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ABSTRACT
All living organisms need nutrients to grow, survive, and reproduce.
Acquiring nutrients in a variable environment, however, is not simple. Foragers
partake in a complex balancing act of obtaining nutrients while maximizing the
rate of energy gain, which is made difficult by biotic and abiotic factors.
Furthermore, nutrients in the environment vary spatially and temporally, both
within and between food items. In this dissertation, I used behavioral ecology to
better understand how honey bees obtain the right nutrients, and stay healthy,
under various environmental stressors.
To investigate how bees cope with changes in distribution and abundance
in floral, and thus nutritional, resources, I ran both manipulative and observational
field studies throughout the year. Regarding micronutrients, bees likely forage in
compound-rich water for minerals their floral diet lacks. Micronutrient
requirements shifted with environmental and physiological factors, likely in
preparation for winter. Regarding macronutrients, when restricted to a diet lacking
amino acids, bees brought more pollen, the main source of protein, back to the
hive. There was no change, however, in the diversity of floral sources brought
back to the hive. When lacking amino acids, honey bees likely partake in
compensatory foraging but may not search for specific floral resources.
I used thermal imaging to understand how adult bees inside the hive work
together to protect the colony from heat stress and disease. When the hive is
subjected to heat stress, bees absorb heat and radially dissipate it away from the
vulnerable brood. When infected with a heat-sensitive pathogen, bees work
ii

together to generate a colony-level fever and again, protect the brood. This
colony-level fever, however, is not successful in smaller colonies. Lastly, I helped
to implement an updated method to measure physiological immune response, with
pathogen biology in mind. This method can be applied to learn more about
ecological immunity in honey bees and the specificity of physiological immunity
in insects.
Studying honey bee nutritional ecology and ecological immunity has
implications in broadening the field of nutritional ecology and implementing
insect pollinator conservation.
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Abstract
Nutritional ecology is broadly defined as an integrative science used to evaluate
the effects of all components of the food chain on human health, society, the
economy, and the environment. Studies in nutritional ecology have covered
diverse concepts including behavior, morphology, developmental biology,
physiology, life history, ecology, and evolution. Using various frameworks
(optimal foraging theory, classical insect nutritional ecology, ecological
stoichiometry, and geometric frameworks), nutritional ecology has been studied
in a variety of organisms (mammals, insects, and microbes to name a few).
Recently, however, geometric frameworks (GFs) have come to the surface as the
only framework that can be used to accurately understand nutritional ecology.
While GFs are useful for understanding nutrition and quantitative fitness
consequences, from an ecological perspective, GFs may be oversimplified. Here,
we use honey bees as a case study to highlight how all four frameworks work
together to achieve a well-rounded understanding of an organism’s nutritional
ecology. In our case study, we also describe areas for future research on insect
pollinator nutritional ecology and how such research can aid in pollinator
conservation.

Introduction
Biology is the study of life. Although there is no single definition of “life”
(Ricardo and Szostak, 2009), all living organisms need energy, or nutrients, to
grow, survive, and reproduce. To obtain such nutrients, an organism must interact
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with its environment in some way, whether it be active foraging or direct
absorption. Although research on how nutrition impacts an organism’s
performance dates back to the early 1900s (Slansky Jr and Rodriguez, 1987), the
effect of environmental conditions on nutrient acquisition and absorption is a
relatively new field: nutritional ecology. Behmer (2014) broadly defines
nutritional ecology as the study of how an organism’s nutritional requirements,
foraging behavior, and the utilization of ingested nutrients are linked to the
environment. It has been suggested that nutritional ecology can only accurately
and comprehensively be studied using geometric frameworks (GFs)
(Raubenheimer et al., 2009, Raubenheimer and Simpson, 2018). While GFs are
useful in investigating nutritionally explicit questions and fitness consequences,
they are not the only framework useful for studying nutritional ecology. Here, we
illuminate the general accessibility of nutritional ecology, and highlight four
frameworks that can be used to investigate different types of nutritional ecology
questions. Such questions include: How does an organism balance energy costs
and nutritional benefits when foraging? How do varying biotic and/or abiotic
factors affect this balance? Which nutrient or nutrients are the limiting factors in
this equation?
Investigating such questions using multiple frameworks has implications
in both basic and applied science, especially when it comes to insect pollinators.
While all insect pollinators are important for ecosystem services, bees are vital to
global agricultural systems: they visit more than 90% of the leading crop types, up
to 50 species are managed, and 12 species are commonly used for crop pollination
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(Potts et al. (2016) and references therein). Since bees are necessary for the
production of our micronutrient-rich foods (Smith et al., 2015, Eilers et al., 2011,
Chaplin-Kramer et al., 2014), and insect pollinator health continues to decline
(Potts et al., 2016), our nutrition depends on their nutrition. And yet, there are few
studies that consider the ecological complexity of insect pollinator nutrition.
Following our review of nutritional ecology frameworks, we give some
background on honey bee biology and highlight how each framework has been
used to understand honey bee nutritional ecology, and what we can learn about
insect pollinator conservation from honey bees.

Frameworks
We broadly consider four main frameworks that can be used to study
nutritional ecology (Table 1.1). Here, we describe the focal currency (or
currencies) of each framework, the types of questions each framework can best be
used to answer, and how the frameworks can work together to inform the field of
nutritional ecology. We describe the frameworks from least specific to most
specific focal currency: optimal foraging theory (OFT), geometric frameworks
(GFs), classical insect nutritional ecology (CINE), and ecological stoichiometry
(ES).
Optimal foraging theory
Optimal foraging theory (OFT) focuses on a pre-defined currency, such as
energy gain, as a proxy for fitness (Stephens and Krebs, 1986). In the case of
energy gain, natural selection should favor a forager that maximizes the rate of
4 of 230

energy gain. When using OFT to investigate nutritional ecology questions, the
researcher must know enough natural history about their study system in order to
choose the most appropriate currency. This evolutionary-based framework is
useful for studying how the environment affects foraging behavior, and thus
acquisition of nutrients, or how the forager affects its surrounding environment,
and thus the nutritional ecology of other species.
Geometric frameworks
Building upon OFT currencies, geometric frameworks (GFs) use specific
nutrient targets in an organism’s nutrient space as the currency of interest
(Simpson and Raubenheimer, 1995). The nutrient space is defined by two axes,
each representing a unique nutrient, or compounded similar nutrients. Foods are
represented in this nutrient space as lines, called food rails, starting at the origin;
their slope is determined by the ratio of the nutrients of interest (Simpson and
Raubenheimer, 1995) (Figure 1.1). GFs are useful for quantitatively connecting
nutrition to fitness consequences (Simpson and Raubenheimer, 2011, Simpson
and Raubenheimer, 1995) (see case study example below).
Classical insect nutritional ecology
Classical insect nutritional ecology (CINE) combines lab and field work,
and focuses on questions concerning which currencies drive choices during
foraging (Raubenheimer et al., 2009). As outlined by Slansky and Rodriguez
(1987), the general conceptual framework consists of three parts. First, an
organism’s performance in an “ideal” environment must be determined. Second,
the researcher must decide if the “ideal” environment is realistic. Is the organism
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likely to encounter similar circumstances in its natural environment? Finally,
comparative studies must be performed. Such studies allow drawing parallels
between observed patterns and phylogeny, development, and ecology (Slansky Jr
and Rodriguez, 1987). In the case of CINE, “performance” tends to be defined as
something that can be measured quantitatively such as larval survivorship, adult
weight, or development time. As the name suggests, this framework has mainly
been used with insects however, CINE has also been used to study small rodents
(e.g. Shore et al. (1992)).
Ecological stoichiometry
Lastly, ecological stoichiometry (ES), the study of the balance of energy
and multiple chemical elements in ecological interactions (Sterner and Elser,
2002, James Elser, 2006), allows for the analysis of how multiple currencies
affect an organism’s nutritional status. ES has more specific currencies than the
other three frameworks in that it focuses on biochemicals such as, but not limited
to, carbon, nitrogen, and phosphorous (Sterner and Elser, 2002, Anderson et al.,
2004). Such elements cannot be synthesized by organisms and so must be
obtained from an organism’s diet or the environment in sufficient amounts
(Anderson et al., 2004). ES can lead to understanding reciprocal interactions
between organisms and their environment (Redfield, 1958) and yet, ecological
stoichiometry is still gaining ground in the field of nutritional ecology.
Synthesis of frameworks
Nutritional ecology of an organism can only be holistically understood
through the synthesis of all four frameworks (Figure 1.1). The broadest of the
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frameworks, OFT, is vital to understanding an organism’s foraging behavior, an
important first step in nutritional ecology. Researchers can use OFT to apply
optimization models and thus determine an organism’s “ideal” foraging behavior
(Maynard Smith, 1978). Without OFT, one might not know where to start in
generating specific nutritional currencies (GFs), determining an organism’s
“ideal” environment (CINE), or investigating the chemistry of an organism and its
nutritional resources (ES).
GFs, which are more specific than OFT, can determine intake targets to be
used as dependent variables in future studies (Simpson and Raubenheimer, 1995,
Raubenheimer et al., 2009, Simpson and Raubenheimer, 2011). These intake
targets represent reference points (Simpson and Raubenheimer, 1995) that can be
used to collect data on performance and nutrition (CINE). Depending on the
study system, GFs can be constructed in the lab or in an organism’s natural
environment. GFs constructed in an organism’s natural environment can provide a
more specific, nutrient-oriented description of food switching behavior and thus
inform OFT models. Additionally, GFs in the natural environment can provide
starting points for investigating the mismatch between an organism’s nutritional
needs and availability of a particular food item (ES).
Using CINE, researchers can use Waldbauer’s (1986) budgetary approach,
an OFT-like optimization model, to determine an organism’s quantitative
nutritional requirements. In Waldbauer’s (1986) budgetary approach, the amount
of food eaten and an insect’s growth rate is used to calculate the digestibility and
conversion efficiency of an insect’s food of choice. These equations can then be
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applied at various life stages or in various environmental conditions to identify
specific nutrients (GFs), or biochemicals (ES), for future studies.
The most specific of the frameworks, ES, is highly integrative: it takes
into account natural selection, the periodic table, the conservation of matter, and
feedback loops (Sterner and Elser, 2002). ES can be used to determine food rails
and possible nutrient variation in GFs (Figure 1.1b) and can be combined with
CINE if a researcher is interested in a specific biochemical(s). Before ES can be
studied, the researcher must know which food items make up an organism’s diet;
this can be determined via OFT.

Honey bees: a nutritional ecology case study
Studies on honey bee nutrition and foraging date back to at least the 1930s
(Haydak, 1934, de Groot, 1953, Somerville, 2005, Brodschneider and Crailsheim,
2010). Honey bees get all their nutrients from three sources: nectar, pollen, and
water. Nectar provides the main source of carbohydrates; it is mixed with pollen
and glandular secretions to make food, termed brood food, for dependent larvae
(Brodschneider and Crailsheim, 2010), and/or dehydrated and stored as honey for
the wintertime (Haydak, 1970). Pollen is the main source of protein for honey
bees, but it also provides lipids, and some carbohydrates, vitamins, and minerals
(Haydak, 1970, Somerville, 2000, Somerville, 2005, Brodschneider and
Crailsheim, 2010). Pollen is the main floral source of minerals for honey bees
(Somerville, 2000, Herbert and Hill, 2015) however, the mineral content of pollen
is commonly very low (1 – 7%) (Herbert and Miller-Ihli, 1987, Herbert and
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Shimanuki, 1978, Bonoan et al., 2018). Water sources contain minerals that honey
bees likely use to supplement their floral diet (Bonoan et al., 2016, Bonoan et al.,
2018), and is a major ingredient in brood food (Herbert and Hill, 2015). Despite
what we know about honey bee nutrition, foraging, and behavioral ecology, only
recently have we begun to synthesize such studies in order to better understand
honey bee nutritional ecology.
Optimal foraging theory: individual costs balance at the colony-level
Worker honey bees exhibit temporal polyethism. Only a small portion of
adult bees leave the hive in search of food and other resources. These “foragers”
are the oldest workers in the hive (Abou-Shaara, 2014, Seeley, 1995, Seeley,
1985). Within the foragers, there are two subsets of bees: those with information,
and those without information (Biesmeijer and de Vries, 2001). These two subsets
are broken down into several behavior categories (Biesmeijer and de Vries, 2001)
however, scouts and recruits tend to be the focus of most foraging studies. Scouts
carry out a general search for food sources as well as a specific search based on
what was profitable, and when, the day before. Recruits, however, do not visit a
food source until they are signaled to do so by a scout via the waggle dance
(Biesmeijer and de Vries, 2001): a figure-eight pattern performed inside the hive
which encodes location and profitability of the food source (von Frisch, 1967).
Since recruits wait in the hive until given information about a food source,
it is predicted that in terms of search time, it is less costly to be a recruit (Seeley
and Visscher, 1988). Seeley and Visscher (1988) found the exact opposite:
recruits take longer to find food than scouts, even though they are told where to
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go. At the individual-level, it costs more energy to be a recruit than a scout. At the
colony-level, this cost balances out: following a foraging trip, recruits were more
likely to return to the colony with food than scouts were (P=0.93 and P=0.43
respectively), and recruits returned with a heavier load (Seeley and Visscher,
1988).
In their OFT study, Seeley and Visscher (1988) highlight the importance
of the colony when it comes to studying nutritional ecology in honey bees and
social insect pollinators in general. While the bees themselves may not behave
“optimally,” they are behaving in a way that is optimal for the colony as a whole
as the food they bring back will be used to raise the next generation of bees. Thus,
when using frameworks to study nutritional ecology, it is important to
differentiate between the individual and the colony. GFs created for individuals
may not be equivalent to those created for the colony (Lihoreau et al., 2015). The
same can be said for CINE and ES. Comprehensive investigation of
stoichiometric mismatches (ES) must consider various individuals, castes, age
groups, etc. in the colony rather than focus a particular caste. Wherever an
organism may lie on the sociality spectrum, sociality mainly influences nutrition
by affecting foraging behavior (Lihoreau et al., 2015), which can be understood
using OFT.
Geometric frameworks: age-specific nutrient targets
Honey bee age and immune function both have a dramatic effect on
nutritional needs. Young larvae require large amounts of protein for proper
development (Winston, 1987, Haydak, 1970, Gould and Gould, 1988) and are
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more efficient at digesting the complex nutrients than adults (Crailsheim, 1990,
Crailsheim et al., 1992). Immune function also changes with age and thus, affects
the nutrient requirements of the organism (Wilson-Rich et al., 2008). Foragers,
the oldest bees, have the strongest overall immune response (Wilson-Rich et al.,
2008) and likely need more carbohydrates to provide the energy necessary to
carry out such robust immune functions.
To our knowledge, there is one study (Paoli et al., 2014) that has explicitly
used GFs to investigate honey bee nutritional ecology. Paoli et al. (2014) used
GFs to determine if foragers and nurse bees have different protein and
carbohydrate requirements. Foragers are the oldest workers in the colony and
leave the hive in search of food. In contrast, nurse bees are some of the youngest
workers and perform only in-hive tasks. Researchers found that worker bees
naturally shift from a diet high in protein to a diet high in carbohydrates when
they transition from in-hive tasks to foraging (Paoli et al., 2014). Furthermore,
diets high in protein concentration resulted in poor longevity, especially for the
older forager bees. There was no cost associated with feeding bees a diet high in
carbohydrates.
Similar to Seeley and Visscher (1988), this study adds to other
frameworks by showing the importance of considering sociality as a part of
nutritional ecology. Individuals of different castes perform different tasks and
thus, have different energy requirements. Specifically, Paoli et al. (2014) defined
protein and carbohydrate intake targets that can be used for future studies in any
of the other three frameworks. An OFT study could use these targets as the
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currency of interest; a CINE study could use these targets as the “ideal”
environment; and ES studies could consider environmental mismatches between
bees of a certain age and food items they were raised on.
Classical insect nutritional ecology: preservation of the caste system
Depending on nutrition during development, any fertilized honey bee egg
has the capacity to become a queen. In this way, nutrition controls the caste
system and social order in the honey bee hive. Queen-destined larvae require
much larger quantities of food than worker-destined larvae: a queen-destined
larva is fed 1600 times for a total of 17 feeding hours while a worker-destined
larva is fed only 143 times for a total of 2 feeding hours (see Kaftanoglu et al.
(2011) and references therein). Furthermore, macronutrient content differs
between what is fed to developing queens (royal jelly) and what is fed to
developing workers (worker jelly or brood food). The presence of both queen and
worker larvae is signaled by pheromones; both emit primer pheromones that elicit
cooperative brood care (Traynor et al., 2014) and stimulate foraging (Traynor et
al., 2015).
With the knowledge of what occurs in “ideal” hive environment,
Kaftanoglu et al. (2011) raised honey bee eggs in vitro on several different diets
and compared in vitro bees to hive-raised bees. Regarding individual honey bee
fitness, the researchers measured larval survival and weight. Regarding
preservation of the caste system, and thus colony fitness, the researchers counted
the number of developed ovarioles. To preserve the caste system, only the queen
should have developed ovarioles. Surprisingly, the diet that resulted in
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comparable individual fitness of in vitro and hive-raised workers was the same
diet that led to the greatest number of ovarioles in worker bees. Thus, for rearing
in vitro workers for behavioral studies, researchers suggest using a diet that
produced heavier in vitro bees, but 100% worker phenotypes (i.e. less ovarioles).
In this study, as with most CINE studies, a specific diet has been identified
that can be used to examine nutrient acquisition in OFT, as intake targets in GFs,
or to define mismatches in ES. Again, we see the synergistic effect of nutrition
and the social environment. It is not nutrition alone that moderates the caste
system; there are other social cues, such as pheromones, that are important. In
order to generate a natural environment in the lab, the entirety of the organism’s
ideal environment must be considered. This is true for social insect pollinators as
well as solitary insect pollinators that raise their young in nests.
Ecological stoichiometry: micronutrients and environmental mismatch
While there is much known about honey bee macronutrient requirements,
very little is known about the micronutrient requirements (Somerville, 2000,
Herbert and Hill, 2015). Since micronutrients are found in relatively low
concentrations in floral sources (Herbert and Miller-Ihli, 1987, Bonoan et al.,
2018), honey bees likely supplement their floral diet with minerals from water
sources (Bonoan et al., 2016, Bonoan et al., 2018). In general, insects need
substantial amounts of potassium, phosphorous, and magnesium (Somerville,
2005). Many insects, including insect pollinators and social insects, use water as a
mineral supplement: male butterflies drink from mud puddles to acquire sodium
needed for mating (Arms et al., 1974, Beck et al., 1999, Adler, 1982), leaf cutter
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ants that reside further away from a shoreline forage for sodium baits more often
than ants that reside close to a shoreline (Kaspari et al., 2009, Pizarro et al., 2012),
and solitary sweat bees are named for their tendency to forage for livestock sweat
(Barrows, 1974).
While both the aforementioned GF and CINE studies focus on
macronutrient needs of honey bees, a recent study done by Filipiak et al. (2017) is
one of the first to investigate micronutrient ratios in honey bees and their food
using ES. The researchers compared micronutrient ratios in newly-emerged bees
to the micronutrient content in bee-collected pollen and found that queens,
workers, and drones are all likely limited by sodium, sulfur, and copper.
Additionally, worker bees are likely limited by potassium, phosphorous, nitrogen,
and zinc.
This study highlights the mismatch between honey bees and their floral
food sources, and the variability of nutrient content both within and between food
items. This study, and other studies using ES, can be used to more accurately and
realistically define food rails used for GFs. Food items in nature do not
necessarily have a consistent nutritional value, this should be accounted for in
GFs by adding some margin of error to the food rails (Figure 1.1). Variability
should also be considered when defining the intake target for GF studies. In
Bonoan et al. (2018), we found that the micronutrient content of adult honey bees
fluctuates with the seasons, and likely floral availability and bee physiology
(Table 1.2). Similarly, ES can be used to determine whether the “ideal”
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environment used in CINE is realistic and/or ecologically relevant, dynamic (as
seen in Bonoan et al. (2018)), or stable.
Areas for future research
In general, more research needs to be done on micronutrient requirements.
Three of the four case studies described above focus only on macronutrient
(specifically carbohydrate and protein) requirements. This is representative of the
disproportionate coverage of macronutrients in the literature. Micronutrient
requirements are just as physiologically important as macronutrient requirements
(Rupp, 2015), and our lab’s research shows that honey bees are no exception.
Honey bees likely supplement their floral diet with micronutrients found in
“dirty” water (Bonoan et al., 2016), and they are likely environmentally limited
by certain micronutrients (Bonoan et al., 2018, Filipiak et al., 2017). To achieve a
well-rounded understanding of honey bee nutritional ecology, we must
investigate: how foragers make decisions regarding micronutrient content of
nutritional resources (OFT), the micronutrient requirements in an ideal setting
(CINE), and whether mismatches in micronutrient requirements and availability
are exacerbated throughout the year and thus, over the colony cycle (ES) (Figure
1.2). Regarding both macro- and micronutrients, more research needs to delve
into the possible variability of GF food rails and intake targets over the colony
cycle, throughout the foraging season, etc. (Figure 1.2).
Finally, an important area for future research is the connection of
nutritional ecology to honey bee immunity and thus, health (Ponton et al., 2013).
Much is known about physiological and behavioral immune mechanisms in honey
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bees, however there remains much to investigate concerning the possible link
between nutrition and immune function. Although colony collapse disorder has
not been reported in the U.S. since 2013 (Seitz et al., 2016, Wilson-Rich, 2014),
beekeepers continue to experience higher-than-acceptable hive losses (Seitz et al.,
2016) and pollinator populations are declining (Potts et al., 2010). There are many
hypotheses surrounding large-scale pollinator decline—including the use of
pesticides (Christopher Cutler and Scott-Dupree, 2014, Potts et al., 2010, Gilburn
et al., 2015), as well as viral (Evans and Schwarz, 2011, Genersch et al., 2006),
bacterial, and parasitic infections (Evans and Schwarz, 2011, Graystock et al.,
2015)—but no single hypothesis has been shown to explain the phenomenon
(Ratnieks and Carreck, 2010). Since honey bees are often used commercially to
pollinate monocultures, a recent hypothesis postulates that a lack of diversity in
honey bee diet decreases baseline immunocompetence (IC), making these bees
more susceptible to pathogens linked to pollinator decline (Alaux et al., 2010).
The effect of nutrition on immune-challenged honey bees, however, has yet to be
investigated.

Implications of studying nutritional ecology in honey bees and beyond
Applied science
Studying nutritional ecology in honey bees will allow for the development
of supplemental diets tailored for specific hive characteristics (e.g. amount of
brood, honey, etc.), and season-specific diet supplements. Currently, supplemental
honey bee diets are a “catch all” and may not be sufficient for year-round use. For
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example, most protein supplements contain all twenty amino acids, all of which
may not be necessary or even digestible.
When it comes to conserving pollination services, nutritional ecology may
be the key for predicting pollinator population dynamics (Woodard and Jha,
2017). Land use changes, such as urbanization and agricultural intensification, are
among the top threats to insect pollinators (Potts et al., 2016) not simply because
of habitat loss but because of resource loss in general. When planting wildflower
strips (e.g. Feltham et al. (2015)) or hedgerows (e.g. Morandin and Kremen
(2013)) for pollinator conservation and management, one must consider the
nutritional value of such sources. This includes both nutrient content of pollen and
nectar but also bloom time, and thus nutrient availability.
Basic science
Holistically studying nutritional ecology in the context of all four
frameworks discussed can add to our understanding of group behavior and the
evolution of sociality in general. For example, in swarming insects, nutrient
imbalance can trigger a chain of physiological and behavioral changes that lead to
mass migrations (reviewed in Lihoreau et al. (2015)). Nutrition has direct
consequences on an individual’s reproductive ability (as described in Kaftanoglu
et al. (2011)); in a social context, variation in nutrition can lead to reproductive
skew, an important component in the workings of most social groups (Cahan et
al., 2002).
More specifically, all four frameworks can build upon each other to
understand the nutritional ecology of any species. For example, Brown et al.
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(2012) characterized foraging behavior of the invasive European paper wasps and
found that foundresses carry heavier prey items back to the nest than workers. GF
studies could investigate the nutrient targets of foundresses and workers, CINE
studies might investigate the performance of individuals fed larger prey items in
the lab, and ES studies could examine the possible mismatch between prey item
nutritional value and forager nutritional status. GFs alone are not sufficient for
understanding the complex interactions of organisms searching for food, and
acquiring nutrients, in their environment.
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Table 1.1 Nutritional ecology frameworks
Frameworks used to study nutritional ecology, their focal currency/currencies,
and the type of questions they can be used to answer.
Framework

Focal
currency

Optimal
Foraging
Theory
(OFT)

currencies
defined by the
researcher,
used as a
proxy for
fitness
(Stephens and
Krebs, 1986)

Geometric
Frameworks
(GF)

Types of
question(s) to
examine
used to study
the
relationships
between
foragers and
the
environment

Data collection Honey bee
example
foraging bouts

Seeley and
Visscher (1988)
foraged items
examined the
cost of foraging
without
information
(recruit) or
foraging with
information
(scout). On an
individual-level,
it costs more to
be a recruit,
based on time
spent searching,
but on the
colony-level, the
cost balances
out in the form
of more
successful
foraging trips.
specific
used to
foraging bouts
Paoli et al.
nutritional
connect
(2014) used GFs
currencies,
nutrition to
foraged items
to determine
defined as
fitness
protein and
nutrient
consequences, quantitative
carbohydrate
targets, as
understand the fitness
intake targets of
necessary for
nutritional
measurement(s) bees and then
fitness
basis of food
investigated how
(Simpson and
switching
task, and thus
Raubenheimer, behaviors, and
age, affects
1995)
determine
nutrient
specific
requirements.
nutrient targets
When bees
(Simpson and
transition from
Raubenheimer,
in-hive tasks to
2011, Simpson
foraging, they
and
naturally shift
Raubenheimer,
from a diet high
1995)
in protein to a
diet high in
carbohydrates.
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Framework

Focal
currency

Classical
Insect
Nutritional
Ecology
(CINE)

which
currencies
drive foraging
choices
(Slansky Jr
and
Rodriguez,
1987)

Ecological
biochemical
Stoichiometry currencies that
(ES)
are likely
limiting
nutrients for
an organism of
interest
(Sterner and
Elser, 2002)

Types of
question(s) to
examine
used to
compare the
performance
of an organism
in its “ideal”
environment
to the
performance in
its natural
environment

used to
examine the
biochemical
mismatch
between an
organism’s
body
composition
and the food it
eats

