008-682X.171582
Amaya-Márquez, M. (2009). Floral constancy in bees: A revision of theories and a comparison with
other pollinators. Revista Colombiana de Entomologia, 35(2), 206–216.
Babaei, M.-R., Asghar Fathi, S. A., Gilasian, E., & Barimani Varandi, H. (2018). Floral preferences of
hoverflies (Diptera: Syrphidae) in response to the abundance and species richness of flowering
plants. Zoology in the Middle East, 64(3), 228–237.
https://doi.org/10.1080/09397140.2018.1484010
Baker, H. G., & Baker, I. (1979). STARCH IN ANGIOSPERM POLLEN GRAINS AND ITS
EVOLUTIONARY SIGNIFICANCE. American Journal of Botany, 66(5), 591–600.
https://doi.org/10.1002/j.1537-2197.1979.tb06262.x
Barker, J. L., Dornhaus, A., Bronstein, J. L., & Muth, F. (2018). Learning about larceny: experience
can bias bumble bees to rob nectar. Behavioral Ecology and Sociobiology, 72(4).
https://doi.org/10.1007/s00265-018-2478-6
Barrett, S. C. H. (2002). The evolution of plant sexual diversity. Nature Reviews Genetics, 3(4), 274–
284. https://doi.org/10.1038/nrg776
Bateman, A. J. (1951). The taxonomic discrimination of bees. Heredity, 5(2), 271–278.
https://doi.org/10.1038/hdy.1951.24
Bellanger, S., Guillemin, J.-P., Touzeau, S., & Darmency, H. (2015). Variation of inbreeding
depression in Centaurea cyanus L., a self-incompatible species. Flora: Morphology,
Distribution, Functional Ecology of Plants, 212, 24–29.
https://doi.org/10.1016/j.flora.2015.02.003
Bischoff, M., Lord, J. M., Robertson, A. W., & Dyer, A. G. (2013). Hymenopteran pollinators as
agents of selection on flower colour in the New Zealand mountains: Salient chromatic signals
enhance flower discrimination. New Zealand Journal of Botany, 51(3), 181–193.
https://doi.org/10.1080/0028825X.2013.806933
Bond, A. B., & Riley, D. A. (1991). Searching Image in the Pigeon: A Test of Three Hypothetical
Mechanisms. Ethology, 87(3–4), 203–224. https://doi.org/10.1111/j.1439-0310.1991.tb00247.x
Brosi, B. J., & Briggs, H. M. (2013). Single pollinator species losses reduce floral fidelity and plant
reproductive function. Proceedings of the National Academy of Sciences of the United States of
America, 110(32), 13044–13048. https://doi.org/10.1073/pnas.1307438110
Cakmak, I., Sanderson, C., Blocker, T. D., Lisa Pham, L., Checotah, S., Norman, A. A., … Wells, H.
(2009). Different solutions by bees to a foraging problem. Animal Behaviour, 77(5), 1273–1280.
https://doi.org/10.1016/j.anbehav.2009.01.032
Chittka, L. (1992). The colour hexagon: a chromaticity diagram based on photoreceptor excitations as
a generalized representation of colour opponency. Journal of Comparative Physiology A, 170(5),
533–543. https://doi.org/10.1007/BF00199331
Chittka, L., Gumbert, A., & Kunze, J. (1997). Foraging dynamics of bumble bees: Correlates of
movements within and between plant species. Behavioral Ecology, 8(3), 239–249.
https://doi.org/10.1093/beheco/8.3.239
Chittka, L., & Menzel, R. (1992). The evolutionary adaptation of flower colours and the insect
pollinators’ colour vision. Journal of Comparative Physiology A, 171(2), 171–181.
