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Preface

The following dissertation is written in a “thesis by publication” format and comprises of three

scientific articles published in international journals.

Note: papers are possibly still under peer review at the time of submission of this dissertation.

The major goal of this dissertation is to explore honey bee nutrition and hive dynamics in a southern
temperate climate (Mediterranean: Sardinia, Italy) through selected, easy-to-use, morphological
markers of health and nutrition related to the phenotypic plasticity of honey bees. Research efforts
reported here aim to test novel hypotheses involving honey bee nutrition and possible shifts in
environmental factors (climatological conditions and plant phenology) in the context of global colony
losses in this age of climate change. A specific focus is put on the seasonal bimodal distribution of
honey bees; the transition between their summer and winter state, as winter represents a period of
particular vulnerability for colonies in temperate climates of the northern hemisphere with

fundamental physiological processes underlying survival dictated by nutrition.

The main questions were:

1) Can robust measurements of individual size be used for the assessment of the nutritional status of
honey bees?

Hypothesis: The fundamental physiological and nutritional differences between worker honey bee
types (Nurse Vs. Forager bees and Summer Vs. Winter bees) result in measurable morphological

differences.

2) What are the effects of present climatic conditions on the seasonality of Italian honey bees in a
southern temperate climate (Mediterranean: Sardinia, Italy)?
Hypothesis: High ambient temperatures and current plant phenology are enabling honey bees to

remain active year-round.

3) What are the effects of environmental factors on the nutritional status of Italian honey bee
colonies in a southern temperate climate (Mediterranean: Sardinia, Italy)?
Hypothesis: Climatic factors in summer as well as winter (indirectly) cause nutritional stress for

honey bee colonies in the Mediterranean by affecting both plant and honey bee phenology.



In order to answer these questions, work was divided into two research tasks:

Task 1 consisted of an extensive literature review of the current knowledge on honey bee seasonal
physiology and hive dynamics.

Task 2 was based on the monitoring of honey bee workers through morphological and biochemical

metrics as a representation of their nutritional health status.

Monitoring activities were performed on A. mellifera ligustica colonies housed in two apiaries in

Sassari, Sardinia, over a period of 3 years.

This dissertation entitled “Evaluation of the nutritional status of worker honey bees (Apis mellifera
ligustica S., 1806) across temporal patterns through morphological analysis” is divided in 5

chapters:

CHAPTER 1: Consist of a general introduction, providing the necessary background for this

dissertation.

CHAPTER 2: Includes a review article entitled “The seasonality of honey bee (Apis mellifera L., 1758)
colonies. Highlights on summer to winter bee transition and the mechanism behind it. A review”

published in the journal Livestock Science (2020). This chapter consists of an in-depth review of

honey bee worker dynamics, division of labour, and aging across temporal patterns. A specific focus
is put on the bimodal seasonal transition of honey bee colonies between their summer and winter

state and the complex mechanism and driving forces behind this unique adaptation.

CHAPTER 3: Includes an original research article entitled “Preliminary evaluation of selected
morphological metrics for honey bee nutrition and health assessment” submitted for peer review in
2023. This manuscript reports on the preliminary assessment of selected morphological
measurements as possible markers for the nutritional and health status of A. mellifera ligustica
forager bees through correlation analysis. Additionally, as a proof of concept, selected metrics were
employed in the nutritional monitoring of forager bees over the transition period of autumn-winter-

spring (2019-2020) in order to detect the presence of winter bees.
Manuscript under review at the time of submission of this dissertation.

CHAPTER 4: Includes an original research article entitled “The nutritional year-cycle of Italian honey
bees (Apis mellifera ligustica) in a southern temperate climate” submitted for peer review in 2023.

This manuscript reports on the year-round (2022-2023) nutritional monitoring of honey bee workers

v



(both nurse and forager bees) through morphological and biochemical metrics. Temporal variations
in the nutritional status of worker bees according to climatological factors and plant diversity are

discussed.
Manuscript under review at the time of submission of this dissertation.

CHAPTER 5: Consists of a general conclusion of this dissertation.
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Abstract

Global honey bee colony losses represents a significant and complex issue in modern apiculture.
Regardless of climate, most losses occur in winter, which is a particularly challenging period for Apis
mellifera. In fact, in order to deal with the harsh winter conditions of temperate climates of the
northern hemisphere, honey bees evolved a seasonal caste system (summer Vs. winter bees) with
fundamental physiological processes underlying survival dictated by nutrition. Whereas the
overwintering of honey bees in northern regions has been well studied, much less is known
regarding the seasonal dynamics of these social insects in southern temperate climates. Because
honey bee colony losses are not restricted to cold climates, and nutrition is a key factor in
overwintering success, there is a pressing need to deepen our understanding of honey bee
seasonality and nutrition in southern latitudes. Furthermore, given the complex aetiology of honey
bee colony losses, identification of novel markers of honey bee health and nutrition would prove
beneficial in the context of ongoing research and monitoring efforts. Lastly, since a higher survival
rate of local subspecies adapted to specific climatic conditions has been shown, knowledge of
southern honey bee populations is of increasing interest, especially in the face of accelerated climate
change the world is facing in present days.

The various publications in this dissertation add to the current knowledge of these subject areas.
Firstly, an up-to-date literature review containing a centralised overview of honey bee worker
dynamics, division of labour, and seasonality in temperate climates of the northern hemisphere is
presented. A detailed description of the relevant physiology of summer and winter bees illustrates
how A. mellifera has adapted molecular pathways into an effective social system for the division of
labour as well as a bimodal, biannual worker caste system. The mechanism behind honey bee
seasonality governed by a multitude of internal and external factors with varying sensitivity is
described and research gaps are highlighted. Secondly, the results of the preliminary evaluation and
proof of concept for the use of robust measurements of individual size (head width, thoracal width
and length, abdominal width and length, and total body length) as possible markers for honey bee
health and nutrition are reported. Specifically, abdominal and total body length were identified
through correlation analysis as suitable candidate markers in forager bees, while head width showed
promise as a marker across temporal patterns. Thirdly, the long-term monitoring of selected
individual size measurements of the locally adapted A. m. ligustica allowed for the first description of
the honey bee nutritional year-cycle in a southern temperate climate. Analysis of data according to
sampling date, climate (temperature, precipitation, and daylength), and flower diversity, revealed
two critical timepoints for honey bee nutrition: summer and winter dearth. Seasonality was in

accordance with our previous findings, with a peak in nutrient storage indicating the short presence
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of winter bees. The noted importance of precipitation for honey bee nutrition in the study area
demonstrates how climate change could pose a threat to European honey bee populations in the
future. Finally, size measurements were shown to vary significantly between nurse and forager bees
further illustrating the potential value of selected morphological markers.

The findings reported in this dissertation provide insight that could benefit ongoing research efforts
and inform management or conservation strategies with the ultimate goal of improving
overwintering success and preventing unnecessary colony losses. Present results can furthermore be
used as a cornerstone for future research on honey bee nutrition and seasonality in southern

temperate climates.
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CHAPTER 1

Introduction

1. The western honey bee

The western or European honey bee (Apis mellifera Linnaeus, 1758; meaning “the honey-carrying
bee”) is an iconic insect from the genus Apis spp. (or “honey bees”) best known for its honey-making
abilities (Michener, 2007; Gupta, 2014a). While there are 10-11 species of honey bees recognised to
date (Engel, 1999; Michener, 2007; Tihelka et al., 2020), in the context of this dissertation, the term
“honey bee” refers to Apis mellifera specifically.

As the most widespread bee species, the native range of the western honey bee consists of Europe
(up to southern Scandinavia), Africa, the Middle East, and parts of Asia (Ruttner, 1988; Sheppard and
Meixner, 2003; Han et al., 2012). These bees live in temperate to warm climates, occupying northern
climate zones, mountain ranges, tropics, and even deserts (Gupta, 2014a; Yadav et al., 2017).
Nowadays the range of A. mellifera has expanded to all habitable corners of the globe following
deliberate transport by settlers who valued these insects for their various products and services,
leading it to be the most commonly managed bee in the world (vanEngelsdorp and Meixner, 2010;
Han et al., 2012; Meixner et al., 2013; Gupta et al., 2014b; Osterman et al., 2021).

The ability of A. mellifera to colonise nearly all habitats on Earth and adapt to diverse climatic
conditions is an attestation of the remarkable adaptability of the species (Le Conte and Navajas,
2008; Gupta, 2014a; Tihelka et al., 2020). In fact, this gave rise to the approximately 30 locally
adapted subspecies (or “races”) spread across its extensive geographic range with specific
behavioural and morphological characteristics, including African (group A), north-eastern Africa
(group Y), western/northern European (group M), eastern European (group C), and Middle Eastern
(group O) A. mellifera populations (Ruttner, 1988; Engel, 1999; Sheppard and Meixner, 2003; Han et
al., 2012; Gupta, 2014; Wallberg et al., 2014; Chen et al., 2016; Yadav et al., 2017; Yunusbaev et al.,
2019; Espregueira et al., 2020).

Extreme climatic conditions and temporal variations in feed recourse availability are believed to have
been driving pressures of natural selection behind honey bee diversification (Gupta, 2014; Chen et
al.,, 2016). For example, European populations show adaptation to colder temperate conditions
through synchronization of breeding activities with plant phenology, the formation of a
thermoregulating winter cluster, and the ability to bridge the winter period by means of an extensive
flightless period (Han et al., 2012; Gupta, 2014a; Wallberg et al., 2014). Moreover, bees from warmer

temperate climates, e.g. the Mediterranean, are known to decrease activities during hot summer
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months as well, which is followed by a second activity peak in fall (Gupta, 2014a).

An overall higher survival rate of locally adapted races has been recognized, highlighting the
importance of geographic honey bee subspecies diversity currently threatened by economically
driven breeding practices and hybridisation (Le Conte and Navajas, 2008; Meixner et al., 2013;
Blichler et al., 2014; Nifio and Cameron, 2015; Yunusbaev et al., 2019; Requier et al., 2019). Hence,
knowledge of local A. mellifera populations could prove increasingly important in the face of
accelerated environmental and climate change the world is facing today (De La Rua et al., 2009;

Blchler et al., 2014; Wallberg et al., 2014).

1.1. The Italian bee

The Italian honey bee (Apis mellifera ligustica Spinola, 1806) is a subspecies from the C lineage with
an ancient hybrid origin; A. m. mellifera and A. m. carnica (Franck et al., 2000; Dall’Olio et al., 2007).
This bee is described as light-coloured (which is particularly noticeable in queens), with bright yellow
abdominal bands and yellow hairs (Ruttner, 1988; Gupta, 2014). Specific morphometrics for its
identification are described in detail by Ruttner (1988).

As its name suggests, this race originates from the Italian Peninsula where its natural distribution
ranges from the Alps in the North and the Mediterranean Sea to the South (De La Rua et al., 2009;
Gupta et al., 2014a). However, as one of the most popular and commercially interesting honey bee
subspecies, managed colonies of A. m. ligustica are kept around the globe (Ruttner, 1988; Dall’Olio et
al., 2007; Meixner et al.,, 2010; Gupta, 2014b; Gupta et al., 2014a). In many countries, intense
hybridization has occurred and/or Italian honey bees have replaced local subspecies (Ruttner, 1988;
Franck et al., 2000; Jensen et al., 2005; Gupta, 2014a; De La Rua et al., 2009).

The Italian bee is particularly coveted for its effective pollinator services and excellent honey
production. This race is also preferred for its large colony size, low swarming, and gentle nature
(Ruttner, 1988; Franck et al., 2000; Dall'Olio et al., 2007; Gupta, 2014a; Halvorson et al., 2021). The
favourable characteristics of this bee have been fundamental for the progression of modern
beekeeping, making it one of, if not the most important honey bee subspecies (Ruttner, 1988).
Overall, A. m. ligustica is well adapted to the warm temperate climate of the Mediterranean. These
conditions lead to an early but slow start of brood rearing which peaks and remains high until late
summer-fall. Continuation of brood rearing during winter, with just a short cessation, is not
uncommon. Even though the overwintering ability of A. m. ligustica is generally good (even in colder
climates), brood rearing during the coldest months can put stress on a colony, requiring larger food
stores and resulting in exhausted bees in spring (Ruttner, 1988; Gupta, et al., 2014b). Brood rearing is

also maintained during the typical Mediterranean summer drought period (Ruttner, 1988), with
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Italian bees having a relatively high thermal tolerance (Kovac et al., 2014). Correspondingly, A. m.
ligustica overall require higher temperatures and more “favourable weather conditions” for foraging
than northern subspecies (Gupta, 2014a). Nevertheless, the Italian honey bee has shown great
adaptability to various climatic conditions (cold and warm), resulting in it being the most generally
distributed of all honey bee races (Ruttner, 1988; Franck et al., 2000; Dall'Olio et al., 2007; Gupta,
2014a; Kovac et al., 2014).

2. Importance of bees

The honey bee is a highly valued and economically significant production animal (semi-domesticated
insect) given the numerous products it provides, including honey, beeswax, pollen, propolis, royal
jelly, and bee venom, having multiple nutritional, medical, cosmetic, and industrial uses (FAO, 2020;
Tihelka et al., 2020; Patel et al., 2021; Phiri et al., 2022). Nevertheless, the economic worth of honey
bee products is trumped by the profound environmental and agricultural importance of this social
insect in terms of pollination of wild plants and agricultural crops (De La Rua et al., 2009; Gallai et al.,
2009; vanEngelsdorp and Meixner, 2010; Leonhardt et al., 2013; Potts et al., 2016; Klein et al., 2018;
Tihelka et al., 2020).

Indeed, many wild bushes, small trees, and flowering plants are dependent on the services of this
generalist pollinator and the loss of bee populations would therefore have severe consequences for
the reproductive capacity of flora around the globe (Michener, 2007; Klein et al., 2018).

Likewise, pollinators play a key role in agricultural sustainability and food security in a modern
climate (Aizen et al., 2009; Leonhardt et al., 2013; Klein et al., 2018; Espregueira et al., 2020). A.
mellifera is the main insect pollinator of agricultural crops worldwide and is often considered one of
the most important agricultural livestock species (De La Rua et al., 2009; Cridland et al., 2017).
Overall, these insects pollinate roughly 70% of the world’s leading food crops, including most fruits
and vegetables, and many fibre and forage crops (Klein et al., 2007; Klatt et al., 2014, Stein et al.,
2017; Nath et al., 2023). While insect pollination is not essential for all these plants, the absence of
such pollination usually results in lower production yield (lower number of seeds or smaller fruit)
(Klein et al., 2007; Aizen et al., 2009; Stein et al., 2017; Nath et al., 2023). An increased crop yield of
€1200 per hive and an overall contribution to agriculture of bee pollination exceeding €150 billion
per year worldwide has been published (De La Rua et al., 2009; Gallai et al., 2009). Augmented
nutritional value and shelf-life of insect-pollinated crops have also been shown (Klatt et al., 2014).

With the ever-increasing amount and value of insect-pollinated crops, it is clear that honey bee
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pollination services are of vital economic, agricultural, and nutritional importance (Michener, 2007;

Aizen et al., 2009; Gallai et al., 2009; Potts et al., 2016).

3. Honey bee and pollinator declines

Concerns about pollinator declines (both wild and managed species) have made headlines since the
turn of the century, warming of a “pollinator crisis” (Goulson et al., 2015; Aizen et al., 2022; Nath et
al., 2023). Overall, data shows global pollinator insect populations have decreased by 20-40% (Nath
et al., 2023). Moreover, bee species diversity has declined an average of 25% worldwide since the
1990s (Zattara and Aizen, 2021) and by more than 50% in parts of Europe since 1980 (Goulson et al.,
2015). These figures depict a pressing need for pollinator conservation in order to prevent possible
economic, agricultural, and ecological consequences (Michener, 2007; Potts et al., 2010a; Goulson et
al., 2015; IPBES, 2019; Zattara and Aizen, 2021).

Whilst it is clear that wild pollinators are experiencing severe declines (Goulson et al., 2015;IPBES
2019; Zattara and Aizen, 2021; Aizen et al., 2022), the situation of managed honey bees is not as
clear-cut. Various publications do report declines in managed A. mellifera colonies, but these are
mostly related to Europe and North America (Ellis et al., 2010; Potts et al., 2010b; 2016;
vanEngelsdorp and Meixner, 2010; Goulson et al., 2015; Aizen et al., 2022). In fact, the worldwide
number of honey bee colonies has increased by 80-85% over the last 60 years (Osterman et al., 2021;
Aizen et al., 2022; Phiri et al.,, 2022) and has increased or remained stable in most countries
(Halvorson et al., 2021). This being said, the number of honey bee colonies per capita has decreased
by roughly 20% worldwide over the same time period (Phiri et al., 2022). The rate of increase might
thus not be sufficient to keep up with agricultural demands, putting constraints on yield growth and
possibly threatening global food security in the future (VanEngelsdorp and Meixner, 2010; Aizen et
al., 2022; Mashilingi et al., 2022; Phiri et al., 2022).

General population trends aside, managed honey bees have been experiencing staggering colony
losses in the recent past, especially in winter (Ellis et al., 2010; Neumann and Carreck, 2010;
vanEngelsdorp and Meixner, 2010; Jacques et al., 2017; Lépez-Uribe et al., 2020; Halvorson et al.,
2021; Insolia et al., 2022). This phenomenon has given rise to national and international research
and monitoring efforts attempting to explain and prevent large-scale losses. For example, the
COLOSS monitoring honey bee colony losses network and the Bee Informed Partnership together
monitor colony losses for up to 40 countries in and outside of Europe, including the United States
(Brodschneider et al., 2022; Bruckner et al., 2022). Latest reports (2019-2020), show winter losses of

18.1% (COLOSS), representing a steady loss increase from previous years (Gray et al., 2022). Similarly,
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pre-emptive results (2021-2022) depict overall colony losses of 39.0% in the United States (Aurell et
al., 2022).

In Italy, colony losses are monitored through the nationwide Honey Bee Monitoring network
(“ApeNet: monitoring and research in beekeeping”) established in 2009 (Mutinelli et al., 2010;
Porrini et al., 2016). Losses across the country of 19.2% (2009), 12.5% (2012), and 11.6% (2013) have
been reported (Porrini et al., 2016). Results from the latest COLOSS survey show losses of 10.7% in
Italy, indicating continuation of this downward trend (Gray et al.,, 2022). Overall, the number of
managed honey bee colonies in Italy has seen a slow but steady increase in recent years, presently

counting approximately 1.57 million honey bee colonies (Vetinfo, 2023).

4. Factors affecting honey bee colony losses; focus on climate change and nutrition

Although the multitude of (interacting) factors behind honey bee colony losses are not fully
understood, bee declines have been coupled with the increasing effects of pests and diseases (e.g.
the ectoparasitic mite Varroa destructor), pesticide use, environmental contamination, beekeeping
practices, loss of genetic diversity, climate change, and agricultural intensification causing habitat and
forage biodiversity loss (De La Rua et al., 2009; Neumann and Carreck, 2010; Goulson et al., 2015;
Potts et al., 2016; Steinhauer et al., 2018; Nath et al., 2023). In this complex background, inadequate
nutrition is believed to have significant consequences for bee health, contributing to these declines
(Naug, 2009; Brodschneider and Crailsheim, 2010; Goulson et al., 2015; Steinhauer et al., 2018;
Bocquet and Tosi, 2022; Kim et al., 2022).

Climate change is broadly recognised as one of the largest threats to biodiversity worldwide (De La
Rua et al., 2009; Goulson et al., 2015), and has been identified as a serious menace to the survival of
cold-adapted honey bee populations (Chen et al., 2016). In fact, the rise in global temperatures has
caused habitat reduction and loss of population size for honey bees in the past (Chen et al., 2016).
While the effects of current climatic change on honey bees might not yet be as apparent, rapid
change is believed to affect seasonal activity and ranges, and disrupt the life cycles of many species,
as already observed for some wild pollinators (Gordo and Sanz, 2006; Hegland et al., 2009; Chen et
al., 2011; Kerr et al., 2015; Potts et al., 2016; Sdnchez-Bayo and Wyckhuys, 2019; Soroye et al., 2020).
Besides, significant advancement in honey bee phenology has been noted in the Mediterranean
(Gordo and Sanz, 2005; 2006).