Data collection Honey bee
example
foraging bouts

Kaftanoglu et al.
(2011)
foraged items
compared larval
survival and
diet chemistry
weight of
worker bees
quantitative
raised naturally
performance
in the hive to
measurement(s) worker bees
raised in vitro on
one of several
different diets.
In their
comparative
study,
Kaftanoglu et al.
(2011)
recommend a
diet recipe that
allows in vitro
development of
workers
comparable to
field-raised
workers.
foraged items
Filipiak et al.
(2017) found
diet chemistry
that based on
their scarcity in
organism
bee-collected
chemistry
pollen, the
nutritional
elements that
most limit honey
bee development
are Na, S, Cu, P,
and K.
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Table 1.2 Water preferences, and mineral content in pollen and bees
Synthesis of findings from Bonoan et al. (2016) and Bonoan et al. (2018). Arrows
represent the direction of water preference and/or mineral content in pollen,
double arrows represent a strong directionality. Asterisks indicate which
relationships between water preferences and pollen mineral content were not
complementary. The third column shows the seasonal range of each mineral in
young adult honey bees. Colors represent is there is a relative decrease (red),
increase (green), or no change (white) in preferences and/or mineral content,
darker colors represent a strong decrease (red) or increase (green). There is an
increase in all three columns for calcium in the fall, suggesting that honey bees
are limited by calcium in the environment in the fall. The same pattern is shown
for potassium in the fall. Summertime potassium content in adult bees, however,
is higher than we would expect based on water preferences and pollen content.
Table modified from (Bonoan et al., 2018).
Water
preference

Calcium

Magnesium

Potassium

Sodium

Relative
mineral
content of
bee-collected
pollen

Range in
mineral
content of
bees (µg/mg)

Summer

↓

↑

1.3 – 10.7

Fall*

↑

↑

1.6 – 43.0

Summer

↓

↑

2.1 – 7.8

Fall

↑

↓

2.0 – 5.1

Summer*

↓

↓

16.5 – 58.7

Fall*

↑

↑↑

9.5 – 56.7

Summer

↑↑

↓↓

2.7 – 15.3

Fall

↑↑

↓↓

2.5 – 15.4
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Figure 1.1 Synthesis of frameworks
The standard geometric framework (GF) with nutrient axes, X and Y. Two
complementary, yet nutritionally suboptimal, foods are defined as food rails
(yellow and orange) by the ratio of nutrients. In between the food rails is the
available nutrient space (blue) where the nutrient target (NT, red) lies. To reach
the NT, an organism will switch between the complementary foods, as illustrated
by the arrows (dark yellow and orange). Each arrow indicates a single meal, or in
the case of honey bees, a single foraging trip. The length of the arrow represents
the length of the meal and/or foraging trip. For example, honey bee pollen
foragers may switch between foraging at different flowers, such as daisies and
purple coneflowers, for different types of pollen until the hive NT is reached. In
our modified GF, we have also added variability (dashed lines) around the food
rails as well as the NT. Nutritional value of food items as well as nutrient
requirements can vary both temporally and spatially. The other three frameworks,
imposed on the figure in relevant areas, can be used to construct the GF for a
wholistic understanding of nutritional ecology. GF figure modified from Behmer
(2009), illustrations provided by Genevieve Pugesek.
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Figure 1.2 Nutritional ecology in honey bees
Illustrative example of how all four frameworks could be applied to understand
the nutritional ecology of honey bee micronutrient requirements in the field.
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Abstract
Honey bees (Apis mellifera) prefer foraging at compound-rich, ‘dirty’, water
sources over clean water sources. As a honey bee’s main floral diet only contains
trace amounts of micronutrients – likely not enough to sustain an entire colony –
it was hypothesized that honey bees forage in dirty water for physiologically
essential minerals that their flora diet, and thus the colony, may lack. While there
are many studies regarding macronutrient requirements of honey bees few
investigate micronutrient needs. For this study, from 2013 to 2015, a series of
preference assays were conducted in both summer and autumn. During all field
seasons, honey bees exhibited a strong preference for sodium in comparison to
deionized water. There was, however, a notable switch in preferences for
other minerals between seasons. Calcium, magnesium, and potassium – three
minerals most commonly found in pollen – were preferred in autumn when pollen
was scarce, but were avoided in summer when pollen was abundant. Thus, as
floral resources change in distribution and abundance, honey bees similarly
change their water-foraging preferences. Our data suggest that, although they are
generalists with relatively few gustatory receptor genes, honey bee foragers are
fine-tuned to search for micronutrients. This ability likely helps the foragers in
their search for a balanced diet for the colony as a whole.
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Introduction
Nutrition shapes all living organisms, and yet there are few studies that
take into account the complexity of nutrition at the ecological level
(Raubenheimer et al., 2009). Reaching nutrient- and intake-targets is not typically
as simple as balancing the intake and output of energy—most organisms require a
balance of complex macro (carbohydrates, proteins, lipids) and micro (vitamins,
minerals) nutrients (Simpson and Raubenheimer, 2011). Reaching this balance is
made challenging by the fact that nutrient composition varies between food
sources.
Thus, foraging organisms face a difficult balancing act which may be
made more difficult by both abiotic (e.g. temperature, precipitation) and biotic
(e.g. floral distribution and abundance, predators) factors (Raubenheimer et al.,
2009). Social organisms, particularly eusocial insects, face yet another layer of
complexity: they have to obtain the right nutritional requirements for both
themselves and their nestmates, which often require different ratios of different
nutrients depending on caste and age (Lihoreau et al., 2015). Although
micronutrients are vital for all physiological processes, nutrition is often studied
with a focus on macronutrients (Cohen, 2004, Rupp, 2015). To fully understand
an organism’s nutritional ecology, however, it is important to investigate how
organisms balance the intake of both macro and micronutrients in the field.
Honey bees (Apis mellifera) are an ideal study system for this area of
research; research on honey bee foraging dates back to at least Charles Darwin
(Darwin, 1872), and research on honey bee nutrition dates back to at least the
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1930s (Haydak, 1934). Thus, there is a strong baseline understanding of honey
bee nutrition and foraging. In addition, there is a suite of ecological factors that
affect both honey bee foraging and nutrition that can be manipulated and
observed. For example, honey bee nutritional requirements shift with age—
dependent larvae require large amounts of protein while the oldest adult workers
feed mainly on carbohydrates (Haydak, 1970, Paoli et al., 2014). Importantly,
studying honey bees allows for the investigation of fitness effects at both the
individual- and colony-level (Lihoreau et al., 2015).
While we know that diet diversity is important to honey bee health (Alaux
et al., 2010), we do not know which nutrients in this diverse diet are important.
Bees raised on a polyfloral diet exhibit stronger baseline immunocompetence than
bees raised on a monofloral diet, even when the monofloral diet has a higher
overall protein content (%) than the polyfloral diet (Alaux et al., 2010). Thus,
there is more to developing a strong immune system than getting the right amount
of protein. While much is known about the macronutrients honey bees need to
maintain a healthy colony, very little is known about the micronutrients that are
needed (Cohen, 2004, Haydak, 1970, Huang, 2010).
Honey bees tend to prefer compound-rich (hereafter called “dirty”) water
sources over clean water sources (Butler, 1940). Despite countless observations,
there is only one scientific field study (Butler, 1940) regarding this specific
behavior. Butler (1940) concluded that honey bees prefer dirty water based on
strong odor cues. While this provides a proximate mechanism by which honey
bees may find dirty water, it does not provide an evolutionary explanation for this
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behavior. Similar to geophagy, the intentional consumption of earth (Young et al.,
2011), dirty-water-seeking behavior likely has an adaptive purpose.
We hypothesize that honey bees have an optimal diet that includes
nutritional resources from both floral and water sources. Since the honey bee’s
main floral diet only contains trace amounts of micronutrients (Brodschneider and
Crailsheim, 2010, Somerville, 2005), and sodium-specific foraging is a wellknown behavior in social insects (Pizarro et al., 2012, Botch and Judd, 2011) and
across the animal kingdom (Denton, 1982, Starks and Slabach, 2012, Young et
al., 2011), we postulate that to obtain a well-rounded diet, honey bees selectively
forage in soil and water for minerals that their main floral diet may lack. As the
honey bee colony is a dynamic environment and honey bees live in temperate
regions, our hypothesis leads us to three main predictions.
Firstly, if honey bees have an optimal diet that is satisfied by both floral
and water sources, we predict that honey bees will show mineral preferences
when foraging for water. Minerals are essential for all physiological functions
(e.g. muscle movement and immunity) (Cohen, 2004). Universally, sodium is a
key player in osmoregulation. While soil is known to contain significant amounts
of sodium, the above ground parts of land plants—the main food source for honey
bees—rarely contain a great amount of this important mineral (Cohen, 2004,
Oates, 1978). In insects, when coupled with potassium, sodium regulates cellular
and body fluid pH. We predict that honey bees will prefer both sodium and
potassium in comparison to deionized water.
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Other minerals we chose for this study were two co-factors (magnesium
and calcium) and two minerals that are important to all life forms (phosphate and
nitrogen) (Cohen, 2004). Aside from its role as a co-factor, calcium is also
important in the regulation of muscle movement, and plays an important structural
role in invertebrates. Specifically in honey bees, calcium aids in pupation and
total antioxidant capacity (Zhang and Xu, 2015). In excessive amounts, however,
calcium can cause paralysis in honey bees (Somerville, 2005). We predict that
honey bees will prefer magnesium but not calcium. Lastly, as phosphate is
essential to the process of bioenergetic activity and nitrogen is vital for cellular
communication and waste removal (among other things), we predict that honey
bees will prefer both mineral solutions relative to deionized water.
Secondly, if dirty water sources are coupled with floral resources to reach
an optimal diet, we predict that the strength of mineral preferences when foraging
for water will differ with the distribution and abundance of floral resources (i.e.
the seasons). We expect mineral preferences when foraging for water to
complement which minerals are available in floral resources (mainly pollen).
Major minerals found in bee-collected pollen are potassium, calcium, and
magnesium; levels of each mineral vary within and between summer and fall
(Bonoan et al., 2018, Herbert and Miller-Ihli, 1987).
Lastly, if there is an optimal honey bee diet, we predict that deviations
from the presumably well-rounded diet will adversely affect colony fitness. While
the specific mineral requirements of honey bees are not known, honey bees likely
need minerals to successfully rear brood. Bees fed a semi-synthetic diet with
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pollen ash (which contained potassium, sodium, and calcium) reared more brood
than bees fed a completely synthetic diet of amino acids and vitamins (Herbert
and Shimanuki, 1978).
Although honey bee mineral (NaCl, MgCl2, KCl, Na2HPO4) preferences
have recently been tested in the lab (Lau and Nieh, 2016), our study is the first to
investigate the mineral-specificity of honey bee foragers in the field. It is also the
first to examine mineral preferences over ecological time (i.e. seasons) and how
such nutrient preferences may affect fitness.

Methods
This study was performed on the Tufts University Medford/Somerville
campus (equipped with eight 2-frame observation hives) during fall 2013, 2014,
2015 (Sep-Oct), and summer 2014, 2015 (Jul-Aug). Given general insect
micronutrient requirements, we tested preferences for six specific mineral
solutions: sodium (NaCl), calcium (CaCl2), potassium (KCl), magnesium
(MgCl2), phosphorus (KH2PO4), and nitrogen (NH4Cl) (Cohen, 2004). Minerals
were also chosen based on what honey bees are likely to find in soil or dirty water
where they often forage (O'Connor et al., unpublished data).
Mineral preferences
Once the bees were trained (von Frisch, 1967) to forage in an open, grassy
location (about 50 - 90 m from the observation hives), we conducted preference
assays two to five times a week (weather-permitting). We set up preference assays
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on a 1.82 m long plastic table which was divided into two 4 x 4 (72 cm x 72 cm)
grids (Figure 2.1). In addition to the six mineral solutions, a sucrose solution
(10% during fall assays, 20% during summer assays) served as the positive
control and deionized water served as the negative control (Pizarro et al., 2012).
Based on honey bee supplemental feeding guidelines (Somerville, 2005), all
mineral solutions were a 1% concentration. In the lab, honey bees respond to
NaCl levels as low as 50 µM (de Brito Sanchez, 2011) and preferentially respond
to 1.5% NaCl, 1.5% MgCl2, 0 – 1.5% KCl, and 0.4 – 0.75% NaH2PO4 (Lau and
Nieh, 2016); thus, it is likely that honey bees were able to taste our salt solutions.
There were two tubes of each solution on each grid; bees were allowed to forage
at one grid (the experimental grid) while the other grid was covered with mesh to
exclude bees (the control grid) and account for volume change due to evaporation
(Figure 2.1). Control and experimental grids were alternated each trial.
At the beginning of each trial, 50 ml falcon tubes were filled with 25 ml of
the appropriate solution and randomly allocated (using a random list generator,
www.random.org) to a numbered square on each grid (Figure 2.1, inset). Once the
tasting table was set up, bees were allowed to forage for 5 – 7 hours (depending
on weather). At the end of each trial, we measured the amount (ml) of each
solution remaining in both the control and experimental grids. The change in
volume of the control side subtracted from that of the experimental side yielded
the total volume consumed by the foraging bees. In total, we conducted 33
preference assays in summer and 18 preference assays in fall. For each year
(2013, 2014, 2015), new bees were installed (thus, we have two true replicates for
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summer and three true replicates for fall) and the eight observation hives, and thus
eight colonies, were trained to forage at the tasting table.
Colony fitness
To assess what preferences mean for colony fitness, we gave bees a
colony-specific, light-weight, colored powder mark during 2014 preference assays
(Figure 2.2) (Hagler et al., 2011, Bonoan and Starks, 2016). We constructed
marking apparatuses from mesh cloth, filled with non-toxic acrylic colored
powders (ECO Pigments, Day-Glo Color Corporation). Using Velcro (Scotch
Extreme Fasteners), we affixed the marking apparatuses to each hive entrance
such that foragers were dusted with visible colored markings upon exiting
(Bonoan and Starks, 2016). As each hive—and thus colony—had a unique color,
we could approximate the number of visits each colony made to each solution
during preference assays (Figure 2.2). The approximate number of visits indicates
the intensity of colony-specific preference for each mineral solution. We counted
the number of bees from each colony at each solution every 15 minutes
throughout the duration of the trial. Unmarked bees were classified as feral and
not included in analysis.
To see if colony-specific preferences correlated with internal colony
dynamics, we measured two colony fitness parameters three times a week
beginning in Jul 2014 and ending in Oct 2014. First, population estimates were
recorded according to Sammataro and Avitabile (2011): a standard deep frame
entirely covered by one layer of bees is roughly 2000 adult individuals; estimates
were taken in increments of 250 bees. Second, the total area of capped brood (i.e.
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the amount of oldest honey bee brood) was calculated by first measuring the area
of the smallest rectangle to encompass the brood patch. As honey bee brood
patches tend to be oval-shaped, we then subtracted the area of empty corners from
the area of the original rectangle. This was then multiplied by the quality of the
queen’s laying pattern which was ranked on a scale of one to five depending on
the spottiness of brood comb (1=100-80% empty cells; 2=80-60% empty cells;
3=60-40% empty cells; 4=40-20% empty cells; 5=20-0% empty cells). A similar
scale was implemented by Vaudo et al. (2011) as a proxy for honey bee colony
health. Together, these calculations gave us the total capped brood area of each
colony.
Statistical analysis
For preference assays, data for all three years (2013, 2014, 2015) were
pooled by season as there was no significant effect of year on the amount of each
solution consumed. Prior to analysis, we removed data for sucrose, our positive
control. To determine whether or not there was an overall effect of season
(summer versus fall) or mineral solution, we ran a two-way ANOVA on natural
log-transformed data. Following this analysis, we ran two one-way ANOVAs
(one for each season) with contrasts. This allowed for the comparison of each
mineral solution to our negative control, deionized water. Again, data were
natural log-transformed prior to analysis in order to meet test assumptions.
To analyze the 2014 data for colony fitness, we combined the counts of
visits each colony made to mineral solutions (CaCl2, KCl, KH2PO4, NaCl, NH4Cl,
MgCl2) for each week. To standardize for colony size (colonies ranged from 0 –
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7,000 individuals throughout data collection), we calculated the approximate
proportion of the colony that made visits to mineral solutions each week by
dividing the number of visits to mineral solutions by the average colony
population for that same week. These calculations yield a colony-size adjusted
measure of the intensity of preference for each mineral source.
Based on what we know about the honey bee life cycle, we then used a 1
week offset for capped brood area (it takes about nine days for an egg to develop
into a 5th instar larvae and get capped over) and a three week offset for the adult
population (it takes about twenty-one days for an egg to fully develop into an
adult worker bee) (Winston, 1987). Since colony fitness parameters are expected
to naturally decrease in the fall, we only used summer data for this analysis.
For both brood area and adult population, we ran a Poisson regression
against a null hypothesis of no effect of minerals (i.e. a line with a slope of 0). We
did not have enough measurements per colony to add colony as a random effect.
Instead, we standardized visits by calculating the proportion of each colony
visiting minerals rather than combined number of visits (see above). For brood
area, we examined whether or not the proportion of workers visiting minerals at
week t affected the brood area at week t + 1. Similarly, for adult population, we
examined whether or not the proportion at week t affected the brood area at week
t + 3. For both models, pseudo-R2 was calculated by dividing the residual
deviance by the null deviance, and subtracting that value from 1.
All analyses were run in R version 3.2.4 (2016-03-10) using the mosaic
package (R Development Core Team, 2008).
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Results
Mineral preferences
When all three field years (2013, 2014, 2015) are analyzed together, there
is a significant effect of mineral solution on volume collected (F6,700 = 11.803, P <
0.001), however, there is no significant effect of season on volume collected
(F1,700 = 0.002, P = 0.967) (Figure 2.3a). The bees drank about the same amount
of potassium, calcium, magnesium, and nitrogen no matter the season. The bees
drank less water, sodium, and slightly less phosphorous in the fall compared to
the summer (Figure 2.3a).
When controlling for deionized water, an effect of season on mineral
preferences emerges (Figure 2.3b). No matter the season, bees drank significantly
more sodium than deionized water (fall: t245 = 3.996, P < 0.001, summer: t455 =
4.008, P < 0.001). In the fall, bees drank significantly more potassium than
deionized water (t245 = 2.254, P = 0.025) and drank about the same of the two
solutions in the summer (Figure 2.3b). Though the effect was not significant, the
bees did drink more calcium and magnesium than deionized water in the fall and
less than deionized water in the summer (Figure 2.3b). During the summer, bees
drank significantly less nitrogen (t455 = -2.251, P = 0.025) and phosphorous (t455 =
-2.064, P = 0.040) than deionized water (Figure 2.3b). This trend was not
observed in the fall.
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Colony fitness
There was a significant effect of the approximate proportion of the colony
visiting mineral solutions on capped brood area one week out (Χ21 = 13.2, P <
0.001) and adult population three weeks out (Χ21 = 202.7, P < 0.001). Although
the effect is significant, the pseudo-R2 values (0.0016 for brood area, 0.0072 for
adult population) suggest that our current data do not explain the model much
better than a straight line (Figure 2.4).

Discussion
Honey bees showed mineral preferences and, in comparison to deionized
water, those preferences varied with season. This supports our hypothesis that
honey bees forage in dirty water for minerals that their floral diet may lack.
Although the mean volume consumed did not vary with season (Figure 2.3a),
there are more bees in the colony in the summer than there are in the fall. Thus,
on a per-bee basis, there is a difference in the amount of minerals a colony forages
for. In the summer, bees receive less “water-derived” minerals on a per-bee basis
than in the fall.
The seasonality in preferences was made apparent when the mean volume
consumed was analyzed relative to deionized water. Relative to deionized water,
bees drank significantly more potassium and tended to drink more calcium and
magnesium in the fall (Figure 2.3b). In the summer, however, there was no
significant preference for potassium and bees tended to avoid calcium and
magnesium.
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This switch in preferences is particularly interesting since potassium,
calcium, and magnesium are three of the most prominent minerals found in pollen
(Herbert and Miller-Ihli, 1987). Moreover, the levels of these minerals in pollen
vary with season; in the summer, there are high levels of these minerals in pollen
while in the fall, there are low levels of these minerals in pollen (Herbert and
Miller-Ihli, 1987). Taken with our data, this suggests that honey bees are foraging
for minerals in water based on what their floral diet is lacking. The bees’
preference for sodium no matter the season also supports our hypothesis—the
above ground parts of plants rarely contain much sodium (Oates, 1978, Cohen,
2004) and herbivores are often sodium-limited (Denton, 1982). Preliminary
analysis of pollen our bees collected throughout the 2015 season (Jul – Oct)
shows that out of potassium, calcium, magnesium and sodium, sodium is found at
the lowest levels (0 – 4 ppm) (Bonoan et al., 2018).
It was unexpected that bees would avoid nitrogen and phosphorous. Since
bees significantly avoided nitrogen in the summer, it is possible that they receive
adequate amounts of nitrogen from the abundant pollen sources; pollen is high in
amino acid content (Auclair and Jamieson, 1948). Additionally, if honey bees are
searching in soil for nitrogen sources, nitrogen exists in various forms in the soil.
It is possible that our specific nitrogen compound is not the nitrogen compound
honey bees prefer. This is also a possible explanation for the unexpected
avoidance of phosphorous.
Regarding minerals and colony fitness, it is hard to determine anything
conclusive with the current data. While stronger colonies do tend to visit more
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minerals than weaker colonies (Supp. Figure 2.S1), it is hard to say which came
first. Do strong colonies visit minerals more often because they are strong? Or,
are they strong because they visit minerals more often? Unfortunately, our
regression with the offset does not help answer the question. Although our data
show a significant effect of minerals on both colony fitness parameters, the model
does not reveal either a positive or a negative effect. This may be because we do
not have enough data or we should collect data from larger, more natural-sized
hives.
Overall, our data suggest that honey bees forage at dirty water sources for
minerals that may be lacking in their floral diet. If such minerals are lacking in
their floral diet, they are likely lacking in the colony as a whole. This is currently
speculation, however, as our colony fitness data were inconclusive. The effects of
minerals on colony fitness could be further tested either in the field with larger
hives or in the lab with caged hives.
This is the second study to examine honey bee mineral preferences when
foraging for water and the first study to examine such preferences on a seasonal
basis. Butler (1940) did not find that honey bees exhibited mineral preferences
when foraging for water; Butler’s (1940) study was done in the spring. The fact
that Butler (1940) did not find mineral preferences is in line with our hypothesis
and our data; in spring, floral resources are abundant, and thus honey bees do not
need to seek out minerals in water sources.
Our study has implications in applied and basic science. On the applied
side, understanding the seasonality of honey bee mineral requirements can lead to
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the development of season-specific diet supplements, and better overall nutrition
throughout the year for both managed honey bee hives (via diet supplements) and
wild pollinator populations (via the planting of diverse flora).
Regarding honey bees specifically, our data show that despite having
relatively few taste genes (de Brito Sanchez, 2011), honey bees can discriminate
water sources based on nutritional content. This ability likely helps foragers in
their effort to obtain a balanced diet for both themselves and the colony.
Being a superorganism, honey bees provide the opportunity to investigate
how mineral preferences may correlate with fitness. Although our data suggest
that we need to collect more data regarding colony fitness, such parameters are
easily measured in both observation hives as well as larger Langstroth hives.
More generally, collecting data on mineral preferences in honey bees can
bolster our understanding of pollinator health and nutritional ecology. While there
is much known about insect nutrition and foraging in general, micronutrient (both
vitamin and mineral) requirements remain poorly understood (Cohen, 2004), even
with the recent decline in pollinator populations. Micronutrients are a
physiologically important part of any organism’s complex diet (Rupp, 2015,
Simpson and Raubenheimer, 2012, Simpson and Raubenheimer, 2011), and
should be studied for a more complete understanding of the complex balancing
act organisms face when foraging.
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Figure 2.1 Tasting table set up
Tasting table with foraging honey bees on the experimental side of the table. The
mesh covering on the control side of the table allowed us to exclude bees and
account for volume change due to evaporation during the trial. Volume change in
the experimental side minus volume change on the control side gave us the
amount honey bees actually consumed. Inset: Tasting table grid that was used to
randomly allocate solutions for each trial.
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Figure 2.2 Marked honey bees at feeder
Yellow and pink powder-marked honey bees visiting a solution at the tasting
table. Counts of each color bee at each solution were made every 15 minutes.
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Figure 2.3 Volume change of mineral solutions
(a) Mean volume change of each mineral consumed (ml) by all eight hives
separated by season. Error bars are ± 1 standard error and show the variation in
volume consumed for each trial within each season. There was no significant
effect of season on the volume consumed however, there was an effect of mineral
solution. (b) Volume change for each mineral solution relative to volume change
of deionized water (negative control, x = 0.0), calculated for each field season.
Anything above the baseline was preferred compared to deionized water, anything
below the baseline was avoided compared to deionized water. Bees significantly
preferred sodium no matter the season. In the fall, bees significantly preferred
potassium. In the summer, bees significantly avoided nitrogen and phosphorus.
Error bars are ± 1 standard error and show the variation in volume consumed for
each trial within each season. (*P < 0.05, ***P < 0.001)
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Figure 2.4 Visits to minerals and colony fitness
(a) Approximate mean percentage of hives visiting minerals at week t and the
mean capped brood area of hives at week t + 1. (b) Approximate mean percentage
of hives visiting minerals at week t and the mean adult population of hives at
week t +3. Offsets were determined based on the honey bee lifecycle (Winston
1987). Although both analyses give significant results, the near-zero pseudo-R2
values indicate that the model explains our data only slightly better than a straight
line.
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Figure 2.S1 Comparison of representative health and unhealthy hive
Mean percent change per week relative to baseline colony fitness parameters of a
representative (a) healthy and (b) unhealthy hive. Anything above “0” represents a
percent increase compared to baseline and anything below “0” represents a
percent decrease compared to baseline. Approximate mean percentage of the
same (c) healthy and (d) unhealthy hives that visited each mineral solution each
week. For all graphs, Week 0 is the beginning of the summer (July 7, 2014) and
week 10 is the end of the summer (September 19, 2014).
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Introduction
Hagler and colleagues (2011) developed an effective way for massmarking honey bees from multiple apiary locations. The method, however only
works with Langstroth hives. Since honey bee research is often conducted with
smaller observation hives, we made modifications to the method for massmarking bees from these smaller hives. We used this modified approach to track
hive-specific foraging preferences. By using multiple hive-specific colors, we
were able to count the number of bees from each hive at each experimental
foraging location (Figure 3.1). Using observation hives allowed us to easily track
hive-specific micronutrient preferences (Bonoan et al., 2016).
Dust-Marking Insects
Scientists have been marking insects since the 1920s beginning with
simple paints, dyes, and stains (Hagler and Jackson, 2001). Recent developments
in insect marking include protein marking (e.g. ELISA) (Hagler and Jackson,
2001), genetically engineered marking using transposable elements (Hagler and
Jackson, 2001), and radiofrequency identification (Schneider et al., 2012). Such
recent developments are more accurate but are expensive and not always
necessary.
Here we describe a method using Day-Glo’s fluorescent ECO Pigments
(Day-Glo Color Corporation) which are visible to the naked eye (Figure 3.2), and
free of harmful chemicals (such as formaldehydes and heavy metals). ECO
Pigments come in a variety of colors—thus, multiple hives can be individually
marked—and do not have any negative effects on honey bees (Hagler et al.,
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2011). Dust marking can also be done by puffing the insect with a cloud of
colored dust or by tumbling the insects in a dust-filled container (Hagler and
Jackson, 2001) however, both require handling of the insects. In both this
modified method and the Hagler et al. (2011) method, the insects self-mark and
thus are not handled by an experimenter.