https://doi.org/10.1007/BF00188925
69

Chittka, L., & Raine, N. E. (2006). Recognition of flowers by pollinators. Current Opinion in Plant
Biology, 9(4), 428–435. https://doi.org/10.1016/j.pbi.2006.05.002
Chittka, L., Thomson, J. D., & Waser, N. M. (1999). Flower constancy, insect psychology, and plant
evolution. Naturwissenschaften, 86(8), 361–377. https://doi.org/10.1007/s001140050636
Christy, R. M. (1883). On the Methodic Habits of Insects when visiting Flowers. Journal of the
Linnean Society of London, Zoology, 17(100), 186–194. https://doi.org/10.1111/j.10963642.1883.tb02019.x
Cremer, F., Havelange, A., Saedler, H., & Huijser, P. (1998). Environmental control of flowering time
in Antirrhinum majus. Physiologia Plantarum, 104(3), 345–350. https://doi.org/10.1034/j.13993054.1998.1040308.x
Dafni, A., & Firmage, D. (2000). Pollen viability and longevity: Practical, ecological and evolutionary
implications. Plant Systematics and Evolution, 222(1–4), 113–132.
https://doi.org/10.1007/BF00984098
Dafni, A., Lehrer, M., & Kevan, P. G. (1997). Spatial flower parameters and insect spatial vision.
Biological Reviews of the Cambridge Philosophical Society, 72(2), 239–282.
https://doi.org/10.1017/S0006323196005002
Dukas, R. (1995). Transfer and interference in bumble bee learning. Animal Behaviour, 49(6), 1481–
1490. https://doi.org/10.1016/0003-3472(95)90069-1
Dukas, R. (2004). Causes and consequences of limited attention. Brain, Behavior and Evolution,
63(4), 197–210. https://doi.org/10.1159/000076781
Dukas, R., & Kamil, A. C. (2001). Limited attention: The constraint underlying search image.
Behavioral Ecology, 12(2), 192–199.
Dukas, R., & Real, L. A. (1993). Learning constraints and floral choice behaviour in bumble bees.
Animal Behaviour, 46(4), 637–644. https://doi.org/10.1006/anbe.1993.1240
Dukas, Reuven, & Ellner, S. (1993). Information Processing and Prey Detection. In Source: Ecology
(Vol. 74).
Dungan, R. J., Beggs, J. R., & Wardle, D. A. (2004). A simple gravimetric technique for estimating
honeydew or nectar production. New Zealand Journal of Ecology, 28(2), 283–288.
Dyer, A. G. (1999). Broad spectral sensitivities in the honeybee’s photoreceptors limit colour
constancy. Journal of Comparative Physiology - A Sensory, Neural, and Behavioral Physiology,
185(5), 445–453. https://doi.org/10.1007/s003590050405
Dyer A. G., Boyd-Gerny S., McLoughlin S., Rosa M. G. P., Simonov V, Wong BBM (2012). Parallel
evolution of angiosperm colour signals: common evolutionary pressures linked to hymenopteran
vision. Proceedings of the Royal Society B Biological Sciences 279: 36063615
Ellis, A. G., & Johnson, S. D. (2012). Lack of floral constancy by bee fly pollinators: Implications for
ethological isolation in an African daisy. Behavioral Ecology, 23(4), 729–734.
https://doi.org/10.1093/beheco/ars019
Galen, C. (1999). Why do flowers vary? The functional ecology of variation in flower size and form
within natural plant populations. BioScience, 49(8), 631–640. https://doi.org/10.2307/1313439
Gegear, R. J., & Laverty, T. M. (1995). Effect of flower complexity on relearning flower-handling
skills in bumble bees. Canadian Journal of Zoology, 73(11), 2052–2058.
https://doi.org/10.1139/z95-241
Gegear, R. J., & Laverty, T. M. (1998). How many flower types can bumble bees work at the same
time? Canadian Journal of Zoology, 76(7), 1358–1365. https://doi.org/10.1139/z98-059
70

Gegear, R. J., & Laverty, T. M. (2005). Flower constancy in bumble bees: A test of the trait
variability hypothesis. Animal Behaviour, 69(4), 939–949.