The effects of climate change are not limited to global warming, extreme weather events; storms,
floods, and droughts are predicted to increase and are expected to have significant effects on bee

populations (Le Conte and Navajas, 2008; Goulson et al., 2015). Besides this, climate change
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promotes the spread of invasive species, pests, and pathogens which could affect honey bees (Le
Conte and Navajas, 2008; Schweiger et al., 2010; Switanek et al., 2017; Cornelissen et al., 2019).
Synergetic effects of climate change with other primary stressors (e.g. habitat loss) have also been
pointed out (Goulson et al., 2015).

A serious concern is that a changing climate will drive the occurrence of mismatches between honey
bees and plant phenology, with possible nutritional consequences (Le Conte and Navajas, 2008;
Hegland et al., 2009; Potts et al.,, 2010a; Schweiger et al., 2010; Goulson et al., 2015). A current
example of this is the mismatch between A. mellifera and one of its main plant resources on the
Iberian Peninsula, which has been accredited to increasing temperatures (Gordo and Sanz, 2005;
2006).

Similarly, climate change and agricultural intensification (which is also coupled with increased
exposure to pesticides) are causing habitat disruption and floral shifts resulting in inadequate feed
availability for bees (Decourtye et al., 2010; Di Pasquale et al., 2013; 2016; Goulson et al., 2015;
Vaudo et al., 2015; Di Marco et al., 2019; Dolezal et al., 2019; Lépez-Uribe et al., 2020; Raven et al.,
2021). The immense conversion of land into pastures and for agricultural use (with a specific trend
towards monoculture crops) is severely reducing the abundance and diversity of floral resources in
present days (Emmerson et al., 2016; Lépez-Uribe et al., 2020; Raven et al., 2021). Furthermore, the
nutritional quality of monoculture floral resources (crops) is questionable and may not be adequate
to support honey bee populations (Decourtye et al., 2010; Requier et al., 2015; Vaudo et al., 2015; Di
Pasquale et al., 2016; Filipiak et al., 2017).

Besides abundance, flower diversity has been shown to be an important factor in honey bee
nutrition as different pollen and nectar sources vary significantly in their nutritive value, e.g. protein
and mineral contents. Hence, a limited variety of flowering plants (monotonous diet) might not
provide a complete and adequately balanced diet for honey bee colonies (Keller et al., 2005; Huang,
2012; Di Pasquale et al., 2013; 2016; Goulson et al., 2015; Vaudo et al., 2015; Filipiak et al., 2017),
especially as nutritional requirements vary among casts (Brodschneider and Crailsheim, 2010; Filipiak
et al., 2017).

Inadequate nutrition has been shown to have significant effects on individual and colony health and
development, including colony size, overwintering success, lifespan, and immunity (Keller et al.,
2005a; 2005b; Naug, 2009; Alaux et al., 2010; Brodschneider and Crailsheim, 2010; Huang, 2012;
Goulson et al., 2015; Di Pasquale et al., 2016; Filipiak et al., 2017; Dolezal and Toth, 2018; Ptaszyriska
et al., 2021; Retschnig et al., 2021). Accordingly, the effects of other stressors, like pesticides and
disease are exacerbated by malnutrition (Naug, 2009; Huang, 2012; Di Pasquale et al., 2013; 2016;
Vaudo et al., 2015; Potts et al., 2016; Bocquet and Tosi, 2022; Nath et al., 2023).
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All in all, because bees face a multitude of simultaneous stressors, it is unlikely a single factor is
responsible for honey bee colony losses. Previous paragraphs illustrate the interactive and synergetic
nature of many of the honey bee stressors, with nutrition and climate playing an underlying role in
the majority of them (Le Conte and Navajas, 2008; Naug, 2009). However, the degree and outcome
of stressor interactions are hard to predict and could differ geographically (Neumann and Carreck,
2010; Goulson et al., 2015). Therefore, a better understanding of the interplay between (locally
adapted) honey bee subspecies and environmental factors, especially in this age of climate change, is
needed in order to combat colony losses in general and insure the sustainability of apiculture (Le

Conte and Navajas, 2008; Jacques et al., 2017; Switanek et al., 2017; Nath et al., 2023).

5. Selected biomarkers of honey bee health

A standardised biomarker approach for the quantification of honey bee health is of increasing
importance in the context of research efforts evaluating the large diversity of factors influencing the
unsustainable degree of colony losses seen in recent days (Lopez-Uribe et al., 2020). Monitoring of
honey bee colonies through such markers could furthermore allow for the early identification of
impacting stressors and subsequent implementation of measures preventing unnecessary losses.
Nevertheless, further efforts are necessary to recognise useful biomarkers of honey bee health,
especially across temporal (e.g. seasonal) and spatial variations (Miinch et al., 2013; Smart et al.,
2016; Alaux et al., 2017; 2018; Ricigliano et al., 2018; 2019; Kunc et al., 2019; Lépez-Uribe et al.,
2020).

As honey bee health is not solely defined by the absence of disease or increased mortality, but also
by the presence of well-nourished individuals capable of efficiently performing colony tasks and
resisting a multitude of stressors (Brodschneider and Crailsheim, 2010), honey bee health measures
of interest in the context of this dissertation are closely related to nutrition.

Nutation-related metrics reflect colony demography as a marker of colony health (Lépez-Uribe et al.,
2020). As the storage of nutrients in honey bees is task-dependent, with nutrient stores generally
decreasing with age and depletion of stores marking the onset of foraging (Amdam and Ombholt,
2002; Toth et al., 2005; Toth and robinson, 2005; Ament et al., 2010), workers’ nutrient stores serve
as a proxy for the age of onset of foraging (Lopez-Uribe et al., 2020). This is of particular importance
as the transition to the foraging stage is coupled with a drastic increase in mortality and thus dictates
lifespan (Knoll et al., 2020; see chapter two).

Measurements of size are some of the most basic and easy-to-use metrics for the evaluation of

honey bee health. Indeed, the weight and body size of worker bees are known indicators of their
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nutritional status (Brodschneider and Crailsheim, 2010; Ament et al., 2011). This is illustrated by the
fact that nutritional stress results in workers that are lighter and smaller (Kunert and Crailsheim,
1988; Hoover et al., 2006; Scofield and Mattila, 2015; Wang et al., 2016; Schilcher et al., 2022). Daly
et al. (1995) also revealed the effects of nutritional stress on adult size through the analysis of
various morphometrics. This being said, size variations between A. mellifera workers are generally
small (Kerr and Hebling, 1964; Roulston and Cane, 2000; Chole et al., 2019), making the evaluation of
nutritional status through visual inspection difficult (Scofield and Mattila, 2015).

Alternatively, the nutritional status of worker bees can be assessed through biochemical analysis, e.g.
lipid and protein concentrations (Lopez-Uribe et al., 2020). Logically, fluctuations of these nutritional
compounds are correlated to feed availability (Kunert and Crailsheim, 1988). Both lipid and protein
contents have been linked to survival in honey bees (Smart et al., 2016; Dolezal et al., 2019; Kunc et
al., 2019).

Size estimation of the fat body, the central tissue for nutrient storage (lipids and protein) in honey
bees, can also be used as a representation of their nutritional status (Toth et al., 2005; Toth and
robinson, 2005; Alaux et al., 2010; Smart et al., 2016; Koubova et al., 2021). Fat body mass has been
positively correlated with feed availability and diversity in honey bees (Alaux et al., 2010; 2017), and
young (nurse) bees to have higher fat body mass than older (forager) bees (Wilson-Rich et al., 2008).
Correspondingly, the fat body is the principal organ for the production of the nutrient storage
molecule vitellogenin (Vg) (Amdam and Omholt, 2002; Seehuus et al., 2007; Corona et al., 2007).
Vitellogenin has emerged as a dominant biomarker for honey bee health and nutrition (Alaux et al.,
2011; 2017; Smart et al., 2016; Ricigliano et al., 2018; 2019; 2021; Wegener et al., 2018; Kunc et al.,
2019; Lépez-Uribe et al., 2020; Koubova et al., 2021; Sarioglu-Bozkurt et al., 2022) and Vg-levels have
been linked with performance, phenology, immunity, and overwintering success in honey bees
(Smart et al., 2016; Alaux et al., 2017; Ricigliano et al., 2018; 2019; Kunc et al., 2019). Moreover,
accumulation of this glycolipoprotein has been accredited to cause longevity in both queen and
winter bees (Amdam and Ombholt, 2002; Amdam et al., 2004; 2005; Seehuus et al., 2006; Corona et
al., 2007; Nelson et al.,, 2007; Minch et al., 2013), therefore serving as a biomarker for aging
(Koubova et al., 2021).

As nutrient storage in adult honey bees is predominantly accomplished through the accumulation of
Vg specifically (Amdam and Omholt, 2002), body (and fat body) mass can be considered a reflection
of fluctuations in the amount of this molecule (Ricigliano et al., 2019). A positive link between
abdominal lipid and Vg contents has also been pointed out (Wegener et al., 2018).

Lastly, hypopharyngeal gland (HPG) size and protein content have been identified as markers

reflecting the nutritional status of worker bees (Sagili et al., 2007; Degrandi-hoffman et al., 2010;
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Alaux et al., 2011; Di Pasquale et al., 2013; Smart et al., 2016). These paired acinous glands in the
head of bees produce royal jelly (brood food) from Vg (Amdam and Ombholt, 2002; Amdam et al.,
2003; Seehuus et al., 2007) and are therefore well developed in nurse and degraded in forager bees
(Amdam and Ombholt, 2002; Doke et al., 2015; Ali et al., 2019). Additionally, Vg-titers have been
correlated to the size of HPG of workers (Fluri et al., 1982) and variations in Vg-contents of the HPGs
of nurse Vs. forager bees to correspond to nutritional aspects of task-related demography (Seehuus
et al., 2007). Cessation of brood rearing in winter furthermore results in HPG hypertrophy in winter
bees which has led to the hypothesis these glands might serve a nutrient storage function similar to
that of the fat body (Fluri et al., 1982; Crailsheim, 1990; Amdam and Omholt, 2002; Mattila and Otis,
2007; Degrandi-hoffman et al., 2010).

To conclude, it is worth mentioning that, given the significant (physiological) differences in nutritional
status between worker bees of different biological age and seasonality (Knoll et al., 2020: see chapter
two), variation in nutrition-related metrics should be interpreted taking demography and seasonality
of samples into account (Lépez-Uribe et al., 2020). For this reason, selective (uniform age) or at least
separate sampling of nurse and forager bees is recommended (Ricigliano et al., 2019; Lépez-Uribe et

al., 2020).

References

Aizen, M.A., Garibaldi, L.A., Cunningham, S.A., Klein, A.M., 2009. How much does agriculture
depend on pollinators? Lessons from long-term trends in crop production. Annals of botany, 103 (9),

1579-1588.

Aizen, M.A., Garibaldi, L.A., Harder, L.D., 2022. Myth and reality of a global crisis for agricultural

pollination. Ecologia Austral 32.

Alaux, C., Allier, F., Decourtye, A., Odoux, J. F.,, Tamic, T., Chabirand, M., ..., Henry, M., 2017. A
‘Landscape physiology’approach for assessing bee health highlights the benefits of floral landscape

enrichment and semi-natural habitats. Sci.Rep. 7 (1), 1-10.

Alaux, C., Dantec, C., Parrinello, H., Le Conte, Y., 2011. Nutrigenomics in honey bees: digital gene
expression analysis of pollen's nutritive effects on healthy and varroa-parasitized bees. BMC

genomics 12 (1), 1-14.

Alaux, C., Ducloz, F, Crauser, D., Le Conte, Y., 2010. Diet effects on honeybee

immunocompetence. Biol. Lett. 6 (4), 562-565.

11



360
361

362
363
364

365
366

367
368
369

370
371

372
373
374

375
376
377

378
379

380
381
382

383

384
385

386
387

388
389
390

Alaux, C., Soubeyrand, S., Prado, A., Peruzzi, M., Maisonnasse, A., Vallon, J., ..., Le Conte, Y., 2018.
Measuring biological age to assess colony demographics in honeybees. PLoS One. 13 (12), e0209192.

Ali, H., Algarni, A.S., Igbal, J., Owayss, A.A., Raweh, H.S., Smith, B.H., 2019. Effect of season and
behavioral activity on the hypopharyngeal glands of three honey bee Apis mellifera L. races under

stressful climatic conditions of central Saudi Arabia. J. Hym. Res., 68, 85—-101.

Amdam, G.V., Norberg, K., Hagen, A., Omholt, S.W., 2003. Social exploitation of vitellogenin. Proc.
Natl. Acad. Sci. 100 (4), 1799-1802.

Amdam, G.V., Norberg, K., Omholt, S.W., Kryger, P., Lourenco, A.P., Bitondi, M.M.G., Simoes, Z.L.P,,
2005. Higher vitellogenin concentrations in honey bee workers may be an adaptation to life in

temperate climates. Insect. Soc. 52 (4), 316—319.

Amdam, G.V.,, Omholt, S.W., 2002. The regulatory anatomy of honeybee lifespan. J. Theor. Biol.
216 (2), 209-228.

Amdam, G.V., Simdes, Z.L., Hagen, A., Norberg, K., Schrgder, K., Mikkelsen, @., ..., Omholt, S.W.,
2004. Hormonal control of the yolk precursor vitellogenin regulates immune function and longevity

in honeybees. Exp. Gerontol. 39 (5), 767-773.

Ament, S.A,, Chan, Q.W., Wheeler, M.M., Nixon, S.E., Johnson, S.P., Rodriguez-Zas, S.L., ...,
Robinson, G.E., 2011. Mechanisms of stable lipid loss in a social insect. J. Exp. Biol. 214 (22), 3808—
3821.

Ament, S.A., Wang, Y., Robinson, G.E., 2010. Nutritional regulation of division of labor in honey

bees: toward a systems biology perspective. Wiley Interdiscip. Rev. Syst. Biol. Med. 2 (5), 566—-576.

Aurell, D., Bruckner, S., Wilson, M., Steinhauer, N., Williams, G. United States Honey Bee Colony
Losses 2021-2022: Preliminary Results from the Bee Informed Partnership Embargoed until

Thursday, July 28th, 2022, 12.00 PM Noon EST.
Bocquet, M., Tosi, S., 2022. A new COLOSS task force: Bee nutrition. Bee World 99 (1), 35-36.

Brodschneider, R., Crailsheim, K., 2010. Nutrition and health in honey bees. Apidologie 41 (3),
278-294.

Brodschneider, R., Gray, A., COLOSS Monitoring Core Project#, 2022. How COLOSS monitoring and

research on lost honey bee colonies can support colony survival. Bee World 99 (1), 8-10.

Bruckner, S., Wilson, M., Aurell, D., Rennich, K., vanEngelsdorp, D., Steinhauer, N., Williams, G.R.,
2022. A national survey of managed honey bee colony losses in the USA: results from the Bee

Informed Partnership for 2017-18, 2018-19, and 2019-20. J. Apicult. Res. 1-15.

12



391
392
393

394
395

396
397
398

399
400

401
402
403

404
405

406

407
408

409
410
411

412
413
414

415
416

417
418

419
420
421

Blchler, R., Costa, C., Hatjina, F., Andonov, S., Meixner, M.D., Conte, Y.L, ..., Wilde, J., 2014. The
influence of genetic origin and its interaction with environmental effects on the survival of Apis

mellifera L. colonies in Europe. J. Apicult. Res. 53 (2), 205-214.

Chen, I.C., Hill, J.K., Ohlemidiller, R., Roy, D.B., Thomas, C.D., 2011. Rapid range shifts of species
associated with high levels of climate warming. Science 333 (6045), 1024-1026.

Chen, C, Liu, Z., Pan, Q., Chen, X., Wang, H., Guo, H., ..., Shi, W., 2016. Genomic analyses reveal
demographic history and temperate adaptation of the newly discovered honey bee subspecies Apis

mellifera sinisxinyuan n. ssp. Mol. Biol. Evol. 33 (5), 1337-1348.

Chole, H., Woodard, S.H., Bloch, G., 2019. Body size variation in bees: regulation, mechanisms,

and relationship to social organization. Curr. Opin. Insect. Sci. 35, 77-87.

Corona, M., Velarde, R.A., Remolina, S., Moran-Lauter, A., Wang, Y., Hughes, K.A., Robinson, G.E.,
2007. Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee longevity. Proc. Natl.

Acad. Sci. 104 (17), 7128-7133.

Cornelissen, B., Neumann, P., Schweiger, O., 2019. Global warming promotes biological invasion

of a honey bee pest. Glob. change biol. 25 (11), 3642—-3655.
Crailsheim, K., 1990. The protein balance of the honey bee worker. Apidologie 21 (5), 417-429.

Cridland, J.M., Tsutsui, N.D., Ramirez, S.R., 2017. The complex demographic history and

evolutionary origin of the western honey bee, Apis mellifera. Genome Biol. Evol. 9 (2), 457-472.

Dall'Olio, R., Marino, A., Lodesani, M., Moritz, R.F., 2007. Genetic characterization of Italian
honeybees, Apis mellifera ligustica, based on microsatellite DNA polymorphisms. Apidologie 38 (2),

207-217.

Daly, H.V., Danka, R.G., Hoelmer, K., Rinderer, T.E., Buco, S.M., 1995. Honey bee morphometrics:
linearity of variables with respect to body size and classification tested with European worker bees

reared by varying ratios of nurse bees. J. Apic. Res. 34 (3), 129-145.

De la Rua, P., Jaffé, R., Dall'Olio, R., Mufioz, I., Serrano, J., 2009. Biodiversity, conservation and

current threats to European honeybees. Apidologie 40 (3), 263-284.

Decourtye, A., Mader, E., Desneux, N., 2010. Landscape enhancement of floral resources for

honey bees in agro-ecosystems. Apidologie 41 (3), 264-277.

DeGrandi-Hoffman, G., Chen, Y., Huang, E., Huang, M.H., 2010. The effect of diet on protein
concentration, hypopharyngeal gland development and virus load in worker honey bees (Apis

mellifera L.). J. Insect. Physiol. 56 (9), 1184-1191.

13



422
423
424

425
426
427

428
429
430

431
432

433
434
435

436
437

438
439

440
441
442

443
444

445
446
447

448
449
450
451

Di Marco, M., Harwood, T.D., Hoskins, A.J., Ware, C., Hill, S.L., Ferrier, S., 2019. Projecting impacts
of global climate and land-use scenarios on plant biodiversity using compositional-turnover

modelling. Glob. Change Biol. 25 (8), 2763-2778.

Di Pasquale, G., Alaux, C., Le Conte, Y., Odoux, J.F., Pioz, M., Vaissiere, B. E., ..., Decourtye, A,
2016. Variations in the availability of pollen resources affect honey bee health. PloS One 11 (9),

e0162818.

Di Pasquale, G., Salignon, M., Le Conte, Y., Belzunces, L.P., Decourtye, A., Kretzschmar, A, ...,
Alaux, C., 2013. Influence of pollen nutrition on honey bee health: do pollen quality and diversity

matter?. PloS One 8 (8), e72016.

Doke, M.A., Frazier, M., Grozinger, C.M., 2015. Overwintering honey bees: biology and

management. Curr. Opin. Insect Sci. 10, 185-193.

Dolezal, A.G., St. Clair, A.L., Zhang, G., Toth, A.L.,, O’'Neal, M.E., 2019. Native habitat mitigates
feast—famine conditions faced by honey bees in an agricultural landscape. Proc. Natl. Acad. Sci. 116

(50), 25147-25155.

Dolezal, A.G., Toth, A.L., 2018. Feedbacks between nutrition and disease in honey bee health.
Curr. Opin. insect Sci. 26, 114-119.

Ellis, J.D., Evans, J.D., Pettis, J., 2010. Colony losses, managed colony population decline, and

Colony Collapse Disorder in the United States. J. Apic. Res. 49 (1), 134-136.