The Method
Our observation hives are housed in a shed with an exit tube running
through the wall to allow bees to forage freely (Figure 3.3). Before making the
observation hive marking apparatus (OHMA), the bees must have a landing strip.
The exit tube needs to be flush with the outside wall so that the OHMA can be
attached to the exterior wall on either side of the tube (Figure 3.3).
Other than the marking powder, all materials to create the OHMA are
available at the hardware store. The device itself is constructed with vinyl mesh, a
hot glue gun, and heavy-duty Velcro (Scotch Extreme Fastener, 1”X10’). First,
we created a mesh satchel for the powder by cutting a 4 cm X 8 cm piece of mesh,
folding the mesh in half, and hot gluing the two ends together. At this point, we
had a 2 cm X 8 cm mesh satchel with an opening on top for loading the powder.
Then, we cut two pieces of Velcro (about 1 cm X 2 cm) and hot glued one piece
to each end of the mesh satchel. Next, we cut two more pieces of Velcro (about 1
cm X 2 cm) and stuck them to the wall on either side of the exit tube. We used
small picture hanging nails to further secure the Velcro in place. The Velcro
allows for the OHMA to be applied and removed multiple times.
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When time to mark the bees, each satchel was filled with about 1
tablespoon of marking powder. The satchel was then secured onto the Velcro so it
blocked most of the exit hole. This requires the bees to brush up against the mesh,
and thus get dusted with the colored powder, as they leave and enter the hive. The
bees quickly adjust to the constrained exit/entrance tube. This is where the
landing strip is important—the bees require a place to land and then crawl into the
hive under the OHMA, or else the bees cannot get back in. At the end of the
experimental period, the OHMAs can be removed to allow the bees to come and
go freely.
Since we were only interested in identifying bees by hive for a short
foraging time, this method worked perfectly (Figure 3.1). The foraging area where
we observed the marked bees was about 100 meters away from our observation
hives; bees remained marked through observations. Although 100 meters is not
far for a forager, neighbors with gardens and students on campus observed
marked foragers (anecdotal evidence) beyond 100 meters. The bees tend to mostly
clean themselves off before they returned to the hive, however there are parts of
their body that they cannot reach and remain marked. In some cases, the pigment
did make it into the wax comb but there was never dis-coloration of the stored
honey or pollen.
The OHMA can be used to mass- and self-mark insects wherever there is a
small exit/entrance hole. For example, OHMAs can be situated near floralvisitation sites, insect bait stations, insect traps, and at natural nest entrances
(Hagler and Jackson, 2001). With honey bees in particular, OHMAs can be used
49 of 230

to investigate nuanced questions regarding honey bee behavior both inside and
outside the observation hive (Table 3.1, and references therein). Outside the hive,
this method allows for identification and tracking of unique hives. Inside the hive,
this method allows for an easier way to visually follow bees upon their return to
the hive (Ikeno et al., 2008).
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Table 3.1 Types of questions to investigate
Types of questions that can be investigated using the OHMA.
Behavior

Questions OHMA would allow

Reference(s)

Swarming

If there are multiple swarms that result
from one hive, do the swarms ever
combine?

(Allen, 1956, Rangel
and Seeley, 2008,
Fefferman and Starks,
2006)

Do swarms from different hives
combine?
Grooming

When dusted, how long does it take a
forager to groom before returning to her
hive?

(Božič and Valentinčič,
1995)

Do nectar/water foragers groom more
than pollen foragers (as the pollen
foragers risk losing their pollen)?
Do hives differ in forager grooming
time?
Does forager grooming time affect hive
health in any way?
Foraging

Do hives exhibit different foraging
preferences?
Do such preferences change with
season?

(Pernal and Currie,
2001, Steffan-Dewenter
and Kuhn, 2003)

Do such preferences change with hive
health/in-hive dynamics?
Pollination

Which flowers have been visited by a
marked bee?
Which flowers have been visited by a
certain hive?

Communication

Where does the focal individual of a
waggle dance go after the dance is
through?

(Danner et al., 2014,
Degrandi-Hoffman and
Chambers, 2006)

(Farina, 1996, Schuerch
et al., 2013, Tanner and
Visscher, 2006)

Does waggle dance variability differ
between hives? (i.e. Are some colonies
better at waggle dancing than others?)
Guarding

How do guard bees (bees marked one
color) react to foreign bees (bees marked
another color) during different times of
the year?
Is there a seasonality to
aggression/defensiveness?

(Unger and GuzmanNovoa, 2012)

How might this differ between hives?
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Figure 3.1 Mass-marked honey bees
Mass-marked honey bees from the yellow, pink, and orange hives foraging for
micronutrients at our experimental foraging area. Photos: Rachael E. Bonoan
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Figure 3.2 Marked forager
A forager dusted with yellow marking power. Photo: Rachael E. Bonoan
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Figure 3.3 Schematic of set-up
Schematic of the observation hive set-up with an OHMA affixed to the entrance.
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Abstract
Honey bees (Apis mellifera) obtain micronutrients from floral resources and
“dirty”, or turbid, water. Past research suggests that honey bees drink dirty water
to supplement the micronutrients in their floral diet, however, there is no research
that directly investigates how floral micronutrient content varies with water
preferences, or how micronutrients in honey bees themselves vary seasonally. In
this study, we used chemical analyses (ICP-OES) to investigate seasonal variation
of micronutrients in honey bee workers and floral resources in the field. We found
that honey bees likely use mineralized water to supplement their floral diet and
may be limited by availability of calcium and potassium. Our results also suggest
that honey bees may seasonally seek specific micronutrients, perhaps in
preparation for overwintering.

Introduction
All organisms require nutrients to grow, survive, and reproduce. Whether
through active foraging or passive absorption, an organism must interact with its
environment in order to obtain its required nutrients. Due to both biotic and
abiotic factors, nutrients in the environment vary within and between food items,
as well as spatially and temporally. Determining how organisms meet specific
nutrient goals in an ever-changing environment is a central goal of nutritional
ecology (Raubenheimer et al., 2009).
To achieve this research goal, we must explore dietary needs of animals
interacting with their environment over time, in as natural a setting as possible.
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Such studies require close observation and analysis of an animal’s foraging
behavior. Comprehensive dietary monitoring is often time consuming:
observations for a single study can last several years (e.g. Slabach et al. (2015)).
To go beyond behavioral studies and to better understand how an animal’s
nutrient requirements may or may not be met in the environment, we must
sample organisms as well as their food items. Behaviors such as inconspicuous
foraging, migration (Barrett et al., 2007), or overwinter dormancy, can make
sampling for an extended period of time difficult.
These problems can be overcome by using honey bees (Apis mellifera) as
a model organism. Honey bees have a relatively short generation time and are
active year-round (Winston, 1987). Furthermore, honey bees reside in temperate
regions where their floral sources vary in distribution and abundance over the
course of a year (Lindter, 2014), and changes in bee-collected floral sources can
be identified to the genus and/or species level (e.g. RichardsonLinSponsler et al.
(2015)). Lastly, honey bee foragers bring nutritional resources (both floral and
non-floral) back to the hive, which provides a central location for observation of
behavior, and sampling of organisms and food items. These characteristics have
helped scientists gather a strong baseline understanding of honey bee nutrition
and foraging since the 1930s (Haydak, 1934, Haydak, 1970, de Groot, 1953,
Somerville, 2005, Huang, 2010, Brodschneider and Crailsheim, 2010).
Floral sources are the honey bee’s source of macronutrients: pollen
provides the primary source of lipids and proteins, while nectar provides
carbohydrates (Haydak, 1970). Nutritional values of both are variable across
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plant species (Somerville 2005) and time of year (Standifer et al., 1978).
Foragers selectively seek macronutrients the colony may lack, likely in an
attempt to reach an optimal macronutrient target (Hendriksma and Shafir, 2016,
Hagler, 1990).
Pollen, nectar, and water contain trace amounts of micronutrients that are
as variable, if not more variable, than macronutrients (Herbert and Miller-Ihli,
1987, Somerville, 2005). Micronutrients are as important as macronutrients
(Rupp, 2015), and yet they are understudied when it comes to nutrition. Honey
bees likely get micronutrients from two main sources: pollen (Herbert and
Miller-Ihli, 1987, Filipiak et al., 2017) and “dirty”, or turbid, water (Bonoan et
al., 2016). While nectar does contain trace amounts of micronutrients, levels are
higher in pollen and likely co-vary with micronutrient levels in nectar (Herbert
and Shimanuki, 1978). Also, corbicular, or bee-collected, pollen contains nectarbased regurgitation (Thorp, 2000) and thus, micronutrient content of corbicular
pollen can serve as a proxy for the micronutrient content in bee-collected floral
resources.
Although there have been various observations of honey bees drinking
from dirty water sources when clean sources are available (Abou-Shaara, 2012,
Butler, 1940), little research has been done regarding water as a nutrient source.
Our research shows that honey bee water preferences are a likely mechanism
for micronutrient supplementation (Bonoan et al., 2016), similar to geophagia in
other animals (Starks and Slabach, 2012). We showed that honey bee foragers
prefer water containing micronutrients over deionized water, and that such
58 of 230

preferences vary with season. Interestingly, the seasonality in mineral
preferences when foraging for water coincided with micronutrients lacking in
corbicular pollen as determined in the mid-Atlantic region (Herbert and MillerIhli, 1987). Here, we 1) further explore mineralized water as a diet supplement
by analyzing the micronutrient content of corbicular pollen of our bees during
our water preference assays, and 2) examine how adult bee micronutrient
requirements and/or availability may vary throughout the year.
First, if honey bees are able to obtain an optimal micronutrient diet
utilizing both floral and non-floral resources, we predict that water preferences
and micronutrient content in pollen will be complementary (Table 4.1). For
example, when a micronutrient preference is strong in water, we would expect
that micronutrient content to be relatively low in pollen (Table 4.1).
Alternatively, it may be that some micronutrients are limiting in nature,
making it challenging for the animal to obtain the required amount. In this case,
we would expect to see complementarity in one direction, i.e. a preference will
always be detected (Table 4.1). The reverse is also true: if a chemical is
detrimental, we would expect it always to be avoided. Such compounds,
however, would not fall under a typical optimal diet framework.
Second, if honey bees are able to obtain an optimal micronutrient diet
utilizing both floral and non-floral sources, we predict that adult bees will
exhibit relatively stable levels of micronutrients throughout the year. Variation
in adult bee micronutrient content throughout the year may point to a
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micronutrient that is unavailable in the environment or a micronutrient that is
necessary for a specific physiological function.
This study is among the first to investigate micronutrient foraging in bees
and is the first to investigate variation of insect micronutrient content over time,
in the field. Current studies investigate how micronutrient content varies
between social insect castes (e.g. Judd and Fasnacht (2007)), how micronutrient
content differs throughout the insect digestive tract (e.g. Stewart et al. (2011)),
and the difference in micronutrient content of insects used to feed primates in
captivity (e.g. Rothman et al. (2014)). In this study, we sample corbicular pollen
and adult bees from the field for chemical analyses (ICP-OES) in the lab. Our
study’s field setting allows us to detect possible mismatches between honey bee
nutritional requirements and environmental availability, and how such
mismatches may shift with the seasonal distribution and abundance of food
items.

Materials and methods
Subjects
For pollen collection and analysis, honey bee colonies were kept in 8
two-frame observation hives (53 cm × 48 cm × 5 cm) inside a temperature
controlled facility with a single access tube to the outside (see Bonoan and
Starks (2016) for a diagram of the hives). Hives were located on the Tufts
University Medford/Somerville campus in Massachusetts. All 8 hives were
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queenright, and each frame contained mixed brood and food stores. These
were the same colonies used for preference assays in Bonoan et al. (2016).
For collection of adult honey bees, 3 queenright honey bee colonies were
kept in standard field hives (Langstroth hives), each with two 10-frame deep
boxes (50.5 cm x 40.6 cm x 24.4 cm) full of mixed brood and food stores, and
one 10-frame medium box (50.5 cm x 41.3 cm x 16.8 cm) where the bees drew
comb, and stored nectar and honey. Hives were kept under trees at the northern
edge of a clearing in Grafton, Massachusetts at the Cummings School of
Veterinary Medicine at Tufts University.
Sample collection and storage
Corbicular pollen was collected from observation hives over a 10-week
period (July 12 to September 24) in 2015. Water preference assays (see Bonoan
et al. (2016) for details) were conducted 2 – 3 times/week on these same colonies
during this same period. To collect pollen, we secured a pollen trap (5-mesh
hardware cloth, Scotch Extreme Fastener 1” x 10’) at each hive entrance for a
maximum of one hour each week during peak pollen foraging (8:30-10:30 AM)
(Abou-Shaara, 2014) (Figure 4.1). Due to variation in hive activity, we did not
always collect pollen from all 8 hives but we did always collect pollen from at
least 4 hives. After collection, we stored the pollen in 2.0 mL microcentrifuge
tubes at -20ºC until digestion (see “Sample preparation”) and analysis.
Adult honey bees were collected from all 3 Langstroth hives over a 17-week
period (July 12 to November 19) in 2016. Each week, we collected worker bees
by gently scooping individuals off the brood comb and into a 50 mL falcon tube.
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Collected bees were chilled, submerged in 95% ethanol, and transported to the lab
in a cooler (Human et al., 2013). In the lab, the bees were separated and
individually stored in 1.5 mL centrifuge tubes with 95% ethanol at -20°C until
digestion and analysis (Judd and Fasnacht, 2007). Since all adults were collected
from the center of the brood comb, all bees were estimated to be 3 – 12 day old
nurse bees (Winston, 1987).
Although corbicular pollen and adult honey bees were collected in different
years, from different locations, we feel confident in using our 2016 adult bees as a
proxy for the seasonality of micronutrient levels in honey bees in the
Northeastern U.S. in general: our 3 Langstroth hives were kept on an unmanaged
wildflower field near forested habitat, and were only disturbed once a week for
sampling.
Sample preparation
Corbicular pollen was lyophilized and grouped into 2-week periods by
hive. Samples were crushed and homogenized with a mortar and pestle, and 0.07
g of the sample was added to a 7 mL polytetrafluroacetate (PFA) vial (Savillex,
PFA vial) with 1 mL concentrated nitric acid (Maher et al., 2001). Four PFA vials
were placed into a 120 mL PFA closed digestion vessel (Savillex, PFA digestion
vessel, plain buttress threaded closure): 3 PFA vials containing samples were
placed on top of 1 empty PFA vial, which sat in 10 mL deionized water. The
digestion vessel was microwaved following Maher et al (2001). The digested
sample was diluted to 10 mL with deionized water and stored at 4°C until
analysis.
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Honey bees were oven dried at 35°C until they reached a constant mass
(Judd and Fasnacht, 2007). Dried bees were placed in individual glass vials
containing 0.3 mL concentrated nitric acid. The vials were incubated at 37°C in
a shaking water bath until the samples were dissolved. The digested sample
was diluted with deionized water to a final volume of 10 mL. The diluted liquid
was centrifuged and the supernatant was run through a microfilter (Naglene,
0.45 µm SFCA membrane). Samples were stored at 4°C until analysis.
Sample analysis
Ion Coupled Plasma Optical Emission Spectrum (ICP-OES; Prodigy
ICP, Teledyne Leeman Labs, Hudson, NH) was used to quantify the presence
and total concentration of sodium, calcium, potassium, and magnesium ions
(Judd and Fasnacht, 2007). Calibration curves for the elements of interest were
created using standards (Inorganic Ventures) ranging from 0.1µg/mg to 30
µg/mg. These concentrations were chosen based on preliminary analyses of
samples. Emission for each ion was detected at the following wavelengths: Na,
589.592 nm; Ca, 317.933 nm; K, 766.491 nm; and Mg, 279.533 nm.
Statistical analysis
To analyze the effect of time on micronutrient concentration in
corbicular pollen, we ran a linear mixed model that tested for independent and
interaction effects of date and element on total micronutrient concentration
(concentration = date x element), with hive added as a random effect. To fit
assumptions, the model was a Gaussian (normal) family with a log link. To

63 of 230

determine significance, we used marginal hypothesis tests, implemented with
the Anova() function.
Similarly, we ran a Gaussian family, log link, linear mixed model that
tested for independent and interaction effects of date and element on total
micronutrient concentration in bees (concentration = date x element), with hive
added as a random effect. Again, to determine significance, we used marginal
hypothesis tests, implemented with the Anova() function.
All statistical analyses were run in R version 3.2.2 using MASS, car,
and lme4 (R Development Core Team, 2008).

Results
Corbicular pollen
Micronutrient concentrations in corbicular pollen varied significantly over
time (ANOVA on log-linked LMM, X2 = 311.25, df = 5, p <0.0001) and there was
a significant interaction of element and time (ANOVA on log-linked LMM, X2 =
415.73, df = 15, p <0.0001) (Figure 4.2). Sodium, which was preferred by water
foragers in both summer and fall (Bonoan et al., 2016), was consistently the least
abundant element in corbicular pollen, ranging between 0 – 1 µg/mg (Figure 4.2).
In both summer and fall, sodium water preferences complement sodium content in
corbicular pollen (Table 4.1).
In the summer, calcium and magnesium levels in corbicular pollen were
relatively high and complemented the avoidance of both minerals in our water
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preference assays (Bonoan et al., 2016). Calcium, which was the most avoided
micronutrient during summer water foraging, was the most abundant in corbicular
pollen collected in the summer, ranging from 10 – 20 µg/mg (Figure 2). Despite
summertime avoidance of potassium during our preference assays, potassium was
relatively low in corbicular pollen in the summer (Figure 4.2). Thus, during the
summer, potassium content in corbicular pollen did not complement water
preferences (Table 4.1).
In the fall, magnesium levels in corbicular pollen were relatively low and
complemented the preference shown for water with magnesium. Both calcium
and potassium were preferred during our fall preference assays (Bonoan et al.,
2016) however, there was no complementation: levels of both increased in
corbicular pollen (Figure 4.2). Fall potassium levels in corbicular pollen increased
beyond the upper limit of our pre-determined standards (30 µg/mg).
Adult bees
Micronutrient concentrations significantly varied with time (ANOVA on loglinked LMM, X2 = 408.89, df = 16, p <0.0001) and again, there was a significant
interaction of element and time (ANOVA on log-linked LMM, X2 = 1366.33, df =
48, p <0.0001) (Figure 4.3). In the summer, sodium, calcium, and magnesium
were found in similar concentrations, between 3 – 7 µg/mg, and varied similarly
(Figure 4.3). During late fall, however, calcium became more concentrated and
more variable, increasing from 3.24 ± 0.18 µg/mg to 20.90 ± 1.01 µg/mg; most of
this variation was between hives. Potassium was often five times more
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concentrated than other elements and exhibited the greatest variation between
hives (Figure 4.3).

Discussion
Micronutrient content in both corbicular pollen and adult bees varied over
time. Below, we discuss 1) micronutrient content of corbicular pollen in the
context of water foraging preferences and 2) micronutrient content of young adult
bees in the context of nutrient availability and physiology. Using both data sets,
we speculate which micronutrients may be limiting in the environment.
Corbicular Pollen
Micronutrient content in corbicular pollen varied over time and complemented
five of the eight preferences found for micronutrients in water (Bonoan et al.,
2016) (Table 4.1). These data support our prediction that honey bees likely use
micronutrients in water to supplement certain micronutrients lacking in corbicular
pollen, and thus floral resources (Herbert and Shimanuki, 1978, Thorp, 2000). As
such, our data suggest that honey bees regulate micronutrient intake by foraging
at multiple, diverse resources.
Based on past research, this conclusion makes sense: honey bees forage for
specific macronutrients in floral sources (Hendriksma and Shafir, 2016), and have
been found to alter nectar foraging based on potassium content (Hagler, 1990).
Alternatively, micronutrient content of corbicular pollen may simply reflect what
is available in the environment. We have collected pollen from floral sources

66 of 230

within a 6km radius of our observation hives to test this alternative hypothesis.
This study is ongoing.
As expected based on honey bee water preferences and plant biology in
general, sodium content was low in corbicular pollen in both summer and fall
(Figure 4.2). Water preferences for magnesium also complemented magnesium
levels in corbicular pollen in both summer and fall (Table 4.1).
Calcium and potassium concentrations of corbicular pollen in fall, however,
did not seem to complement water preferences as we expected (Table 14.). For
both micronutrients, potassium in particular, concentrations in corbicular pollen
and preferences for water increased into the fall (Figure 4.2, Table 4.1). This
suggests that honey bees may require high levels of calcium and potassium and
may have to take advantage of various nutritional resources to obtain such levels.
Adult bees
Contrary to our prediction, micronutrient content in adult bees varied over
time. This suggests that honey bee micronutrient requirements shift with season,
or that certain micronutrients are limiting in the environment.
Sodium is an important osmo- and pH regulator in insects and magnesium is
an important co-factor for various physiological processes (Cohen, 2004);
concentrations in bees exhibited peaks and troughs at similar points in time,
particularly in late summer, suggesting the two co-vary in the environment.
Although the concentration range (3.0 – 7.5 µg/mg) is small, relative variation in
the two micronutrients is drastic: magnesium content exhibit drops more than
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50% between summer and fall, and sodium exhibits multiple drops of more than
50% (Figure 4.3). Thus, as the fall approaches, honey bees may continue to
balance their micronutrient intake (as shown in the corbicular pollen data) but
these micronutrients may not bioaccumulate in the same way throughout the year.
While our current data do not account for excretion of micronutrients, future
studies could build upon our data and collect bee excrement throughout the year
to calculate actual bioaccumulation.
Both calcium and potassium were found in large amounts in adult honey
bees and over a much greater range (25 – 40 µg/mg) than sodium and magnesium
(Figure 4.3). In fall, calcium increased in all three areas: honey bee water
preference, corbicular pollen concentration, and adult bee concentration (Table
4.1, Figure 4.3). Each of our hives experienced a spike in calcium concentration at
different time points in the fall; this may indicate a behavioral shift away from
brood rearing toward overwintering (Mattila et al., 2001). Honey bees survive
winter by forming a cluster around the queen and actively generating heat via
muscle contractions (Stabentheiner, 2003, Omholt, 1987). The increase in stored
calcium could be due to its use in muscle movement.
Additionally, the calcium concentration increase in our hives corresponds
with the last brood reared before winter. Winter workers are physiologically
different than summer workers and survive longer (6 – 8 months instead of 1
month) (Fluri et al., 1982). Thus, these individuals may have different nutrient
requirements. Kunert and Crailsheim (2015) found that successful winter workers
had higher macronutrient stores than summer workers. Our results suggest to
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survive through the winter, workers may need certain micronutrient stores as well.
The increase in calcium content of adult bees could also be due to changing floral
resources in the environment, it is possible that the only floral source available at
this time of year is high in calcium.
An alternative hypothesis, which we do not favor, is that the practice of
"sweetening" lawns using calcium carbonate during the fall led to an increase in
calcium in both corbicular pollen and bees via a form of contamination. We do
not favor this hypothesis because our bees were located adjacent to large
unmanaged wildflower fields, which were surrounded by woods and were great
distances from managed lawns. Additionally, if calcium were contaminating the
corbicular pollen at our observation hives, we would expect a decrease in
preferences for calcium in foraged water, and instead we saw an increase.
Similar to calcium, honey bee potassium concentrations were much higher
than expected based on corbicular pollen concentrations and water preferences.
Although we cannot explain the source of this “extra” potassium with our current
data, one possible explanation is nectar. High concentrations of potassium can
occur in nectar (Nicolson, 2011, Afik et al., 2014). Both royal and worker jelly
also have high concentrations of potassium (Wang et al., 2015) and thus, this
micronutrient may enter individuals via feeding during the larval stage .
Potassium can act as a phagostimulant, which is beneficial to developing larvae
(Cohen, 2004). Thus, the high potassium content we identified may be an artifact
of our sampling procedure: we sampled young, and likely recently emerged,
workers. These young workers are tasked with feeding the developing larvae and
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could have had recently secreted royal and/or worker jelly from their
hypopharyngeal glands (Winston, 1987). Our processing and analysis protocol did
not allow us to determine if nutrients were simply present in/on the bee at the time
of sampling or if the nutrients were assimilated. It would be interesting to
investigate how honey bee potassium content might vary with age or with
digestive organ. It may be that younger adults have more stored potassium than
older adults or that the hypopharyngeal glands, the organ used to produce royal
and worker jelly, has a higher potassium content than the digestive tract, where
nutrient absorption occurs (House, 1974).
Conclusions
Our data suggest that honeybees may actively regulate micronutrient intake
with respect to some micronutrients, while others may be limiting in the
environment. This conclusion is consistent with research done by Filipiak et al.
(2017): possible environmental limitations to honey bee growth and development
resulted mainly from the scarcity of micronutrients, such as sodium and
potassium, in corbicular pollen. As such, the diet of honeybees appears to be more
dynamic than previously considered. Current supplemental diets available to
beekeepers (e.g. Vitamin B Healthy, Honey Bee Healthy) do not account for this
dynamic nature, and thus may not be sufficient for year-round use.
This study also highlights the importance of understanding nutrient
requirements in a natural environment, especially in temperate regions where
nutritional resources, as well as nutrient requirements, likely shift throughout the
year. To our knowledge, this is first study to examine variation of micronutrient
70 of 230

content in insects and their food over time, in the field. Using honey bees as a
model system, we provide a framework for filling a gap in nutritional ecology
where currently, micronutrient requirements are understudied relative to
macronutrient requirements.
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Table 4.1 Predicted and observed micronutrient content in pollen
Predicted and observed micronutrient content in corbicular pollen compared
between summer and fall. If honey bees are able to obtain an optimal
micronutrient diet, micronutrient content of corbicular pollen should complement
water preferences as determined by Bonoan et al. (2016). Arrows and colors
represent the direction of preference and/or mineral content, double arrows and
darker colors represent a strong directionality. Asterisks indicate which
relationships were not complementary.
Water
Preference
Calcium

Magnesium

Potassium

Sodium

Predicted
Pollen
Content

Observed
Pollen
Content

Summer

↓

↑

↑

Fall*

↑

↓

↑

Summer

↓

↑

↑

Fall

↑

↓

↓

Summer*

↓

↑

↓

Fall*

↑

↓

↑↑

Summer

↑↑

↓↓

↓↓

Fall

↑↑

↓↓

↓↓
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Figure 4.1 Pollen trap on observation hive entrance
The 5-mesh hardware cloth pollen trap knocks corbicular pollen (yellow pellets
on the pictured bee’s back legs) off returning bees. Corbicular pollen was caught
in a petri dish below the trap. Photo: Rachael E. Bonoan
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K

Ca

Mg

Na

Figure 4.2 Mean concentration of micronutrients in pollen
Mean concentration of micronutrients in corbicular pollen over time (two-week
increments). Each point represents pollen samples from 4 – 8 hives as not all
hives brought pollen back during the sampling period. Error bars are ± 1 SE and
show the variation between hives.
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Figure 4.3 Mean concentration of micronutrients in adult bees
Mean concentration of each micronutrient in adult honey bees over time (oneweek intervals). Each point represents data from 15 bees sampled from 3 hives.
Error bars are ± 1 SE and represent variation between individual bees. Note the yaxis scales are not uniform.
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Abstract
Insect pollinators, especially bees, are important for global crop production. For
commercial pollination, honey bee (Apis mellifera Linnaeus, 1758) colonies are
tasked with pollinating large monocultures. Such large monocultures are food
deserts for insect pollinators: they contain only one type of food, and thus one
source of nutrients. Here, we examine how a lack of dietary essential amino acids
(EAAs) affects honey bee foraging behaviour and colony health. Using pollen
traps and semi-synthetic diets, we raised bees on one of three treatments in the
field: 1) no diet manipulation, 2) a diet treatment with all 10/10 honey bee EAAs,
representing a polyfloral diet, or 3) a diet treatment with only 6/10 EAAs,
representing a monofloral dandelion diet. We then measured pollen foraging
success and colony health. In 2016, during a drought, bees raised on the diet
lacking EAAs brought more pollen back to the colony than bees raised with all
EAAs, suggesting compensatory foraging. This was not found in 2017, when
natural resources were more abundant. As such, honey bees lacking EAAs
worked harder to fill the gap in the nutrient poor environment. In 2017, colonies
raised on all 10/10 EAAs expanded slower than control colonies and colonies
raised on 6/10 EAAs did not expand at all. This suggests that EAA diversity,
coupled with other nutrients found in pollen, is important for colony growth.
Thus, overall diet diversity is important to insect pollinator health. Although
control colonies and colonies raised on all 10/10 EAAs expanded more rapidly,
there was no change in pollen foraging in 2017. Since we did not directly
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manipulate diet quantity, this suggests the quantity of stored pollen may be a more
salient signal than quantity of young brood in the regulation of pollen foraging.