https://doi.org/10.1016/j.anbehav.2004.06.029
Gegear, R. J., & Thomson, J. D. (2004). Does the flower constancy of bumble bees reflect foraging
economics? Ethology, 110(10), 793–805. https://doi.org/10.1111/j.1439-0310.2004.01010.x
Gegear, R. M., & Laverty, T. M. (1995). Effect of flower complexity on relearning flower-handling
skills in bumble bees. Canadian Journal of Zoology, 73(11), 2052–2058.
https://doi.org/10.1139/z95-241
Goulson, D. (1999). Foraging strategies of insects for gathering nectar and pollen, and implications
for plant ecology and evolution. Perspectives in Plant Ecology, Evolution and Systematics, 2(2),
185–209. https://doi.org/10.1078/1433-8319-00070
Goulson, D. (2000). Are insects flower constant because they use search images to find flowers?
Oikos, 88(3), 547–552. https://doi.org/10.1034/j.1600-0706.2000.880311.x
Goulson, D., Ollerton, J., & Sluman, C. (1997). Foraging strategies in the small skipper butterfly,
Thymelicus flavus: When to switch? Animal Behaviour, 53(5), 1009–1016.
https://doi.org/10.1006/anbe.1996.0390
Goulson, D., Stout, J. C., & Hawson, S. A. (1997). Can flower constancy in nectaring butterflies be
explained by Darwin’s interference hypothesis? Oecologia, 112(2), 225–231.
https://doi.org/10.1007/s004420050304
Goulson, D., & Wright, N. P. (1998). Flower constancy in the hoverflies Episyrphus balteatus
(Degeer) and Syrphus ribesii (L.) (Syrphidae). Behavioral Ecology, 9(3), 213–219.
https://doi.org/10.1093/beheco/9.3.213
Goulson, Dave. (2010). Bumble bees: their behaviour and ecology. In Bumble bees behaviour,
ecology, and conservation. https://doi.org/10.1016/j.tree.2003.08.002
Grüter, C., Moore, H., Firmin, N., Helanterä, H., & Ratnieks, F. L. W. (2011). Flower constancy in
honey bee workers (Apis mellifera) depends on ecologically realistic rewards. Journal of
Experimental Biology, 214(8), 1397–1402. https://doi.org/10.1242/jeb.050583
Grüter, C., & Ratnieks, F. L. (2011). Flower constancy in insect pollinators: Adaptive foraging
behavior or cognitive limitation? Communicative and Integrative Biology, 4(6), 633–636.
https://doi.org/10.4161/cib.16972
Heinrich, B., Mudge, P. R., & Deringis, P. G. (1977). Laboratory analysis of flower constancy in
foraging bumble bees: Bombus ternarius and B. terricola. Behavioral Ecology and Sociobiology,
2(3), 247–265. https://doi.org/10.1007/BF00299738
Hill, P. S. M., Hollis, J., & Wells, H. (2001). Foraging decisions in nectarivores: unexpected
interactions between flower constancy and energetic rewards. Animal Behaviour, 62(4), 729–
737. https://doi.org/10.1006/ANBE.2001.1775
Hill, P. S. M., Wells, P., & Wells, H. (1997). Spontaneous flower constancy and learning in honey
bees as a function of colour. Animal Behaviour, 54(3), 615–627.
https://doi.org/10.1006/anbe.1996.0467
Hopkins, R., & Rausher, M. D. (2012). Pollinator-mediated selection on flower color allele drives
reinforcement. Science, 335(6072), 1090–1092. https://doi.org/10.1126/science.1215198
Iivari, J. (2008). Expert evaluation vs bibliometric evaluation: Experiences from Finland. European
Journal of Information Systems, 17(2), 169–173. https://doi.org/10.1057/ejis.2008.10
Ishii, H. S. (2005). Analysis of bumble bee visitation sequences within single bouts: Implication of the
overstrike effect on short-term memory. Behavioral Ecology and Sociobiology, 57(6), 599–610.