Emmerson, M., Morales, M.B., Ofiate, J.J., Batary, P., Berendse, F., Liira, J., ..., Bengtsson, J., 2016.
How agricultural intensification affects biodiversity and ecosystem services. Adv. Ecol. Res. 55, 43—

97.

Engel, M.S., 1999. The taxonomy of recent and fossil honey bees (Hymenoptera: Apidae; Apis). J.
Hym. Res. 8 (2), 165-196.

Espregueira Themudo, G., Rey-Iglesia, A., Robles Tascon, L., Bruun Jensen, A., da Fonseca, R. R,,
Campos, P.F., 2020. Declining genetic diversity of European honeybees along the twentieth century.

Sci. Rep. 10 (1), 1-12.

Filipiak, M., Kuszewska, K., Asselman, M., Denisow, B., Stawiarz, E., Woyciechowski, M., Weiner,
J., 2017. Ecological stoichiometry of the honeybee: Pollen diversity and adequate species
composition are needed to mitigate limitations imposed on the growth and development of bees by

pollen quality. PLoS One 12(8), e0183236.

14



452
453
454

455
456

457
458

459
460

461
462

463
464
465

466
467

468
469
470
471

472
473

474
475

476
477
478

479
480

481
482

Fluri, P., Lischer, M., Wille, H., Gerig, L., 1982. Changes in weight of the pharyngeal gland and
haemolymph titres of juvenile hormone, protein and vitellogenin in worker honey bees. J. Insect

Physiol. 28 (1), 61-68.

Food and Agriculture Organization of the United Nations, 2020. Beehive products.
https://www.fao.org/3/ca8049en/CA8049EN.pdf

Franck, P., Garnery, L., Celebrano, G., Solignac, M., Cornuet, J.M., 2000. Hybrid origins of
honeybees from Italy (Apis mellifera ligustica) and Sicily (A. m. sicula). Mol. Ecol. 9 (7), 907-921.

Gallai, N., Salles, J.M., Settele, J., Vaissiére, B.E., 2009. Economic valuation of the vulnerability of

world agriculture confronted with pollinator decline. Ecol. Econom. 68 (3), 810-821.

Gordo, 0., Sanz, J.J., 2005. Phenology and climate change: a long-term study in a Mediterranean

locality. Oecologia 146, 484—495.

Gordo, 0., Sanz, J.J., 2006. Temporal trends in phenology of the honey bee Apis mellifera (L.) and
the small white Pieris rapae (L.) in the lberian Peninsula (1952—-2004). Ecol. Entomol. 31 (3), 261—-
268.

Goulson, D., Nicholls, E., Botias, C., Rotheray, E.L., 2015. Bee declines driven by combined stress

from parasites, pesticides, and lack of flowers. Science 347 (6229), 1255957.

Gray, A., Adjlane, N., Arab, A,, Ballis, A., Brusbardis, V., Bugeja Douglas, A, ..., Brodschneider, R.,
2023. Honey bee colony loss rates in 37 countries using the COLOSS survey for winter 2019-2020:
the combined effects of operation size, migration and queen replacement. J. Apicul. Res. 62 (2), 204—

210.

Gupta, R.K., 2014a. Taxonomy and distribution of different honeybee species. In Beekeeping for

poverty alleviation and livelihood security (pp. 63-103). Springer, Dordrecht.

Gupta, R.K., 2014b. Technological innovations and emerging issues in beekeeping. In Beekeeping

for poverty alleviation and livelihood security (pp. 507-554). Springer, Dordrecht.

Gupta, R.K., Glenn, T., Glenn, S., 2014a. Genetics and selection of bees: Breeding for healthy and
vigorous honeybees. In Beekeeping for Poverty Alleviation and Livelihood Security (pp. 247-280).

Springer, Dordrecht.

Gupta, R.K., Khan, M.S., Srivastava, R.M., Goswami, V., 2014b. History of beekeeping in developing

world. In Beekeeping for poverty alleviation and livelihood security (pp. 3—62). Springer, Dordrecht.

Halvorson, K., Baumung, R., Leroy, G., Chen, C., Boettcher, P., 2021. Protection of honeybees and

other pollinators: one global study. Apidologie 52, 535-547.

15


https://www.fao.org/3/ca8049en/CA8049EN.pdf

483
484

485
486

487
488

489
490

491
492
493

494
495
496
497

498
499
500

501
502
503

504
505

506
507

508
509

510
511

512
513

Han, F., Wallberg, A., Webster, M.T., 2012. From where did the W estern honeybee (A pis
mellifera) originate?. Ecol. Evol. 2 (8), 1949-1957.

Hegland, S.J., Nielsen, A., Lazaro, A., Bjerknes, A.L., Totland, @., 2009. How does climate warming

affect plant-pollinator interactions?. Ecol. Lett. 12 (2), 184-195.

Hoover, S.E., Higo, H.A., Winston, M.L., 2006. Worker honey bee ovary development: seasonal

variation and the influence of larval and adult nutrition. J. Comp. Physiol. B. 176, 55-63.

Huang, Z., 2012. Pollen nutrition affects honey bee stress resistance. Terr. Arthropod Rev. 5 (2),

175-189.

Insolia, L., Molinari, R., Rogers, S.R., Williams, G.R., Chiaromonte, F., Calovi, M., 2022. Honey bee
colony loss linked to parasites, pesticides and extreme weather across the United States. Sci. Rep.

12 (1), 20787.

IPBES., 2019. Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. E. S. Brondizio, J.
Seele, S. Diaz and H. T. Ngo (eds.). Secretariat of the Intergovernmental Science-Policy Platform,

Bonn, Germany. h ps://doi.org/10.5281/zenodo.3831673.

Jacques, A., Laurent, M., Epilobee Consortium, Ribiére-Chabert, M., Saussac, M., Bougeard, S., ...,
Chauzat, M.P., 2017. A pan-European epidemiological study reveals honey bee colony survival

depends on beekeeper education and disease control. PLoS One 12 (3), e0172591.

Jensen, A.B., Palmer, K.A., Boomsma, J.J., Pedersen, B.V., 2005. Varying degrees of Apis mellifera
ligustica introgression in protected populations of the black honeybee, Apis mellifera mellifera, in

northwest Europe. Mol. Ecol. 14 (1), 93—-106.

Keller, 1., Fluri, P., Imdorf, A., 2005a. Pollen nutrition and colony development in honey bees: part

1. Bee world 86 (1), 3-10.

Keller, 1., Fluri, P., Imdorf, A., 2005b. Pollen nutrition and colony development in honey bees—

Part Il. Bee World 86(2), 27-34.

Kerr, W.E., Hebling, N.J., 1964. Influence of the weight of worker bees on division of labor.

Evolution, 267-270.

Kerr, J.T., Pindar, A., Galpern, P., Packer, L., Potts, S.G., Roberts, S.M., ..., Pantoja, A., 2015.

Climate change impacts on bumblebees converge across continents. Science 349 (6244), 177-180.

Kim, H.J., Seo, G.B., Ullah, Z.,, Kwon, HW., 2022. Nutrition for Honey Bee to Prevent Colony
Collapse. J. Apicul. 37 (4), 397-404.

16



514
515
516

517
518

519
520
521

522
523
524

525
526
527

528
529

530
531
532

533
534

535
536

537
538
539

540
541
542

Klatt, B.K., Holzschuh, A., Westphal, C., Clough, Y., Smit, I., Pawelzik, E., Tscharntke, T., 2014. Bee
pollination improves crop quality, shelf life and commercial value. Proceedings of the Royal Society

B: Biol. Sci. 281 (1775), 20132440.

Klein, A.M., Boreux, V., Fornoff, F., Mupepele, A.C., Pufal, G., 2018. Relevance of wild and

managed bees for human well-being. Curr. Opin. Insect Sci. 26, 82—-88.

Klein, A.M., Vaissiére, B.E., Cane, J.H., Steffan-Dewenter, |., Cunningham, S.A., Kremen, C,,
Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world crops. Proc. Royal

Soc. B: biol. Sci. 274 (1608), 303-313.

Knoll, S., Pinna, W., Varcasia, A., Scala, A., Cappai, M.G., 2020. The honey bee (Apis mellifera L.,
1758) and the seasonal adaptation of productions. Highlights on summer to winter transition and

back to summer metabolic activity. A review. Livest. Sci. 235, 104011.

Koubova, J., Sdbova, M., Brejcha, M., Kodrik, D., Capkova Frydrychovd, R., 2021. Seasonality in
telomerase activity in relation to cell size, DNA replication, and nutrients in the fat body of Apis

mellifera. Sci. Rep. 11 (1), 1-11.

Kovac, H., Kafer, H., Stabentheiner, A., Costa, C., 2014. Metabolism and upper thermal limits of

Apis mellifera carnica and A. m. ligustica. Apidologie 45, 664—677.

Kunc, M., Dobes, P, Hurychova, J., Vojtek, L., Poiani, S. B., Danihlik, J., ... Hyrsl, P., 2019. The year
of the honey bee (Apis mellifera L.) with respect to its physiology and immunity: A search for

biochemical markers of longevity. Insects 10 (8), 244.

Kunert, K., Crailsheim, K., 1988. Seasonal changes in carbohydrate, lipid and protein content in

emerging worker honeybees and their mortality. J. of Apic. Res. 27 (1), 13-21.

Le Conte, Y., Navajas, M., 2008. Climate change: impact on honey bee populations and diseases.

Rev. Sci. Tech.-Off. Internat. Epiz. 27 (2), 499-510.

Leonhardt, S.D., Gallai, N., Garibaldi, L.A., Kuhlmann, M., Klein, A.M., 2013. Economic gain,
stability of pollination and bee diversity decrease from southern to northern Europe. Basic Appl.

Ecol. 14 (6), 461-471.

Lépez-Uribe, M.M., Ricigliano, V.A., Simone-Finstrom, M., 2020. Defining pollinator health: a
holistic approach based on ecological, genetic, and physiological factors. Annu. Rev. Anim. Biosci. 8,

269-294.

17



543
544
545

546
547

548
549

550
551

552

553
554

555
556

557
558

559
560

561
562

563

564
565

566
567
568

569
570

571
572

Mashilingi, S.K., Zhang, H., Garibaldi, L.A., An, J., 2022. Honeybees are far too insufficient to
supply optimum pollination services in agricultural systems worldwide. Agric. Ecosyst. Envir. 335,

108003.

Mattila, H.R., Otis, G.W., 2007. Dwindling pollen resources trigger the transition to broodless

populations of long-lived honeybees each autumn. Ecol. Entomol. 32 (5), 496-505.

Meixner, M.D., Costa, C., Kryger, P., Hatjina, F., Bouga, M., lvanova, E., Blichler, R., 2010.
Conserving diversity and vitality for honey bee breeding. J. Apic. Res. 49 (1), 85-92.

Meixner, M.D., Pinto, M.A., Bouga, M., Kryger, P., lvanova, E., Fuchs, S., 2013. Standard methods

for characterising subspecies and ecotypes of Apis mellifera. J. Apic. Res. 52 (4), 1-28.
Michener, C.D., 2007. The bees of the world. Second Edition. JHU press, Baltimore.

Minch, D., lhle, K.E., Salmela, H., Amdam, G.V., 2015. Vitellogenin in the honey bee brain: atypical

localization of a reproductive protein that promotes longevity. Exp. Gerontol. 71, 103—108.

Mutinelli, F., Costa, C., Lodesani, M., Baggio, A., Medrzycki, P., Formato, G., Porrini, C., 2010.

Honey bee colony losses in Italy. J. Apic. Res. 49 (1), 119-120.

Nath, R., Singh, H., Mukherjee, S., 2023. Insect pollinators decline: an emerging concern of

Anthropocene epoch. J. Apic. Res. 62 (1), 23-38.

Naug, D., 2009. Nutritional stress due to habitat loss may explain recent honeybee colony

collapses. Biol. Conserv. 142 (10), 2369-2372.

Nelson, C.M., lhle, K.E., Fondrk, M.K., Page Jr, R.E., Amdam, G.V., 2007. The gene vitellogenin has

multiple coordinating effects on social organization. Plos biology 5 (3), €62.
Neumann, P., Carreck, N.L., 2010. Honey bee colony losses. J. Apic. Res. 49 (1), 1-6.

Nifio, E.L., Jasper, W.C., 2015. Improving the future of honey bee breeding programs by

employing recent scientific advances. Curr. Opin. Insect Sci. 10, 163-169.

Osterman, J., Aizen, M.A., Biesmeijer, J.C., Bosch, J., Howlett, B.G., Inouye, D.W.,, ..., Paxton, R.J.
2021. Global trends in the number and diversity of managed pollinator species. Agricu. Ecosyst.

Envir. 322, 107653.

Patel, V., Pauli, N., Biggs, E., Barbour, L., Boruff, B., 2021. Why bees are critical for achieving

sustainable development. Ambio 50, 49-59.

Phiri, B.J., Fevre, D., Hidano, A., 2022. Uptrend in global managed honey bee colonies and
production based on a six-decade viewpoint, 1961-2017. Sci. Rep. 12 (1), 21298.

18



573
574
575

576
577

578
579
580

581
582

583
584
585
586

587
588

589
590
5901

592
593

594
595
596

597
598

599
600
601

Porrini, C., Mutinelli, F., Bortolotti, L., Granato, A., Laurenson, L., Roberts, K., ..., Lodesani, M.,
2016. The status of honey bee health in Italy: Results from the nationwide bee monitoring network.

PLoS One 11 (5), e0155411.

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010a. Global

pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25(6), 345—-353.

Potts, S.G., Imperatriz-Fonseca, V., Ngo, H.T., Aizen, M.A., Biesmeijer, J.C., Breeze, T.D,, ...,
Vanbergen, A.J., 2016. Safeguarding pollinators and their values to human well-being. Nature

540(7632), 220-229.

Potts, S.G., Roberts, S.P., Dean, R., Marris, G., Brown, M.A., Jones, R., ..., Settele, J., 2010b.

Declines of managed honey bees and beekeepers in Europe. J. Apic. Res. 49 (1), 15-22.

Ptaszynska, A.A., Latoch, P., Hurd, P.J., Polaszek, A., Michalska-Madej, J., Grochowalski, t., ...,
Starosta, A.L., 2021. Amplicon sequencing of variable 16s rRNA from bacteria and ITS2 regions from
fungi and plants, reveals honeybee susceptibility to diseases results from their forage availability

under anthropogenic landscapes. Pathogens 10 (3), 381.

Raven, P.H., Wagner, D.L., 2021. Agricultural intensification and climate change are rapidly

decreasing insect biodiversity. Proc. Nat. Acad. Sci. 118 (2), e2002548117.

Retschnig, G., Rich, J., Crailsheim, K., Pfister, J., Perreten, V., Neumann, P., 2021. You are what
you eat: relative importance of diet, gut microbiota and nestmates for honey bee, Apis mellifera,

worker health. Apidologie 52, 632—646.

Requier, F., Garnery, L., Kohl, P.L., Njovu, H. K., Pirk, C.W., Crewe, R.M., Steffan-Dewenter, I.,

2019. The conservation of native honey bees is crucial. Trends Ecol. Evol. 34 (9), 789-798.

Requier, F., Odoux, J. F., Tamic, T., Moreau, N., Henry, M., Decourtye, A., Bretagnolle, V., 2015.
Honey bee diet in intensive farmland habitats reveals an unexpectedly high flower richness and a

major role of weeds. Ecol. Appl. 25 (4), 881-890.

Ricigliano, V.A., lhle, K.E., Williams, S.T., 2021. Nutrigenetic comparison of two Varroa-resistant

honey bee stocks fed pollen and spirulina microalgae. Apidologie 52 (4), 873-886.

Ricigliano, V.A., Mott, B.M., Floyd, A.S., Copeland, D.C., Carroll, M.J., Anderson, K.E., 2018. Honey
bees overwintering in a southern climate: longitudinal effects of nutrition and queen age on colony-

level molecular physiology and performance. Sci. Rep. 8 (1), 1-11.

19



602
603
604

605
606

607

608
609

610
611

612
613
614
615

616
617
618

619
620
621

622
623

624
625
626

627
628
629

630
631

Ricigliano, V.A., Mott, B.M., Maes, PW., Floyd, A.S., Fitz, W., Copeland, D.C., ..., Anderson, K.E.,
2019. Honey bee colony performance and health are enhanced by apiary proximity to US

Conservation Reserve Program (CRP) lands. Sci. Rep. 9 (1), 1-11.

Roulston, T.A.H., Cane, J.H., 2000. The effect of diet breadth and nesting ecology on body size

variation in bees (Apiformes). J. Kansas Entomol. Soc. 129-142.
Ruttner F., 1988. Biogeography and taxonomy of honeybees. Springer-Verlag, New-York.

Sagili, R.R., Pankiw, T., 2007. Effects of protein-constrained brood food on honey bee (Apis

mellifera L.) pollen foraging and colony growth. Behav. Ecol. Sociobiol. 61, 1471-1478.

Sdnchez-Bayo, F., Wyckhuys, K.A., 2019. Worldwide decline of the entomofauna: A review of its
drivers. Biol. Conserv. 232, 8-27.

Sarioglu-Bozkurt, A., Topal, E., Giines, N., Uges, E., Cornea-Cipcigan, M., Coskun, I., ..., Margdoan,
R., 2022. Changes in vitellogenin (Vg) and stress protein (HSP 70) in honey bee (Apis mellifera
anatoliaca) groups under different diets linked with physico-chemical, antioxidant and fatty and

amino acid profiles. Insects 13 (11), 985.

Schilcher, F., Hilsmann, L., Ankenbrand, M.J., Krischke, M., Mueller, M.J., Steffan-Dewenter, |.,
Scheiner, R., 2022. Honeybees are buffered against undernourishment during larval stages. Front.

Insect Sci. 2, 951317.

Schweiger, O., Biesmeijer, J. C., Bommarco, R., Hickler, T., Hulme, P.E., Klotz, S., ...,Settele, J.,
2010. Multiple stressors on biotic interactions: how climate change and alien species interact to

affect pollination. Biol. Rev. 85 (4), 777-795.

Scofield, H.N., Mattila, H.R., 2015. Honey bee workers that are pollen stressed as larvae become

poor foragers and waggle dancers as adults. Plos One 10 (4), e0121731.

Seehuus, S.C., Norberg, K., Gimsa, U., Krekling, T., Amdam, G.V., 2006. Reproductive protein
protects functionally sterile honey bee workers from oxidative stress. Proc. Nat. Acad. Sci. 103 (4),

962-967.

Seehuus, S.C., Norberg, K., Krekling, T., Fondrk, K., Amdam, G.V., 2007. Immunogold localization of
vitellogenin in the ovaries, hypopharyngeal glands and head fat bodies of honeybee workers, apis

mellifera. J. Insect Sci. 7 (1), 52.

Sheppard, W.S., Meixner, M.D., 2003. Apis mellifera pomonella, a new honey bee subspecies

from Central Asia. Apidologie 34 (4), 367-375.

20



632
633
634

635
636

637
638
639

640
641

642
643
644

645
646

647
648

649
650

651
652

653
654

655
656
657

658
659
660

Smart, M., Pettis, J., Rice, N., Browning, Z., Spivak, M., 2016. Linking measures of colony and
individual honey bee health to survival among apiaries exposed to varying agricultural land use. PloS

one 11 (3), e0152685.

Soroye, P., Newbold, T., Kerr, J., 2020. Climate change contributes to widespread declines among

bumble bees across continents. Science 367 (6478), 685—-688.

Stein, K., Coulibaly, D., Stenchly, K., Goetze, D., Porembski, S., Lindner, A, ...,Linsenmair, E.K.,
2017. Bee pollination increases yield quantity and quality of cash crops in Burkina Faso, West Africa.

Sci. Rep. 7 (1), 1-10.

Steinhauer, N., Kulhanek, K., Antunez, K., Human, H., Chantawannakul, P., Chauzat, M.P., 2018.

Drivers of colony losses. Curr. Opin. Insect Sci. 26, 142-148.