Introduction
Animal-driven pollination is required for the production of one-third of
globally important crops (Klein et al., 2007). Insect pollinators play a large role in
pollination services (Rader et al., 2015), with the main players being bees: both
managed honey bees (Apis mellifera Linnaeus, 1758) and wild native bees
(Winfree et al., 2011, Klatt et al., 2014) are economically important pollinators.
Together, bees contribute $14.6 billion per year to the U.S. economy (see Koh et
al. (2016) and references therein). Globally, insect pollinator populations,
however, are in decline (Potts et al., 2010). In recent decades, 3 of the 25 bumble
bee species in the United Kingdom have gone extinct, and 8 have experienced
range declines (Goulson et al. (2008) and references therein). The number of
managed honey bee colonies declined 59% between 1947 and 2005 in the United
States (van Engelsdorp et al., 2008), and 25% between 1985 and 2005 in Europe
(reviewed in Potts et al. (2015)). While many of the losses in the early 2000s were
attributed to colony collapse disorder (CCD), CCD has not been reported in the
U.S. since 2012 (Wilson-Rich, 2014, Millius, 2017, Seitz et al., 2016). Even
without the threat of CCD, beekeepers continue to experience higher than
acceptable annual losses of managed honey bee colonies (Seitz et al., 2016).
While such losses are likely due to synergistic effects of pesticides,
pathogens, parasites, habitat loss, and others (Potts et al., 2010), nutrition could be
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the key to improving pollinator health and bolstering pollinator populations. Bees
obtain most of the nutrients they need from pollen (protein, lipids, vitamins and
minerals) and nectar (carbohydrates) (Haydak, 1970). Specifically, honey bees
need to acquire ten essential amino acids (EAAs) from pollen for proper larval
development: arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine (de Groot, 1953). To our
knowledge, there is no one plant that provides all ten honey bee EAAs in the
required amounts (Somerville, 2001). As such, monocultures may be problematic
for bee health (see Table 5.1 and references therein), both at the individual and the
colony level (e.g. Alaux et al. (2010)).
Currently in the U.S., managed honey bees used for commercial
pollination are tasked with pollinating large monocultures, which only have one
type of food: the crop of interest. With the use of herbicides, there are not even
weeds (e.g. dandelion and clover) present to supplement pollinator diet. Since
honey bee workers take only about three weeks to develop (Winston, 1987), and
pollen is not stored in the colony in large amounts (Rosov, 1944) and collected on
an “as needed” basis (Robinson and Oertel, 1975), a colony pollinating a large
monoculture raises bees on only one type of food. This one food item likely does
not have all the required nutrients (Nicolson and Human, 2012, Standifer et al.,
1980) (Table 5.1). Furthermore, even though honey bees can forage up to a 10 km
radius from the colony (Visscher and Seeley, 1982), monocultures can be much
larger than that. Thus, honey bee colonies located in the middle of the
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monoculture are forced to feed on only one type of food for the duration of
pollination services, and likely the duration of larval development.
Over two field seasons, we tested how diets lacking in EAAs affect honey
bee foraging behaviour and colony health. Since we experienced a drought during
one of the field seasons, we also show results from a natural experiment on how
bees react to the lack of dietary EAAs in a nutrient rich environment (nondrought) compared to a nutrient poor environment (drought). We predict that bees
raised on a diet lacking EAAs will compensate by increasing their pollen foraging
effort. We also predict that bees lacking EAAs in a nutrient poor environment will
exhibit a more drastic increase in pollen foraging effort, since they have fewer
natural resources available. Lastly, regarding colony health, we predict that
colonies raised on all ten EAAs will expand at a similar rate as control colonies
while colonies raised lacking EAAs will expand at a slower rate.

Materials and methods
Study system and field site
In June 2016, nine 5-frame nucleus colonies were installed in 10-frame
Langstroth hives. Each Langstroth hive had one standard sized box (50.5 cm x
40.6 cm x 24.4 cm) and was equipped with a Sundance pollen trap (New England
Beekeeping, Tyngsboro, MA, USA) (Todd and Bishop, 1940). All hives were
located at the northern edge of an unmanaged wildflower field at the Cummings
School of Veterinary Medicine at Tufts University in Grafton, MA (Supp. Figure
5.S1). In May 2017, nine new 5-frame nucleus colonies were installed in new 1080 of 230

frame Langstroth hives at the same edge of the same wildflower field. Also in
2017, six additional 5-frame nucleus colonies were installed in 10-frame
Langstroth hives at the northern edge of a second unmanaged wildflower field on
the campus (Supp. Figure 5.S1). Both sites were surrounded by forested habitat.
Upon installation, all colonies were queen-right, and had three frames of mixed
brood and two frames of food.
In both 2016 and 2017, the colonies were randomly divided into three
treatment groups (N2016 = 3 colonies/treatment, N2017 = 5 colonies/treatment): 1)
control, which had the pollen traps at the “off” position, 2) a semi-synthetic diet
with all 10/10 honey bee EAAs, representing a polyfloral diet (de Groot, 1953),
and 3) a semi-synthetic diet treatment with only 6/10 EAAs, representing a
monofloral dandelion diet (Auclair and Jamieson, 1948, Loper and Cohen, 1987)
(Table 5.1). The semi-synthetic “dandelion” diet is ecologically relevant as
dandelions are one of the few floral resources available to bees in early spring in
the Northeastern U.S. (Ley, Loper and Cohen, 1987).
Experimental diets and feeding
All amino acids used in this experiment were purchased in powdered form
from either Sigma Aldrich (Natick, MA, USA) or U.S. Biological (Salem, MA,
USA) (see Supp. Table 5.S1 for recipes and brands). For each diet, the
appropriate EAAs were added to a powdered cellulose (Sigma Aldrich, Natick,
MA, USA) base in the proportion that honey bees need to get from their food as
determined by de Groot (1953) (see Supp. Table 5.S1). Both diets had equal
amounts of added vitamins and minerals (Vitamin B Healthy, Brushy Mountain
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Bee Farm, New Columbia, PA, USA), and plant-derived cholesterol (Sigma
Aldrich, Natick, MA, USA) to mimic natural pollen diets as closely as possible.
Each powdered diet was prepared in a 5-gallon (approximately 19 L) bucket.
Diets were homogenized by rolling each bucket back and forth for 3 minutes and
then inverting the bucket for 1 minute. We then divided 90 g of each diet, which
was enough to fill one side of a standard-sized drawn Langstroth frame, into
smaller containers for transport to the field.
In the field, the portioned-out diet was sprinkled into one side of an empty,
sterilized, drawn frame (Herbert and Hill, 2015) using a sieve. The prepared
frame was then lightly sprayed with a 50% honey solution to attract the bees to
their new food source and keep the diet in the frame upon installation. This
method of feeding the bees mimics the honey bee’s natural method for storing and
using pollen in the colony (Robinson and Oertel, 1975) (Figure 5.1a, 5.1b). A
sterilized drawn frame with no diet treatment, and only the honey solution
sprayed on it was installed in each control colony. Diet frames were checked on a
weekly basis and if needed, colonies were fed again. Since bees do store pollen
(Figure 5.1b), bees were fed our diet treatments only after the pollen traps were
switched “on” for 1 week. In that week, bees were unable to bring in new pollen
and thus, consumed all their stored pollen (Hendriksma and Shafir, 2016).
Following feeding, the pollen traps on the experimental colonies remained “on”
for the duration of the experiment and data collection. Based on our colony
growth data, we are confident that our pollen traps excluded enough natural
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pollen sources so that our semi-synthetic diets were the primary source of protein
brood were raised on.
Pollen foraging success
Starting one week after the diet and control frames were installed, we
measured weekly pollen foraging success by collecting two data points from each
colony.
First, since the experimental colonies had pollen traps, corbicular pollen
was collected in a drawer that could be accessed from the back of the hive (Figure
5.1c, 5.1d). We emptied each drawer into a 1-gallon (approximately 3.75 L)
Ziploc bag and took the pollen back to the lab to weigh. Since control colonies
had the pollen traps “off,” corbicular pollen was only collected from experimental
(6/10 EAAs, 10/10 EAAs) colonies. Corbicular pollen was collected for 8 weeks
in 2017 and 4 weeks in 2016; both collection periods are long enough for the
complete development of worker brood on our semi-synthetic diets (Winston,
1987).
To measure behavioural foraging effort of each colony, two observers sat
to the side of the hive and counted the number of bees exiting for 10 minutes
(Figure 5.1e) (Delaplanevan der Steen et al., 2013). Then, at the same hive, the
observers counted the number of bees returning with visible corbicular pollen
(Figure 5.1f) for an additional 10 minutes. The proportion of successful pollen
foraging trips was calculated as the number of bees returning with corbicular
pollen divided by the number of bees exiting the hive. Data were collected each
week, weather permitting, during active foraging hours (0900 – 1400 hours)
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(Abou-Shaara, 2014) for 4 weeks. The order in which data were collected was
randomized each week. In 2017, foraging behaviour data was only collected from
the 9 colonies that were installed in the same site as 2016 (Supp. Figure 5.S1).
Corbicular pollen weight was collected from all experimental colonies.
Colony health
In 2017, during weekly beekeeping checks, we counted the number of
frames covered in adult bees (Figure 5.1g) as well as the number of queen cells in
the colony (Figure 5.1h). Aside from visually counting, any queen cells found
were left undisturbed. Some colonies expanded so quickly that we had to add a
second standard box (50.5 cm x 40.6 cm x 24.4 cm) on top of the first box during
the experiment. While we did keep general colony health data in 2016 (brood
pattern, signs of disease, etc.), we do not have quantitative data for the number of
frames covered in bees. Data were collected over 15 weeks.
Statistical analysis
ANOVAs were run on linear mixed models (LMM) to determine the
effect of treatment on four fixed effects: 1) weight of pollen collected in the
pollen trap, 2) proportion of bees returning with corbicular pollen, 3) number of
frames covered in bees, and 4) number of queen cells. For each model, colony
was included as a random effect and date was included as a fixed effect to account
for our repeated-measures design. Analyses for each year were run separately for
a total of six models. To examine colony growth (number of frames covered in
adult bees) over time, we paid particular attention to the interaction effect, and
examined the coefficients (intercept and slope) and 95% confidence intervals of
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the model. All models fit a normal distribution. Data were analysed using car,
MASS, plyr, and lme4 in R version 3.3.2 (2016-10-31) (R Development Core
Team, 2008).

Results
Pollen foraging success
On a weekly basis, bees brought more pollen back to the colony in 2017 (0
– 1,509.2 g) than in 2016 (0 – 282.4 g), when resources were scarcer due to
drought conditions (Figure 5.2). In 2016, colonies raised on 6/10 EAAs brought
significantly more pollen back than bees raised on 10/10 EAAs (LMM X2 = 3.54;
df = 1; P = 0.05). This pattern was not seen in 2017. In both years, there was a
significant effect of date on the amount of pollen collected (2016 LMM X2 =
16.7; df = 3; P < 0.001; 2017 LMM X2 = 55.3; df = 7; P < 0.0001) but not a
significant interaction of treatment and date. Thus, all colonies experienced
similar rises and falls in pollen collection throughout data collection. There was
no effect of treatment on the proportion of pollen foragers returning with visible
corbicular pollen in either year (Figure 5.3). In 2016, a smaller proportion of bees
returned to the colony with visible corbicular pollen than in 2017.
Colony health
There was a significant effect of treatment on the number of frames
covered in bees over time (i.e. colony growth) (LMM X2 = 25.26; df = 12; P =
0.01). Colonies in all three treatments started with about 5 frames of bees (Table
5.2, Figure 5.4). By mid-July, the control colonies had expanded to a mean of 8.4
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± 2.9 frames of bees while colonies raised on 10/10 EAAs only had 4.3 ± 1.9
frames and colonies raised on 6/10 EAAs had 4.2 ± 1.0 frames (Figure 5.4). The
colonies raised on 10/10 EAAs did start to expand in August, however, they were
already too far behind the control colonies to catch up. Colonies raised on 10/10
EAAs grew at about one-third the rate of control colonies (slopes = 0.192 and
0.548 respectively, Table 5.2) while colonies raised on only 6/10 EAAs were
unable to grow at all (slope = -0.009, Table 5.2). There was no significant effect
of treatment or date on the number of queen cells built in the colony (Figure 5.5)
(treatment LMM X2 = 0.04; df = 2; P = 0.98; date LMM X2 = 5.50; df = 5; P =
0.36). The maximum number of queen cells in a colony at any one time was 3.

Discussion
Overall, pollen foraging success was affected by diet treatment in 2016,
during drought conditions, but not in 2017, and colonies were unable to grow
when raised on a diet lacking EAAs.
Pollen foraging success
By weight, bees brought less pollen back to the colony in 2016 than in
2017 (Figure 5.2). Accordingly, a smaller proportion of 2016 bees returned to the
colony with visible corbicular pollen (Figure 5.3). This is likely due to the
drought conditions experienced in 2016 (Bidgood, 2016): during the drought,
pollen foragers may have left the colony to find pollen only to return
unsuccessful, without corbicular pollen. Additionally, during the drought year,
there may have been more foragers allocated to water collection (Abou-Shaara,
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2012) than food collection. Since there was no effect of diet treatment on the
proportion of foragers returning to the colony with corbicular pollen in 2016,
control colonies and experimental colonies were likely similarly affected by the
drought conditions.
Regarding pollen weight, as food scarcity increases, so did the difference
between the two diet treatments (Figure 5.2). In 2016, bees raised on 6/10 EAAs
collected significantly more pollen than bees raised on 10/10 EAAs (Figure 5.2)
(lmm X2 = 3.54; df = 1; P = 0.05). This suggests that as expected, bees raised on a
diet lacking EAAs attempt to compensate by collecting more pollen, which is the
bee’s main source of protein (de Groot, 1953). These results are consistent with
past studies done by Pernal and Currie (2001): when the overall pollen quantity in
the colony is decreased, honey bees bring heavier pollen loads back to the colony.
Beyond simple compensatory feeding, honey bees raised on 6/10 EAAs could
also be attempting complimentary feeding in which they supplement their semisynthetic diet with pollen sources that contain the specific EAAs they are lacking
(Hendriksma and Shafir, 2016). While answering this question is beyond the
scope of this study, investigating the EAA contents of the bee-collected pollen
would be an interesting future direction.
In 2017, there is a general trend for both experimental treatments to have a
higher proportion of foragers returning to the colony than the control colonies.
This trend may be a result of something other than EAAs lacking in our semisynthetic diets. Other than EAAs (de Groot, 1953), pollen is a source of lipids
(Roulston and Cane, 2000), vitamins, minerals (Brodschneider and Crailsheim,
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2010), and microbes (Anderson et al., 2014, Maxfield-Taylor et al., 2015). While
we did add plant-derived cholesterol and Vitamin-B-Healthy to our semisynthetic diets, we may not have added them in large enough quantities. The
effect of food scarcity (drought vs. non-drought) is not shown in the proportion of
pollen foragers returning to the colony: there was no difference between
treatments in either 2017 or 2016 (Figure 5.3). This is likely because counting the
number of foragers at the colony entrance is a snapshot of pollen foraging success
while pollen weight represents an entire week of pollen foraging.
Alternatively, our findings on the proportion of pollen foragers may be
explained by the regulation of pollen foraging in honey bees (Dreller et al., 1999,
Camazine, 1993). Honey bees regulate pollen foraging based on quantity of
stored pollen: when there is enough pollen stored in the hive, pollen foraging is
reduced (Camazine, 1993). We did not directly manipulate quantity of our semisynthetic diets. Accordingly, we did not find a difference in pollen foraging rates
between treatments. Pollen foraging rates also directly correlate with the amount
of young brood (Dreller et al., 1999) however, our data suggest that pollen
quantity may be a stronger regulation factor. We did not see a difference in pollen
foraging rate between control and experimental colonies even though on average,
control colonies expanded faster than experimental colonies, and likely had more
young brood.
Colony health
Over the 15-weeks, the colonies raised on only 6/10 EAAs did not expand
at all (Table 5.2, Figure 5.4). The colonies raised on all 10/10 EAAs did expand
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beyond the original 5 frames of bees however, they did so at a slower rate than the
control colonies. Also, the variation in the number of frames covered in bees
tends to be larger in the control colonies than the experimental colonies
suggesting that experimental colonies are constricted by the semi-synthetic diet.
This constriction and the inability for the 6/10 EAA colonies to expand could be
for a few reasons: 1) The bees may be attempting to raise a new queen. Honey
bees will raise a new queen for a number of reasons, including an unsatisfactory
laying rate (Fefferman and Starks, 2006). In the case of the colonies raised on
6/10 EAAs, honey bees might attribute the lack of expansion to an inferior queen
and attempt replacement. This would lead to allocation of resources in raising a
new queen rather than to raising brood, thus preventing expansion. 2) The
workers could be partaking in cannibalism of larvae as a method of compensatory
feeding (Schmickl and Crailsheim, 2001). 3) There may have been high rate of
larval death due to lack of EAAs. Since there was no effect of treatment on the
number of queen cells built (Figure 5.5), we can rule out the first explanation, but
the others remain to be tested. Taken together, our results suggest that while
dietary EAA diversity is important, there is likely something in addition to EAAs,
such as lipids (Li et al., 2013), fatty acids (Arien et al., 2015), or trace minerals
(Herbert and Shimanuki, 1978), that bees need to get from pollen and/or
supplemental diets.
Conclusions
In conclusion, while honey bees may attempt to compensate for lack of
EAAs by collecting more pollen (as shown in 2016), there is likely more to pollen
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foraging and honey bee health than EAAs alone. Bumble bees, for example,
choose pollen sources based on the protein to lipid ratio (Vaudo et al., 2016) but
when parasitized, they choose floral sources based on secondary metabolite
content (Richardson et al., 2016). Regarding applied ecology, our results add to
past literature by showing that diet diversity is important to pollinator health. If
honey bees are searching for complimentary EAAs, lipids, or micronutrients, they
are not going to find them in one type of food (Table 5.1). Thus, monocultures
lacking EAAs and other nutrients should be supplemented with wildflower strips
(Haaland et al., 2011) which will provide a suite of nutrients for pollinators
(Feltham et al., 2015) to choose from, promote pollinator health (Alaux et al.,
2010), and increase crop yields (Pywell et al., 2015). Regarding basic ecology,
our results suggest that when it comes to regulating pollen foraging, the quantity
of pollen stored in the hive may be a more salient signal than the amount of young
brood in the hive.
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Table 5.1 Essential amino acids required by honey bees
Essential amino acids (EAAs) required by honey bees and the percentage found in
corbicular pollen from two common monocultures: sunflowers and almonds.
Values in gray demonstrate EAA levels that are either missing completely or are
not large enough to sustain a healthy honey bee brood development.
Honey bee EAAs (de
Groot, 1953)

Minimum %
% in bee collected
% in bee collected
required by the
sunflower pollen
almond pollen
honey bee (de
(Nicolson and
(Standifer et al.,
Groot, 1953)
Human, 2012)
1980)
Arginine*
3.0
4.2
1.2
Histidine*
1.5
5.7
0.5
Isoleucine*
4.0
3.9
1.2
Leucine*
4.5
6.3
1.9
Lysine
3.0
6.3
2.9
Methionine*
1.5
0.3
0.5
Phenylalanine
2.5
3.9
1.2
Threonine
3.0
4.4
1.0
Tryptophan
1.0
0.2
0.0
Valine*
4.0
4.3
1.6
*amino acids in dandelion pollen (Auclair and Jamieson, 1948, Loper and Cohen, 1987)
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Table 5.2 Intercepts, slopes, and 95% CI for colony growth
Intercepts, slopes, and 95% confidence intervals for the line of best fit (see Figure
4) for colony growth of each diet treatment over time. All treatments had a similar
intercept. Over time, control colonies grew the fastest. Colonies raised on 10/10
EAAs grew at a rate slower than control colonies while colonies raised on 6/10
EAAs did not grow over time.
Treatment
Control