71

https://doi.org/10.1007/s00265-004-0889-z
Ishii, H. S., & Kadoya, E. Z. (2016). Legitimate visitors and nectar robbers on Trifolium pratense
showed contrasting flower fidelity versus co-flowering plant species: could motor learning be a
major determinant of flower constancy by bumble bees? Behavioral Ecology and Sociobiology,
70(3), 377–386. https://doi.org/10.1007/s00265-016-2057-7
Ishii, H. S., & Masuda, H. (2014). Effect of flower visual angle on flower constancy: A test of the
search image hypothesis. Behavioral Ecology, 25(4), 933–944.
https://doi.org/10.1093/beheco/aru071
Janovský, Z., Smyčka, J., Smyčková, M., & Herben, T. (2017). Pollinator preferences and flower
constancy: Is it adaptive for plants to manipulate them? Biological Journal of the Linnean
Society, 121(3), 475–483. https://doi.org/10.1093/biolinnean/blw032
Jensen, W. (1962). Botanical histochemistry: principles and practice. Retrieved from
http://www.sidalc.net/cgibin/wxis.exe/?IsisScript=UADY.xis&method=post&formato=2&cantidad=1&expresion=mfn=0
01687
Jones, K. N., & Reithel, J. S. (2001). Pollinator-mediated selection on a flower color polymorphism in
experimental populations of Antirrhinum (scrophulariaceae). American Journal of Botany,
88(3), 447–454. https://doi.org/10.2307/2657109
Judith Slaa, E., Cevaal, A., & Sommeijer, M. J. (1998). Floral constancy in Trigona stingless bees
foraging on artificial flower patches: A comparative study. Journal of Apicultural Research,
37(3), 191–198. https://doi.org/10.1080/00218839.1998.11100971
Kandori, I., & Ohsaki, N. (1996). The Learning Abilities of the White Cabbage Butterfly, Pieris rapae,
Foraging for Flowers. Researches on Population Ecology, 38(1), 111–117.
https://doi.org/10.1007/BF02514977
Kozuharova, E. (2018). Flower constancy of bumble bees – The case of onobrychis Pindicola
(Fabaceae) pollinators. Journal of Apicultural Science, 62(1), 135–140.
https://doi.org/10.2478/JAS-2018-0005
Krishna, S., & Keasar, T. (2018). Morphological complexity as a floral signal: From perception by
insect pollinators to co-evolutionary implications. International Journal of Molecular Sciences,
19(6). https://doi.org/10.3390/ijms19061681
Kunin, W. E. (1993). Sex and the single mustard: Population density and Pollina tor behavior effects
on seed-set. Ecology, 74(7), 2145–2160. https://doi.org/10.2307/1940859
Leadbeater, E., & Chittka, L. (2005). A new mode of information transfer in foraging bumble bees?
Current Biology, 15(12). https://doi.org/10.1016/j.cub.2005.06.011
Lewis, A. C. (1986). Memory constraints and flower choice in pieris rapae. Science, 232(4752), 868–
871.
Liang, H., Ren, Z.-X., Tao, Z.-B., Zhao, Y.-H., Bernhardt, P., Li, D.-Z., & Wang, H. (2018). Impact
of pre- and post-pollination barriers on pollen transfer and reproductive isolation among three
sympatric Pedicularis (Orobanchaceae) species. Plant Biology, 20(4), 662–673.
https://doi.org/10.1111/plb.12833
Lloyd, S., Ayre, D. J., & Whelan, R. J. (2002). A rapid and accurate visual assessment of nectar
production can reveal patterns of temporal variation in Banksia ericifolia (Proteaceae).
Australian Journal of Botany, 50(5), 595–600. https://doi.org/10.1071/BT01081
Majetic, C. J., Raguso, R. A., & Ashman, T.-L. (2009). The sweet smell of success: Floral scent
affects pollinator attraction and seed fitness in Hesperis matronalis. Functional Ecology, 23(3),
72

480–487. https://doi.org/10.1111/j.1365-2435.2008.01517.x
Makino, T. T., Ohashi, K., & Sakai, S. (2007). How do floral display size and the density of
surrounding flowers influence the likelihood of bumble bee revisitation to a plant? Functional
Ecology, 21(1), 87–95. https://doi.org/10.1111/j.1365-2435.2006.01211.x
Mallick, S. A. (2000). Technique for washing nectar from the flowers of Tasmanian leatherwood
(Eucryphia lucida Eucryphiaceae). Austral Ecology, 25(2), 210–212.