Switanek, M., Crailsheim, K., Truhetz, H., Brodschneider, R., 2017. Modelling seasonal effects of
temperature and precipitation on honey bee winter mortality in a temperate climate. Sci. Total

Environ. 579, 1581-1587.

Tihelka, E., Cai, C., Pisani, D., Donoghue, P.C., 2020. Mitochondrial genomes illuminate the

evolutionary history of the Western honey bee (Apis mellifera). Sci. Rep. 10 (1), 14515.

Toth, A.L., Kantarovich, S., Meisel, A.F., Robinson, G.E., 2005. Nutritional status influ- ences

socially regulated foraging ontogeny in honey bees. J. Exp. Biol. 208 (24), 4641-4649.

Toth, A.L., Robinson, G.E., 2005. Worker nutrition and division of labour in honeybees. Anim.

Behav. 69 (2), 427-435.

vanEngelsdorp, D., Meixner, M.D., 2010. A historical review of managed honey bee populations in

Europe and the United States and the factors that may affect them. J. Invert. Pathol. 103, S80-595.

Vaudo, A.D., Tooker, J.F., Grozinger, C.M., Patch, H.M., 2015. Bee nutrition and floral resource
restoration. Curr. Opin. Insect Sci. 10, 133-141.

Vetinfo: Sistema Informativo Veterinario - Statistiche., 2022. Consistenza apicoltori e apiari
rispetto all’'ubicazione degli apiari. https://www.vetinfo.it/j6 statistiche/#/report-pbi/45 (consulted:
24/02/2023).

Wallberg, A., Han, F., Wellhagen, G., Dahle, B., Kawata, M., Haddad, N., ..., Webster, M.T., 2014. A
worldwide survey of genome sequence variation provides insight into the evolutionary history of the

honeybee Apis mellifera. Nat. Genet. 46 (10), 1081-1088.

21


https://www.vetinfo.it/j6_statistiche/index.html
https://www.vetinfo.it/j6_statistiche/#/report-pbi/45

661
662
663

664
665
666

667
668

669
670

671
672
673

674
675

676

677

678

679

680

681

682

683

684

685

686

687

688

Wang, Y., Kaftanoglu, O., Brent, C.S., Page Jr, R.E., Amdam, G.V., 2016. Starvation stress during
larval development facilitates an adaptive response in adult worker honey bees (Apis mellifera L.). J.

Exp. Biol. 219 (7), 949-959.

Wegener, J., Jakop, U., Schiller, J., Miiller, K., 2018. The membrane phospholipid composition of
honeybee (Apis mellifera) workers reflects their nutrition, fertility, and vitellogenin stores. Insectes

Soc. 65, 381-391.

Wilson-Rich, N., Dres, S.T., Starks, PT., 2008. The ontogeny of immunity: development of innate
immune strength in the honey bee (Apis mellifera). J. Insect Physiol. 54 (10-11), 1392—-1399.

Yadav, S., Kumar, Y., Jat, B.L., 2017. Honeybee: Diversity, castes and life cycle. Indust. Entomol. 5-

34.

Yunusbaev, U.B., Kaskinova, M.D., llyasov, R.A., Gaifullina, L.R., Saltykova, E.S., Nikolenko, A.G.,
2019. The role of whole-genome studies in the investigation of honey bee biology. Russ. J. Gen. 55,

815-824.

Zattara, E.E., Aizen, M.A., 2021. Worldwide occurrence records suggest a global decline in bee

species richness. One Earth 4 (1), 114-123.

22



689

690

691

692

693
694
695
696
697
698
699
700
701

702

703

704

705

706

707

708

709

710

711
712

713

714

CHAPTER 2

The seasonality of honey bee (Apis mellifera L., 1758) colonies. Highlights on

summer to winter bee transition and the mechanism behind it. A review.

Stephane Knoll?, Walter Pinna?, Antonio Varcasia®, Antonio Scala®, Maria Grazia Cappai®*

aChair of Animal Nutrition, Institute of Animal Productions, University of Sassari, via Vienna 2, 07100
Sassari, Italy

®Chair of Parasitology and Parasitic Diseases of the Department of Veterinary Medicine, University of
Sassari, via Vienna 2, 07100 Sassari, Italy

*Corresponding author. Maria Grazia Cappai. Tel.: +39 079 229444; Fax: +39 079 229445;

E-mail address: mgcappai@uniss.it

Highlights
* The honey bee (Apis mellifera L., 1758) is a peculiar production animal following a caste system.
¢ Worker honey bee tasks are linked to age and season.

e Winter bee transition is based in the regulatory mechanisms controlling juvenile hormone

metabolism and the age based division of labour of worker bees.
e Various in- and out-hive factors contribute to the regulation of honey bee seasonal transitions.

¢ Functionality of colony seasonality was reviewed in the light of the latest knowledge.
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Abstract

Beekeeping plays a key role within animal productions since millennia. Honey bee colonies consist
mainly out of worker bees which, besides based on their behavioural roles, are divided according to
seasonal appearance. In this manner, a distinction is made between classical summer bees and long-
lived winter or “diutinus” bees. Seasonal transition into their winter form allows honey bee colonies
to survive harsh winter conditions through in-hive thermoregulation and by initiating brood rearing
for the new cycle. Vitellogenin, the main bee nutritional storage molecule, is central in winter bee
physiology and accounts for the typical features associated with diutinus bees (high hemolymph and
fat body lipid and protein contents, hypertrophied hypopharyngeal glands and longevity). Overall,
transition into the winter bee state can be explained by extension of the mechanisms regulating
juvenile hormone metabolism and worker bee age-based division of labour, namely; changes in bee
nutrient stores, brood microclimate, and colony age demography. Furthermore, substantial evidence
has been produced indicating the arrival of winter bees to be strongly correlated to decreasing brood
rearing activity in fall. Subsequently, factors regulating the brood rearing pattern of honey bees can
be considered key triggers in the appearance of winter bees. In this way, the arrival of winter bees is
mainly linked to plummeting pollen supplies in fall. The effect of other triggers have either been
categorised as lesser, indirect, or their involvement remains unclear.

The current knowledge regarding the functionality of the seasonal transition of honey bee colonies
has led to the description of an elegant system controlled by a multitude of internal and external
factors. Regardless, certain aspects of this phenomenon remain unknown and especially the

transition back from winter to summer bees still represents an open question.

KEYWORDS

Fat body, Hypopharyngeal glands, Juvenile hormone, Overwintering, Vitellogenin, Winter bees
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1. Introduction

Honey bee (Apis mellifera L., 1758) colonies follow a caste system, involving different types of bees
(Figure 1), performing different tasks. Firstly, each colony holds one queen, responsible for the
reproductive activity within the hive. Secondly, honey bee colonies have a small amount of male
bees or drones. Besides that, colonies consist of a large number of sterile females called worker bees

(Seeley, 1982; Rueppell et al., 2008; Russell et al., 2013).

Scientific classification Working bee Queen Drone

Kingdom: Animalia
Phylum:  Arthropoda

Class: Insecta

Order: Hymenoptera

Family:  Apidae

Genus: Apis Sterile female Fertile female Male
Short oval abdomen  Long oval abdomen Short spheroidal abdomen
Species: Mellifera Long wings Short wings Long wings

"Spider-like" legs

Figure 1. lllustration of the different casts of Apis mellifera. The green dot on the back of the thorax is
used to identify the queen of 2019 within the colony, according to the international queen marking

colour.

Worker bees are morphologically identical but can be divided further according to their behavioural
roles. Honey bee workers show an age division of labour, where newly emerged bees tend to in-hive
tasks, like brood rearing and colony maintenance, and older worker bees tend to tasks outside the
hive, like foraging (Seeley, 1982; Huang and Robinson, 1992; 1995; 1996; Leoncini et al., 2004,
Toth et al., 2005; Rueppell et al., 2008; Russell et al., 2013; Doke et al., 2015).

Additionally, worker honey bees can be divided into two distinct groups based on seasonal
appearance; the classical summer bee and the winter bee or “diutinus”. Winter bees have been
identified within bee colonies living in temperate climates, and just like the name would suggest, this
bee-type is present during the colder months of the year (late fall until early spring) (Amdam and
Omholt, 2002; Amdam et al., 2005b; Mattila and Otis, 2007; Kunc et al., 2019). Seasonal transition
into this winter form allows honey bees, as one of the few insect species, to survive harsh winter

conditions, without entering a dormant state (Huang and Robinson, 1995; Déke et al., 2015).
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The main basis for the differentiation between the summer and winter bee type is their lifespan.
Where summer bees have an average lifespan of 25-40 days, winter bees have been shown to be
able to live for over 250 days (Mattila et al.,, 2001; Amdam and Omholt, 2002; Doke et al., 2015;
Kunc et al., 2019; Yamada et al., 2019). Tasks of these long-lived winter bees include regulating in-
hive temperatures during winter and the initiation of brood rearing in winter and early spring
(Mattila et al., 2001; Mattila and Otis, 2007; Doke et al., 2015; Eyer et al., 2017; Kunc et al., 2019).
Besides the evident difference in lifespan, winter bees show pronounced physiological variations
compared to summer bees. Overall, winter bees have substantially lower juvenile hormone (JH) titers
(Huang and Robinson, 1995; Mattila and Otis, 2007; Doke et al., 2015; Kunc et al., 2019). Juvenile
hormone is mostly associated with foraging activities of summer workers and is inversely related to
in-hive activities (Huang and Robinson, 1995; Ddke et al., 2015). Second, winter bees are known to
hold hypertrophied hypopharyngeal glands (HPGs), glands which play a key function in food
production (royal jelly) for brood rearing. Next, long-lived winter bees have enlarged fat bodies due
to the heavy accumulation of nutrients (lipids and protein) (Mattila et al., 2001; Amdam and
Omholt, 2002; Mattila and Otis, 2007; Doke et al., 2015; Kunc et al., 2019). Finally, diutinus bees have
been shown to have elevated haemolymph protein levels, predominated by vitellogenin (Vg)
(Amdam and Omholt, 2002; Doke et al., 2015; Van der Steen etal.,, 2015; Kuncetal., 2019), a
molecule that has been accredited for instigating longevity in queens and winter honey bees
(Amdam et al., 2009; Ricigliano et al., 2018; Kunc et al., 2019; Yamada et al., 2019).

Within a colony, transition from the summer to the winter bee state is gradual. As the seasonal cycle
progresses towards winter, the proportion of long-lived winter bees will gradually increase with each
generation (Mattila etal.,, 2001; Mattila and Otis, 2007). Although the triggers influencing this
transition are not yet fully understood, it is likely that both environmental factors as well as in-hive
factors play a role in the matter (Mattilaetal.,, 2001; Amdam and Ombholt, 2002; Mattila and
Otis, 2007; Doke et al., 2015).

1.1. Annual cycle of the honey bee

In temperate climates, honey bees exhibit an annual brood rearing cycle (Mattila et al., 2001;
Doke et al., 2015). Generally, brood rearing begins mid-winter and rises until summer, following the
nectar flow. During spring, brood rearing is drastically increased before peaking. In late summer,
brood rearing slowly decreases until it (virtually) ceases in late fall (Mattila et al., 2001; Mattila and
Otis, 2007; Doke et al., 2015). This strong decrease in brood rearing has evolved as a mechanism to
conserve resources in times when foraging is not possible. Anticipation of approaching favourable

environmental conditions will spark brood rearing once more (Nilrenbergeretal.,, 2018;
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Ricigliano et al., 2018).

The high increase in colony size, following the spring rise, typically leads to swarming, where the
majority of workers leave the colony together with the queen. The swarm will venture out in search
of a new home, leaving behind a new queen with a limited number of workers who will rebuild the
old colony (Doke et al., 2015).

From the onset of spring until late fall, bee colonies deploy a large workforce dedicated to the
collection of food supplies. As long as the ambient conditions allow it, forager bees will venture out
of the hive in search of pollen and nectar. Pollen, the main protein and lipid source of honey bees
(Mattila and Otis, 2007; Di Pasquale et al., 2013; Doke et al., 2015), is collected and immediately
stored in designated cells for later consumption by young bees (Toth et al., 2005). In turn, nurse bees
will convert this protein rich meal into jelly, secreted through their HPGs as feed for the queen (for
this reason called royal), the present larvae, and other worker bees (Crailsheim, 1991; Di Pasquale
et al., 2013). Nectar, used as a general energy source by bees (Doke et al., 2015), is first collected by
foragers before being passed on to in-hive bees through trophallaxis (the exchange of liquids via
regurgitation) (Crailsheim, 1991; Leoncini et al., 2004). Following, young bees will pass the gathered
nectar between each other before it is stored and converted into honey (Toth etal.,, 2005;
Russell et al., 2013; Doke et al., 2015). Contrary to pollen, honey is often stored for a substantial
amount of time before being consumed.

As the annual cycle progresses and brood rearing decreases, hives will make preparations for winter
(Mattila and Otis, 2007; Doke et al., 2015). This period is characterized by the exile of drone bees
(Langowska and Zduniak, 2019) and the replacement of short-lived summer bees by long-lived winter
bees (Mattila et al., 2001; Mattila and Otis, 2007; Déke et al., 2015). During this phase, foraging
activities will gradually decrease as a shortening photoperiod and decreasing temperatures restrict
any activity outside the hive (Doke etal.,, 2015; Eyeretal., 2017). Furthermore, colonies are
drastically reduced in size, going from up to 70,000 individuals to an approximate colony size of
10,000-20,000 individuals in winter (Van Nerum and Buelens, 1997).

When brood rearing has come to a halt and ambient temperatures fall below 10 °C, winter bees will
form a thermoregulating cluster providing isolation and generating heat insuring colony survival
(Mattila and Otis, 2007; Doke et al., 2015; Nirenberger et al., 2018). After brood rearing has
resumed in mid-winter, the cluster will produce sufficient heat to make sure the brood area retains a
suitable temperature to assure proper development of the first generation of worker bees for the
new cycle (Doke et al., 2015). Once favourable environmental conditions return, the classical division
of labour among bees resumes and winter bees make way for newly immerging summer bees

(Mattila and Otis, 2007; Doke et al., 2015).
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1.2. Mortality and lifespan
Mortality rates of worker bees differ based on the division of labour, influencing their lifespan.

Overall, mortality of in-hive bees is low. Contrasting to this, mortality rates of foragers has been
shown to be substantially higher. Foraging exposes bees to high levels of metabolic and oxidative
stress. Besides that, predation, weather conditions, and the chance of getting lost pose additional
risks to bees venturing outside the hive (Dukas, 2008; Rueppell et al., 2008; Russell et al., 2013). The
foraging stage of honey bees lasts about one week and the mortality rate of these bees has been
estimated to exceed 15% daily (Russell et al., 2013). Because of the high death rate of foragers and
the fact that the time and energy devoted to foraging is relatively constant amongst worker bees, the
life expectancy of bees is highly influenced by the age of onset of foraging (Mattila et al., 2001;
Rueppell et al., 2008; Amdam et al., 2009; Russell et al., 2013). On average, in-hive worker bees start
foraging at about 20 days after eclosion (Russell et al., 2013), but this transition is not static in time
(Huang and Robinson, 1992; Amdam and Omholt, 2003; Leoncini et al., 2004; Toth et al.,, 2005;
Rueppell et al., 2008; Russell et al., 2013; Eyer et al., 2017). The shortest possible interval before
transition is believed to be around four days of age (Amdam and Omholt, 2003; Russell et al., 2013).
The plasticity of worker bee transformation from nurse bee to forager has been shown to be
determined by various influences, including in-hive and out-hive factors. Additionally, this transition
is believed to be mediated by one central molecule namely: JH [an insect hormone originally
identified to prevent the metamorphosis of immature insects (Williams, 1956)]. As JH titers are low
in nurse bees and gradually rise until the onset of foraging, this hormone is accredited with
regulation of the behavioural development into forager bees (Huang and Robinson, 1992; 1995;
1996; Pankiw et al., 1998; Le Conte et al., 2001; Rueppell et al., 2008; Eyer et al., 2017). Treatment of
young bees with JH will artificially induce foraging behaviour and, conversely, foragers who revert to
the nursing stage experience a drop in JH (Huang and Robinson, 1992; 1995; 1996). Additionally,
structural changes in the brain of honey bees associated with foraging has been accredited to the
effects of JH (Huang and Robinson, 1995).

The effect of JH on the division of labour among workers is (at least partly) explained through
changes in biogenic amine levels within the brain of bees (Schulzand Robinson, 2001). More
specifically, a clear association between octopamine (Op: a well-known neuromodulator)
concentrations in the antennal lobes (the primary olfactory processing centres of the brain) of
worker bees and their tasks has been found (Schulz and Robinson, 2001; Schulz et al., 2002a). Most
likely, this particular amine functions as an activator of foraging by modulation of the responsiveness

to task-related stimuli (Schulz and Robinson, 2001; Schulz et al., 2002a; 2002b). Overall, Op levels are
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low in-hive bees and elevated in foragers. Moreover, this biogenic amine seems to rise prior to the
onset of foraging and, just like for JH, experimental treatment of bees with Op induces foraging
behaviour (Schulz et al., 2002a). As treatment of worker bees with JH increases brain Op levels and
an increase in this amine causes precocious foraging regardless of JH titers, a causal role of Op in
foraging initiation can be concluded (Schulz et al., 2002b). This being said, although it is likely the rise
in JH preceding the forager transition to initiate the rise in Op, the pathways linking these two
molecules still remain unknown. Additionally, Op has been shown to increase the production of JH as
well, illustrating a more complex relationship between these two molecules (Schulz and
Robinson, 2001; Schulz et al., 2002a; 2002b).

In general, because of the age division of labour among honey bees, the lifespan of workers is
regulated to insure sufficient amounts of nutrient stores, enabling brood rearing and survival of the
colony year round (Huang and Robinson, 1992; 1996; Mattila et al., 2001; Amdam and Omholt, 2003;
Rueppell et al., 2008; Eyer et al., 2017). A general schematic representation of the central function of
JH and its interaction with different factors and molecules influencing the nurse to forage transition

is depicted in Figure 2.
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Figure 2. Schematic representation of the interaction between Juvenile Hormone (JH) Vitellogenin
(Vg) and Octopamine (Op) in the context of the nurse to forager bee transition and the different
factors influencing this transition. The nature of the interaction between each subsequent factor is

given by a green “+” or a red “-“ sign in case of positive or negative interaction respectively.

1.2.1. Regulation based on nurse nutrient stores
Firstly, the nutritional status of worker bees is associated with their behavioural roles and seems to

play a causal role in the determination of the age of onset of foraging. Overall, forager bees have
significantly lower nutrient stores compared to nurse bees. Furthermore, as the act of foraging itself
does not have a strong effect on bee nutrient stores [carbohydrates, mostly originating from
stockpiled honey, are the only fuel source used for flight activity (Neukirch, 1982; Messan et al.,
2018)] and forager bees exhibit exhausted stores from the onset of foraging, nutrient stores of nurse
bees thus diminish prior to foraging, possibly signalling the onset of foraging (Amdam and
Omholt, 2002; 2003; Toth et al., 2005; Toth and Robinson, 2005; Amdam et al., 2007; 2009).

The mechanisms behind the plasticity of nurse-to-forager transition observed in bees with variable
nutrient stores can be explained by the workings of the common insect storage molecule Vg
(Amdam and Ombholt, 2003; Toth et al., 2005; Rueppell et al., 2008; Amdam et al., 2009). Vitellogenin
is the most abundant nutrient storage molecule found in honey bees. In general, Vg synthesis and
hemolymph levels are high in nurse bees and low to non-existent in foragers (Amdam and
Ombholt, 2002; 2003; Amdam et al., 2003; 2004; Eyer et al., 2017).