Intercept & 95% CI
3.231
-1.109 – 7.571

Slope & 95% CI
0.548
0.149 – 0.946

10/10 EAAs

2.960
0.517 – 5.404

0.192
-0.072 – 0.455

6/10 EAAs

4.582
2.797 – 6.367

-0.009
-0.166 – 0.184
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Figure 5.1 Study
system and set-up
a) Honey bees on a
frame prepared
with the semisynthetic diet. b)
Honey bees on a
frame with
naturally collected
and stored pollen.
c) Pollen trap
drawer behind the
hive with collected
pollen. d)
Corbicular pollen
that were collected
in the pollen trap.
e) An
undergraduate
observing the hive
entrance and
counting foraging
bees. f) A forager
returning with
visible corbicular
pollen (indicated
with the white
arrow). g) A 10frame Langstroth
hive (one frame is
indicated with a
white arrow). Six
of the frames have
been built up and
are covered with
bees. h) Queen
cells (indicated
with white arrows)
on a frame of bees.
All photos: Rachael E. Bonoan
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Figure 5.2 Weight of corbicular pollen
The mean weight of pollen (g) ± 1 SE collected by honey bees from each
experimental treatment over time for 2017 (top) and 2016 (bottom). Overall, bees
in 2017 collected more pollen than bees in 2016 (note the different scale on the yaxis). In 2017 there was no effect of treatment however, in 2016, bees raised on
6/10 EAAs collected more pollen than bees raised on all 10 EAAs (lmm X2 =
3.54; df = 1; P = 0.05). In 2017, each point represents N=5 colonies; in 2016, each
point represents N=3 colonies.
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Figure 5.3 Proportion of pollen foragers
Mean proportion of honey bees returning with corbicular pollen (see Figure 1d) ±
1 SE; there was no significant effect of treatment. A larger proportion of foragers
returned with corbicular pollen in 2017 than in 2016. Unless otherwise noted,
each point represents N=3 colonies. Smaller sample sizes and gaps in data
collection were due to inclement weather.
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Figure 5.4 Colony growth
The mean number of frames (see Figure 1e) covered in honey bees ± 1 SE over
time. There was a significant effect of treatment on colony growth (lmm X2 =
6.96; df = 2; p = 0.03) and a significant interaction of treatment and date (lmm X2
= 25.26; df = 12; P = 0.01). Control colonies (slope = 0.548) expand about three
times faster than colonies raised on 10/10 EAAs (slope = 0.192). Colonies raised
on 6/10 EAAs did not expand at all (slope = -0.009). Unless otherwise noted, each
point represents N=5 colonies. Smaller sample sizes and gaps in data collection
were due to inclement weather.
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Figure 5.5 Queen cells
The mean number of queen cells (see Figure 1f) in each honey bee colony ± 1 SE
over time. No matter the treatment, bees built about the same number of queen
cells. Unless otherwise noted, each point represents N=5 colonies. Smaller sample
sizes and gaps in data collection were due to inclement weather.
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Table 5.S1 Semi-synthetic diet recipes
Diet treatment recipes created based on methods from Rogala and Szymás (2004).
Amount of each essential amino acid (EAA) was determined based on results
from de Groot (1953).
10/10 EAAs
6/10 EAAs
Cellulose
2,000 grams
2,000 grams
(Sigma Aldrich)
HCl
pH 5.0 (Herbert and
pH 5.0 (Herbert and
Shimanuki, 1983)
Shimanuki, 1983)
Plant-derived
10 g
10 g
Cholesterol
(Sigma Aldrich)
Vitamin-B-Healthy
20 ml
20 ml
(Dadant)
Arginine
106 g
106 g
(Sigma Aldrich)
Histidine
50 g
50 g
(U.S. Biological)
Isoleucine
102 g
102 g
(U.S. Biological)
Leucine
142 g
142 g
(U.S. Biological)
Lysine
128 g
(U.S. Biological)
Methionine
38 g
38 g
(Sigma Aldrich)
Phenylalanine
82 g
(Sigma Aldrich)
Threonine
82 g
(Sigma Aldrich)
Tryptophan
28 g
(Sigma Aldrich)
Valine
116 g
116 g
(Sigma Aldrich)
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Figure 5.S1 Diagram of field set-up.
In 2016, 9 nucleus colonies were installed at the northern edge of an unmanaged
wildflower field near the Tufts Cummings School of Veterinary Medicine swine
barn. Both foraging effort and pollen weight data were collected at that site. In
2017, 9 new nucleus colonies were installed at the same swine barn site and 6
additional nucleus colonies were installed at a second site: the northern edge of an
unmanaged wildflower field near the Tufts Cummings School of Veterinary
Medicine compost piles. Again, both foraging effort and pollen weight data were
collected at the swine barn site. Only pollen weight data was collected at the
compost pile site.
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Abstract
Historically, pollen has been identified via microscopy. Recently, two markers
have been optimized for metabarcoding of bee-collected pollen and thus,
identification: trnL (a chloroplast gene) and ITS2 (an internal transcribed spacer
found in plants and fungi). While the resolution of each marker has been
compared to microscopy for the identification of bee-collected pollen, the two
markers have never been compared to each other. In this study, we answer an
ecological question regarding honey bee foraging and compare results of the
markers to each other and to microscopy. Honey bees forage at floral resources
for both macro- and micronutrients; pollen is a honey bee’s only source of protein
and thus, essential amino acids (EAAs). In this study, we investigated how honey
bee foraging behavior, in terms of floral diversity, might change when honey bees
are raised on a diet lacking EAAs. We raised honey bees on two different EAA
diets: one with all EAAs and one with only the EAAs honey bees would obtain
from an exclusively dandelion diet. During diet treatments, we collected honey
bee-collected, or corbicular, pollen using pollen traps. We found that for our
study, ITS2 be the better marker to detect diversity within a community. ITS2
results better coincided with microscopy data and personal observations of what
was available to our bees in the field. Regarding honey bee foraging, diversity of
corbicular pollen did not differ between diet treatments, however, colonies raised
on all ten EAAs tended to have a larger variation in pollen diversity.
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Introduction
Palynology, the study of pollen grains and other spores, has been a topic
of medical and scientific interest since at least the early 1900s (Wodehouse, 1935,
Manten, 1968, Manten, 1966). In the short 50-year span of 1916 – 1965, there
were 20,300 scientific studies regarding palynology, in nine different language
categories (Manten, 1968). Botanists were the first to publish studies on
palynology but this sub-field was quickly picked up by paleontologists and
archeologists; pollen analyses have been used to date peat horizons and
prehistoric objects (Manten, 1966). In medicine, palynology helped doctors to
understand “hay fever” as an anaphylactic reaction (Manten, 1966).
Today, palynology is an important part of pollination ecology (Adler and
Irwin, 2006), agro-ecology (Rieger et al., 2002), and even invasion biology (Soper
and Beggs, 2013). For example, Soper and Beggs (2013) used pollen
identification to show that an invasive pollinator is in fact, a bad pollinator
relative to its native counterpart; the invasive pollinator carried an average of 3.22
± 0.28 pollen types per load while the native pollinator carried an average of 1.36
± 0.20 pollen types per load. Thus, the invasive pollinator is an heterospecific,
ineffective pollinator.
Historically, pollen has been identified using morphology and microscopy
(DelaplaneDag et al., 2013). Even with the aid of automation (Langford et al.,
1990), this process can be time-consuming and requires a high level of expertise
to make correct identifications. Recently, DNA metabarcoding has become a
popular, more efficient way to identify pollen (Kraaijeveld et al., 2015,
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RichardsonLinSponsler et al., 2015, Sickel et al., 2015, Yao et al., 2010, Keller et
al., 2015). There are various markers used for this process but currently, there are
two main markers used for analysis of bee-collected pollen: 1) trnL (Kraaijeveld
et al., 2015), a chloroplast gene, and 2) ITS2 (RichardsonLinSponsler et al., 2015,
Sickel et al., 2015), an internal transcribed spacer found in eukaryotes. While the
efficiency of each marker for the identification of bee-collected floral sources has
been compared to microscopy (Sickel et al., 2015, Kraaijeveld et al., 2015,
RichardsonLinSponsler et al., 2015), no study has compared the two markers to
each other. Each marker will likely provide a different resolution that may or may
not be sufficient in answering certain ecological questions. A chloroplast gene,
trnL is likely not as variable between species as ITS2, a nuclear gene (Chen et al.
(2010) and references therein). Furthermore, there are more Genbank entries for
ITS2 (243,155) than trnL (198,308) (Bell et al. (2016) and references therein).
Here, we compare data from the two markers and evaluate which marker
might be best for answering our ecological question of interest: If lacking dietary
essential amino acids (EAAs), do honey bees forage for more diverse floral (i.e.
pollen) sources?
Honey bees get all of their dietary protein from pollen (Haydak, 1970).
There are ten EAAs that honey bees must obtain from their diet for proper
development: arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine (de Groot, 1953) . A honey bee’s
diet, and thus the available EAAs, are both naturally and commercially
constrained. In New England, the early spring forage of mainly dandelion (Loper
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and Cohen, 1987) is not as nutritionally diverse as mid-summer forage of various
wildflower and weed species (Ley, Loper and Cohen, 1987). Honey bees cannot
get all of their EAAs from dandelion pollen alone (Loper and Cohen, 1987,
Auclair and Jamieson, 1948).
Commercially, honey bees pollinate large monocultures depending on
what crop is in season. During the almond season, for example, a honey bee
colony only has access to pollen and nectar from almond flowers, which have toolow levels of all ten EAAs (Standifer et al., 1980). As monocultures are often
larger than a bee’s foraging range and treated with herbicides so that nothing but
the crop of interest grows, bees kept in the middle of these food deserts are forced
to feed on only floral resources that are likely EAA-deficient (Nicolson and
Human, 2012, Standifer et al., 1980).
Since honey bees do forage for complementary amino acids when given
the opportunity (Hendriksma and Shafir, 2016), and they increase foraging rate
when fed a low quality monofloral pollen diet (Pernal and Currie, 2001), we
hypothesize that when a colony is fed a diet lacking certain EAAs, honey bees
will forage for more diverse floral sources. Similar to compensatory feeding,
which is common in leaf-eating insects (Simpson and Simpson, 1990), we predict
honey bees to exhibit compensatory foraging. If this is the case, foragers in
colonies fed a diet lacking EAAs should bring more diverse pollen sources back
to the colony than bees fed all ten EAAs.
Regarding the comparison of the two markers, we predict to get better
resolution with ITS2 due to more variability between species (Chen et al., 2010)
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and more Genbank entries (Bell et al., 2016). We also predict to find more floral
families using metabarcoding than using microscopy (e.g. RichardsonLinSponsler
et al. (2015)) however, we do expect the microscopy to verify our metabarcoding
results.

Materials and methods
Diet treatments & sample collection
On June 17, 2016, six 5-frame nucleus honey bee colonies were installed
into six 10-frame Langstroth hives (about 41 cm x 50 cm x 25 cm) at the Starks
Lab Apiary (Tufts Cummings School of Veterinary Medicine, North Grafton, MA
USA). The apiary is located at the northern edge of an unmanaged wildflower
field. All colonies were queen-right and had three frames of mixed brood and two
frames of food (pollen and honey). Once the bees had acclimated to their new
surroundings, all hives were fitted with pollen traps (Sundance, New England
Beekeeping) (Todd and Bishop, 1940), and the pollen traps were switched to the
“on” position. This allowed for the bees to consume any pollen that they had
already stored in their hive (Hendriksma and Shafir, 2016). After one week of the
pollen trap being “on,” each colony was fed a semi-synthetic diet treatment.
The diet treatments were prepared as a powder, homogenized, and divided
into 90 g portions in the lab (Bonoan et al., In Review). Both diet treatments
started with a powdered cellulose base (Sigma Aldrich). We then added EAAs to
the diet in the proportion they are needed to support honey bee development (de
Groot, 1953) (see supplemental material in Bonoan et al. (In Review) for detailed
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recipes). Both diets had equal amounts of added vitamins and minerals, (Vitamin
B Healthy, Brushy Mountain Bee Farm), and plant-derived cholesterol (Sigma
Aldrich) to mimic natural pollen diets as closely as possible. Our semi-synthetic
“polyfloral diet” contained all ten EAAs (Auclair and Jamieson, 1948) while our
semi-synthetic “monofloral dandelion diet” contained the six EAAs found in
dandelion pollen (Loper and Cohen, 1987). Our semi-synthetic dandelion diet is
an ecologically relevant diet that pollinators experience during the New England
spring (Ley, Loper and Cohen, 1987).
In the field, the diet was sprinkled into a sterilized, empty drawn frame for
each colony (New England Beekeeping) (Herbert and Hill, 2015). Before
installation in the colony, the prepared semi-synthetic diet frame was sprayed with
50% honey water to keep the diet in place and attract the bees to their new protein
source (Herbert and Hill, 2015). Three colonies received a diet with all 10/10
EAAs and three colonies received a diet with only 6/10 EAAs.
The bees were raised on our semi-synthetic diets for four weeks, long
enough to ensure that at least one generation of bees was raised on our diets
(Winston, 1987). Each week, honey bee-collected, or corbicular, pollen was
collected (0.1 – 282.4 g, 111.49 ± 23.53 g) from our pollen traps (see Bonoan et
al. (In Review)) and stored in plastic resealable bags (Ziploc, 1 gallon). Upon
return to the lab, corbicular pollen was stored at -80 °C until DNA extraction.
Following pollen collection, colonies were checked for signs of disease and if
needed, were fed more semi-synthetic diet. Over the four-week sampling period,
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we collected a total of 20 mixed pollen samples from our six colonies. There were
two weeks where two colonies did not bring any pollen back to the hive.
Extraction
Genomic DNA was extracted from homogenized corbicular pollen
samples (0.25 g) using the MoBio PowerSoil htp-96 well Isolation Kit (Carlsbad,
CA) according to the manufacturer’s protocol. The same extracted DNA was used
for pollen identification with both ITS2 and trnL.
Pollen identification by ITS2 metabarcoding
A portion of the ITS2 region was PCR amplified from each genomic DNA
sample using the forward and reverse ITS2 primers: S2F (5'ATGCGATACTTGGTGTGAAT -3') and S3R (5'GACGCTTCTCCAGACTACAAT -3') (Cheng et al., 2016). Both primers also
contained a 5’ adaptor sequence to allow for subsequent indexing and Illumina
sequencing. Each 25 µL PCR reaction was mixed to include 0.2 µM of each
primer and 1 µl of gDNA. DNA was PCR amplified using the following
conditions: initial denaturation at 94 °C for 5 minutes, followed by 40 cycles of
30 seconds at 94 °C, 30 seconds at 56 °C, and 45 seconds at 72 °C, and a final
elongation at 72 °C for 10 minutes. Amplicons were then cleaned using the
UltraClean-htp 96 well PCR Clean-up kit (Mo Bio) according to manufacturers
specifications and stored at 4 °C. A second round of PCR was performed to give
each sample a unique 12-nucleotide index sequence. The indexing PCR included
Promega Master mix, 0.5 µM of each primer and 2 µl of template DNA (cleaned
amplicon from the first PCR reaction) and consisted of an initial denaturation of
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95 °C for 3 minutes followed by eight cycles of 95 °C for 30 sec, 55 °C for 30
seconds and 72 °C for 30 seconds, and a final elongation at 72 °C for 2 minutes.
After ITS2-specific and indexing PCR reaction, 5µl of PCR products of each
sample were visualized on a 2% agarose gel. Final indexed amplicons from each
sample were cleaned and normalized using SequalPrep Normalization Plates (Life
Technologies, Carlsbad, CA ) prior to being pooled together for sequencing on an
Illumina MiSeq (San Diego, CA) in the CU Boulder BioFrontiers Sequencing
Center using the v2 300-cycle kit (cat# MS-102-2002)
Sequences were demultiplexed by taking advantage of Golay barcodes
(Caporaso et al., 2012) via QIIME v1.9.1 (Caporaso et al., 2010). The following
options were used to output raw unfiltered fastq files for both forward and reverse
reads: split_libraries_fastq.py -q 0 --max_bad_run_length 250 -min_per_read_length_fraction 0.0001 --sequence_max_n 250 -store_demultiplexed_fastq. Paired-end reads could not be merged due to the
length of the amplicon. Thus, only forward reads were used in the analysis after
trimming to 230 bp via usearch (Edgar, 2010). The primer sequences were
trimmed using cutadapt v1.8.1 (Martin, 2011). From here, the general quality
filtering and OTU construction was completed as per the UPARSE pipeline
(Edgar, 2013), with the following modifications: OTUs were generated by
clustering the reads at 99% sequence similarity, and the OTU table was generated
by mapping quality filtered reads back to the OTU seeds via an exhaustive search
by setting the following parameters: -maxaccepts 0 -maxrejects 0. These
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parameters help to ensure that individual reads are correctly mapped to their
respective OTUs.
Taxonomy was assigned by recording the top BLAST (Camacho et al.,
2009, Altschul, 2001) hit for any sequence in which the query coverage and
identity exceeded 95 %. Any OTUs with taxonomy assignments not meeting these
criteria were removed from the OTU table.
Pollen identification by trnL metabarcoding
A portion of the chloroplast trnL intron was PCR amplified from each
genomic DNA sample using the c and h trnL primers (Taberlet et al., 2007). Both
primers also contained a 5’ adaptor sequence to allow for subsequent indexing
and Illumina sequencing. Each 40 µL PCR reaction was mixed according to the
Promega PCR Master Mix specifications (Promega catalog # M5133, Madison,
WI) which included 0.4 µM of each primer and 3.2 µl of gDNA. DNA was PCR
amplified using the following conditions: initial denaturation at 94 °C for 1
minute, followed by 36 cycles of 1 minute at 94 °C, 30 seconds at 55 °C, and 30
seconds at 72 °C, and a final elongation at 72 C for 1 minute. Amplicons were
then cleaned using the UltraClean-htp 96 well PCR Clean-up kit (Mo Bio)
according to manufacturers specifications and stored at 4 °C. A second round of
PCR was performed to give each sample a unique 12-nucleotide index sequence.
The indexing PCR included Promega Master mix, 0.5 µM of each primer and 4 µl
of template DNA (cleaned amplicon from the first PCR reaction) and consisted of
an initial denaturation of 95 °C for 3 minutes followed by 8 cycles of 95 °C for 30
sec, 55 °C for 30 seconds and 72 °C for 30 seconds. After trnL-specific and
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indexing PCR reaction, 5µl of PCR products of each sample were visualized on a
2 % agarose gel. Final indexed amplicons from each sample were cleaned and
normalized using SequalPrep Normalization Plates (Life Technologies, Carlsbad,
CA) prior to being pooled together for sequencing on an Illumina MiSeq (San
Diego, CA) in the CU Boulder BioFrontiers Sequencing Center using the v2 300cycle kit (cat# MS-102-2002).
TrnL amplicons were processed via the UPARSE pipeline (Edgar 2013)
and assigned taxonomy via the UTAX protocol
(http://www.drive5.com/usearch/manual/utax_user_train.html) available in
usearch (v8.1.1861) (Edgar 2013). Sequences were demulitplexed using a python
script available from: https://github.com/leffj/helper-code-for
uparse/blob/master/prep_fastq_for_uparse_paired.py. Paired end reads were then
merged using the -fastq_mergepairs option of usearch (Edgar 2010). Since
merged reads often extended beyond the amplicon region of the sequencing
construct (staggered merges;
http://drive5.com/usearch/manual/cmd_fastq_mergepairs.html), usearch will
automatically trim these overhangs essentially removing the majority of primer
and adapter regions. Further filtering of any primers and adapter regions that may
remain were removed using cutadapt (Martin 2011). Sequences were quality
trimmed to have a maximum expected number of errors per read of less than 0.5.
To assign taxonomy to each OTU, an `in-house` UTAX trnL reference
database was constructed by downloading any annotated GenBank (Benson et al.
2005) records that contain the trnL gene. The amplicon region bounded by the
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trnL c & h primers (Taberlet et al. 2007) was extracted from the GenBank records
using the UTAX protocol. All extracted amplicon regions were dereplicated to
100 % sequence identity and any identical sequence across lineages are collapsed
to the lowest-common-ancestor. Closed-reference OTUs were generated by
searching against the trnL reference database at 99 % sequence similarity. To
ensure increased specificity of trnL OTU assignment against the reference
database the -maxaccepts and –maxrejects usearch options were increased 64 and
256 respectively.
Microscopy
First, each mixed pollen sample that remained after metabarcoding (n =
16) was homogenized in a blender. The blender was thoroughly cleaned with soap
and water after each use to prevent mixing of samples. Following
homogenization, 0.25 g of the sample was added to a 2 mL microcentrifuge tube.
Each sample was acetolyzed following methods in Jones (2014). Acetolyzed
samples were stored in 50% glycerol (Sigma Aldrich) until staining and
mounting.
To stain the pollen, the sample tube was centrifuged (Phenix QuikSpin) at
6,000 RPM for 30 seconds. Following centrifugation, we decanted 1000 µL of the
50 % glycerol and added 1000 µL EtOH to the tube. We vortexed the tube and
then added 200 µL of Safranin O (Sigma Aldrich), vortexed the tube again, and
let it sit at room temperature for 3 minutes. After incubation at room temperature,
the tube was centrifuged until the pollen created a pellet at the bottom and the
liquid could be decanted. To lighten the stain, we did an EtOH wash (700 µL
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ETOH added, centrifuged, and decanted) three times. After the final wash, we
added 200 µL 50 % glycerol to the tube and incubated it in a 50 °C water bath for
3 minutes.
While the sample tube was incubating, we prepared to mount the sample.
Premade 0.5 mL aliquots of glycerin jelly (35 mL deionized water, 30 mL
glycerol (Sigma Aldrich), 110 g gelatin (Sigma Aldrich)) were heated in the water
bath until liquified. The glass slide was heated on a hot plate set to low heat; this
allowed the jelly to spread smoothly on the slide. Once the jelly was liquified, 20
µL was added to the slide. Following the incubation period, the sample tube was
vortexed and 3 µL of the stained pollen sample was added to the jelly on the slide.
To ensure an even distribution of pollen grains, we used a toothpick to gently stir
the pollen-jelly mixture on the slide. A glass coverslip was gently pressed down
onto the sample. The prepared slide was allowed to cool at room temperature and
once cool, the coverslip was sealed to the slide with clear nail polish (Spoiled, by
Wet n Wild).
Each slide (n = 16, one for each mixed pollen sample) was imaged at 400x
using a light microscope (Zeiss, Axio Scope.A1) at five random locations. At
each location, 8 – 10 images were taken at different focal lengths to capture the
3D structure of the grains. The images were then stacked in imageJ to provide
multiple planes of focus for identification.
Pollen grains were identified based on size, shape, number and type of
apertures, exine ornamentation, and other distinguishing characteristics. The
images from our samples were compared to existing pollen databases with
113 of 230

digitized collections available online (ASPA Members, 2007, Martin et al., 2017,
Bolger, 2015, SNR Palynology Laboratory, 2018, Science and Plants for Schools,
2018). We confidently identified pollen to the family level. For some of the
bigger families, such as Asteraceae, genus level identification was also possible.
Data analysis
Data were analyzed in R v3.3.2 (R Development Core Team, 2008) using
phyloseq (McMurdie and Holmes, 2013) and vegan (Dixon, 2003). First, the raw
UTAX output for both trnL and ITS2 was processed using methods and code
from Sickel et al. (2015) (https://github.com/molbiodiv/meta-barcoding-dualindexing). The resulting taxa table was then converted into a community matrix
format for both trnL and ITS2, and was filtered first to include only sequences
identified to species level and second to exclude taxa that accounted for less than
0.1% of sample reads. The table for ITS2 went through a third round of filtering
to exclude any fungal taxa that may have been identified (Sickel et al., 2015).
Markers were compared by examining the taxonomic distribution of species and
calculating alpha diversity (Shannon diversity index). Alpha diversity, coupled
with NMDS and PERMANOVA, was used to examine the effect of diet treatment
on the diversity of floral sources bees brought back to the colony.
Pollen identification via microscopy was used to verify the presence of the
top 10 families identified by each marker. Microscopy results were also compared
to overall sequencing data.
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Results
Comparison of ITS2 and trnL
Overall, more taxa were identified with ITS2: 679 taxa were identified
with ITS2 while only 227 were identified using trnL (Table 6.1). The proportion
of taxa identified to species level however, was higher with trnL (about 50%) than
ITS2 (about 20%) (Table 6.1). Of those taxa identified to species level, the
phylogenetic breakdown in numbers is similar (Table 6.1) but ITS2 identified
more genera than trnL, and fewer orders and classes.
The rarefaction curves for each marker were very different: ITS2
identified more taxa in fewer reads than trnL (Figure 6.1). In order to analyze the
data for our ecological question regarding honey bee foraging, ITS2 was cut off at
5,000 reads while trnL was cut off at 10,000 reads.
Of the taxa identified to species level, the markers overlapped in 7 out of
the 10 top families identified (Figure 6.2). Both markers identified three families
that the other marker did not identify. Proportional abundance of the top 10
families identified did not overlap. ITS2 identified a greater proportion of
Fabaceae (legumes) while trnL found a greater proportion of Nymphaeaceae
(water lilies). Three of the four most abundant species identified by trnL were
types of water lilies. ITS2 identified one species of water lily but overall, there is
no overlap of the top 10 species identified by the two markers (Table 6.2).
Our microscopy results verified 8 of the top 10 families identified with
ITS2 and 6 of the top 10 families identified with trnL, including Nymphaceae
(Figure 6.3). There were three families identified with microscopy that did not
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show up in the top 10 families for either marker: Cornaceae, Lamiacea, and
Pinaceae. Two families identified with microscopy (Lamiaceae, Pinaceae) were
not identified by ITS2 and only one family identified with microscopy
(Lythraceae) was not identified by trnL. Overall, we identified fewer families (11
plus one unknown) with microscopy than with ITS2 and trnL (36 and 35
respectively).
Regarding diversity, for all colonies and both treatments, a higher αdiversity (Shannon Index) was detected with ITS2 than with trnL (Figure 6.4).
EAA diversity and honey bee foraging behavior
Overall, there was no difference in floral diversity between the two diet
treatments (Figure 6.4). While there was variation of Shannon diversity between
colonies, there was no clear separation between diet treatments (Figure 6.4a). The
ordination plots make the overlap of diet treatments even more clear (Figure
6.4b). For both markers, all data points for colonies raised on a diet lacking EAAs
lie inside the ellipse showing the 95% confidence interval of the data for colonies
raised on all EAAs (Figure 6.4b). Despite this, a statistical difference between
treatments was detected with trnL (PERMANOVA, F = 0.84, df = 1, p = 0.01),
however the R2 value is low (0.25). For both markers, the ordination plots show
that there may be a greater variation in floral diversity for colonies raised on all
10/10 EAAs.
When the data are broken down to the top 10 families represented in the
pollen samples, there does tend to be a pattern of colonies raised on 6/10 EAAs
bringing back pollen from more diverse families than those raised on 10/10 EAAs
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(Figure 6.2). This pattern is most apparent with sequences obtained using ITS2 as
Nymphaeaceae (water lily) is found in large proportions of the top 10 families
identified with trnL.