https://doi.org/10.1046/j.1442-9993.2000.01010.x
Manetas, Y., & Petropoulou, Y. (2000). Nectar amount, pollinator visit duration and pollination
success in the Mediterranean shrub Cistus creticus. Annals of Botany, 86(4), 815–820.
https://doi.org/10.1006/anbo.2000.1241
Marzinzig, B., Brünjes, L., Biagioni, S., Behling, H., Link, W., & Westphal, C. (2018). Bee
pollinators of faba bean (Vicia faba L.) differ in their foraging behaviour and pollination
efficiency. Agriculture, Ecosystems and Environment, 264, 24–33.
https://doi.org/10.1016/j.agee.2018.05.003
Montgomery, B. R. (2009). Do pollen carryover and pollinator constancy mitigate effects of
competition for pollination? Oikos, 118(7), 1084–1092. https://doi.org/10.1111/j.16000706.2009.17064.x
Muñoz, A. A., Celedon-Neghme, C., Cavieres, L. A., & Arroyo, M. T. K. (2005). Bottom-up effects
of nutrient availability on flower production, pollinator visitation, and seed output in a highAndean shrub. Oecologia, 143(1), 126–135. https://doi.org/10.1007/s00442-004-1780-3
Muth, F., Keasar, T., & Dornhaus, A. (2015). Trading off short-term costs for long-term gains: How
do bumble bees decide to learn morphologically complex flowers? Animal Behaviour, 101, 191–
199. https://doi.org/10.1016/j.anbehav.2014.12.024
Neal, P. R., Dafni, A., & Giurfa, M. (1998). Floral symmetry and its role in plant-pollinator systems:
Terminology, distribution, and hypotheses. Annual Review of Ecology and Systematics, 29, 345–
373. https://doi.org/10.1146/annurev.ecolsys.29.1.345
Nepi, M. (2014). Beyond nectar sweetness: The hidden ecological role of non-protein amino acids in
nectar. Journal of Ecology, 102(1), 108–115. https://doi.org/10.1111/1365-2745.12170
Nicholls, E., & Hempel de Ibarra, N. (2017). Assessment of pollen rewards by foraging bees.
Functional Ecology, 31(1), 76–87. https://doi.org/10.1111/1365-2435.12778
Noland, M. ., & Taylor, S. . (2013). Floral preference, flower constancy, and pollen transfer efficiency
of the ruby-throated hummingbird (Archilochus colubris) in mixed arrays of Iris nelsonii and Iris
fulva. Evolutionary Ecology Research, 15(7), 783–792. Retrieved from
http://www.evolutionary-ecology.com/abstracts/v15/2852.html
Olasantan, F. O. (1986). Effect of apical debudding on growth and yield of okra (abelmoschus
esculentus). Experimental Agriculture, 22(3), 307–312.
https://doi.org/10.1017/S0014479700014484
Owen, R. E. (2016). Rearing Bumble Bees for Research and Profit: Practical and Ethical
Considerations. In Beekeeping and Bee Conservation - Advances in Research.
https://doi.org/10.5772/63048
Pangestika, N., Atmowidi, T., & Kahono, S. (2017). Pollen load and flower constancy of three species
of stingless bees (Hymenoptera, Apidae, Meliponinae). Tropical Life Sciences Research, 28(2),
177–186. https://doi.org/10.21315/tlsr2017.28.2.13
Parker, A. J., Tran, J. L., Ison, J. L., Bai, J. D. K., Weis, A. E., & Thomson, J. D. (2015). Pollen
packing affects the function of pollen on corbiculate bees but not non-corbiculate bees.