The glycolipoprotein Vg is very interesting due to its interactions with JH, laying a physiological link
between brood load, the nutritive status of worker bees, and longevity. This interaction between JH
and Vg has been hypothesized as the main underlying mechanism controlling the transition between
the in-hive and foraging stage of worker bees. To this extent, high Vg levels suppress JH and therefore
impedes social foraging behaviour, inhibiting the transition to forager. Conversely, a (premature)
decrease in Vg accelerates this transition (Amdam and Omholt, 2002; 2003; Toth etal., 2005;
Guidugli et al., 2005; Amdametal., 2007; 2009; Seehuusetal.,, 2007; Miinchetal.,, 2015).
Experimental reduction of Vg in nurse bees will trigger a premature rise in JH (Guidugli et al., 2005)
and artificially decreased Vg levels were shown to initiate foraging and cause death of workers at a
younger age (Seehuus et al., 2006; Amdam et al., 2007; Nelson et al., 2007).

Furthermore, the inhibitory effect of these molecules has been shown to go both ways. High levels of
JH will inhibit the synthesis of Vg, maintaining bees in the foraging stage. This being said, the
relationship between JH and Vg has been proven to be more complicated than this as low levels of JH

do not inhibit Vg production and curiously, the presence of JH is necessary for Vg production
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(Flurietal.,, 1977; Pinto etal., 2000; Amdam and Ombholt, 2002; 2003; Amdam etal.,, 2003;
Guidugli et al., 2005).

The effects of nurse nutrient stores on the lifespan of worker bees is believed to be (at least partly)
induced by the general impacts of brood rearing (Amdam and Omholt, 2002; Amdam et al., 2009;
Smedal et al., 2009). Nursing has been shown to substantially affect Vg levels in worker bees and an
inverse relationship between brood load and Vg levels has been illustrated (Amdam et al., 2009;
Van der Steen et al., 2015). Additionally, when colonies are artificially made broodless, Vg levels
increase (Amdam et al., 2009; Smedal et al., 2009; Van der Steen et al., 2015; Eyer et al., 2017). Thus,
when the nurse load is high, Vg nurse levels will drop, giving rise to JH, accelerating the transition to
the forager stage and decreasing the lifespan of worker bees (Amdam and Omholt, 2002;
Amdam et al., 2009). This inverse relationship between Vg levels and nurse load is a logical one as
intrinsic Vg is utilized as a precursor molecule in the production of jelly by nurse bees (Amdam and
Omholt, 2002; Amdam et al., 2003; Ricigliano et al., 2018). Additionally, pheromones produced by
brood have been shown to impede the Vg storage capacity of older bees offering an added
explanation for the nutrient reducing effects of brood rearing (Smedal et al., 2009).

This being said, general starvation of a hive will cause premature onset of foraging, illustrating the
accelerated nurse-to-forager transition mechanism to lie within the overall amount of nutrient stores
of the bees, and not solely the intensity of brood rearing (Schulz etal.,, 1998). Moreover, as
starvation has been shown to causes an increase in Op in invertebrates, it is likely the same to be
true in bees and thus worker bee nutrient stores to affect the age of onset of foraging through this

particular pathway (Toth and Robinson, 2005).

1.2.2. Regulation based on brood microclimate
It can be argued that the longevity reducing effect of the brood load is (additionally) explained by an

alternative mechanism involving what is called the brood microclimate (Mattilaetal.,, 2001;
Mattila and Otis, 2007; Doke etal., 2015). Honey bee larva require a specific microclimate
environment for optimal development and growth and worker bees are, consequently, very precise
in maintaining these conditions (Nirenberger et al., 2018). As a result, the brood core within a hive
has a constant temperature of 35 °C and 1.5% CO, (Mattila et al., 2001; Doke et al., 2015). Immersion
within this specific microclimate triggers JH to rise within worker bees. Thus, when brood rearing is
high, the brood core grows and an elevated number of worker bees will find themselves within this
microclimate, causing their JH levels to rise, possibly accelerating their switch to forager bees.
Regardless, the effects of this mechanism have so far been poorly investigated and its workings

mostly used as a possible explanation regarding the contrary; the increased longevity of workers
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emerging at times of decreased brood load (Mattila et al., 2001; Mattila and Otis, 2007; Doke et al.,
2015).

1.2.3. Regulation based on colony age demography
Finally, the age at which bees start foraging is controlled by a pheromone-mediated system of social

inhibition and modulation responding to changes in colony age demography. The workings of this
system are intended to assure an adequate proportion of each worker bee caste within a colony. So
far, three forms of social modulation have been recognized within honey bee colonies; worker-
worker interaction, brood pheromone, and queen pheromone (Huang and Robinson, 1992; 1996;
Pankiw et al., 1998; Le Conte et al., 2001; Leoncini et al., 2004; Toth et al., 2005; Russell et al., 2013;
Eyer et al., 2017).

Worker-worker interaction is mostly defined by the inhibitory effect of foragers on young bees. Adult
honey bees produce a pheromone called ethyl oleate. The production of this pheromone increases
with age and is substantially higher in foragers. Subsequently, ethyl oleate is passed from foragers to
the in-hive bee population through trophallaxis together with collected nectar (Leoncini et al., 2004).
When a hive consists of an adequate amount of foragers, the strength of their pheromone signal
delays the transition of young bees to the forager stage. On the other hand, when a hive lacks in
foragers, ethyl oleate levels will drop, accelerating this transition and thus insuring a stable ratio
between in-hive and forager bees (Huangand Robinson 1992; 1996; Leoncinietal.,, 2004).
Additionally, recent research by Eyer et al. (2017) has demonstrated that the presence of young adult
bees affects worker lifespans as well. Although no underlying mechanism has yet been identified, a
reduction in longevity was recorded in the presence of young bees and the absence of brood.
Similarly, brood also influences the age of onset of foraging in worker bees. Brood pheromone, a
blend of fatty-acid esters (10 components) produced by brood has been shown to delay the
transition of young bees to the foraging stage as prominent exposure to this pheromone indicates a
high need for nursing (Le Conte et al., 2001). Contrary, Maisonnasse et al. (2010) determined E-B-
ocimene, a volatile pheromone produced by brood, to accelerate the maturation of nurse bees,
insuring sufficient pollen supplies for brood rearing.

Finally, honey bee queen mandibular pheromone has been shown to delay the transition to out-hive
bees, for less obvious reasons (Pankiw et al., 1998).

Accelerated and delayed transitions to the foraging stage due to colony age demography are
associated with premature or delayed rises in JH titers respectively (Huang and Robinson, 1992;
1995; 1996; Pankiw et al., 1998; Le Conte et al., 2001) as well as accompanied by changes in antennal
lobe Op levels (Schulz et al., 2002a).
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2. The winter bee

In northern regions, bees present from October until March are categorized as winter bees (long-
lived bees), whereas bees found during the rest of the year are labelled as summer bees (short-lived
bees). September and April can be considered transition months as most likely a balanced number of
both populations of bees is present at those times (Mattila and Otis, 2007; Doke et al., 2015;
Kunc et al., 2019). This being said, as the timescale regarding seasonal change will vary based on
geographical location, this distinction is somewhat theoretical (Fukudaand Sekiguchi, 1966;
Ricigliano et al., 2018). Additionally, formation of “winter bees” has also been shown to occur within
warmer climates where impaired environmental conditions leading to the depletion of nutrient
supplies result in a decrease in brood rearing and an increase in Vg levels among worker bees
(Amdam et al., 2005b; Doke et al., 2015; Ricigliano et al., 2018).

Overall, the formation of winter bees is an adaptive mechanism allowing honey bee colonies to
bridge unfavourable variations in temperature and food availability (Mattila et al., 2001; Mattila and
Otis, 2007; Doke et al., 2015; Nurenberger et al., 2018; Ricigliano et al., 2018). During these dire
conditions, winter bees will remain within the hive tending to colony survival (Seehuus et al., 2007).
First of all, long-lived winter bees are tasked with in-hive thermoregulation, accomplished by the
formation of a thermoregulating cluster. Herein, heat is generated by the bees at the centre of the
cluster intensively vibrating their flight muscles. By doing so, winter bees are kept from experiencing
a lethal drop in temperature, allowing the colony to outlast the cold winter months (Stabentheiner
et al., 2003; Doke et al., 2015; Nirenberger et al., 2018). During this time, bees will use honey,
stockpiled during summer, as their only energy source (Amdam etal.,, 2005b; Ddke et al., 2015;
Kunc et al., 2019). Second of all, winter bees store large amounts of lipids and protein within their
bodies, effectively transforming into a “nutrient storage caste” (Amdam and Omholt, 2002;
Amdam et al., 2003; 2005b; Ricigliano et al., 2018; Kunc et al., 2019). These stored nutrients are
conserved throughout winter and subsequently utilized to reinitiate brood rearing when the return
of favourable environmental conditions is anticipated (Miinch et al., 2013; Ricigliano et al., 2018).
Nutrient conservation is achieved by restriction of overall and metabolic activity (Van Nerum and
Buelens, 1997, Amdam and Omholt, 2002; Doke et al., 2015). The fact that winter bees all die at
approximately the same time, regardless of the time of eclosion, illustrates their specific function
regarding the initiation of brood rearing for the next cycle (Mattila et al., 2001). In general, the
winter bee population will vanish towards the end of spring once the new cycle is well on the way

(Fukuda and Sekiguchi, 1966; schulz et al., 1998; Mattila and Otis, 2007).
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Honey bee workers are able to transform into the winter physiological state under various
conditions. Modelling of this transition has revealed that not only bees deprived of any nursing or
foraging, but also bees experiencing a normal nurse load and even bees performing foraging tasks for
a short period of time to be able to undergo the switch to diutinus bees as long as they have access

to ample nutritive recourses (Amdam and Ombholt, 2002).

2.1. Vitellogenin and its central role in winter bee physiology
Vitellogenin plays a central role in winter bee physiology and is fundamental for instigating the

various features typically associated with diutinus bees, including: a) high hemolymph and fat body
lipid and protein contents; b) hypertrophied HPGs, and c) longevity (Amdam and Omholt, 2002;
Amdam et al., 2003; 2004; 2005b; Seehuus et al., 2006; Minch et al., 2013; Kunc et al., 2019).
Transformation into the “winter bee nutrient storage caste” requires the accumulation of large
amounts of lipids and protein. Conveniently, honey bees can achieve this by stockpiling one single
molecule: Vg, which is produced and stored by the fat body (Amdamand Omholt, 2002;
Amdam et al., 2005b; Toth et al., 2005; Ricigliano et al., 2018; Kunc et al., 2019). The fat body, the
central regulatory tissue for metabolism and nutrient storage within honey bees is comparable with
the liver (combined with the white adipose tissue) in vertebrates (Seehuus et al., 2007; Miinch et al.,
2013; Doke et al., 2015; Kunc et al., 2019). In bees, this organ is located in the abdomen and to a
lesser extent in the head (Seehuus et al., 2007; Minch et al., 2013).

The ability of nurse bees to conserve and build up their nutrient stores (Vg) for the coming winter
months has been hypothesized to be the result of the gross decrease in brood rearing observed in
honey bee colonies during fall (Amdam and Omholt, 2002; Amdam et al., 2005b; 2009; Mattila and
Otis, 2007; Smedal et al., 2009; Kunc et al., 2019). The protein content of the fat body of honey bee
workers increases substantially during this period (Amdam and Omholt, 2002). Furthermore, the
correlation between brood rearing and worker bee Vg titers is illustrated by the fact that overall Vg
levels within a hive follow a seasonal pattern antagonistic to that of brood rearing (Van der Steen
et al., 2015).

Overall, even though brood food and HPGs only contain a minimal amount of Vg, production of jelly
for brood rearing is believed to be a prominent pathway depleting nurse Vg stores under normal
circumstances (Amdam and Omholt, 2002; Amdam et al., 2003; 2005b; 2009; Seehuus et al., 2007).
Most likely, HPGs have an efficient processing apparatus for Vg, producing products that will
eventually make up brood food. Incidentally, Vg is mobilized from the fat body into the haemolymph
where it is shunted to the HPGs. Next, Vg is taken in and catabolized into lipids and amino acids,

which are then utilized to produce proteinaceous jelly (Amdam and Ombholt, 2002; Amdam et al.,

34


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/worker-honey-bees
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/physiological-state
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/hypopharyngeal-glands
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0003
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0008
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0004
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0046
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0032
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0022
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/honey-bees
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0004
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0051
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0039
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0022
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0047
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0032
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0032
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0012
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0022
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0047
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0032
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0004
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0007
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0028
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0028
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0049
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0022
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0053
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0053
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/jellies
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0003
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0004
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0007
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0047
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0005
https://www.sciencedirect.com/science/article/pii/S1871141319317603?casa_token=PJVxupzpMjQAAAAA:k3BirqeAolQJQxN_4sjJob_02pElxmc5MeUxnLs9nfXBF8rVzBxvX_nQZ5hGMmCTGAYL_O4W#bib0003

1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090

2003). Although this mechanism has not yet been fully proven, strong evidence exists supporting this
hypothesis (Amdam et al., 2003; Seehuus et al., 2007). Additionally, existence of such a metabolic
pathway would offer a reliable explanation for the high level of Vg synthesis, an egg-yolk precursor
protein commonly produced by oviparous female insects, in otherwise functionally sterile female
workers (Amdam and Omholt, 2002; Amdam et al., 2003; 2005b; Seehuus et al., 2007).
Hypertrophied HPGs most likely results from the same mechanism described above (Mattila et al.,
2001; Amdam and Omholt, 2002; Amdam et al., 2003; Mattila and Otis, 2007; Seehuus et al., 2007;
Doke et al., 2015; Kunc et al., 2019). This is illustrated by the fact that summer worker bees with
restricted access to brood will show such hypertrophied glands. As well, nursing reduces the overall
size and protein content of HPGs (Amdam and Ombholt, 2002). When brood rearing declines, so does
the need for jelly and thus, Vg builds up in the fat body and haemolymph of young worker bees
(Amdam et al., 2005b; Mattila and Otis, 2007; Smedal et al., 2009; Kunc et al., 2019). Presumably, Vg
will still be taken up by the HPGs (to the extent possible) and its metabolites accumulated in their
acini, substantially increasing the size of these glands. Therefore, it is plausible that, in times of
decreased brood rearing, HPGs serve a storage organ similar to the fat body. This hypothesis is
backed by the exceedingly elevated protein content of the HPGs of winter bees (Amdam and
Omholt, 2002). Additionally, the presence of prevalent HPGs is associated with low JH titers, typical
for the winter bee (and nursing) state (Huang and Robinson, 1995; 1996; Amdam et al., 20053;
Mattila and Otis, 2007; Doke et al., 2015; Kunc et al., 2019). As JH has been shown to cause HPG
atrophy (Fluri et al., 1977), consistent inferior JH levels might enable the reverse response.

The accumulation of large amounts of Vg is strongly correlated with the longevity of winter bees and
therefore considered of great importance for overwintering. This longevity extending effects of Vg
can be accredited to two separate mechanisms involving this molecule (Amdam and Ombholt, 2002;
Amdam et al., 2004; 2005b; 2009; Seehuus et al., 2006; Smedal et al., 2009; Ricigliano et al., 2018;
Kunc et al., 2019).

Vitellogenin is a well-known zinc (Zn) carrier and haemolymph Zn titers show a strong correlation to
Vg contents in bees (Amdam and Omholt, 2002; Amdam et al., 2004). As Zn is known to protect cells
against oxidative stress, haemolymph Vg titers have been hypothesized as a major component
protecting winter bees from oxidative damage and thus having lifespan-extending properties
(Amdam and Omholt, 2002; Seehuus et al., 2006). Vitellogenin has also been shown to have anti-
oxidative properties in other organisms (Amdam and Omholt, 2002) and is thought to be at least
partly responsible for instigating the lengthy lifespan of queen bees in this manner (Corona et al.,
2007).

This mechanism has further been demonstrated by Seehuus et al. (2006) who showed Vg to
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preferentially be oxidized (scavenging free radicals), acting as a protective agent against oxidizing
components. Artificial reduction of Vg in this study lead to an increase susceptibility to oxidative
stress-inducing molecules. As a clear correlation between lifespan and oxidative stress resistance has
been pointed out before, this process offers a reliable insight on the longevity extending properties
of Vg (Seehuus et al., 2006).

Next, an association between Vg titers and immune function has been demonstrated in honey bees.
In this regard, Vg enhances innate immunity, possibly supporting increased longevity in winter bees.
This association was first reported in forager bees which show a decreased cellular immunity
(reduced haemocytes or immunocytes) coupled to faded Vg stores and increased JH levels. The
impaired immunity in forager bees is the result of decreased haemolymph Zn contents as, besides
having anti-oxidative function, this element is required for normal immunocyte function. Depletion
of Vg and, consequently Zn, leads to apoptosis in immune cells among others. Cellular immunity is
central in processes like phagocytosis, encapsulation, nodulation, antibacterial activity and wound
healing and thus paramount for the overall immune function of bees (Amdam et al., 2004, 2005a).
Additionally, increased JH levels has also been accredited to cause death of immune cells in forager
bees, offering a possible added explanation for the association between reduced Vg and immune
function as these two molecules are strongly interlinked (Amdam et al., 2005a).

Then again, available literature regarding the cellular immunity of winter bees is contradictory
(Amdam and Omholt, 2003; Amdam et al., 2004; 2005a; Kunc et al., 2019). Overall, it is accepted that
cellular immunity is downregulated in bees during winter. Moreover, research on potential
biomarkers for diutinus bees revealed no significant difference in haemocyte count between summer
and winter populations (Kunc et al., 2019), contrary to previous observations (Amdam et al., 2005a).
Overall, winter bees will maintain these typical properties throughout winter, until resumption of
brood rearing (Huang and Robinson, 1995; Mattila et al., 2001; Mattila and Otis, 2007; Doke et al.,
2015; Kunc et al., 2019).

2.2. The winter bee transition
All in all, transition into the winter bee state can be explained by extension of the various

mechanisms determining worker bee life span plasticity explained above (Amdam and Omholt, 2002;
Amdam et al., 2009; Smedal et al., 2009; Doke et al., 2015; Eyer et al., 2017). Hitherto, varying
triggers have been argued to be responsible for this physiological transition, including social and
environmental cues. A schematic representation of the in- and out-hive factors believed to influence

the summer to winter bee transition is given in Figure 3.
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Figure 3. Schematic representation of the in- and out-hive factors influencing the summer to winter
bee transition. (VG= Vitellogenin). The gravity of each factor is expressed by the thickness of the

arrows.

Although the workings of this transition have not yet been unravelled to the full extent, substantial
evidence has been produced indicating the arrival of winter bees to be strongly correlated to one
factor in particular, namely the overall decrease in brood rearing activity observed in fall
(Mattila et al., 2001; Amdam and Ombholt, 2002; Mattilaand Otis, 2007, Amdam et al., 2009;
Smedal et al., 2009; Minch et al., 2013; Doke et al., 2015). The lack of brood alone has been shown
to be able to cause colonies to transition to their winter state, regardless of other (possible) triggers
like photoperiod, temperature or availability of pollen (Amdam et al., 2005b; Mattila and Otis, 2007,
Doke et al., 2015). Likewise, research has shown the lifespan of newly emerging worker bees to be
inversely correlated to the amount of brood being reared at the time of eclosion (Mattila et al., 2001;
Mattila and Otis, 2007; Amdam et al., 2009; Russell et al., 2013) and if brood rearing in fall is
artificially maintained at a high intensity, short-lived worker bees are produced (Mattila and
Otis, 2007; Eyer et al., 2017). Regardless, it is still unclear how a decrease in brood load triggers the

winter bee transition (Doke et al., 2015; Niirenberger et al., 2018).
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It is likely the effect of brood rearing on nurse bee nutrient stores to be a key factor in the winter bee
transition. As explained extensively in previous paragraphs, a decrease in colony brood rearing
results in a steep decrease in nutritional pressure for nurse bees, enabling young bees to retain their
nutritional stores. Consequently, elevated Vg levels will prevent JH titers to rise, maintaining bees in
the nursing state and extending their longevity. Further, absence of the suppression of JH prevents Vg
synthesis to be shut down, allowing these bees to further build up their nutrient stores, effectively
transforming into their winter state (Flurietal.,, 1977, Amdam and Omholt, 2002; Amdam et al.,
2003; 2005b; 2009; Mattila and Otis, 2007; Smedal et al., 2009; Kuncetal.,, 2019). In addition,
reduction in brood load concurs with a reduction in brood pheromone, likely allowing worker bees to
retain their Vg storage capacity for a prolonged period of time. This mechanism correlates well with
the established knowledge regarding the winter bee transition as prolonged elevated Vg levels would
allow continuous JH suppression (Smedal et al., 2009). Finally, the effects mediated by a reduced
brood microclimate might also play a part by keeping the JH levels of newly emerging bees in check
(Mattila et al., 2001; Mattila and Otis, 2007; Doke et al., 2015). In this regard, as the brood core
diminishes in fall, a sizable amount of worker bees will find themselves outside of this microclimate,
preventing JH to rise, delaying their transition to the foraging stage, resulting in increased longevity.
Moving forward in the winter months, this effect will continue to increase as brood rearing decreases
further, giving rise to the winter bee population (Mattila et al., 2001; Mattila and Otis, 2007).