Discussion
Honey bees did not appear to forage for more diverse pollen, or protein,
sources when raised on a diet lacking EAAs and for our purposes, ITS2 may be
the better marker going forward.
Comparison of ITS2 and trnL
Using the same samples, ITS2 identified more taxa in fewer reads than
trnL and the rarefaction curve reached more of a plateau (Figure 6.1). This is
consistent with past studies (Fahner et al., 2016) and suggests that ITS2 may be
better for calculating species diversity as ITS2 may be more representative of
species richness. This may be why ITS2 detected a higher Shannon diversity
index (Figure 6.2) and a greater variation in diversity than trnL (Figure 6.4).
The differences in the two markers became apparent when the data were
broken down by family and species. While the markers did share seven of the 10
most abundant families, ITS2 showed Fabacea (legumes) as the most abundant
family while trnL found Nymphaeaceae (water lilies) to be the most abundant
family (Figure 6.2). Regarding the 10 most abundant species, three of the four
species identified by trnL were types of water lilies, which are not native plants at
our field site. ITS2 did identify one species of water lily but overall, there is no
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overlap of the top 10 species identified by the two markers. This may suggest that
in order to get a complete picture of plant community composition, scientists need
to utilize more than one marker. Based on personal observations, the top 10
species identified by ITS2 makes more sense (we have seen 9/10 at the field site)
than those identified by trnL. The seemingly odd results from trnL may be due to
the fact that there was a drought in 2016—bees may have had to forage further
distances in order to find pollen sources. The drought conditions may have also
caused the bees to forage closer to water sources, where water lilies could be
found. We ran this same study in 2017, during a non-drought year, to determine if
the drought did in fact affect corbicular pollen diversity for both diet treatments.
This study is ongoing.
Our microscopy results suggest that top 10 families identified by ITS2
may be more reliable than those identified by trnL—we found 8 of the top 10
families identified by ITS2 and only 6 of the 10 families identified by trnL
(Figure 6.3). We are not suggesting that past research using trnL is invalid
however, studies using trnL may underestimate species diversity when compared
with studies using ITS2. Our results also support the idea of using both a
chloroplast and a nuclear genetic marker to get a complete picture of the plant
community (RichardsonLinQuijia et al., 2015). Using microscopy, we did identify
Pinaceae; most members of this family are wind pollinated (Williams, 2009). As
such, the presence of Pinaceae could be due to contamination at some point in the
collection process.
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EAA diversity and honey bee foraging behavior
Contrary to our expectations, bees raised on a diet lacking EAAs did not
forage for more diverse pollen sources. Despite this, there was greater variation in
pollen diversity for colonies raised on all 10 EAAs. This trend suggests that while
bees forage for similar pollen sources overall, bees raised on 6/10 EAAs may
search out select pollen sources. An interesting future direction of this study
would be to analyze the EAA content of corbicular pollen to determine if honey
bees participate in compensatory foraging based on EAA content rather than
floral source.
Even within treatments, some colonies exhibited a greater variation in
alpha diversity in pollen sources, which may indicate something going on inside
the colony (Figure 6.4). For example, F, one of the colonies with the largest
variation in alpha diversity, lost its queen during the experiment. Past research has
shown that upon loss of a queen, foragers collect less pollen (Free, 1967), which
we did observe. It is possible that in the absence of a queen, and eventually brood,
foragers are less picky about where their pollen comes from.
It may be that we did not detect a difference in pollen diversity because we
did not run the experiment long enough. We ran this study for four weeks, which
is enough time to ensure a generation of brood raised on our semi-synthetic diets,
but not enough time for the development of foragers raised on our diets. Honey
bees that experience a pollen shortage as larvae are poor foragers and waggle
dancers as adults (Scofield and Mattila, 2015), which would likely affect the
diversity and amount of floral sources brought back to the hive. Additionally, bees
119 of 230

may have been foraging to compensate for something other than EAAs in pollen.
While our semi-synthetic diets did have added vitamins, minerals, and lipids, it is
possible that our diets did not fully replicate a natural pollen diet.
Conclusion
Compared with trnL, ITS2 may be a better marker for genetically
assessing the diversity of bee-collected pollen. Regardless of the marker chosen,
our data show that at the least, microscopy or surveys of the nearby plant
community (as in Fahner et al. (2016)) should be used to verify genetic results
and determine ecological significance. Regarding foraging behavior, bees raised
on a diet lacking EAAs did not forage for more diverse floral sources however,
our data were collected in a drought year, which likely affected availability of
floral sources.
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Table 6.1 Overview of sequencing results for each marker
Min no. reads
Max no. reads
Median no. reads
Mean no. reads
SD

trnL
10,941
40,262
22,227
23,632
6,829

ITS2
5,803
23,611
11,210
12,799
5,830

No. taxa identified
No. identified to species level

227
116

679
138

Of those identified to species level:
No. Genera
No. Family
No. Orders
No. Classes

66
35
21
5

69
36
24
2
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Table 6.2 Top 10 most abundant species
Top 10 most abundant species for each marker in order of abundance, starting
with the most abundant.
ITS2
Lythrum salicaria
Trifolium repens
Plantago rugelii
Nyphaea candida
Plantago lancelota
Phaseolus
coccineus
Sambucus
canadensis
Ilex laevigate

trnL
Purple loosestrife Victoria
amazonica
White clover
Parthenocissus
quinquefolia
American
Nymphaea
plantain
mexicana
Waterlily
Nuphar
polysepala
Ribwort plantain Ilex cassine

Queen Victoria’s
waterlily
Virginia creeper
Mexican
waterlily
Great yellow
pond-lily
Holly

Runner bean

Malva parviflora

Mallow

Black elderberry

Nymphaea
nouchali
Hypericum
performatum
Sambucus
williamsii
Cornus sericea

Blue lotus

Trifolium pretense

Smooth
winterberry
Red Clover

Rosa
kwangtungensis

no common
name

St. John’s-wort
Red elderberry
Red twig
dogwood
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Figure 6.1 Rarefaction curves
Rarefaction curves for ITS2 (left) and trnL (right). Note the different scales on
both the x- and y-axes.

124 of 230

ITS2

trnL
A

B

C

A

1.00

B

C

1.00

0.75

0.75

Family
Adoxaceae

0.50

Family
Aquifoliaceae

0.50

0.00

Fabaceae
D

E

F

Lythraceae
Malvaceae

1.00

Nymphaeaceae

0.75

Plantaginaceae

0.50

Rosaceae
Rubiaceae

0.25

Fagaceae
Malvaceae

0.00
D

E

F

Nymphaeaceae
Oleaceae

1.00

Plantaginaceae

0.75

Rosaceae

0.50

Rubiaceae
Vitaceae

0.25
0.00

Ju
l0
Ju 4
l1
Ju 1
l1
Ju 8
l2
5
Ju
l0
Ju 4
l1
Ju 1
l1
Ju 8
l2
5
Ju
l0
Ju 4
l1
Ju 1
l1
Ju 8
l2
5

0.00

Fabaceae

Abundance

Asteraceae

0.25

Ju
l0
Ju 4
l1
Ju 1
l1
Ju 8
l2
5
Ju
l0
4
Ju
l1
Ju 1
l1
Ju 8
l2
5
Ju
l0
Ju 4
l1
Ju 1
l1
Ju 8
l2
5

Abundance

Aquilfoliacea

0.25

Date

Date

Figure 6.2 Top 10 most abundant families
Top 10 most abundant families as identified by ITS2 (left) and trnL (right). The
markers overlapped in seven of the top 10 families identified (colors correspond)
and both markers identified three families that the other marker did not identify
(shown in gray). Each facet in the graph represents a different colony: the top
three colonies (A – C) were fed 10/10 EAAs and the bottom three colonies (D –
F) were fed 6/10 EAAs. Each bar represents one mixed pollen sample collected
by that colony over a week’s time. Missing bars signify that there was no pollen
to collect. Data for each marker are from the same extraction of a mixed pollen
sample.
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Aquifoliaceae
Ilex
ITS2: +
trnL: +

Asteraceae
Calendula
ITS2: +
trnL: - (12)

Asteraceae
Taraxacum

Asteraceae

Cornaceae

Fabaceae

Lamiaceae

Lythraceae

ITS2: - (1)
trnL: - (2)

ITS2: +
trnL: +

ITS2: - (0)
trnL: - (1)

ITS2: +
trnL: - (0)

Malvaceae

Nymphaeaceae

Pinaceae

Plantaginaceae

ITS2: +
trnL: +

ITS2: +
trnL: +

ITS2: - (0)
trnL: - (6)

ITS2: +
trnL: +

0.025 mm

0.050 mm

Photo taken at
400x, with
calibration mark
below grain of
interest
Rosaceae

Unidentified

ITS2:+
trnL: +

ITS2:
trnL:

Family
Genus
ITS2: +/- (# reads)
trnL: +/- (#reads)

Figure 6.3 Microscopy of pollen grains
Unique pollen grains identified to family and when possible, genus, level. Photos
were taken at 400x, some have been enlarged to better show features; each photo
has its own scale bar. Below each photo, a “+” signifies identified in the top 10
most abundant families by the genetic marker, “-” signifies not identified in the
top 10 most abundant families. If the family was not identified in the top 10 most
abundant families, the number in parentheses shows the total number of reads
identified in the corresponding family. There is one pollen grain that we were
unable to identify.
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Figure 6.4 Diversity of mixed pollen samples
a) Alpha diversity (Shannon diversity index) of the pollen collected by each
colony (A – F) as detected with ITS2 (left) and trnL (right). Data for each marker
are from the same extraction of mixed pollen samples. b) Ordination plots
(MNDS, t-distribution) for analysis of the pollen community as identified by ITS2
(left) and trnL (right). Ellipses represent the 95% confidence interval. For both
markers, 95% confidence intervals overlap and do not differ between diet
treatments. Data for each marker are from the same extraction of one mixed
pollen sample.
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Abstract
Eusocial insects are distinguished by their elaborate cooperative behaviors and are
sometimes defined as superorganisms. As a nest-bound superorganism,
individuals work together to maintain favorable nest conditions. Residing in
temperate environments, honey bees (Apis mellifera) work especially hard to
maintain brood comb temperature between 32°C and 36°C. Heat shielding is a
social homeostatic mechanism employed to combat local heat stress. Workers
press the ventral side of their bodies against heated surfaces, absorb heat, and thus
protect developing brood. While the absorption of heat has been characterized, the
dissipation of absorbed heat has not. Our study characterized both how effectively
worker bees absorb heat during heat shielding, and where worker bees dissipate
absorbed heat. Hives were experimentally heated for 15-minutes during which
internal temperatures and heat shielder counts were taken. Once the heat source
was removed, hives were photographed with a thermal imaging camera for 15minutes. Thermal images allowed for spatial tracking of heat flow as cooling
occurred. Data indicate that honey bee workers collectively minimize heat gain
during heating, and accelerate heat loss during cooling. Thermal images show that
heated areas temporarily increase in size in all directions, and then rapidly
decrease to safe levels (< 37°C). As such, heat shielding is reminiscent of bioheat
removal via the cardiovascular system of mammals.
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Introduction
Social insects are the most abundant of land dwelling arthropods and are
found, among other habitats, in almost all forests around the world (Hölldobler
and Wilson, 2009). Such success and diversity is attributed to the division of labor
and the cooperative behavior exhibited within these social groups. Eusocial
insects (i.e. ants, termites, and colonial wasps and bees) exhibit such extreme
levels of cooperation that the colony is sometimes classified as a superorganism.
A superorganism (as first defined in reference to ants) is a group of individuals
that collectively share the characteristics of an organism (Wheeler, 1910,
Hölldobler and Wilson, 2009). In this regard, each individual in the colony is
analogous to a single cell and each caste is analogous to an organ system
(Hölldobler and Wilson, 2009, Wheeler, 1910, Anderson and McShea, 2001).
The nest serves as the skin and the skeleton of this superorganism. The
nest provides a microhabitat that allows for social life to happen—it is where food
is stored, brood are raised, and colony members interact. As such, the nest must
be appropriately protected and maintained – we call behaviors designed to
accomplish this social homeostatic mechanisms (Wilson, 1971). As the nest is
both built and maintained via a collective effort, research on nest architecture and
social homeostasis is integral to understanding the evolution of social behavior
(Hansell, 1996).
Temperature maintenance is a social homeostatic mechanism that lends
itself well to experimentation. Particularly important to brood development,
temperature is consistently maintained in a variety of social insect nests, despite
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their structural diversity. The first step in creating a buffer between ambient and
nest temperatures is selecting a nest location (Jones and Oldroyd, 2006). As such,
nest location is very much a part of “the nest.” Honey bees nest in cavities that
provide insulation (Jones and Oldroyd, 2006, Heinrich, 1979) while termites and
many ant species build intricate underground nests equipped with ventilation
(Wheeler, 1910, Korb, 2003, Jones and Oldroyd, 2006). Social wasps construct
enveloped and unenveloped nests in diverse locations including cavities found
both above and below ground (Jeanne and Morgan, 1992, Jones and Oldroyd,
2006).
When ambient temperatures are not favorable for brood development, both
ants and termites actively move brood to more protected areas (Wheeler, 1910,
Wilson, 1971, Korb, 2003). In contrast, honey bees and social wasps cannot
physically move their brood and must actively regulate temperature. For example,
both honey bees and social wasps use evaporative cooling when ambient
temperatures are too high for proper brood development (Wilson, 1971, Prange,
1996). Despite these similarities, honey bees stand alone when it comes to
controlling even the slightest temperature fluctuations within their nest, the hive.
As part of a colony, adult honey bee workers can withstand hive
temperatures up to 50°C (Coelho, 1991), but brood must remain between 32°C
and 36°C with a specific preferred temperature of 34.5±1.5°C (Kronenberg and
Heller, 1982, Jones et al., 2005, Tautz, 2008). This temperature range is necessary
for proper larval as well as pupal development (Kronenberg and Heller, 1982,
Winston, 1987). Temperatures higher than 36°C can increase brood mortality,
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delay development time, and cause malformations of the wings, stinger, and
proboscis (Fukuda and Sakagami, 1968, Groh et al., 2004, Winston, 1987).
Conversely, temperatures lower than 32°C can result in immune compromise and
a decrease in foraging performance as an adult (Winston, 1987, Tautz and
Sandeman, 2003, Groh et al., 2004, Jones et al., 2005). Temperature is not as
strictly maintained in all areas of the hive; stable temperatures are not as
necessary for resources such as pollen and honey (Farenholz et al., 1989). Even
within the broodcomb, temperature maintenance varies; pupae are more sensitive
to variable temperatures than larvae (Starks et al., 2004, Jones et al., 2005, Tautz,
2008).
To maintain brood comb temperature range during brood development,
honey bees use a variety of thermoregulatory behaviors. For example, to increase
temperature, workers create heat by isometrically contracting thoracic muscles,
similar to shivering in mammals (Heinrich, 1980, Bujok et al., 2002, Kleinhenz et
al., 2003). To increase the overall temperature of the brood comb, multiple
workers contract their muscles, simultaneously heating many larvae/pupae
(Heinrich, 1980, Heinrich, 1985). To increase the temperature locally, a single
worker can enter an empty cell and warm the adjacent brood (Bujok et al., 2002,
Kleinhenz et al., 2003). In order to survive long periods of cold temperature,
workers exhibit clustering to maintain heat within the hive. During clustering,
workers huddle together to retain heat actively produced by the workers at the
center of the cluster (Simpson, 1961, Kronenberg and Heller, 1982, Stabentheiner,
2003).
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During hot conditions, workers are able to decrease temperatures. To
decrease the temperature on a large-scale, workers fan the hive with their wings,
and may simultaneously spread water to induce evaporative cooling (Prange,
1996, Heinrich, 1980, Heinrich, 1985). To decrease temperature on a fine-scale,
workers use a behavior called heat shielding. To achieve heat shielding, young
workers orient themselves between a heat source and brood comb, creating a
physical barrier where they passively absorb heat (Starks and Gilley, 1999, Siegel
et al., 2005, Starks et al., 2004). Most workers heat shield by placing their ventral
side directly against a heated surface (Starks and Gilley, 1999). In conjunction,
other workers have been observed orienting their ventral surface against
potentially affected brood comb (Siegel et al., 2005). Research has shown that
heat shielding is a context dependent response; changes in intensity of heat,
placement of heat, and density of brood all influence the number of workers that
engage in the behavior (Siegel et al., 2005, Starks and Gilley, 1999, Starks et al.,
2004).
Once workers have absorbed heat, it must be dissipated away from the
brood. Studies have shown that foragers can cool their bodies by flying to
simulate wind (Heinrich, 1980, Farenholz et al., 1989) and by regurgitating
nectar, allowing it to absorb excess heat (Prange, 1996). While this provides a
mechanism for heat dissipation, it does not provide information on where workers
dissipate absorbed heat within a hive. To investigate this particular aspect of
social homeostasis, we created localized heat stress in experimental honey bee
hives and used thermal imaging to visualize movement following experimental
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heat stress. At least two types of heat movement are possible 1) pattern free
dissipation and 2) pattern rich dissipation. Pattern free dissipation would be
characterized by no trend in the direction in which heated workers move within
the hive. Pattern rich dissipation would show some directed trend in movement of
heated workers. This movement might be out of the hive or to a less regulated part
of the hive (i.e. where there is stored honey or pollen).

Materials and methods
Subjects
In June 2013, seven two-frame Plexiglas (6 mm thick) observation hives
(53 cm x 48 cm x 5 cm) with active honey bee colonies were installed at the Tufts
University International Social Insect Research Facility in Medford, MA. Each
hive was re-queened before transportation, and queens were restricted to one
frame using a queen excluder. This ensured that for the duration of the
experiment, all brood would be laid and reared in only one of the two frames (see
Siegel et al. (2005); Figure 7.1).
After installation, the facility was kept at a constant temperature of
approximately 20°C. For one week, the newly installed hives were fed 100 ml of
1:1 sucrose water each day during orientation and acclimation. During the initial
feeding period, each hive was censused for approximate number of bees. The
approximate colony sizes were determined to be 1,000 – 2,500 adult bees
(Sammataro and Avitabile, 2011). Comb maps of capped and uncapped brood,
capped and uncapped honey, pollen, and empty cells were generated to identify
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similar areas across hives for treatment (i.e., heating). Because workers
preferentially shield brood comb (Starks and Gilley, 1999, Starks et al., 2004), we
identified areas in each experimental hive that had similar amounts of brood. A
12.5 cm x 10 cm section at the left center of the lower frame was found to have
similar quantities of brood comb in all hives and was subjected to heating during
experimental trials (Figure 7.1).
Collection of temperature data during heating
To minimize heating of the surrounding hive areas, hives were fitted with
insulation (Foamular 250 1-inch insulation, R = 5.0). A 12.5 cm x 10 cm
rectangle was cut out of the lower left quadrant of each piece of insulation (see
above). Since bees do not see red light, the experimental window was covered
with red theater gel (Daumer, 1956, Gribakin, 1969). This ensured that any
observed change in behavior would be due to the presence of heat and not the
presence of light. To heat the un-insulated experimental window, a theatre lamp
with a heat bulb (GE 250W infrared heat reflector bulb) was pre-heated for 5minutes (reaching 155.9 °C – 173.0 °C) and then placed 50 cm away from the
window. From July 11, 2013 to July 19th, 2013, each of the seven experimental
hives and a control hive were heated for 15-minutes using the methods described
above. Two trials were run for each hive; all trials were done between the hours of
9:00 a.m. and 12:00 p.m. Additionally, all trials were run in the dark in order to
mimic the natural nest environment and minimize possible light effects.
Internal temperature data were collected before heating, during heating,
and immediately following heating. During heating, the temperature—both under
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the heated window and under the insulation—was taken every minute using an
Omega handheld digital thermometer with type K Teflon insulated thermocouples
sensitive to 0.1 °C (see numbered thermocouples in Figure 7.1).
A control hive—a hive with all comb characteristics but no honey bees—
was heated to approximately normal brood comb temperatures (31.1 ± 4.7 °C)
using two small electric heating pads (ZooMed Repti-therm 4W heat pad).
Coupled with the presence of the typical comb characteristics (brood, pollen and
honey), the heating pads simulated a hive environment as if there were active bees
in the hive. Once the control hive was stable at approximately normal brood comb
temperatures, the hive was subjected to the heating protocol outlined above.
Observation of heat shielders
The number of heat shielders—as evidenced by individuals with the
ventral side of their bodies placed against the heated Plexiglas—was counted
before and immediately after each heating period (see methods in Starks and
Gilley (1999), Starks et al. (2004), Siegel et al. (2005)).
Collection of thermal images during cooling
Immediately after counting heat shielders, the insulation was removed and
a thermal imaging camera (Fluke Thermal Imager model Ti32, emissivity=0.95)
was used to take infrared images of the hives every thirty seconds for 15-minutes.
In addition to general heat maps, the camera provided data on temperature
extremes on the external Plexiglas surface of the observation hive. This procedure
was repeated twice for each hive. Each hive was allowed a full day to recover
between trials. Hives were never allowed to heat to an internal temperature above
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41°C and were monitored for detrimental effects (i.e. increased mortality of
workers and brood, abnormally slow workers) within the heated window – none
were observed.
Statistical analysis
Temperature gained during heating was analyzed using a 2x2 mixed effect
ANOVA (between=control vs. experimental, within=under window vs. under
insulation); assumptions of equal variance and normal distribution were met. The
change in heat-shielder number before (n=14) and after (n=14) heating was
analyzed via a paired t test. A Welch Two-Sample t test was used to compare
control (n=2) and experimental (n=14) hives for the average temperature postheating. For each image generated during cooling, the area of heated regions at or
above 37°C was determined (see the red and white areas in the images in Figure
7.2 1). The mean area measured in control (n=62) and experimental (n=434) hives
at each time point was compared using a Welch Two-Sample t test. Regression
analysis was run for both control (n=2) and experimental (n=14) hives to
determine the rate in temperature decrease post-heating (time period= 0 – 9minutes; on average, experimental hives had cooled to 37°C in 9-minutes).
Statistics were performed using R Version 3.0.2 (R Development Core Team,
2008).
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Results
Heating period
During the 15-minute heating period, overall temperature gain was
significantly greater in control relative to experimental hives (F1=93.43, p<0.001;
Figure 7.2). The average internal temperature gain under the insulation was
significantly lower than the average internal temperature gain under the heated
window (F1 = 117.614, p < 0.001; Figure 7.2). This was seen in both control and
experimental hives, indicating that the insulation was effective in creating
localized heat stress. Consistent with the creation of localized heat stress, workers
displayed heat shielding; there were significantly more heat shielders after heating
than before (t13=2.82, p=0.01; Figure 7.3). Immediately after heating, the average
external temperature of the Plexiglas window was significantly higher for the
control hive (48.5 ± 0.8°C) than for experimental hives (46.5 ± 0.6°C) (t15 = 5.73,
p < 0.001; Figure 7.4).
Cooling period
During the 15-minute cooling period, the control hive did not reach
temperatures safe for brood development (i.e., below 37°C; Figure 7.2; Figure
7.4). By comparison, the mean temperature of the experimental hives reached safe
levels within 10-minutes (Figure 7.2; Figure 7.4). The mean temperature of the
experimental hives post-heating (38.7 ± 3.4°C) was significantly lower than that
of the control hives (42.5 ± 2.5°C) (t98.61=10.48, p<0.001; Figure 7.4). On
average, the experimental hive cooled to a temperature less than 37°C almost
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twice as fast as the control hive (slope[0:9min]exp=-1.87, slope[0:9min]con=-1.07;
Figure 7.4).
When the thermal images of experimental and control hives were
compared, differences in the area of regions above 37°C were observed (Figure
7.2; Figure 7.5). Immediately after heating, control and experimental hives
exhibited a similarly sized heated area (Figure 7.2; Figure 7.5). However, as
cooling continued, the area that showed temperatures above 37ºC increased in the
experimental hives; no such effect was seen in the control hive (t372.64 = 4.32, p<
0.001; Figure 7.5). By about 3-minutes post-heating, the average size of the high
heat area in the experimental hive had increased dramatically in all directions (Δ
area = 6660 ± 2630 pixels2). Following this spike, the heated area of the
experimental hives then decreased rapidly until the hive reached safe levels. By
comparison, the high heat regions in the control hive decreased gradually without
any increases and had not cooled even after 18-minutes (Figure 7.2; Figure 7.5).

Discussion
Consistent with previous research, there was a significant increase in the
number of heat shielders after heating, indicating that heat shielding occurred
(Figure 7.3). As such, temperature dynamics within heated regions of the hive
were likely influenced by this behavior. In addition, during the 15-minute heating
period, temperatures remained lower in the heated window of the experimental
hives than in the control hive (Figure 7.2). Since the control hive did not have
bees, differences in temperature were likely caused by the worker bees
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themselves. The significantly lower temperature gain in the experimental hives
highlights the workers’ ability to minimize temperature increases during localized
heat stress (Figure 7.2). Similarly, workers effectively lowered brood comb
temperature back to safe levels within 10-minutes (Figure 7.4).
While cooling, the change in area of the high heat regions between the
experimental and the control hives differed markedly (Figure 7.5). The
experimental hives’ sudden increase in high heat area—and the lack of an
increase in the control hive—implies that the workers were actively moving heat
out of the heated region (Figure 7.5). Thermal images show that the area increases
in all directions from the heated point in the hive, showing a radial movement of
the workers to the periphery of the hive (Figure 7.2). In a natural hive, this
movement would drive heat to less regulated areas of the hive, such as honey and
pollen stores (Seeley and Morse, 1976). Since feral honey bees build their comb
in the same vertical fashion that is found in observation hives, our data are
representative of what may occur in the field (Winston, 1987).
This is the first study to characterize where heat is moved following heat
shielding, and how effectively workers dissipate this absorbed heat. The results of
this study demonstrate that workers are able to work in concert to inhibit localized
temperature gain, and then work rapidly to dissipate what temperature gain is
experienced over the developing brood. The initial expansion of the heated area –
moving heat from hot to cool areas – is reminiscent of bioheat transfer via the
cardiovascular system of mammals. Thus, these data provide additional support
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for the argument that a honey bee colony can be viewed as a superorganism as
well as a concrete example of social homeostasis within a nest.
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Figure 7.1 Diagram of experimental set-up
Diagram of the experimental set up and photo of the interior hive structure. Each
hive contained two frames separated by a queen excluder. The characteristic
pattern of hive structure is made clear by the dashed lines. After surveying all
seven experimental hives, the area selected for heating was to the left center of the
brood area. This particular area was selected as it had similar brood densities
across all hives. For the purposes of temperature collection, one thermocouple (1)
was situated on the Plexiglas that was to be covered with the insulation. The
second thermocouple (2) was situated in the brood comb of the heated window so
that internal temperatures before, during and immediately following heating could
be recorded.
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Figure 7.2 Infrared images taken pre- and post-heating
Comparison of representative experimental and control infrared images taken preand post-heating. The color green indicates the presences of bees in the
experimental hive and the heating pads in the control hive. Red and white areas
indicate temperatures above 37°C. In the experimental hive, the red area grew
significantly larger within 3-minutes of cooling and disappeared within 9-minutes.
In contrast, the high heat area in the control hive gradually decreased in size and
still persisted after 18-minutes of cooling. Such differences indicate that workers
effectively cooled the hive by absorbing the heat moving it into the periphery.
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Figure 7.3 Mean change in temperature during heating
Mean change in internal temperature for insulated and un-insulated regions of the
observation hives. For both control (n=2) and experimental hives (n=14), the
temperature increase was more gradual under the insulation than under the heated
window (p<0.001). The heat gain in the experimental hive was significantly
smaller than the gain in the control hive (p<0.001). Since the control hive lacked
workers, these data demonstrate that the workers are responsible for regulating
temperature changes within the hive. Data were taken from seven experimental
hives and one empty control hive. Two trials were done for each hive. Error bars
represent one standard error.
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Figure 7.4 Mean number heat shielders
Mean number of heat shielders before (n=14) and after heating (n=14). There
were significantly more heat shielders observed after heating than before heating
(p=0.01) indicating the heat shielding occurred. Data are from seven observation
hives, two trials each.
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Figure 7.5 Mean change in temperature during cooling
Mean change in surface temperature of the heated section of brood comb during
the 15-minute cool down period. Immediately after heating (time=0), the control
hive (n=2) had a significantly higher mean temperature than the experimental hive
(n=14; p=0.005). After only 10-minutes of cooling, the experimental hives were
able to reach a safe temperature (< 37°C) as highlighted by the shaded gray area.
In contrast, the control hive did not reach safe temperatures until after the 15minute cooling period (data not shown). Data were taken from seven experimental
hives and one empty control hive with comb. Two trials were done for each hive.
Error bars represent one standard error.
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Figure 7.6 Mean percent change of heated area
The mean percentage change in the area of the heated region for experimental
(n=434) and control (n=62) hives over time. The heated region was defined as the
red area above 37°C (see Figure 7.2) for each generated heat map. The percent
increase (red) in the experimental hives demonstrates a dramatic increase in the
high heat area within the first 5-minutes; this pattern was not observed in the
control hive. The high heat area within the experimental hives—but not the
control hive—then rapidly decreased until the high heat region disappeared and
the hives were cooled to safe levels (<37ºC, green). Data were from seven
observation hives and one control hive with comb, two trials were done for each
hive. Error bars represent one standard error.
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Abstract
Individuals that make up eusocial insect colonies work so well together that the
colony can be defined as a superorganism. Emergent properties of this
superorganism, such as nest defense, highlight the benefits of group living. Such
emergent properties, however, may only function as a benefit if the group is of a
certain size. Here, we investigate the effect of group size on colony-level fever in
honey bees. When a honey bee colony is infected with Ascosphaera apis, a heatsensitive brood pathogen, adult bees raise the temperature enough to kill the
pathogen and keep the brood disease-free. Here, we use thermal imaging to track
honey bee fever over two years. In 2016, in relatively large colonies, we show a
circadian rhythm to honey bee fever: colonies inoculated with A. apis generated a
fever in the afternoon and at night. In 2017, in relatively small colonies,
inoculated colonies did not generate a fever, although they did invest more in
temperature maintenance on a “per bee” basis than control colonies. These data
show that in small colonies, honey bee fever could be regarded as a cost of group
living: individuals in small colonies exerted energy towards fighting a pathogen,
even though they were ultimately unsuccessful.