73

Arthropod-Plant Interactions, 9(2), 197–203. https://doi.org/10.1007/s11829-015-9358-z
Peitsch, D., Fietz, A., Hertel, H., de Souza, J., Ventura, D. F., & Menzel, R. (1992). The spectral input
systems of hymenopteran insects and their receptor-based colour vision. Journal of Comparative
Physiology A, 170(1), 23–40. https://doi.org/10.1007/BF00190398
Plaisted, K. C., & Mackintosh, N. J. (1995). Visual search for cryptic stimuli in pigeons: implications
for the search image and search rate hypotheses. Animal Behaviour, 50(5), 1219–1232.
https://doi.org/10.1016/0003-3472(95)80039-5
Plateau, F. (1901). Observations sur le phénomène de la constance chez quelques hyménoptères.
Entomologique de Belgique, 45(1), 56–83.
Pohl, N. B., Van Wyk, J., & Campbell, D. R. (2011). Butterflies show flower colour preferences but
not constancy in foraging at four plant species. Ecological Entomology, 36(3), 290–300.
https://doi.org/10.1111/j.1365-2311.2011.01271.x
Power, E. F., Stabler, D., Borland, A. M., Barnes, J., & Wright, G. A. (2018). Analysis of nectar from
low-volume flowers: A comparison of collection methods for free amino acids. Methods in
Ecology and Evolution, 9(3), 734–743. https://doi.org/10.1111/2041-210X.12928
Prado, S. G., Collazo, J. A., Stevenson, P. C., & Irwin, R. E. (2019). A comparison of coffee floral
traits under two different agricultural practices. Scientific Reports, 9(1).
https://doi.org/10.1038/s41598-019-43753-y
Raine, N. E., & Chittka, L. (2007a). Flower constancy and memory dynamics in bumble bees
(Hymenoptera: Apidae: Bombus). Entomologia Generalis, 29(2–4), 179–199.
Raine, N. E., & Chittka, L. (2007b). Pollen foraging: Learning a complex motor skill by bumble bees
(Bombus terrestris). Naturwissenschaften, 94(6), 459–464. https://doi.org/10.1007/s00114-0060184-0
Reid, P. J., & Shettleworth, S. J. (1992). Detection of Cryptic Prey: Search Image or Search Rate?
Journal of Experimental Psychology: Animal Behavior Processes, 18(3), 273–286.
https://doi.org/10.1037/0097-7403.18.3.273
Rossi, N., Santos, E., Salvarrey, S., Arbulo, N., & Invernizzi, C. (2015). Determination of Flower
Constancy in Bombus atratus Franklin and Bombus bellicosus Smith (Hymenoptera: Apidae)
through Palynological Analysis of Nectar and Corbicular Pollen Loads. Neotropical
Entomology, 44(6), 546–552. https://doi.org/10.1007/s13744-015-0322-5
Sanderson, C. E., Orozco, B. S., Hill, P. S. M., & Wells, H. (2006). Honeybee (Apis mellifera
ligustica) response to differences in handling time, rewards and flower colours. Ethology,
112(10), 937–946. https://doi.org/10.1111/j.1439-0310.2006.01245.x
Schaefer, H. M., Schaefer, V., & Levey, D. J. (2004, November). How plant-animal interactions
signal new insights in communication. Trends in Ecology and Evolution, Vol. 19, pp. 577–584.
https://doi.org/10.1016/j.tree.2004.08.003
Schmid, B., Nottebrock, H., Esler, K. J., Pagel, J., Böhning-Gaese, K., Schurr, F. M., … Schleuning,
M. (2016). A bird pollinator shows positive frequency dependence and constancy of species
choice in natural plant communities. Ecology, 97(11), 3110–3118.
https://doi.org/10.1002/ecy.1565
Slaa, E. J., Tack, A. J. M., & Sommeijer, M. J. (2003). The effect of intrinsic and extrinsic factors on
flower constancy in stingless bees. Apidologie, 34(5), 457–468.