This hormonal mechanism, determined by the brood load and brood microclimate, provides viable
explanations for the gradual, seasonal appearance of long-lived winter bees within a hive
(Mattila et al., 2001; Mattila and Otis, 2007; Amdam et al., 2009). Moreover, these hypotheses are
well fitted within the general knowledge regarding the hive dynamics of JH. Hive JH titers decrease
around October-November, dip in January and subsequently increase steeply in February-March in
correspondence with general brood rearing patterns (Huang and Robinson, 1995; Doke et al., 2015).
Next, it is noteworthy to mention that the seasonality of the brood rearing pattern of honey bees is
no coincidence, and by extension, factors regulating this pattern can be considered key triggers in the
determination of the appearance of long-lived winter bees (Mattilaetal.,, 2001; Mattila and
Otis, 2007; Russell etal.,, 2013; Doke et al., 2015; Nirenberger et al.,, 2018). In this way, the
appearance of winter bees is strongly correlated to naturally plummeting pollen supplies in fall
(Mattila and Otis, 2007; Russell et al., 2013). Predominantly, honey bee colonies do not keep large
stores of pollen (contrary to honey) (Russell etal., 2013; Wood et al., 2018) which, is the main
nutrient supply necessary for brood rearing (Pankiw et al., 1998; Keller et al., 2005; Mattila and
Otis, 2007; Doke et al., 2015; Wood et al., 2018). Therefore, at any given time, the brood rearing

capacity of a colony is directly related to the pollen availability. When pollen is plentiful, brood
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rearing in bees is high. Contrarily, when pollen supplies are scarce, brood rearing is substantially
downregulated. For this reason, honey bees exhibit an annual brood rearing cycle following seasonal
pollen availability (Keller et al., 2005; Mattila and Otis, 2007; Russell et al., 2013; Doke et al., 2015).
Furthermore, research by Mattila and Otis (2007) showed that prolonged pollen availability delays
the emergence of winter bees within a hive without affecting the total winter-bee-population size,
providing evidence this trigger to be responsible for the timing of winter bee development.
Additionally, artificial reduction of pollen availability will accelerate transition of a colony into the
winter state (Mattila and Otis, 2007). Thus, the seasonal effect of pollen availability on the brood
rearing capacity of a colony can be concluded to effectuates the bimodal annual longevity
distribution seen in honey bees and to be a primary trigger instigating the summer to winter bee
transition (Mattila and Otis, 2007; Russell et al., 2013; Doke et al., 2015; Yamada et al., 2019).
Moving on, previous research efforts have investigated the effects of climatological factors on the
arrival of winter bees as well. Hereby, focus has been put on the decrease in both ambient
temperature and photoperiod as these environmental changes typically indicate the arrival of winter.
In this regard, these external factors were identified to only be partially involved in the matter, if at
all (Mattila et al., 2001; Mattila and Otis, 2007; Doke et al., 2015). Experimental studies have not
been able to induce declines in brood rearing activities by artificially manipulating temperature and
photoperiod (within naturally occurring parameters) either separate or simultaneously (Mattila et al.,
2001; Mattila and Otis, 2007). Thus, these environmental cues alone could be dismissed as primary
triggers for the physiological development of winter bees (Mattilaetal.,, 2001; Mattila and
Otis, 2007). Most likely, the effect of these environmental cues is rather an indirect one, influencing
the pollen supply for example, which in turn affects brood rearing (Mattila and Otis, 2007).
Alternatively, decreasing ambient temperatures and photoperiod were hypothesized to possibly
influence the arrival of winter bees through the restriction of foraging activities of older bees
(Doke et al., 2015). Firstly, limiting the foraging capacity of a hive might lead to similar effects as
overall decreasing pollen supplies regardless of the presence of floral resources (Mattila and
Otis, 2007; Doke et al., 2015). Secondly, restricted out-hive activity of foragers means an increase in
time spent in-hive, influencing the pheromone balance of a colony. Consequently, young bees will be
subjected to higher amounts of negative feedback through the workings of ethyl oleate (Huang and
Robinson 1992; 1995; 1996; Leoncini et al., 2004; Doke et al., 2015). This increase in social inhibition,
just like the effects of the brood microclimate and Vg, would inhibit JH titers to rise in newly
emerging bees, allowing these to instigate transition to the winter bee state (Huangand
Robinson, 1992; 1995; 1996; Mattila et al., 2001; Doke et al., 2015). This hypothesis is supported by

the findings that the transition of young bees to the foraging stage is delayed by adverse weather
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conditions, an effect accredited to increased worker-worker interactions as foragers are impeded
from leaving the hive (Schulz et al., 1998).

Furthermore, the overall decreasing amount of brood reared in fall will also cause changes in colony
demography. Older bees will make out a larger proportion of the hive, increasing the suppression
instigated by the workings of ethyl oleate, inhibiting maturation of newly emerging bees and
increasing their longevity (Huang and Robinson, 1995; Mattila et al., 2001; Leoncini et al., 2004).

The two-tiered mechanism described above as responsible for the transition between summer and
winter bees is a very elegant one. As the shift to the winter bee state is governed by the seasonal
decrease in pollen availability rather than based on environmental cues, this transition is guaranteed
even if the timing of changing environmental factors is accelerated or delayed from year to year. In
this way, honey bee colonies can directly regulate their overall activity, regardless of varying

climatological factors (Mattila and Otis, 2007).

2.3. The summer bee transition
Compared to the winter bee transition, transition back into the summer state has been investigated

to much less extent (Doke et al., 2015; Nirenberger et al., 2018). In this case it can be argued that
the return of brood rearing activities will trigger a decline in Vg levels in winter bees, allowing for JH
titers to finally rise and take over (Huangand Robinson, 1995; Amdam and Ombholt, 2002;
Amdam et al., 2003; 2005b; 2009; Mattila and Otis, 2007; Doke et al., 2015; Kunc et al., 2019). As
brood rearing is initiated in mid-winter, no floral recourses are available for winter bees to maintain
their nutrient stores (Huang and Robinson, 1995; Mattila and Otis, 2007; Puskadija et al., 2017).
Additionally, cold ambient temperatures will most likely inhibit bees from venturing outside the hive
in any case (Huang and Robinson, 1995; Amdam and Omholt, 2002). Thus, even though the brood
load in mid-winter is most likely low and not causing extensive nutritional pressure for the winter
bees, inability to replenish nutrient stores will cause sufficient decrease in Vg titers to allow eventual
transition back into a summer type physiology.

Next, the inverse effect of that seen during the winter bee transition regarding the brood
microclimate can also apply. As brood rearing is upregulated, the brood microclimate within a hive
will grow, allowing for JH titers to rise in bees finding themselves within the brood core, initiating the
transition back to the summer physiological state (Mattila et al., 2001; Mattila and Otis, 2007;
Doke et al., 2015).

Once JH worker-levels have increased sufficiently, bees will start venturing outside the hive again in
search of pollen (Huang and Robinson 1992; 1995). This influx of pollen into the hive will in turn

promote brood rearing, boosting the transition back to summer bees (Huang and Robinson, 1995;
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Mattila and Otis, 2007; Russell et al., 2013; Doke et al., 2015; Yamada et al., 2019). Finally, as the new
generation of bees grows (and the winter population dies off), honey bee colonies will show an
abundance of young bees, with low ethyl oleate levels, promoting an accelerated transition to the
forager stage, allowing hives to return to their summer composition (Huang and Robinson 1992;
1995; 1996; Leoncini et al., 2004; Doke et al., 2015). Furthermore, an increasing amount of brood will
lead to the return of the “normal” mixture of brood pheromones which will further stabilize the
demographic distribution of honey bee colonies seen during the rest of the year (Maisonnasse et al.,
2010; Doke et al., 2015; Nirenberger et al., 2018).

This being said, very little is known regarding the timing of initiation of brood rearing in honey bee
winter colonies and what triggers are used to predict the approach of favourable reproductive
circumstances (Doke et al., 2015; Nirenberger et al., 2018). The effects of changing environmental
factors have somewhat been investigated in this regard and were shown to have some influence.
Regardless, extensive further research is needed on the matter (Doke et al., 2015; Nirenberger et al.,
2018). Overall it is accepted that changes in ambient temperature as well as changes in photoperiod
duration affect brood rearing in winter bees (Nirenbergeretal., 2018). Additionally,
Nirenberger et al. (2018) were able to demonstrate that an increase in temperature causes earlier
onset of brood rearing compared to continuous cold weather. The experiments during this research
also indicated that changes in photoperiod alone do not have a causal effect on brood rearing in
winter honey bee colonies. However, the results of this study suggest that an interplay between
these two factors might be necessary to trigger brood rearing in winter and thus photoperiod only to
have an effect in combination with increasing ambient temperatures. Finally,
Nlrenberger et al. (2018) concluded that, based on the intensity of the response to changes in
ambient temperature and photoperiod, most likely additional triggers are utilized by colonies to
determine optimal timing in brood rearing onset. Moreover, it is improbable that ambient
temperature serves as a dominant trigger for onset of brood rearing as this practice is initiated
during mid-winter, the coldest time of the year (Doke et al., 2015).

In addition to the effects of environmental cues, it would appear that bees have an internal clock
affecting the initiation of brood rearing, as an increase in brood rearing activity was found over time,
regardless of temperature and/or photoperiod (Nirenberger et al., 2018). This new finding is not
surprising given the well-established time keeping ability and behavioural rhythmicity of honey bees.
In this regard, a variety of honey bee activities, including regulation of activities on a group scale,
have been known to operate according to a circadian clock or “zeitgeber” (Moore, 2001).
Furthermore, environmental factors like temperature and photoperiod were shown to influence

zeitgeber function in honey bees (Moore, 2001), offering a potential pathway behind the effect of
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these factors in seasonal honey bee transitions.
Finally, it is noteworthy to mention that pollen availability can be dismissed as a primary cue for the
transition back to summer physiological state as brood rearing is initiated in winter when floral

recourses are still deficient (Mattila and Otis, 2007).

3. Conclusion

Overall, previous research efforts have led to a detailed description of the physiological features of
both seasonal types of worker bees and the functionality of the various molecules central to their
biology. The unique adaptations of JH and Vg in honey bees has not only allowed these insects to
develop an effective social system for the division of labour but also to adjust to climatological
extremes (at least in insect terms) and thrive in the Northern parts of the world.

Although our understanding of many of the pathways involving these molecules is more than
adequate, some aspects, like the mechanism behind brood food production and the immune
function of Vg, warrant further attention.

Current knowledge regarding the seasonality of honey bee colonies has enabled us to paint an
elegant picture describing a multi-tiered system responding to in- and out-hive cues with variable
sensitivity. Considerable progress has been made in regard to the summer to winter bee transition
especially. Sufficient evidence has been produces to confidently point to the overall decrease in
brood rearing activity and the plummeting pollen supply in fall as the primary triggers behind the
appearance of winter bees. Moreover, the current understanding of honey bee physiology has led to
the most interesting insight in how these social insects have “transformed” existing regulatory
pathways for short term labour distribution into a bimodal, biannual worker caste system enabling
honey bees to cope with the seasonal loss of favourable conditions.

This being said, the roles and gravity of secondary cues, like ambient temperature and photoperiod,
remain less obvious and need to be investigated more extensively in order to correctly be placed in
the overall picture. On the other hand, the effects of secondary triggers are, most likely, heavily
intertwined and/or exhibit influence on multiple levels, making their roles harder to quantify.
Additionally, quantification of the gravity of the different mechanisms driving the division of labour in
worker bees within seasonal transitions is lacking. Overall, the effects of nurse bee nutrient stores
seem to be central within this phenomenon, which concurs with the main hypotheses behind the
seasonal transition of honey bee colonies. Regulation based on colony demography appears to be
crucial for the maintenance of proper labour distribution in summer colonies, but lesser in regards to

colony transitions. Lastly, very little research has been conducted surrounding the effects of brood
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microclimate on both fronts and thus warrants further attention.

Finally, the workings of the transition back from winter to the summer bee state has been
investigated to much less extent and still represents a significant research gap. Although multiple
aspects of this specific transition can be explained by the antagonistic function of the same
mechanisms used in the summer to winter bee transition, this cannot be said for its primary trigger
and thus, so far, remains unknown. Future research efforts should therefore, besides on clarifying the
secondary triggers for the summer to winter bee transition and the importance of the different
mechanisms driving the worker bee division of labour, focus on the unravelling of the principal cues

behind the return of a colony to its classical summer state.
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Highlights

e Research and monitoring of Apis mellifera through markers of honey bee health is of
increasing importance in the context of global colony losses.

e Markers representative of the nutritional status of individual bees show great promise.

e A preliminary assessment of robust size measurements of individual workers as possible
markers of honey bee health and nutrition is presented.

e Through correlation analysis and monitoring of selected metrics over a 7 month period,
abdominal length, head width, and total body length measurements were identified as

candidate markers of honey bee nutrition and health.
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Abstract

The unsustainable degree of winter honey bee colony losses in present days has raised considerable
concern. While causal factors behind this phenomenon are not fully understood, colony losses have
been accredited to a multitude of simultaneous and interacting stressors. Further research is
required to better understand the effects of such stressors, which is best achieved through the
monitoring of honey bee health using a biomarker approach. The identification of novel easy-to-use
biomarkers representative of honey bee health and nutrition would prove beneficial, especially
across temporal patterns. For this reason, this research aims to evaluate selected metrics of
individual size (head width, thoracal width and length, abdominal width and length, and total body
length) as possible markers for honey bee health. As a proof of concept, selected morphological
parameters were monitored in forager bees through monthly sampling over the transition period
across autumn-winter-spring and compared with established markers of honey bee health and
nutrition. Results showed significant size variation of individual bees over the sampling months and
correlation analysis revealed abdominal and total body length to be potentially suited markers for
the nutritional status of foragers. Analysis of variance highlighted differences in the nutritional status
of forager bees in December specifically and abdominal length to be a suitable candidate marker of
honey bee nutrition across temporal patterns. While head width was not shown to be strongly
correlated to nutrition in foragers, this metric could prove to be a useful seasonal marker. Findings of
this research illustrate the potential of robust measurements of individual size as markers for the
nutritional and health status of honey bees across temporal patters, although further research is

required to validate these metrics.
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Honey bees, Forager, Morphometry, Biomarker, Nutrition
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1. Introduction

The honey bee (Apis mellifera Linnaeus, 1758) is a highly significant semi-domesticated insect valued
for its various products and services. The global demand for honey, the most prized of the bee
products, is ever-increasing (Gupta et al., 2014; Phiri et al., 2022) with a reported worldwide
production of 1.77 million tonnes in 2021, worth USD 8.58 billion (FAO, 2020; Grand View Research,
2021). Nevertheless, the value of the ecosystem services provided by this animal in terms of
pollination of wild plants and agricultural crops is even more substantial (Aizen et al., 2009; De La
Rua et al., 2009; vanEngelsdorp and Meixner, 2010; Leonhardt et al., 2013; Klein et al., 2018). As an
estimated 80% of wild flora (De La Rua et al., 2009) and roughly 70% of the world’s leading food
crops are believed to benefit from honey bee pollination (Klein et al., 2007; Klatt et al., 2014; Stein et
al., 2017; Nath et al., 2023), this eusocial insect plays a key role in ecosystem and biodiversity
preservation, as well as agricultural sustainability and food security in a modern climate (Espregueira
et al., 2020; Nath et al., 2023).

Since the mid-20™" century, severe declines in managed honey bee populations have been reported in
Europe and North America raising considerable concern (Potts et al., 2010; 2016; vanEngelsdorp and
Meixner, 2010; Goulson et al., 2015; Aizen et al., 2022). Additionally, an unsustainable degree of
global honey bee colony losses is seen in present days, especially in winter (Ellis et al., 2010;
Neumann and Carreck, 2010; Jacques et al., 2017; Lopez-Uribe et al., 2020; Halvorson et al., 2021;
Insolia et al., 2022). Latest reports show an average loss rate of 16.4% across Europe, with some
countries reporting >35% colony mortality during the winter of 2019-2020 (Gray et al., 2022). In the
United States, colony losses averaged a staggering 39.0% in 2021-2022, with losses of 23.8% and
24.2% in summer and winter respectively (Aurell et al., 2022).

Honey bee colony losses have been accredited to the effects of a multitude of factors, including (but
not limited to) pests and diseases, pesticide use, environmental contamination, climate change,
agricultural intensification, habitat loss, and malnutrition (De La Rua et al.,, 2009; Neumann and
Carreck, 2010; Goulson et al., 2015; Potts et al., 2016; Steinhauer et al., 2018; Kim et al., 2022).
However, identifying clear causal factors behind colony losses has proven difficult likely due to the
simultaneous influence of multiple stressors with varying modes and degrees of interaction (Goulson
et al., 2015; Steinhauer et al., 2018).

Research efforts to further identify, evaluate, and quantify factors influencing colony losses are of
increasing importance in order to prevent further large-scale losses and to guarantee the
sustainability of apiculture and its services (Le Conte and Navajas, 2008; Jacques et al., 2017,
Switanek et al., 2017; Nath et al.,, 2023). In this regard, the monitoring of colonies through

biomarkers representative of honey bee health represents a very useful and unbiased approach. A
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significant advantage would be the (real-time) monitoring of colonies, allowing for early
implementation of measures preventing unnecessary losses (Lépez-Uribe et al., 2020). Nevertheless,
further efforts are required to identify useful biomarkers of honey bee health, especially across
temporal (e.g. seasonal) and spatial patterns (Minch et al., 2013; Smart et al., 2016; Alaux et al.,
2017; 2018; Ricigliano et al., 2018; 2019; Kunc et al., 2019; Lopez-Uribe et al., 2020).

While the quantification of honey bee health can be achieved through a variety of metrics (Lépez-
Uribe et al., 2020), measurement of nutritional markers of individual bees has emerged as a method
of particular interest (Brodschneider and Crailsheim, 2010; Smart et al., 2016; Lopez-Uribe et al.,
2020). Overall, these markers reflect colony demography as an indicator of colony health (Lépez-
Uribe et al., 2020), and include biochemical quantifications (e.g. lipid and protein concentration), fat
body and hypopharyngeal gland (HPG) size estimation, vitellogenin (Vg) levels, and body size
measurements among others. Additionally, the majority of these metrics have been shown to be
useful indicators in the context of winter colony losses as they reflect the presence and quantity of
long-lived winter bees, a marker of particular importance for overwintering success (Wilson-Rich et
al., 2008; Alaux et al., 2010; 2017; 2018; Di Pasquale et al., 2016; Smart et al., 2016; Kunc et al.,
2019; Ricigliano et al., 2018; 2019; Watkins de Jong et al., 2019; Lépez-Uribe et al., 2020; Koubova et
al., 2021).