Introduction
Group living comes with costs and benefits (Wilson, 1975). Some of the
most successful group-living organisms on earth are social insects, which exhibit
a range of social organization for examination and comparison (Wilson, 1975). At
the pinnacle of social evolution and cooperation are the eusocial insects:
149 of 230

individuals work so well together en masse, they can be defined as a
superorganism (Wheeler, 1910). In order to successfully function as a
superorganism, however, the colony likely needs to host a large enough
workforce.
Honey bees are a particularly useful study system to investigate the effect
of group size on the success of the superorganism. First, honey bee population
sizes are easy to estimate (see Bonoan et al. (2016)) and honey bees can be kept in
observation hives for accurate data collection. Second, honey bee colony sizes
vary naturally and exhibit different strengths: Harbo (1986) found that
experimental colonies with 35,000 bees produced the most honey (i.e. energy for
overwinter survival) per bee, however, colonies with 4,500 bees produced the
most brood (i.e. reproductive fitness) per bee. In testing different population sizes,
Harbo (1986) found 9,000 bees to be the optimal colony size for a balance in
honey and brood production. Third, honey bees act as a superorganism to protect
the hive from both macro- and micro-invaders via thermoregulation, a behavior
that can be easily observed in observation hives and to a degree, quantified. Thus,
we can use honey bee colonies to examine the “superorganism success” of large
colonies versus small colonies.
When Japanese honey bee (Apis cerana japonica) hives are invaded by
giant hornets (Vespa mandarinia japonica), worker honey bees form a ball around
the hornet (Sugahara and Sakamoto, 2009, Ono et al., 1987). The worker bees,
which can withstand temperatures of up to 48 – 50 °C, collectively contract
thoracic muscles and heat the hornet to a lethal temperature of 45 – 47 °C (Ono et
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al., 1987). This behavior has been extensively studied via thermal imaging. Adult
honey bees also actively raise the colony temperature when the brood are infected
by the heat-sensitive fungal pathogen, Ascosphaera apis (Starks et al., 2000).
A. apis is a brood pathogen that causes a disease known to beekeepers as
“chalk brood” (reviewed in Aronstein and Murray (2010)). A temperaturesensitive pathogen, A. apis enters the larval gut through spores in infected food.
Disease symptoms develop only when brood comb temperatures are chilled from
the normal 32 – 36 °C (Seeley, 1995) to 30 °C or lower (see Starks et al. (2000)).
If the temperature is favorable, chalkbrood spores germinate in the hindgut of
infected larvae and grow into white hyphae that penetrate the gut and the
surrounding tissue (Jensen et al., 2013). Larvae overtaken by this mycelial growth
dry out and become chalk-like “mummies” (Maassen, 1913, Evison, 2015). In
response to a chalkbrood infection, worker honey bees isometrically contract their
thoracic muscles to warm the hive just enough to protect the brood and prevent
disease (Starks et al., 2000). For this reason, chalkbrood typically only affects
honey bee colonies in the early spring, when ambient temperatures are cooler
(Aronstein and Murray, 2010), or when colonies are already too weak to regulate
temperature.
Here, we use thermal imaging to 1) validate the timing of methods carried
out by Starks et al. (2000) to track honey bee fever, and 2) investigate efficiency
of honey bee fever in large colonies versus small colonies. We hypothesize that
larger colonies will be able to work as a superorganism while smaller colonies
will not have a large enough workforce to properly function as a superorganism.
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As such, we predict that larger colonies will generate a successful fever and
prevent disease symptoms while smaller colonies will not be able to generate
enough heat and be overtaken by the disease.
As honey bee fever is a social homeostatic mechanism, and fungal
Ascophaera spp. are associated with both eusocial and solitary bees (Jensen et al.,
2013), investigating the nuances of honey bee fever and the effects of group size
can lead to a better understanding of the evolution of sociality and a benefit of
group-living: defense.

Methods
Study system
In both 2016 (June) and 2017 (July), eight 2-frame observation hives (53
cm×48 cm×5 cm) were filled with honey bees and installed in a temperaturecontrolled facility at the Starks Lab Apiary on the Tufts University campus in
Medford, MA (see Bonoan et al. (2014) for diagram of set-up). All observation
hives were queen-right and contained two frames of mixed brood and food. After
installation, the facility was kept at a constant early spring-like temperature of
approximately 19 °C. Bees were left alone to acclimate to the new location for
three days. During this time, each colony was fed a 150 ml of 1:1 sucrose water.
Inoculation with A. apis
Following acclimation, half the colonies (N2016=4, N2017=4) were fed
inoculated 1:2 sucrose water while the other half (N2016=4, N2017=3) were fed 1:2
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sucrose water. For each inoculum, one chalkbrood mummy (obtained from the
USDA-ARS Bee Research Laboratory) was ground and added to 150 ml 1:2 sugar
(sucrose) water (Jensen et al., 2013). All colonies were fed the corresponding
sugar water solution in inverted 1-pound queenline jars each day for three days.
This method was used in both 2016 and 2017. To carry out field inoculations
safely and correctly, we obtained approval (registration #2016-MIA18) and
proper certification from the Tufts University Biosafety Office and worked
closely with the Massachusetts Department of Agricultural Resources Apiary
Program. To ensure the inoculation was successful, we counted the total number
of mummies in each hive on days 4, 7, and 9 post-inoculation (PI) at 08:00 and
16:00. In both years, we saw more symptoms of the disease (i.e. mummies) in
our inoculated hives and thus, our inoculation procedure was successful (Figure
8.1).
Collection of temperature data
In 2016, we used the FLIR ONE personal thermal imager for Android to
collect temperature data. Using the FLIR ONE, we recorded the temperature at
the central point of the observation hive for five days pre-inoculation and ten days
PI. A healthy honey bee colony should develop a colony-level fever (>30 °C) to
fight the disease and clean out any mummified larvae within ten days (Jensen et
al., 2013). Following Starks et al. (2000), we collected temperature data at 00:00,
08:00, and 16:00 each day. We estimated the adult population (see Bonoan et al.
(2016)) three times a week (Monday, Wednesday, Friday) after thermal imaging
at 08:00.
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In 2017, we used the FLIR E4 thermal imager. Using the FLIR E4, we
recorded minimum, maximum, and average temperatures in each hive at 00:00,
08:00, and 16:00 each day for three days pre-inoculation and ten days PI. In 2017,
we also had an additional control hive that contained all hive characteristics
except adult bees (Bonoan et al., 2014). We estimated the adult population (see
Bonoan et al. (2016)) every day after thermal imaging at 08:00. In 2017, using
hive surface temperatures determined via thermal imaging as a proxy for internal
colony temperature was verified using in-hive sensors (BroodMinder) (Supp.
Figure 8.S1). Our colonies were much smaller in 2017 than in 2016 and so we had
a large colony year and a small colony year for comparison (Figure 8.2).
In both years, the order in which data were collected was randomized
(using random.org to generate random lists) for each collection period.
Data analysis
In 2016, we used the temperature collected during the five days preinoculation to calculate an average baseline temperature for each hive. We then
used this baseline temperature to calculate the mean temperature change from
baseline for each colony. Thus, each colony served as its own internal control. We
ran linear mixed models (LMMs) that tested for independent and interaction
effects of treatment and days PI on temperature change from baseline
(temperature change = treatment x days PI), with colony added as a random
effect. To determine significance, we used marginal hypothesis tests,
implemented with the Anova() function. All data fit a normal distribution. Data
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were analysed using car, MASS, plyr, and lme4 in R version 3.3.2 (2016-10-31)
(R Development Core Team, 2008).
In 2017, we ran a Principal Components Analysis on all temperature data
(days -3 – 10 PI) to see if inoculated and un-inoculated colonies separated from
each other when maximum, minimum, and average temperatures were considered.
Again, we ran a PCA for all data together as well as for each time of day
separately (00:00, 08:00, 16:00). Data were analyzed using devtools and ggbiplot
in R version 3.3.2 (2016-10-31) (R Development Core Team, 2008).
We also examined the “per bee” effort of warming the hive by dividing
the average temperature of the hive by the number of adult bees estimated in the
hive that morning. To determine if there was a significant difference in the
“degrees per bee”, we ran Gaussian family, log link, generalized linear models
(GLMs) that tested for independent and interaction effects of treatment and days
PI on “degrees per bee” (degrees per bee = treatment x days PI). Again, to
determine significance, we used marginal hypothesis tests, implemented with the
Anova() function. Again, we ran four GLMs: one for all the data together, and
one for each time of day separately (00:00, 08:00, 16:00). Data were analysed
using car, MASS, plyr, and lme4 in R version 3.3.2 (2016-10-31) (R
Development Core Team, 2008).
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Results
When all 2016 temperature data were combined, there was no effect of
inoculation on change in temperature (ANOVA on LMM, Χ2 = 3.55, df = 1, p =
0.06) (Figure 8.3a). There was also no effect of inoculation on temperature
change in the morning at 08:00 (ANOVA on LMM, Χ2 = 1.49, df = 1, p = 0.22)
(Figure 8.3c). In the afternoon and at night however, colonies that were inoculated
had significantly higher temperatures than colonies that were not inoculated
(afternoon: ANOVA on LMM, Χ2 = 4.38, df = 1, p = 0.03; night: ANOVA on
LMM, Χ2 = 4.06, df = 1, p = 0.04) (Figure 8.3b, 8.2d).
In 2017, when our colonies were consistently two times smaller than our
colonies in 2016 (Figure 8.2), we did not detect a fever in our hives; PCA plots
showed a large overlap of inoculated and un-inoculated colonies for all four
models (Figure 8.4). Our thermal images verified that our colonies did not reach
pathogen-killing temperatures: on day three PI, we saw one inoculated colony
reach 31 °C at both 00:00 and 16:00 however, the following day, temperature was
below 30 °C and the colony exhibited symptoms of the disease. All colonies with
active bees however, did show a larger variation in temperature than the control
hive (Figure 8.4).
Although we did not detect a fever in our colonies in 2017, we did find
that on a per bee basis, inoculated colonies invested significantly more when it
came to keeping the colony temperature stable (ANOVA on GLM, Χ2 = 49.89, df
= 1, p = 1.69 x 10-12) (Figure 8.5). This was true when all data were analyzed
together and for each time point separately. There was also a significant effect of
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days PI (ANOVA on GLM, Χ2 = 7.61, df = 1, p = 0.006) however, there was no
interaction of inoculation and time.

Discussion
Overall, our data show: 1) a circadian rhythm to honey bee fever when
colonies are large enough, validating methods of Starks et al. (2000), and 2) small
colonies are unable to work as a superorganism and develop a colony-level fever.
The circadian rhythm to honey bee fever may be explained by ambient
conditions. In 2016, infected colonies exhibited elevated temperatures at times
during the day when the hives are more likely to be temperature stressed. At
08:00, when the summer sun directly hit the entrances of our observation hives,
there was no clear difference between the treatments (Figure 8.3c). At 16:00 when
the summer sun was high, however, the infected colonies showed an elevated
temperature on days 5 – 8 PI (Figure 8.3d). Similarly, in the middle of the night at
00:00, the infected colonies showed an elevated temperature on days 4 – 6 PI
(Figure 8.3b). This pattern could also be due to the number of bees in the hive,
similar to our results in 2017. Foragers are most active in the morning (AbouShaara, 2014). As such, there were likely fewer bees in the hive at 08:00 than later
in the day. In addition to elucidating this circadian rhythm to honey bee fever, our
results validate the timing of data collection in Starks et al. (2000), and the
detection of colony-level fever via thermal imaging.
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As expected in 2017, our colonies did not generate a fever (Figure 8.4).
Although no fever was detected, we did see symptoms of chalkbrood (i.e.
mummies) in the inoculated hives (Figure 8.1); therefore, our inoculation
procedure was successful. Even before the inoculation, inoculated colonies
always invested more in warming the hive than un-inoculated colonies. This may
be because by chance, the inoculated colonies started off with populations smaller
than the un-inoculated colonies (Figure 8.2). Since we did not see an interaction
of inoculation and days PI, the smaller colonies may have already been trying to
elevate hive temperature beyond their abilities. There is a significant main effect,
however, of days PI: the gap between the two treatments increased as days
increased (Figure 8.5). This is likely because the colony population continued to
decrease (Figure 8.2), but remaining workers still attempted to keep temperature
stable. Smaller colonies exerted energy trying to fight this heat-sensitive
pathogen, even though the outcome was unsuccessful.
Consistent with our data, chalkbrood is known to detrimentally affect
honey bee colonies in early spring when ambient temperatures are low (Aronstein
and Murray, 2010) or when the colony is already too weak to defend itself. Since
all our colonies were kept in the same facility with a controlled ambient
temperature, it is likely that our 2017 bees were already too weak to deal with the
experimental inoculation due to the smaller group size. Our data show that this
disease, which is normally easily fought via social immunity, disproportionally
harms small colonies. This is consistent with data collected by Harbo (1986):
different colony sizes resulted in different outcomes.
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In addition to group size, our 2016 and 2017 colonies differed in the
presence of the parasitic mite, Varroa destructor. There were more sightings of
Varroa destructor, a pest known to weaken honey bees and spread disease, in our
2017 colonies than our 2016 colonies. Furthermore, our 2017 colonies exhibited
pathological symptoms of a mite infestation, termed Varroasis: unhealthy looking
brood (spotty brood pattern, signs of other brood diseases, punctured brood
cappings), and adults with deformed wings (Sammataro et al., 2000). This was
true for both inoculated and un-inoculated hives in 2017. We did not see these
symptoms in 2016. Since Varroa mite populations increase in proportion of
uncapped larvae, these mites can quickly overrun a colony and cause population
die off. Our results highlight yet another possible downstream effect of Varroasis:
a smaller group made up of weaker adults and thus, the inability to regulate
colony temperature.
Further studies can use our methods to determine a specific population
threshold to honey bee fever, and examine which adult bees might be responsible
for honey bee fever. Honey bees exhibit temporal polyethism where younger
workers are mainly responsible for tasks inside the hive, such as protecting brood,
and older workers are mainly responsible for tasks outside the hive, such as
foraging. The distribution of tasks within a colony is affected by both colony
demography (Huang and Robinson, 1996) and infection status (Lecocq et al.,
2016). If there are not enough foragers, younger workers will begin foraging
earlier (Huang and Robinson, 1996). Similarly, infection with Nosema ceranae, a
common fungal pathogen, causes young workers to exhibit behaviors typical of

159 of 230

older bees (Lecocq et al., 2016). In both cases, precocious bees are likely not as
good at performing tasks as their older counterparts. The same may be true for
honey bee fever and thermoregulation in general: with a small population size
may come bees that are not necessarily good at their job because they are
essentially “filling in.”
More broadly, we show evidence for a threshold group size to the proper
functioning of this superorganism. As such, in honey bees, defense is a contextdependent benefit to group living. Future studies can use similar methods to
investigate the behavioral immune response of various bee species—from
eusocial to solitary—to this naturally occurring heat-sensitive pathogen. Such
studies can lead to a better understanding of the evolution of sociality and the
benefits of group living in bees.
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Figure 8.1 Total number of mummies
Total number of mummies in inoculated (N=4 for both years) and un-inoculated
(N2016=4, N2017=3) hives days 4 (top), 7 (middle), and 9 (bottom) post-infection
(PI) in 2016 (left) and 2017 (right). In both years, there were no mummies in any
hives on day 4 PI.

162 of 230

Figure 8.2 Mean adult population
Mean adult population in un-inoculated (blue) and inoculated (red) colonies in
2016 (left) and 2017 (right). Error bars show variation between colonies ± 1 SE,
dashed line shows the day at which colonies were inoculated.
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Figure 8.3 Temperature data: 2016
Mean difference in baseline temperature for un-inoculated (blue) and inoculated
(red) hives over time (in 2016). Error bars show variation between colonies ± 1
SE. Data is broken down as follows: a) all the data, b) data collected at 00:00, c)
data collected at 08:00, and d) data collected at 16:00.
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Figure 8.4 Temperature data: 2017
PCA for maximum (max), minimum (min), and mean (ave) temperatures for uninoculated (n=3, blue), inoculated (n=4, red), and control (n=1, gray) colonies (in
2017). Ellipses show the 95% confidence interval. Data is broken down as
follows: a) all the data, b) data collected at 00:00, c) data collected at 08:00, and
d) data collected at 16:00.
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Figure 8.5 Temperature investment per bee
Mean degrees Celsius per bee in un-inoculated (blue) and inoculated (red)
colonies over time (in 2017). Error bars show variation between colonies ± 1 SE,
dashed line shows the day at which colonies were inoculated. Data is broken
down as follows: a) data collected at 00:00, b) data collected at 08:00, and c) data
collected at 16:00.
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Figure 8.S1 Correlation of surface temperature and internal temperature
Correlation of the mean surface temperature as determined by the thermal imager
and the internal temperature as determined by the sensor (BroodMinder). The
dashed black line signifies a 1:1 relationship, the solid red line is the line of best
fit with its 95% confidence interval defined by the red dashed lines. Data is
broken down as follows: a) data collected at 00:00, b) data collected at 08:00, and
c) data collected at 16:00.
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Abstract
In 1882, Metchnikoff documented the encapsulation response (ER) of the
invertebrate immune system. Since then, researchers have used Metchnikoff’s
method to quantify immune function—and examine its relationship with both
ecological and behavioral factors—across various insect taxa. While scientists
continue to uncover information regarding the invertebrate immune system,
behavioral ecology, and ecological immunology, the basics of Metchnikoff’s
method have remained unchanged. All but two previous studies investigating
insect immunity have used sterile or phosphate-buffered saline (PBS)-coated
inducers, although we know that the immune system recognizes specific
pathogens. To account for the specificity of the immune system, we modified
Metchnikoff’s method and coated our nylon monofilaments with pathogenassociated molecular pattern (PAMP) molecules. Using the honey bees (Apis
mellifera), we examined ER using implants coated with PAMPs (“PAMPlants”)
found on pathogens and parasites that are known honey bee pests.
Lipopolysaccharide (LPS), peptidoglycan (PGN), and β-1, 3-glucan (B13G)
PAMPlants mimicked an infection with Gram-negative bacteria, Gram-positive
bacteria, and fungi, respectively. Our PAMPlants induced stronger responses than
the control implants in both singly- (one PBS-coated or PAMP-coated implant)
and doubly- (internal control; one PBS-coated and one PAMP-coated implant)
implanted animals. In doubly-implanted individuals, there was a significant
increase in response to B13G and LPS PAMPlants when compared with internal
controls. The PGN and bovine serum albumin (BSA) PAMPlants did not differ
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from the internal controls in the doubly-implanted individuals. These methods
provide a significant improvement over previous methods when exploring
responses to specific pathogens and exploring topics within the field of
invertebrate ecological immunity.

Introduction
Like vertebrates, an invertebrate’s first line of defense is a physical barrier
(Antunez et al., 2009). For insects, the body’s exoskeleton cuticle and the
digestive tract’s peritrophic membranes serve as protection. When an infection
evades such barriers, the host must recognize the invader as both foreign and
dangerous in order to launch the appropriate immune response. In invertebrates,
this process is carried out via proteins called pattern recognition receptors (PRRs),
and other recognition molecules, that recognize specific, highly conserved
pathogen-associated molecular patterns (PAMPs) found on the microbial cell wall
(reviewed in Nurnberger et al. (2004), Zipfel and Felix (2005)). For example,
peptidoglycan (PGN) is an essential component of the bacterial cell wall in both
Gram-positive and Gram-negative bacteria and so serves as a PAMP recognized
by the invertebrate immune system. In addition to PGN, the cell wall of Gramnegative bacteria also contains the endotoxin lipopolysaccharide (LPS) that is
recognized by host PRRs. PAMPs such as β-1, 3-glucans (B13G), mannoproteins,
and phospholipomannan are found on fungi.
Upon recognition of a foreign body, insects can employ one or more of
three general innate responses: (1) synthesis of antimicrobial peptides, (2)
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initiation of proteolytic cascades, and (3) phagocytosis or encapsulation (Kimbrell
and Beutler, 2001). For the purposes of this study, we focused on the
encapsulation response (ER) by which the host immune system surrounds a
foreign body with multiple hemocytes. The bound hemocytes then isolate and
neutralize foreign bodies via anoxia, toxic reactive oxygen species, or starvation
(reviewed in Moreno-Garcia et al. (2013)). In invertebrates, the encapsulation
response is highly effective at clearing small foreign bodies or bacteria (Smith,
2016). The first observation of the ER, and the creation of the assay to measure
ER, is attributed to Élie Metchnikoff (Chernyak and Tauber, 1988, Beck and
Habicht, 1996, Tauber, 2003, Gordon, 2008b).
Although he began as a zoologist and embryologist, Metchnikoff is now
referred to as “The Father of Natural Immunity” (Beck and Habicht, 1996,
Gordon, 2008a). In 1908, Metchnikoff won the Nobel Prize in medicine for
research stemming from his novel methods of measuring immune strength in
invertebrates (Metchnikoff 1884, as translated and reprinted in Beck and Habicht
(1996) and references therein). While vacationing with his family on the Sicilian
coast in 1882, Metchnikoff implanted a rose thorn into a starfish larva, observed
an ER, and thus invented the first method of studying the invertebrate ER (Beck
and Habicht, 1996, Tauber, 2003).
Nearly a century later, Metchnikoff’s method for measuring invertebrate
immune function was resurrected and used to answer questions relating to
ecological immunity—the study of how abiotic and biotic factors influence
variation in immune traits. As the immune system of invertebrates is much
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simpler than that of vertebrates, and is phylogenetically conserved, an
understanding of invertebrate ecological immunity provides insights in the
evolution of immunity overall (Beck and Habicht, 1996). Recent empirical ER
studies (Table 9.1) using Metchnikoffian methods of Konig and Schmid-Hempel
(1995) have elucidated relationships between immune function and many
ecological and behavioral factors in insects, including: sex, behavioral role,
dominance, female mate choice, foraging ability, diet, habitat type, infection risk,
co-infection, energy cost, individual and colony condition, ontogeny, and invasion
biology (Table 9.1 and references therein).
In this paper, we report results from a novel approach to the classic
method for testing immune function using foreign bodies coated with PAMPs. All
but two prior insect ER studies (Table 9.1) employed implants (monofilaments or
beads) that were either sterile and uncoated or sterile and coated with PBS. The
two studies (Appler et al., 2015, Lopez-Uribe et al., 2016) that used PAMP-coated
implants only used one type of PAMP: LPS. Our comparative method allows for
further investigation of the ability of a host to identify and respond to a specific
class of pathogen. PAMP-coated implants (referred to as “PAMPlants”
throughout) are predicted to more closely mimic parasites (Cox-Foster and Stehr,
1994, Smith, 2016). Since much is known concerning immune mechanisms of
honey bees (Apis mellifera), this served as our study system (Wilson-Rich et al.,
2008, Wilson-Rich et al., 2009, Wilson-Rich et al., 2014). Aside from immune
mechanisms—including ER—being well documented, further understanding
immunity in the honey bee is of ecological and economic importance.
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Furthermore, as the honey bee is naturally challenged by various pathogens and
parasites, and its genome is fully sequenced (Honeybee Genome Sequencing
Consortium, 2006), immune function can be studied under near-natural conditions
and linked to specific immune genes for phylogenetic analysis (e.g. Lopez-Uribe
et al. (2016)).
While honey bees are affected by many pests and pathogens, the most
notorious is the parasitic mite, Varroa destructor. In adult honey bees, the Varroa
mite implants itself into the host cuticle (Spivak, 1996, Martin, 2001). Even if the
mite itself does not induce ER, it creates a structural insult for other pathogens
and parasites to pass through, and is the main cause of disease spread in a hive
(Kang et al., 2016). Honey bee colonies affected by large numbers of mites suffer
from Parasitic Mite Syndrome, which causes the population to dwindle and the
colony to eventually die out (Sammataro et al., 2000). Our PAMPplants mimic
this natural process, while focusing on the immune response of the host to the
bacterial and fungal pathogens commonly transmitted by Varroa (Mariani et al.,
2012, Vanikova et al., 2015). We did this by using three different PAMPs to coat
the implants: PGN, LPS and B13G (reviewed in Sammataro et al. (2000)). Due to
the historical relationship between pathogens and host immune system (van
Engelsdorp and Meixner, 2010), each PAMP coating was predicted to elicit a
more specific ER relative to control implants.
Each study listed in Table 9.1 added valuable information to the field of
insect immunity. By incorporating pathogen-specific molecules on experimental
implants, we hope to better mimic the natural host-pathogen relationship. And in
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doing so, provide a new method to researchers to create a clear picture of
ecological immunity in insects and invertebrates in general.