https://doi.org/10.1051/apido:2003046
Somanathan, H., Saryan, P., & Balamurali, G. S. (2019). Foraging strategies and physiological
adaptations in large carpenter bees. Journal of Comparative Physiology A: Neuroethology,
74

Sensory, Neural, and Behavioral Physiology, 205(3), 387–398. https://doi.org/10.1007/s00359019-01323-7
Stephanou, M., Petropoulou, Y., Georgiou, O., & Manetas, Y. (2000). Enhanced UV-B radiation,
flower attributes and pollinator behaviour in Cistus creticus: A Mediterranean field study. Plant
Ecology, 147(2), 165–171. https://doi.org/10.1023/A:1009802401955
Stone, G. N., Raine, N. E., Prescott, M., & Willmer, P. G. (2003). Pollination ecology of acacias
(Fabaceae, Mimosoideae). Australian Systematic Botany, 16(1), 103–118.
https://doi.org/10.1071/SB02024
Stout, J. C., Allen, J. A., & Goulson, D. (1998). The influence of relative plant density and floral
morphological complexity on the behaviour of bumble bees. Oecologia, 117(4), 543–550.
https://doi.org/10.1007/s004420050691
Thorp, R. W. (2000). The collection of pollen by bees. In Pollen and Pollination (pp. 211–223).
https://doi.org/10.1007/978-3-7091-6306-1_11
Tinbergen, L. (1960). The natural control of insects in pine woods: Factors influencing the intensity of
predation by songbirds. Archives Néerlandaises de Zoologie, 266(13), 265–343.
Vanderplanck, M., Moerman, R., Rasmont, P., Lognay, G., Wathelet, B., Wattiez, R., & Michez, D.
(2014). How does pollen chemistry impact development and feeding behaviour of polylectic
bees? PLoS ONE, 9(1). https://doi.org/10.1371/journal.pone.0086209
Wang, D., Song, C., & Barabási, A.-L. (2013). Quantifying long-term scientific impact. Science,
342(6154), 127–132. https://doi.org/10.1126/science.1237825
Waser, N. M. (1986). Flower Constancy: Definition, Cause, and Measurement. The American
Naturalist, 127(5), 593–603. https://doi.org/10.1086/284507
White, D., Cribb, B. W., & Heard, T. A. (2001). Flower constancy of the stingless bee Trigona
carbonaria Smith (Hymenoptera: Apidae: Meliponini). Australian Journal of Entomology, 40(1),
61–64. https://doi.org/10.1046/j.1440-6055.2001.00201.x
Wiesenborn, W. D. (2018). Conspecific Pollen on Honey Bees and a Chrysomelid Beetle Species
Visiting Female Flowers on Nolina microcarpa (Asparagaceae). Western North American
Naturalist, 78(2), 133–142. https://doi.org/10.3398/064.078.0204
Willmer, P. G. (1980). The effects of insect visitors on nectar constituents in temperate plants.
Oecologia, 47(2), 270–277. https://doi.org/10.1007/BF00346832
Willmer, P. G., & Stone, G. N. (2004). Behavioral, Ecological, and Physiological Determinants of the
Activity Patterns of Bees. In Advances in the Study of Behavior (Vol. 34).
https://doi.org/10.1016/S0065-3454(04)34009-X
Wilson, P., & Stine, M. (1996). Floral constancy in bumble bees: Handling efficiency or perceptual
conditioning? Oecologia, 106(4), 493–499. https://doi.org/10.1007/BF00329707
Woodward, G. L., & Laverty, T. M. (1992). Recall of flower handling skills by bumble bees: a test of
Darwin’s interference hypothesis. Animal Behaviour, 44(6), 1045–1051.
https://doi.org/10.1016/S0003-3472(05)80316-1
Yan, J., Wang, G., Sui, Y., Wang, M., & Zhang, L. (2016). Pollinator responses to floral colour
change, nectar, and scent promote reproductive fitness in Quisqualis indica (Combretaceae).
Scientific Reports, 6. https://doi.org/10.1038/srep24408
Zych, M., Goldstein, J., Roguz, K., & Stpiczyńska, M. (2013). The most effective pollinator revisited:
Pollen dynamics in a spring-flowering herb. Arthropod-Plant Interactions, 7(3), 315–322.
https://doi.org/10.1007/s11829-013-9246-3
75

76