This research aims to evaluate selected easy-to-use measurements of individual size as possible
markers for honey bee health and nutrition. As a proof of concept, selected morphological
parameters of honey bee workers were monitored through monthly sampling over the transition
period across autumn-winter-spring and compared with established markers of honey bee health.
This scheme was explicitly chosen as (in temperate zones of the northern hemisphere) worker bees
take on two distinct forms within an annual cycle (summer Vs. winter bees) with physiological
differences heavily dictated by their nutritional status (Knoll et al., 2020). Specifically, winter bees
store large amounts of fat and protein within their bodies, resulting in (extremely) elevated Vg levels
and the enlargement of their fat bodies and HPGs (Mattila et al., 2001; Amdam and Omholt, 2002;
Amdam et al., 2003; 2005; Mattilaand Otis, 2007; Doke et al., 2015; Ricigliano etal., 2018;
Kunc et al., 2019). Authors hypothesized this transformation into a “nutrient storage caste” would
result in notable morphological alterations. Detection of winter bees using selected morphological
parameters (and confirmed through known markers) would serve as a first step to recognise general
size variations among worker bees as a reflection of their nutritional status and to be a potentially

useful marker of honey bee health across temporal patterns.
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2. Materials and methods

2.1. Study area, experimental bees, and sample collection
Samples for this research were collected from an experimental apiary in the province of Sassari (40°

39’ 9”36 N; 08° 22’ 52”32 E), Sardinia (Italy), from November 2019 until May 2020. Sardinia, located
directly West of mainland Italy, is the second largest island in the Mediterranean Sea and is
characterized by hot and dry summers with mild and wet winters; southern temperate
Mediterranean climate.

Samples were collected from a single hive of Italian honey bees (Apis mellifera ligustica Spinola,
1806) to minimize genetic variance. The hive in question was selected by the professional beekeeper
in charge of the apiary based on overall health. The experimental colony was maintained through
standardized practices and was regularly inspected insuring adequate health over the course of the
study. No clinical signs of disease were noted. Treatment against the ectoparasitic mite Varroa
destructor was applied in November using oxalic acid, and the colony was fed a home-made sucrose
solution (3:2 sucrose/water) in fall; no other supplements were added to the hive.

The queen, acquired from a commercial queen breeder and introduced to the colony in 2018,
remained during the whole duration of the study. The brood rearing pattern of the colony was
consistent with that of Italian bees in a southern temperate climate with only a short cessation
(approximately 2 weeks) in mid-winter. No foraging stop was observed. The colony was housed in a
Dadant hive with commercial brood frames with a cell size of 5.4 mm.

Ten forager bees were collected on a monthly basis (on the last week of each month; e.g. Sauthier et
al., 2017), for a total of 70 individuals. Bees returning to the hive were captured from the flight deck
using a horsehair brush in order to ensure the exclusion of young bees. Captured bees were stored in
sterile glass containers (250 cl) with breathable fabric lid and transported to the laboratory of animal
production and nutrition of the university of Sassari (UNISS). Individual bees were weighed using a
digital scale having a precision of 0.01 g (OHAUS® PA512C) before being subjected to freezing at -18°C
for 48 h, and stored until further analysis. Any pollen or visible attachments were removed manually
prior to weighing.

All operations carried out on live animals were performed by trained veterinarians and the study was
carried out following the recommendations of the European Council Directive (86/609/EEC) on the

protection of animals.
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2.2. Morphological analysis
Sampled bees were analysed in their entirety and within a frozen state insuring correct proportional

morphological retention. Using a digital caliper (precision 0.01 mm) under a stereomicroscope (Leica’
EZ4 HD), the total body length, the width and length of the abdomen and thorax, and the width of
the head were measured for each individual bee. Width measurements of each respective body part
were taken at the widest point. Length measurement of the thorax and abdomen were taken from
the anterior end of the protergum to the caudal end of the first abdominal tergum (T:-IT; T1includes
the scutum and scutellum) and the anterior end of the second abdominal tergum to the caudal end

of seventh abdominal tergum (IIT-VIIT) not including the stinger, respectively.

2.3. Fat body quantification
An estimation of the weight and relative size of the fat body was performed for each individual bee

applying the ether extraction method according to Wilson-Rich et al. (2008). Briefly, abdomens of
bees were severed using surgical scissors and placed into individual holding cups to dry at room
temperature (25°C; using a Binder ED 53 drying oven) for 3 days. Next, abdomens were submerged in
diethyl ethyl ether for 24 h and then dried again for 3 days (same conditions). Severed, dried
abdomens were weighed (using a ORMA BCA200 electric laboratory balance, precision 0.0001 g)
before and after ether extraction. The fat body weight was calculated as the difference in abdomen
weight before and after washing with diethyl ether and the relative size of the fat body as the
proportional weight of the fat body relative to the weight of the dried abdomens prior to ethyl ether
extraction (Strachecka et al., 2021; Wilson-Rich et al., 2008).

2.4. Data analysis
Pearson’s test for the assessment of potential correlation between individual bee bodyweight,

respective body, and fat body measures (p < 0.300 = weak correlation, 0.300 < p < 0.600 = mild
correlation, 0.600 < p < 1.000 = strong correlation, +p or —p: positively or negatively correlated,
respectively; significance for p-value < 0.05) was used.

Analysis of variance (ANOVA) was performed to detect any changes in individual weight, selected
morphological metrics, and fat body parameters of sampled bees according to sampling date. All
procedures were carried out using a software package (Minitab statistical software package,
Minitab®, New York, NY, USA). Effects were evaluated by pairwise comparison by using the Tukey

multiple comparison test. Statistical significance was set at p-value <0.05.
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3. Results

Overall, sampled forager bees had a mean body weight (BW) of 0.07 g (SD: 0.01), mean abdominal
length (AL) of 5.23 mm (SD: 0.60), mean abdominal width (AW) of 4.14 mm (SD: 0.17), mean thoracal
length (TL) of 3.75 mm (SD: 0.05), mean thoracal width (TW) of 3.75 mm (SD: 0.04), mean head
width (HW) of 3.68 mm (SD: 0.07), and a mean total body length (T) of 11.29 mm (SD: 0.49). Sampled
bees had a mean fat body weight (FBW) of 0.77 mg (SD: 0.41) and a mean proportional fat body size
(FB%) of 10.98% (SD: 4.03%). Summarizing weight, morphometrical, and fat body quantification data

of sampled bees per month are reported in Table 1.
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1657  Table 1. Summarising weight, morphometrical, and fat body quantification data of forager honey bees from Sassari (Italy) according to sampling month.

Month/Variable November SD° December SD° January SD° February SD° March SD° April SD° May SD°
Body weight 0.07 0.09 0.07 0.07 0.07 0.07 0.07

0.01 0.02 0.01 0.01 0.01 0.01 0.01
(range, g) (0.06-0.10) (0.07-0.13) (0.06-0.09) (0.05-0.07) (0.06-0.08) (0.06-0.08) (0.06-0.09)
Abdominal length 5.18 5.95 5.10 5.05 5.08 5.13 5.13

0.35 0.92 0.19 0.41 0.66 0.28 0.58
(range, mm) (4.75-5.75) (4.84-7.98) (4.86-5.44) (4.23-5.71) (3.87-5.98) (4.62-5.48) (4.28-6.31)
Abdominal width 4.17 4.30 4.09 4.09 411 4.10 4.13

0.12 0.23 0.15 0.14 0.15 0.19 0.09
(range, mm) (3.97-4.42) (4.01-4.69) (3.81-4.31) (3.81-4.31) (3.87-4.38) (3.82-4.44) (4.00-4.27)
Thoracal length 3.76 3.77 3.72 3.72 3.74 3.76 3.76

0.04 0.05 0.05 0.06 0.05 0.05 0.05
(range, mm) (3.70-3.82) (3.66-4.83) (3.64-3.80) (3.64-3.80) (3.65-3.80) (3.68-3.82) (3.70-3.84)
Thoracal width 3.75 3.76 3.73 3.73 3.76 3.75 3.76

0.06 0.04 0.04 0.05 0.05 0.03 0.04
(range, mm) (3.66-3.84) (3.70-3.80) (3.65-3.79) (3.64-3.80) (3.66-3.82) (3.70-3.79) (3.67-3.81)
Head width 3.67 3.77 3.65 3.65 3.65 3.67 3.68

0.07 0.10 0.04 0.06 0.06 0.05 0.04
(range, mm) (3.59-3.75) (3.60-3.90) (3.59-3.72) (3.55-3.74) (3.51-3.75) (3.59-3.75) (3.62-3.72)
Total body length 11.21 11.82 11.14 11.13 11.26 11.27 11.19

0.28 0.66 0.27 0.24 0.47 0.53 0.55
(range, mm) (10.63-11.56) (11.08-13.29) (10.88-11.61) (10.65-11.41) (10.30-11.81) (10.45-11.87) (10.48-12.03)
Fat body weight 0.71 1.18 0.71 0.63 0.65 0.71 0.78

0.47 0.70 0.28 0.24 0.16 0.27 0.35
(range, mg) (0.30-1.70) (0.60-2.90) (0.10-1.10) (0.40-1.20) (0.50-0.90) (0.30-1.30) (0.10-1.20)
Fat body size 10.52 15.76 10.93 8.46 10.36 10.49 10.37

5.14 4.30 3.31 1.95 2.28 3.10 4.01
(range, %) (5.26-18.84) (9.68-22.73) (2.17-13.33) (5.26-11.77) (8.07-15.25) (5.06-15.48) (1.89-15.71)

aStandard Deviation.
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1658 Results of the Pearson’s test for the assessment of potential correlation between individual bee body

1659  weight, respective body, and fat body measures are reported in Table 2.

1660

1661  Table 2. Results of Pearson correlation analysis between individual bee body weight, respective

1662 body, and fat body measures of forager bees from Sassari (Italy).

Weight Head Thoracal Thoracal Abdominal  Abdominal  Total body Fat body
width width length width length length weight
Head width 0.432" / / / / / / /
P-value <0.001 / / / / / / /
Thoracal width 0.110 0.528" / / / / / /
P-value 0.366 <0.001 / / / / / /
Thoracal length 0.191 0.668"" 0.797"" / / / / /
P-value 0.113 <0.001 <0.001 / / / / /
Abdominal width 0.599™ 0.411" 0.341™ 0.292° / / / /
P-value <0.001 <0.001 <0.001 0.014 / / / /
Abdominal length 0.858™"" 0.416" 0.010 0.080 0.470™ / / /
P-value <0.001 <0.001 0.935 0.513 <0.001 / / /
Total body length 0.799™ 0.366" 0.109 0.090 0.598"™" 0.811™ / /
P-value <0.001 <0.001 0.370 0.459 <0.001 <0.001 / /
Fat body weight 0.699™" 0.349™ -0.059 0.112 0.418™ 0.643™ 0.537" /
P-value <0.001 0.003 0.627 0.357 <0.001 <0.001 <0.001 /
Fat body size 0.600""" 0.313" -0.082 0.061 0.299 0.498™ 0.422" 0.848™"
P-value <0.001 0.004 0.502 0.614 0.012 <0.001 <0.001 <0.001

1663  ‘indicates a weak correlation.

1664  “indicates a mild correlation.

1665  ““indicates a strong correlation.

1666

1667

1668  Analysis of variance showed a significant difference in BW, AL and HW throughout the sampling
1669 months (F, 63y= 5.36, p <0.001; Fs 63 = 3.47, p = 0.005; Fs, 63 = 4.67, p = 0.001; Figure 1) and post hoc
1670 analysis revealed bees present in December to have greater values for all three mentioned
1671 parameters as compared to the rest of the months. Abdominal width and T of bees were found to
1672  differ based on sampling time as well (Fs,63)= 2.31, p = 0.044; F(s,63)= 2.83, p = 0.017), although Tukey
1673  test revealed no decisive patterns. Sampling time was not found to have any effect on TL and TW.
1674  ANOVA revealed a significant difference in FBW and FB% size over the sampling months as well (F,
1675  ¢3=2.34, p = 0.042; Fs 63 = 3.93, p = 0.002; Figure 1.). Post hoc analysis showed bees sampled in the

1676 month of December to have significantly larger FB% compared to the rest of the months although no
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1677  clear difference in FBW between months was pointed out.

1678 Figure 1 shows the interval plots for BW, AL, HW, and FB% according to sampling month.
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1681 Figure 1. Interval plots of body weight, abdominal length, head width, and proportional fat body size
1682  according to sampling month. Red* indicates months significantly different for unmarked months.

1683 Nov= November, Dec= December, Jan=January, Feb= February, Mar= March, Apr= April.

1684

1685 4, Discussion

1686 In this research, a preliminary evaluation of novel, easy-to-use morphological metrics of worker
1687  honey bees; Abdominal width (AW), Abdominal length (AL), Thoracal width (TW), Thoracal length
1688  (TL), Head width (HW), and Total body length (T) was carried out through correlation analysis with
1689  known markers of honey bee health and nutrition; Body weight (BW), Fat body weight (FBW), and
1690 Proportional fat body size (FB%). Additionally, as a proof of concept, selected metrics were
1691 monitored through monthly sampling of a single colony in order to detect possible size variations
1692  corresponding to temporal changes in the nutritional status of honey bees. This approach was

1693 chosen as honey bee workers from temperate climates of the northern hemisphere exhibit
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significant fluctuations in their nutritional status with a specific seasonal pattern (Knoll et al., 2020).
Authors elected to sample forager (out-hive) bees rather than nurse (in-hive) bees for two main
reasons; 1) less individual variation in nutrient storage can be expected between forager bees, and 2)
seasonal variation of body traits of forager bees is likely to be low (Sauthier et al., 2017), providing
higher sensitivity to the selected markers. These assumptions are based on the fact that the age
division of labour among worker honey bees is closely related to nutrient storage (fat and protein):
high nutrient stores of young bees (who are confined to in-hive tasks) generally decrease with age
and depletion of these stores marks the onset of foraging (Amdam and Omholt, 2002; Toth et al.,
2005; Toth and Robinson, 2005; Ament et al., 2010). The recommended minimum sample size of 10
uniform bees per hive for morphometrical analysis was followed (Ruttner, 1988; Meixner et al.,
2013).

Records of robust morphological measurements of honey bees are generally lacking in the scientific
literature. This is likely due to the high size variability between honey bee subspecies, populations,
and even colonies, and thus publication of such measurements to serve little function (Ruttner, 1988;
Sauthier et al., 2017). Furthermore, size variation between worker honey bees of a single colony is
considered to be negligible (Kerr and Hebling, 1964; Roulston and Cane, 2000; Chole et al., 2019).
However, it is not clear if temporal (e.g. seasonal) differences were taken into account when
formulating this statement. For example, Sauthier et al. (2017) showed a significant size difference
between forager bees over the course of the foraging season in two out of three sampled colonies.
For as far as comparison is possible, mean measurements of size obtained in this research
correspond to previously published data (Kerr and Hebling, 1964; Ruttner, 1988; Sauthier et al.,
2017).

Body weight is a known marker for the nutritional status of honey bees and is closely related to the
size of the fat body, the main nutrient storage tissue in bees (Amdam and Ombholt, 2002; Toth and
Robinson, 2005; Brodschneider and Crailsheim, 2010; Ament et al., 2011; Smart et al., 2016; Kunc et
al., 2019; Ricigliano et al., 2019; Koubova et al., 2021). This is supported by our findings showing a
strong positive correlation between BW and FBW and a mild positive correlation between BW and
FB%. Given the strong correlation between FBW and FB%, the mild correlation between BW and FB%
is somewhat counterintuitive. Nevertheless, this can be explained by the fact that fat body cells are
not limited to the abdomen but are also found (to a lesser extent) in the thorax and head of bees and
that FB% is calculated as the proportional weight of the abdominal fat body compared to the overall
weight of the abdomen specifically (Corona et al., 2007; Seehuus et al., 2007). Furthermore, FB% is
strongly affected by the foraging activity of a particular bee as the FB% of foragers with a full honey

stomach will be less proportional to their BW (Toth and Robinson, 2005). For this reason, FBW can be
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considered a better reflection of the nutritional status of foragers than FB%.

The results of the present research show a strong correlation between AL and T Vs. BW and FBW as
well. This is logical as fat body tissue is primarily located in the abdominal cavity of bees (Corona et
al., 2007; Seehuus et al., 2007). Once again, one could argue that the positive correlation between AL
(as well as T) and BW to be the result of foraging activities and thus reflect honey bees returning to
the hive with a full nectar load. While this could be the case for some individual samples (as is shown
by the mild correlation between AL and FB%), this would not explain the strong significant
correlation between AL and FBW seen here. In fact, AL and BW showed the highest correlation of all
metrics in this research. Hence, a well-developed fat body could result in measurable morphological
variations in worker honey bees, possibly serving as a marker for their nutritional status.
Correspondingly, the strong correlation seen between AL and T is self-explanatory.

The TW and TL of forager bees were shown to be strongly positively correlated to each other, which
again is rather intuitive. These metrics are probably relatively constant regardless of nutritional
status. This is evidenced by the overall low monthly variation (SD: Table 1) in the present data and
the lack of/or generally weak correlation of these metrics with measurements found to be more
representative of honey bee nutrition (W, T, AL, FBW, FB%).

Surprisingly, BW, FBW, AL, and T were only mildly positively correlated to the AW of sampled bees. A
weak positive correlation was also shown for AW Vs. FB%. It is probable that the anatomy of the
honey bee abdomen, with its consecutive partially overlapping tegra, allows for longitudinal rather
than horizontal expansion and accounts for these findings. Authors argue a higher correlation
between AW and FBW and/or FB% could be seen in in-hive bees where a substantially larger fat body
(Amdam et al., 2003; Toth and Robinson, 2005) may allow for a width expansion of the abdomen.
Alternatively, the use of more precise measuring methods could reveal more decisive patterns.
Regardless, it seems the nutritional status of bees is better reflected by the overall length of the
abdomen rather than by its width, at least in foragers.

Finally, even though HW is reported to be well correlated to BW (Sauthier et al., 2017), HW was
consistently mildly correlated to metrics related to honey bee nutrition discussed above. From a
nutritional point of view, HW of worker bees could be affected by two factors; 1) fat body tissue in
the head (Corona et al., 2007; Seehuus et al., 2007), and 2) HPG size [a known marker of honey bee
nutrition due to its assumed nutrient storage function (Fluri et al., 1982; Crailsheim, 1990; Amdam
and Omholt, 2002; Mattila and Otis, 2007; Degrandi-hoffman et al., 2010)]. Given that forager bees
have hypotrophied HPGs (Amdam and Omholt, 2002; Déke et al., 2015; Ali et al., 2019) and depleted
nutrient reserves, it is not surprising HW to be a mediocre reflection of the nutritional status of

forager bees. Furthermore, the strong correlation of this metric with TL and TW, as well as its low
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monthly variability (except for December, see Table 1), indicates this metric to be rather stable in
forager bees.

The monitoring of selected metrics over the transition period of autumn-winter-spring (2019-2020)
revealed significant size variations of forager bees across sampling months. Abdominal length and
HW were shown to be the most promising temporal markers for the nutritional status of foragers,
exhibiting corresponding fluctuations with BW and FB%. Specifically, a significant increase in AL, HW,
BW, and FB% was shown for the month of December (Figure 1). The size difference between bees

sampled in December compared to other months is illustrated in Figure 2.

a b

Figure 2. Illustrative image of the notable morphological difference in abdomen size of forager honey

bees according to sampling month. (a) December and (b) rest of the sampling months.

Forager bees with increased size in December were identified to be winter bees exiting their
overwintering state (Alaux et al., 2018). Indeed, in a Mediterranean climate, relatively high
temperatures in winter result in an early start of the brood rearing season. Furthermore, in such a
climate Apis m. ligustica is known to exhibit only a short cessation of activities (Ruttner, 1988; Gupta
et al., 2014). This is in accordance with the findings of Sauthier et al. (2017) who recorded forager

bees with larger morphological dimensions in early spring likely to be winter bees hatched the year
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before. The differences in AL, HW, BW, and FB% observed in forager bees in this research would thus
be remnants of the nutrient accumulation that occurred during in-hive activities.

Significant differences in T, AW, and FBW between months were found as well, although post hoc
analysis revealed no discriminating pattern. Nevertheless, interval plots of AL, HW, T, AW, FBW, and
FB% showed a corresponding pattern with a main peak in December. It is suspected the decrease in
nutrient storage preceding the foraging stage resulted in worker bees with uniform FBW leading to
the absence of a decisive temporal pattern in our samples.