Materials and methods
To create the PAMPlants, sterile (rinsed with 70% ethanol) cuts of nylon
monofilament (2mm long, 0.4mm diameter, Scientific Anglers Tippet, 3M,
diameter previously incorrectly reported in Wilson-Rich et al. (2008)) were
dipped through one of five different solutions with varying concentrations: (1)
phosphate-buffered saline (PBS, our control), (2) lipopolysaccharide in PBS
(LPS; 0.1mg/ml, 1mg/ml, 10mg/ml), (3) peptidoglycan in PBS (PGN; 1mg/ml,
10mg/ml, 100mg/ml), (4) β-1,3-glucans in PBS (β13G; 1mg/ml, 10mg/ml,
100mg/ml), and (5) bovine serum albumin in PBS (BSA; 1mg/ml, another
control). As such, there was a proportional fold increased in PAMP
concentrations across treatments. PBS and bovine serum albumin (BSA)
monofilaments were controls, and expected to induce a baseline ER. Implants
were allowed to dry overnight in sterile petri dishes.
To quantify the ER of individuals to the PAMPlants, we performed a
series of modified, standard ER assays (Wilson-Rich et al., 2008, Konig and
Schmid-Hempel, 1995). We collected foraging honey bees—which are all similar
age—at the entrance of a single hive maintained at Tufts University in Medford,
MA. This allowed us to control for genetic variation and health status. Individuals
were stored collectively and immediately brought to the laboratory for
experimentation.
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Collected foragers were ice-anesthetized and the nylon monofilaments were
implanted between the third and fourth ventral intersegmental membrane (N=53
singly implanted, and N=71 doubly-implanted, individuals). All implants
remained in situ for four hours. Experimental individuals in 2008 received a
single implant, either an experimental PAMPlant or a control implant coated with
PBS. Experimental individuals in 2009 received double implants, with one
PAMPlant matched with an internal PSB-coated control implant for a self-paired
design. To control for side, side was switched for PAMPlant and control implants,
and the left side was always inserted first thus, controlling for which condition
(PAMPlant or control implant) was performed first. For comparison to PBS, an
additional control—an insert coated with BSA—was used because, unlike LPS,
PGN, and β13G, it is predicted to elicit a baseline immune response.
After four hours, experimental individuals were re-anesthetized on ice and
the implants were removed with fine forceps. The removed implants were then
analyzed for mean gray value using a fluorescence-detecting microscope
(Olympus VX40), and image capturing (Optronics Magna Fire-SP, v1.0_5) and
analysis software (ImageJ [NIH]) (see Wilson-Rich et al. (2008) and references
therein). Darker implants indicated more melanization, which served as a proxy
for a stronger ER (Wilson-Rich et al., 2008, Appler et al., 2015, Lopez-Uribe et
al., 2016), and thus greater immune function according to this measure.

175 of 230

Statistical methods
Singly implanted mean ER values were compared using ANOVA followed by
post-hoc Tukey HSD pairwise comparisons. Doubly implanted mean values
within PAMP treatments (i.e., between PAMP-coated and PBS-coated implants or
PBS-coated and BSA-coated implants) were compared using paired t-tests within
individuals. The ER to different PAMPlants in doubly-implanted individuals was
compared using ANOVA followed by post-hoc Tukey HSD pairwise
comparisons. All statistics were calculated using SPSS for Windows v. 11.0.

Results
There were no significant effects of PAMP concentration on ER. As such,
data from all samples were combined within the singly- and doubly-implanted
groups. Overall, the PAMPlants induced higher ERs than the control (PBS, BSA)
implants (Figures 9.1, 9.2).
In 2008, honey bees with a single implant exhibited a significantly
upregulated ER in response to each of the three PAMPs when compared with the
control (PBS-coated) implants (One-way ANOVA, F=8.71, df=3,47, p<0.001).
There were no significant differences in encapsulation response across the three
PAMP treatments (Figure 9.1).
In 2009, within doubly-implanted individuals, PAMPlants induced
stronger responses than PBS-coated implants. This relationship was significant for
two PAMPs: B13G (paired t-test, t=3.30, df=22, p=0.02), and LPS (paired t-test,
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t=1.85, df=25, p=0.04) (Figure 9.2). PGN and BSA showed no overall difference
from the internal PBS control. There was no effect of side (left versus right) on
ER. Across all treatments, doubly-implanted individuals had the strongest ER to
B13G (Tukey’s HSD, pB13G-LPS=0.03, pB13G-PGN<0.001, pB13G-BSA<0.001). There
was no difference in ER between LPS, PGN, or BSA within doubly-implanted
treatments.

Discussion
In using a simple technique, Metchnikoff discovered the process of ER in
invertebrates resulting in a better understanding of cellular immunity and paving
the way for modern advancements in assay methods (see Table 9.1). Building
upon these approaches, we report results from a novel method of testing more
specific immune function in invertebrates. Our experimental honey bees exhibited
a stronger ER when exposed to foreign bodies coated with molecules found on
pathogens (i.e., PAMPs). As these PAMPs are conserved molecules found on and
in the cell wall of bacteria and fungi (see Postel and Kemmerling (2009)), it is not
surprising that hosts evolved to recognize PAMPs as foreign cues, and induce an
appropriate immune response to clear them. Uncoated implants are foreign and
elicit an immune response (Table 9.1), however, our findings suggest that results
gathered from uncoated or PBS-coated implants may not account for the
specificity and/or degree of invertebrate immune response.
When compared with control treatments, singly implanted individuals
showed a greater immune response to all PAMPlants. The doubly-implanted
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individuals exhibited a significantly stronger immune response to B13G (p=0.02)
and LPS (p=0.04) when compared with internal controls. This result was not
observed for those doubly-implanted with PGN and the PBS- coated implant. At
first glance, such results are surprising: the common diseases, American
foulbrood and European foulbrood, are caused by Gram-positive bacteria (i.e.,
PGN-coated bacteria). In accordance with our results, however, it has been shown
that resistance to such infections is achieved via hygienic behavior (Spivak and
Reuter, 2001). Hence, social immunity may be more important than individual
immunity when it comes to defending against infections caused by Gram-positive
bacteria. The strong response against B13G is surprising in itself: honey bees use
social immunity to combat a common fungal pathogen, Ascosphaera apis (Starks
et al., 2000). Other more virulent fungal diseases caused by Nosema spp.
however, may explain the robust ER against B13G PAMPlants.
Interestingly, the immune response to single implants was nearly double
that of doubly-implanted individuals. One possible explanation for this finding is
that the immune response was divided between the two foreign bodies, albeit
unevenly. This uneven response was also observed by Allander and SchmidHempel (2000) in bumble bees—the immune response to a primary immune
challenge (either an implant or infection with Crithida bombi) was higher than the
immune response to a second implant in the same individual. Our study is the first
to show the division of the immune response in an individual with multiple,
simultaneous, physical insults. Depending on the study system and the question
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being asked, this simultaneous internal control may be more ecologically relevant:
honey bees can be plagued by multiple parasitic mites at the same time.
Although our focus is on ER, the immune response is multi-faceted and
insects have myriad weapons for thwarting disease. The ER mode of immunity is
particularly important and is associated with disease resistance to virally infected
cells (Washburn et al., 1996, Trudeau et al., 2001), parasitoids (Carton and David,
1983, Kraaijeveld et al., 2001), and parasites (Doums and Schmid-Hempel, 2000).
Indeed, the phenoloxidase (PO) cascade is similarly important, as it plays a
complementary role in the ER process by contributing to resistance to bacteria
(Pye, 1974, Ashida and Brey, 1997), fungi (Ochiai & Ashida 1988), viruses
(Wilson et al., 2001, Beck and Strand, 2007), parasites (Leonard et al., 1985,
Paskewitz and Riehle, 1994, Gorman et al., 1996), and parasitoids (Wilson et al.,
2001).
The single measure of immune function reported here (ER) has provided
important information to researchers interested the evolutionary dynamics of
host/pathogen relationships (Table 9.1). In contrast to the single implant trials, the
data in our paired implant trials were not uniform. In the paired implant trials,
honey bees showed a stronger response to fungi (B13G) over Gram-negative
bacteria (LPS: p=0.03) and even more so over Gram-positive bacteria (PGN:
p<0.001). We speculate that this makes sense both evolutionarily and ecologically
as colonies are commonly plagued by the microsporidia Nosema apis. More
recently, Nosema ceranae has been found in sampled colonies as well, lending yet
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another reason as to why the ER of honey bees is so strong when challenged with
a B13G-coated PAMPlant (Paxton et al., 2007).
Our PAMPlant technique will enable researchers to explore the
mechanism associated with defense against specific classes of microbes on host
disease resistance. Data presented here confirm the specificity of the invertebrate
immune system. Accordingly, understanding immune responses to historically
common pathogens will be facilitated using biologically inspired techniques. Each
study in Table 9.1 documents an opportunity to dig deeper and understand the
degree to which immune function interacts with sex, behavior, dominance, mate
choice, foraging ability, energetics, diet, habitat type, infection risk, co-infection,
individual and colony condition, ontogeny, and invasion biology.
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Table 9.1 Findings in insect immunity using Metchnikoffian methods
Findings uncovered using various Metchnikoffian methods with different insect
study systems. All studies, except the two highlighted in gray, used sterile and/or
PBS-coated implants.

1

2

3

4

Study System
Acheta
domesticus
(house cricket)

Method Used
Uncoated
monofilament

Aedes aegypti
(yellow fever
mosquito)
Aglaoctenus
lagotis
(spider, no
common name)
Anticarsia
gemmatalis
(velvetbean
caterpillar)

Injected,
uncoated
beads
Uncoated
monofilament

Apis mellifera
(honey bee)

LPS-coated
monofilament

Uncoated
monofilament

5

Uncoated
monofilament

6

Uncoated
monofilament

7

Uncoated
monofilament

8

9

Bombus
terresteris
(bumble bee)

Uncoated
monofilament

Uncoated
monofilament

Major Findings
Supports immunocompetence
handicap hypothesis by showing
male crickets with more song
syllables (preferred by females);
also had higher ER
Mosquitoes injected with malaria
parasites had reduced ER versus
control injections
Females constructing webs had
higher ER than those prevented
from constructing webs; males
had lower ER than females
ER was not affected by
development temperature or
population density, however,
caterpillars of the intermediate
color phenotype showed greatest
ER
More variation in ER for bees
living in rural landscapes than in
urban landscapes; no difference
in ER between feral and
managed bees
No change in ER across larvae,
pupae, young adults (nurses), and
old adults (foragers)
Challenging larvae with nylon
implants enhanced nitric oxide
production and the spread of
hemocytes
ER of bees treated with
neonicotinoids is significantly
reduced compared to control bees
Workers allowed to forage had
lower ER than those prevented
from foraging; strong colony
effect on ER
ER was not affected by diet or
body mass

10

Uncoated
monofilament
11

Males had lower ER compared to
sister workers; ER was lower in
late-produced and latereproducing cohorts compared to
early cohorts

Reference
Ryder and
Siva-Jothy
(2000)

Boete et al.
(2002)
González et
al. (2015)

Silva and
Elliot (2016)

Appler et al.
(2015)

Wilson-Rich
et al. (2008)
Negri et al.
(2014)

Brandt et al.
(2016)
Konig and
SchmidHempel
(1995)
SchmidHempel and
SchmidHempel
(1998)
Baer and
SchmidHempel
(2011)
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12

13

Study System
Bombus
terresteris
(bumble bee)
Calopteryx
splendens
(damselfly)

Method Used
Uncoated
monofilament
of 1mm or
2mm length
Uncoated
monofilament

Uncoated
monofilament
14

Uncoated
monofilament

15

ER negatively affected by
superparasitism by the parasitoid
Palmistichus elaisis

Pereira et al.
(2017)

Uncoated
monofilament

On average, males have higher
ER than females; fed individuals
tend to have higher ER than
starved individuals

Kelly (2016)

21

Deinacrida
rugosa
(Cook Strait
giant weta)

22

Epirrita
autumnata
(autumnal
moth)

Uncoated
monofilament
rubbed with
sandpaper
Uncoated
monofilament
rubbed with
sandpaper

ER is positively correlated with
plant defenses during a moth
population increase

Kapari et al.
(2006)

Several individual hydrolysable
tannins were negatively
associated with ER; flavenoid
glycosides had no relationship
with ER

Haviola et al.
(2007)

19

20

23

Uncoated
monofilament
and injection
with PGN

Cerastoderma
edule
(edible cockle)

Injected,
uncoated
beads and
uncoated
monofilament
Uncoated
monofilament

KramsKrama
et al. (2015)

Uncoated
monofilament

18

Camponotus
fellah
(ant, no
common name)

Rantala et al.
(2000)

Koskimaki et
al. (2004)

17

Uncoated
monofilament

No relationship between ER and
wing pigment heterogeneity; no
effect of pre- or postimplantation PO activity levels in
males
ER positively correlated with
both male wingspots size and
hemocyte number, but negatively
correlated with wingspot
asymmetry
No effect of copulatory activity
on ER

Reference
Allander and
SchmidHempel
(2000)
Siva-Jothy
(2000)

Males winning male-male fights
had higher ER and higher postfight fat reserves than losing
males
Workers injected with PGN had
reduced ER compared to ringer
injection; workers did not
decrease the level of selfgrooming or allogrooming
Positively charged targets
stimulated the most vigorous ER;
non-specific electrostatic forces
and humoral plasma factors have
a synergistic role on ER
Larvae exposed to UV exhibited
higher ER and metamorphosed
later than control larvae

16

Calopteryx
virgo
(damselfly)

Major Findings
ER was not affected by the size
of implant or by C. bombi coinfection

Coenagrion
puella
(azure
damselfly)
Diaphania
hyalinata
(Melonworm)

de Souza et
al. (2008)

Wootton et
al. (2006)

Debecker et
al. (2015)
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24

25

26

Study System
Epirrita
autumnata
(autumnal
moth)

Method Used
Uncoated
monofilament
rubbed with
sandpaper

Euoniticellus
intermedius
(dung beetle)

Uncoated
monofilament

Formica
aquilonia
(forest dwelling
ant)

Uncoated
monofilament
rubbed with
sandpaper

27
Formica
exsecta
(wood ant)

Major Findings
Larvae reared on low-quality
food had higher ER as pupae
than larvae reared on highquality food; females had higher
ER than males
ER positively correlated with
both age and elytra length; no
difference between sexes

Reference
Klemola et al.
(2007)

ER was similar between ants in
heavy metal environments and
translocated groups; ER was
elevated in moderate whereas
suppressed in high heavy metal
levels suggesting higher risk for
infections in heavily polluted
areas
Gynes had stronger ER than
workers; habitat type affected ER
differently between castes

Sorvari et al.
(2007)

Males have lower ER than
queens; among males, micraners
had lower ER than macraners
and males from larger nests had
stronger ER; among queens, no
relationship between ER and
body size or colony
Priming with heat-killed bacteria
causes dose-dependent elevation
in ER

Vainio et al.
(2004)

Uncoated
monofilament

ER response was stronger in
larvae raised on food of average
nutrtional quality when
compared with larvae raised on a
high-energy diet

KramsKecko
et al. (2015)

Uncoated
monofilament

Larval diet and gut microbiome
affect ER

Krams et al.
(2017)

Uncoated
monofilament

Dominant males obtained more
mates and had higher ER than
size-matched subordinates; no
correlation between weight and
ER
In both sexes, ER was negatively
correlated with body size,
development time and lytic
activity
Female crickets preferred
courtship songs from males with
a high ER; ER did not correlate
with male body weight

Rantala and
Kortet (2004)

Uncoated
monofilament
rubbed with
sandpaper
Uncoated
monofilament

28

29

Galleria
mellonella
(greater wax
moth)

Injected,
Congo redstained beads

30

31

32

33

34

Gryllus
bimaculatus
(field cricket)

Uncoated
monofilament

Uncoated
monofilament
rubbed with
sandpaper

Pomfret and
Knell (2006)

Sorvari et al.
(2008)

Wu et al.
(2014)

Rantala and
Roff (2005)

Rantala and
Kortet (2003)

183 of 230

35

Study System
Gryllus firmus
(field cricket)

Method Used
Injected,
uncoated
beads

Major Findings
Long-winged morphs had a
higher ER than short-winged
morphs

Reference
Kirschman et
al. (2017)

Gryllus vocalis
(field cricket)

Uncoated
monofilament
rubbed with
sandpaper

Gershman
(2008)

Helicoverpa
armigera
(cotton
bollworm)

Injected,
uncoated
beads

Following experimentally
assigned matings, females
showed higher ER than males;
the number of matings (5 vs. 10)
had no effect on ER
HaCTL3, a C-type lectin,
enhances ER

Injected,
uncoated
beads
In vitro assay
with PBScoated beads
Uncoated
monofilament

Fungal infection reduced ER

Zhong et al.
(2017)

Immune-related gene Ha-DFP1
is involved in ER

Hu et al.
(2017)

Males exhibited significantly
greater ER than females

Uncoated
monofilament
Injected,
uncoated
beads

Mated females showed an
increase in ER
The relationship between beads
recovered and the number of
beads melanized was positive for
all four morphs by sex
combinations
Territorial males had higher
levels of pigmentation, while fat
reserves and immune defense
were constant during territorial
tenure
ER was higher among males with
higher drumming rates, but not
affected by mobility or body
mass
Negative correlation between ER
and parasitism incidence

Kelly and
Jennions
(2009)
Kelly (2017)

36

37

38

39

40

Hemideina
crassidens
(tree weta)

41

42

43

44

45

Hemideina
maori
(mountain stone
weta)
Hetaerina
americana
(American
rubyspot
damselfly)
Hygrolycosa
rubrofasciata
(wolf spider)

Uncoated
monofilament

Lepidopteran
Spp.
(caterpillars)

Injected,
uncoated
beads
Injected,
PBS-coated
beads

46

47

48

Uncoated
monofilament

Leptinotarsa
decemlineata
(Colorado
potato beetle)
Leucorrhinia
intacta
(whiteface
dragonfly)

Uncoated
monofilament

Uncoated
monofilament

Within 24 hours of inoculation,
parasitized larvae exhibited a
lower ER than unparasitized
larvae
Primary inoculation with fungus
did not affect ER in larvae,
primary inoculation with bacteria
decreased ER in larvae
Larvae exposed to caged
predators had a higher ER than
those not exposed to caged
predators

Wang et al.
(2017)

Robb et al.
(2003)

ContrerasGarduno et
al. (2006)

Ahtiainen et
al. (2004)

Smilanich et
al. (2009)

Teng et al.
(2016)

Yaroslavtseva
et al. (2017)

Duong and
McCauley
(2016)
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49

50

51

Study System
Paropsis
atomaria
(common leaf
beetle)

Method Used
Uncoated
monofilament

Major Findings
Larvae raised on plants under
elevated CO2 exhibited a higher
ER than those raised on control
plants

Reference
Gherlenda et
al. (2016)

Pieris brassicae
(white cabbage
butterfly)

Uncoated
monofilament

Freitak et al.
(2003)

Polistes
dominulus, P.
fuscatus
(paper wasps)

Uncoated
monofilament

Implanted individuals increased
their standard metabolic rate by
approximately 8% compared to
controls, hence an energetic cost
to ER
The invasive P. dominulus a had
lower ER than the native,
sympatric, congener, P. fuscatus

Uncoated
monofilament

Late season workers exhibit
lower ER than early season
workers

Wilson-Rich
et al. (2014)

Protophormia
terraenovae
(blow fly)

Uncoated
monofilament

Polkki et al.
(2014)

Schistocerca
gregaria
(desert locust)
Schizocosa
ocreata
(brush-legged
wolf spider)

Uncoated
monofilament

Spodoptera
littoralis
(cotton
leafworm
caterpillar)

Uncoated
monofilament

Temperature influenced sex
differences in immune defense;
males had a stronger ER at
higher temperatures when
compared with females
No difference in ER between
social and solitary phases of
living
Significant positive correlation
between tuft size (ornamentation)
and ER; males that performed 5
min of courtship had lower ER
than those that did not perform
courtship
ER was great in individuals on a
high protein-to-carbohydrate
ratio diet than those on a low
ratio diet
ER depends on an immune gene,
102 SI

Di Lelio et al.
(2014)

Individuals treated with juvenile
hormone (JH) treatment group
exhibited lower ER and PO
activity than the non-JH treated
control group
No difference in the survival
curves of males implanted with
one, two, or no implants when
the males were starved; males
lost less body mass when
immune challenged and given an
opportunity to feed

Rantala et al.
(2003)

52

53

54

55

56

57

58

Tenebrio
molitor
(mealworm
beetle)

Uncoated
monofilament

Injected,
PBS-coated
beads
Uncoated
monofilament

Uncoated
monofilament
59

Wilson-Rich
and Starks
(2010)

Wilson et al.
(2002)
Gilbert and
Uetz (2016)

Lee et al.
(2006)

Vainikka et
al. (2007)
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60

Study System
Tenebrio
molitor
(mealworm
beetle)

Method Used
Uncoated
monofilament

Major Findings
ER of males in the singletreatment group exhibited
significantly greater ER than that
of the repeat-treatment males
Inbreeding did not significantly
affect ER; however, it did
significantly reduce resistance
against Beauveria bassiana fungi

Reference
Kivleniece et
al. (2010)

Uncoated
monofilament

Significant increase in ER
between the first and second
implantations in males

Daukste et al.
(2012)

Uncoated
monofilament

Survival of beetles subjected to
immune activation by a nylon
implant previous to fungal
exposure was higher than
survival of beetles which were
subjected to fungal infection only
ER and development time
decreased with a rise in
temperature
ER results in significant damage
to Malpighian tubule; physiology
in the proximate area to the nylon
implant

Krams et al.
(2013)

Females were more attracted to
pheromones from males with
high ER; ER correlated with PO
enzyme activity and fresh body
weight
Individuals with a darker cuticle
exhibited a higher ER

Rantala et al.
(2002)

Uncoated
monofilament

No dependence of ER on
individual body size

Civantos et
al. (2005)

Uncoated
monofilament

ER did not differ between inbred
and outbred termites

Calleri et al.
(2006)

LPS-coated
monofilament

Within social insects, there is a
negative effect of colony size on
ER

Lopez-Uribe
et al. (2016)

Uncoated
monofilament
61

62

63

Uncoated
monofilament

64

Uncoated
monofilament
&
monofilament
attached to a
Malpighian
tubule tissue
graft
Uncoated
monofilament
rubbed with
sandpaper

65

66

Uncoated
monofilament
rubbed with
sandpaper

67

68

69

70

Tetrix
undulate
(pygmy
grasshopper)
Zootermopsis
angusticollis
(dampwood
termite)
Insects of
varying
sociality
(bees, ants,
wasps, termites)

Rantala et al.
(2011)

Prokkola et
al. (2013)
Sadd and
Siva-Jothy
(2006)

Kangassalo et
al. (2016),
Krams et al.
(2016)
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Figure 9.1 Mean ER of singly-implanted bees
Mean encapsulation response (as measured via optical density, OD) of singlyimplanted honey bees (Apis mellifera) ± 1 SE. Adult bees were implanted with
one PAMP-coated or PBS-coated monofilament. OD of each implant was
quantified using fluorescence microscopy and imageJ software to measure the
encapsulation response around the implants. Asterisks indicate p<0.05 using
Tukey HSD pairwise comparisons, showing all coated implants (“PAMPlants”)
nearly doubled the immune response compared to PBS-coated implants. Sample
sizes (N) indicate the number of bees singly implanted. B13G = β-1, 3-glucan
(fungal PAMP); LPS = lipopolysaccharide (gram-negative bacteria PAMP); PGN
= peptidoglycan (gram-positive bacteria PAMP)
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Figure 9.2 Mean ER of doubly-implanted bees
Mean encapsulation response (as measured via optical density, OD) of doublyimplanted honey bees (Apis mellifera) ± 1 SE. Adult bees were doubly-implanted
with two nylon monofilaments. One monofilament was PBS-coated while the
other was coated in one of four types of molecules: B-1, 3-glucan (B13G),
lipopolysaccharide (LPS), peptidoglycan (PGN), or bovine serum albumin (BSA).
The optical density (OD) of implants was quantified using fluorescence
microscopy and imageJ software to measure the encapsulation response around
the implants. Asterisks indicate p<0.05 using paired t-tests. Sample sizes (N)
indicate the number of bees doubly implanted.
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CHAPTER 10: CONCLUSION
Broadly, my dissertation focused on integrating behavioral ecology,
nutritional ecology, and ecological immunity in honey bees. Honey bees are a
great study system for nutritional ecology: since they live in temperate regions,
availability of nutritional resources naturally changes in distribution and
abundance with the seasons. Honey bees are also a great study system for
ecological immunity: there is much known about their immune defenses (WilsonRich et al., 2009), as well as the various pests and pathogens they are likely to
encounter (e.g. Cornman et al. (2012)). Specifically, my dissertation answered the
following questions:

How do honey bees cope with seasonal variation of micronutrient content in
floral resources?
In Chapter 2, I showed that honey bees likely forage at “dirty” water
sources for minerals their floral diet may lack. Using the method developed in
Chapter 3 (the OHMA), I also determined that colony fitness positively correlated
with visits to mineral solutions. In Chapter 4, I found that micronutrient
requirements of the honey bees themselves varied with season and even with the
“dirty” water supplement, honey bees are likely limited by certain micronutrients
in the environment. My results are consistent with results found by Filipiak et al.
(2017). In our study, bees seem to be limited by calcium and potassium late in the
season, which may be explained by availability of floral resources and changes in
honey bee physiology as they prepare for the winter. An interesting future
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direction of this research would be to examine the micronutrient content of bees
from colonies that survive the winter; successful winter workers store more
macronutrients (Kunert and Crailsheim, 2015) and might do the same for
micronutrients.

How does a lack of EAAs affect foraging behavior?
As shown in Chapter 5, a lack of EAAs negatively affected hive growth
and thus, colony health. Despite having smaller colonies, bees restricted to diets
lacking EAAs brought more pollen back to the hive, likely in an effort to
compensate for the missing EAAs. Although colonies raised on a diet lacking
EAAs brought more pollen back to the hive, Chapter 6 shows that those colonies
did not forage from more diverse floral sources. Since we only identified floral
source, there may be another piece to the puzzle: in addition to varying between
floral species, nutrients can vary spatially within species depending on
precipitation and soil quality. Honey bees may have foraged for specific amino
acids rather than specific species of flowers.

How do honey bees cope with environmental stressors such as heat stress and
disease?
Lastly, Chapters 7 – 9 focused on environmental stressors other than
nutrition. In Chapter 7, I showed that adult honey bees protect the hive from
localized heat stress by absorbing heat and radially dissipating it to the periphery
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of the hive, away from the brood. In Chapter 8, I investigated honey bee fever and
showed that even when the colony is too small to generate an effective fever, a
colony inoculated with a heat-sensitive pathogen will invest more in
thermoregulation. In addition to group size, nutrition is likely important for proper
behavioral response, especially when it comes to fever. Honey bees generate the
colony-level fever by isometrically contracting their muscles (Starks et al., 2000),
proper muscle function likely hinges on proper larval development.
My final chapter, Chapter 9, shows the importance of updating a widely
used method to measure physiological immune strength in insects. Chapter 9 is
the first study to compare an insect immune response to implants coated with
different pathogen-associated molecular patterns (PAMPs). Our comparison
shows that honey bees exhibit the strongest immune response to PAMPs found on
fungi and the weakest immune response to PAMPs found on Gram-positive
bacteria. This makes sense ecologically: honey bees tend to use behavioral
immunity, known as hygienic behavior, to defend the hive from Gram-positive
pathogens (Spivak and Reuter, 2001).
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