Interestingly, HW was found to be a suitable candidate indicator for the presence of winter bees
while this metric was shown to be only mildly correlated to nutrition in foragers. This probably
results from the fact that, contrary to in-hive bees during the rest of the year, winter bees have
hypertrophied HPGs (Amdam and Omholt, 2002; Amdam et al., 2003; Mattila and Otis, 2007;
Seehuus et al., 2007). Authors hypothesize a significant increase in HPG size in winter bees might
cause enlargement of their head capsule which is still notable in spring.

Lastly, it is worth pointing out that monthly SDs of selected metrics (except of TL and TW) revealed a
pattern in line with current knowledge of the honey bee colony cycle in temperate climates of the
northern hemisphere. Specifically, the transition of a colony from its summer to its winter state and
back is gradual. Therefore, during transition months, a mixed population of summer and winter bees
is present within a hive (Knoll et al., 2020). This is reflected by the roughly doubled SD seen for most
selected metrics in December (Table 1).

Findings of this research illustrate the potential of robust measurements of individual size as markers
for the nutritional status of honey bees across temporal patterns, with several metrics showing more
promise than others. Candidate markers identified in this preliminary assessment could offer
considerable advantages in the context of research efforts related to global colony losses and the
health monitoring of honey bees in general. Firstly, performing size measurements is technically easy,
requires no specialized equipment nor training, and is cost-effective. This is in contrast with the
analysis of many commonly employed (molecular and biochemical) markers for individual honey bee
health which entail extensive laboratory analysis (Smart et al., 2016; Kunc et al., 2019; Lépez-Uribe et
al.,, 2020). A second potential advantage is the application of size measurements as non-invasive
metrics in the real-time monitoring of honey bee hives. For example, a smart system of in-hive
monitoring of individual honey bee size through automated sensors [e.g. camera system placed at
the entrance of a hive (Ammar et al., 2019; Sevin et al., 2021)] and machine learning could be
envisioned (Lofaro, 2017; Hong et al., 2020). Furthermore, individual worker size variations between
honey bee hives would not pose an issue in such a scenario as machine learning could distil dynamic

size patterns regardless of the baseline size of bees from a specific colony. Additional input (e.g.
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gueen replacement, queen age, subspecies, genetic background, drone recognition, ...) and the
enrichment of such a system with added sensors [e.g. overall weight of the hive, temperature,
humidity, ... (Cecchi et al., 2020)] can provide added sensitivity to potential markers.

Regardless, further research efforts are required to validate candidate markers as representative of
the health and nutritional status of honey bees. To this end, various steps are recommended; 1)
Selected metrics should be evaluated in in-hive bees as well in order to assess temporal size
variations in this nutritionally distinct type of worker bee; 2) Given genetic variability between honey
bee populations, evaluation of selected metrics should be performed on various honey bee
subspecies; 3) Since this research was performed on a single hive and over a restricted period, long-
term evaluation with a larger sample size and over various spatial and geographical variations is
advisable; 4) Experimental research investigating the sensitivity of potential markers for the
detection of health issues rather than physiological variations should be conducted.

This research provides basic knowledge on size variations of honey bee foragers over temporal
patterns. Our findings can be used as a cornerstone for future research evaluating size metrics as

possible markers for honey bee health and nutrition.

5. Conclusion

Significant temporal differences in worker honey bee size correlated to nutrition were highlighted in
this research. Results revealed abdominal length in particular to be a suitable candidate marker for
the assessment of the health and nutritional status of forager bees. While total body length
performed less well in the “proof of concept”, this metric had a strong positive correlation with
abdominal length, body weight, and fat body size. Contrary, head width was not shown to be strongly
correlated to nutrition in foragers, but remnants of in-hive physiology could make this a useful
marker over temporal patterns. Other selected morphological metrics showed less promise, although
require further investigation. Overall, further research efforts are necessary to explore the full

potential of candidate markers.
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Highlights

e Long-term nutritional monitoring of Italian honey bees in a southern temperate climate
(Sassari, Italy) was conducted and data analysed in function of sampling date, climatological
factors (temperature, precipitation, and daylength), and flower diversity.

e The short presence of winter bees, characterised by increased nutrient storage and reduced
brood rearing, was shown in late fall/early winter.

e Honey bee nutrition generally followed the nectar flow and showed two critical timepoints:
summer and winter dearth.

e Precipitation was found to play an important role in honey bee nutrition through its impacts
on plants in particular illustrating how climate change could pose a threat to European honey

bee populations in the future.
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Abstract

Nutrition is a key aspect influencing honey bee health and overwintering. Since seasonal activity of
honey bees in southern temperate climates represents a significant research gap, this study
conducted long-term monitoring of honey bees in the Mediterranean (Sassari, Italy). Specifically,
individual weight, fat body, and size measurements (head, thorax, abdomen, and total body) were
recorded monthly (100 bees; 5 hives) in order to detect changes in the nutrient storage of worker
bees during an annual cycle (2022-2023). Recorded parameters were analysed according to sampling
date, climate (temperature, precipitation, and daylength), and flower diversity and was conducted
for nurse and forager bees separately. Additionally, size metrics were compared between cohorts,
showing significant differences for all measurements except for the thorax. The nutritional honey bee
year-cycle generally followed the nectar flow and showed two critical timepoints: summer and
winter dearth. A short cessation of activities in late fall/early winter coupled with an increase in
nutrient storage and in opposition to flower diversity indicated the presence of winter bees.
Precipitation was found to play an important role in honey bee nutrition through its impacts on
colony demography and plants in particular illustrating how climate change could pose a threat to
European honey bee populations in the future. All in all, our results provide valuable insights into the
nutritional dynamics of Apis mellifera ligustica in the Mediterranean that could support more
effective management decisions in relation to environmental factors and availability of flowering

plants with the goal of improving overwintering success and preventing unnecessary colony losses.
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Winter bees, Nutrition, Morphometry, Southern temperate climate, Climate change
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1. Introduction

Honey bee colony losses represent a grave and yet relatively poorly understood issue in modern
apiculture (Jacques et al., 2017; Beyer et al., 2018; Lépez-Uribe et al., 2020; Bruckner et al., 2022;
Insolia et al., 2022; Mutinelli et al., 2022). Regardless of climate, most losses occur in winter, which is
a particularly challenging period for these social insects as there is little to no natural forage available
(Doke et al., 2015; Kunc et al., 2019; Gray et al., 2022).

Historically, as honey bees (Apis mellifera Linnaeus, 1758) spread from tropical/subtropical regions to
temperate climates of the northern hemisphere they evolved unique adaptations allowing colonies
to bridge harsh winter conditions without entering a dormant state (Han et al., 2012; Wallberg et al.,
2014; Amdam et al., 2005; Chen et al., 2016). Specifically, honey bees synchronized their activities
with plant phenology, greatly reduced brood rearing in winter, and assumed the formation of a
thermoregulating cluster during the coldest months (Mattila et al., 2001; Doke et al., 2015; Kunc et
al., 2019). Furthermore, A. mellifera adopted significant seasonal changes in individual lifespan
within its yearly cycle. This has led to the description of two temporally distinct worker bee types;
while the honey bee workforce is made up of classical short-lived “summer bees” during most of the
year, in winter, these bees are replaced by long-lived winter or diutinus bees (Knoll et al., 2020).
Besides assuring colony survival through thermoregulation (Doke et al., 2015; Nirnberger et al.,
2018), winter bees effectively function as a “nutrient storage caste” (Amdam and Omholt, 2002;
Amdam et al., 2003; 2005). These bees store large amounts of fat and protein within their bodies
(through the accumulation of vitellogenin: Vg) which are conserved throughout winter and
subsequently utilized to reinitiate brood rearing when the return of favourable environmental
conditions is anticipated (Minch et al., 2013; Kunc et al., 2019). Moreover, it is this same Vg that
grants winter bees their longevity (Amdam and Omholt, 2002; Amdam et al., 2004; Seehuus et al.,
2006; Corona et al., 2007), illustrating the fundamental role of nutrition for the survival of cold-
adapted honey bees. Other typical features of diutinus bees (hypertrophied hypopharyngeal glands,
enlarged fat bodies, and elevated hemolymph protein contests) are also related to nutrition (Mattila
et al.,, 2001; Amdam and Ombholt, 2002; Mattila and Otis, 2007; Doke et al., 2015; Van der Steen et
al., 2015; Kunc et al., 2019; Koubova et al., 2021).

Extensive research has allowed for the description of an elegant system showing how honey bees in
temperate zones have adapted mechanisms of age division of labour into a bimodal, biannual worker
caste system governed by a multitude of internal and external factors with varying sensitivity
(reviewed in Knoll et al.,, 2020). In brief, deteriorating environmental conditions and the
disappearance of nutrient resources (nectar and pollen) likely cause a drastic reduction in brood

rearing, triggering the transition of newly emerging bees into diutinus bees. It is noteworthy that this
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seasonal shift is mainly linked to the dwindling pollen availability in fall rather than to fluctuations in
meteorological factors offering temporal plasticity and adaptability in a changing climate (Mattila and
Otis, 2007).

Whereas overwintering of honey bees in northern regions has been well studied (Doke et al., 2015;
Kunc et al.,, 2019; Knoll et al., 2020), much less is known regarding the seasonal dynamics of these
insects in southern temperate climates. At these latitudes, warm summers and soft winters generally
allow for a long foraging season and only a short cessation of activities in winter (Ruttner, 1988;
Keller et al., 2005b; Ricigliano et al., 2018; Maes et al., 2021). While this seems advantageous,
relatively high winter temperatures can lead to unsustainable brood rearing causing exhaustion of
worker bees towards spring (Ruttner, 1988; Nirnberger et al., 2018). Moreover, extended periods of
foraging resource dearth (e.g. during summer droughts) can put nutritional stress on a colony,
hampering preparations for winter (Le Conte and Navajas, 2008; Russell et al., 2013; Ricigliano et al.,
2018; Hristov et al., 2021).

Inadequate nutrition has been identified as a dominant factor in honey bee colony losses (Goulson et
al., 2015; Kim et al., 2022) and has been shown to have significant effects on individual and colony
health and development, including colony size, lifespan, immunity, and overwintering success (Keller
et al., 2005a; 2005b; Naug, 2009; Alaux et al., 2010; Brodschneider and Crailsheim, 2010; Huang,
2012; Goulson et al.,, 2015; Di Pasquale et al., 2016; Filipiak et al., 2017; Dolezal et al., 2018;
Ptaszyniska et al., 2021; Retschnig et al., 2021). Moreover, poor nutrition increases the sensitivity of
honey bees to other stressors (e.g. pests and diseases) and other stressors (e.g. agricultural
intensification and climate change) contribute to malnutrition of honey bee colonies (De La Rua et
al., 2009; Neumann and Carreck, 2010; Goulson et al., 2015; Scofield et al., 2015; Potts et al., 2016;
Steinhauer et al., 2018; Watkins de Jong et al., 2019; Kim et al., 2022; Castle et al., 2023).

Lastly, research efforts in relation to seasonal adaptations of honey bees have mainly focussed on
northern subspecies (e.g. Apis mellifera mellifera) (Chen et al., 2016). Since a higher survival rate of
locally adapted subspecies (Meixner et al., 2015) as well as adaptation to specific climatic conditions
(Buchler et al., 2014; Drazic¢ et al., 2014; Kovac et al., 2014) has been shown, knowledge of southern
honey bee populations is of increasing interest, especially in the face of accelerated climate change
the world is facing in present days (Le Conte and Navajas, 2008; Espregueira et al., 2020).

Against this background, this study aimed to conduct long-term monitoring of the nutritional status
of locally adapted Italian honey bees (Apis mellifera ligustica, Spinola 1806) in a Mediterranean
climate (Sassari, Italy). The goal of this research was to provide a better understanding of the activity
and nutritional status of worker (both nurse and forager) bees in southern temperate climates and to

generate new insights on the dynamics of the summer and winter bee transition in correlation with
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seasonal changes in environmental factors and feed resource availability. In addition, authors aimed
to provide novel knowledge regarding the seasonal dynamics of Italian honey bees specifically, and

the possible challenges these bees face in a changing climate.

2. Materials and methods

2.1. Study site and Apiary

Monitoring was conducted between February 2022 and January 2023 (12 months). Colonies of
Italian honey bees (Apis mellifera ligustica Spinola, 1806), located in a private apiary in the province
of Sassari (Sardinia, Italy; 40°37'14.5"N 8°20'43.1"E), were studied. The southern temperate
Mediterranean climate of the study area, with hot dry summers and mild wet winters, typically
allows for a long foraging season and only a short cessation of activities in winter. The initiation of
the study was planned according to the seasonal pattern of Italian honey bees in the region,
coinciding with the start of the foraging season.

Meteorological data over the course of the study, including mean monthly temperature,
precipitation, days-count with precipitation, relative humidity, windspeed, and daylength (hours of
daylight), as retrieved from the weather station of the meteorological services of the Military
Airforce of ENAV (Ente Nazionale Assistenza al Volo) located approximately 15 km from the study

area are summarized in Table 1.
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Table 1. Summarizing meteorological data for the province of Sassari (Italy), February 2022 -

January 2023.

Temperature Precipitation Precipitation Wind Humidity Daylength

(c) (mm) (Days) (Km/h) (%) (min)

Month® Category™™ Category™™ Category™™”
Jan™ 10.4 Ta 83.4 Pb 17 11.0 82 575 Oa
range -1.0-21.0 / / 0-45.0 60-98 /
Feb 10.3 Ta 19.3 Pa 4 11 77 641 Oa
range -2.0-18.0 / / 0-40.0 53-96 /
Mar 10.8 Ta 33.7 Pa 12 11.2 71 728 Ob
range -1.0-22.0 / / 0-33.8 46-93 /
Apr 14.2 Ta 61.5 Pb 8 14.0 70 813 Oc
range 3.0-25.0 / / 0-45.0 44-95 /
May 19.6 Tb 89.7 Pb 6 9.0 74 877 od
range 7.0-34.0 / / 0-35.0 45-99 /
Jun 25.0 Tc 3.8 Pa 4 9.9 66 903 od
range 13.0-39.0 / / 0-34.0 35-95 /
Jul 26.7 Td 0.3 Pa 0 8.9 66 893 od
range 12.0-39.0 / / 0-32.0 33-97 /
Aug 26.8 Td 12.9 Pa 3 10.0 72 822 Oc
range 17.0-37.0 / / 0-37.0 42-97 /
Sep 233 Tc 108.6 Pc 9 7.0 75 730 Ob
range 12.0-35.0 / / 0-48.0 48-98 /
Oct 19.5 Tb 46.6 Pa 6 7.5 81 654 Ob
range 9.0-29.0 / / 0-29.0 50-100 /
Nov 15.5 b 148.4 Pc 16 9.9 82 597 Oa
range 5.0-24.0 / / 0-45.0 60-99 /
Dec 13.2 Ta 144.5 Pc 11 10.7 88 559 Oa
range 4.0-20.0 / / 0-37.0 67-100 /

*Jan = January, Feb = February, Mar = March, Apr = April, Jun = June, Jul = July, Aug = August, Sep =
September, Oct = October, Nov = November, and Dec = December.

“*Data for the month of January were collected in 2023 while the rest of the months regard the year
2022.

""Categories of environmental factors for statistical analysis: 1) monthly average ambient
temperature is divided into 4 levels; Ta, Th, Tc, Td; range: 10-15, >15-20, >20-25, >25 °C. 2) mean
monthly precipitation is divided into 3 levels; Pa, Pb, Pc; range: 0-50, >50-100, >100 mm. 3) monthly
average daylength was divided into 4 levels; Oa, Ob, Oc, Od; range: 550-650, >650-750, >750-850,
>950 h of daylight.

Hives were located in a semi-natural agricultural area, surrounded by managed and unmanaged

fields, vineyards, olive groves, and small-scale mixed agriculture (vegetable gardens). The botanical
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composition of spontaneous flora and the phenological state of plants, with particular regard to
pollen availability, in the direct vicinity of the apiary, was monitored throughout the sampling period.
Specifically, in order to assess the diversity of flowering plants, 3 100x2 m transects were defined
prior to the initiation of the study. At each sampling date, the 3 transects were walked by a single
observer and the various species of flowering plants known to be visited by honey bees recorded.
Honey bee samples were collected from 5 individual hives selected by the responsible apiarist based
on overall health and uniformity. Selected colonies were separated from the rest of the apiary by a
distance of 25 m before the initiation of the study. Colonies received standardized care during the
study period and were inspected weekly insuring good health. No clinical signs of disease were noted
during the course of this study. Treatment against the ectoparasitic mite Varroa destructor was
applied in March, August, and December using Amitraz and oxalic acid. Colonies were fed a
homemade sucrose solution (3:2 sucrose/water) in spring and fall. No other nutritional supplements
were provided.

Apis m. ligustica queens were acquired from a commercial queen breeder and introduced to each
respective colony the year before. Queens remained during the whole duration of the study.
Colonies were housed in wooden Dadant-type hives with 10 commercial brood frames with a cell size
of 5.4 mm.

Brood rearing patterns were consistent with that of Italian bees in a southern temperate climate
[exhibiting a “Mediterranean pattern” as has been described for bees on the neighbouring island of
Corsica (Gupta, 2014)]; showing a steady increase from spring until peaking in June and subsequently
decreasing during hot summer months. A second minor peak was seen in early fall. Three out of the
five hives showed a cessation of brood rearing (for approximately 2 weeks) in early December and
brood rearing remained relatively low until spring. No foraging stop was observed for any of the

hives.

2.2. Sample collection
Ten forager and ten nurse bees from each hive were collected separately on the last week of each

month (100 individuals; 50 foragers/50 nurse bees per month). 1) Foragers: bees returning to the
hive were captured from the flight deck using a horsehair brush. 2) Nurse bees: young bees from the
centre of the brood nest were collected. Captured bees were stored in 250 cl glass containers with
breathable fabric lids and transported to the laboratory of animal production and nutrition of the
university of Sassari (UNISS) in a cooler box with icepacks. Individual bees were weighed using a
digital scale (OHAUS® PA512C; precision of 0.01 g) before being frozen (-18 °C) and stored in 1.5 ml

microcentrifuge tubes until further analysis. Any pollen or visible attachments were removed
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manually prior to weighing.

2.3. Morphological analysis
Sampled bees were analysed in their entirety and within a frozen state insuring correct proportional

morphological retention. Using a digital calliper (precision 0.01 mm) under a stereomicroscope
(Leica” EZ4 HD), six size measurements were taken for each individual bee; 1) Head width (HW), 2)
thoracal width (TW), 3) thoracal length (TL), 4) abdominal width (AW), 5) abdominal length (AL), and
6) total body length (T). Width measurements of each respective body part were taken at the widest
point. Length measurements of the thorax and abdomen were taken from the anterior end of the
protergum to the caudal end of the first abdominal tergum (T:-IT; T: includes the scutum and
scutellum) and the anterior end of the second abdominal tergum to the caudal end of seventh
abdominal tergum (lIT-VIIT) not including the stinger, respectively. All size measurements were taken

in duplicate and averaged creating a single observation.

2.4. Fat body quantification
Ether extraction was performed to estimate the weight and relative size of the fat body of bees

according to Wilson-Rich et al. (2008). Briefly, the abdomen of each bee was severed using surgical
scissors and placed into separate holding cups to dry at 25°C for 3 days. Next, abdomens were placed
in individual 1.5 ml microcentrifuge tubes to which 500 ul of diethyl ether was added. Abdomens
were removed after 24 h and dried again for 3 days (same conditions). A Binder ED 53 drying oven
was used to insure continuity of drying conditions over the duration of the study. Dried abdomens
were weighed before and after ether extraction using a ORMA BCA200 electric laboratory balance
with a precision 0.0001 g. The fat body weight (FBW) was calculated as the difference between the
weight of each abdomen before and after washing with diethyl ether. The relative size of the fat body
(FB%) was calculated as the proportional weight of the fat body relative to the weight of the dried

abdomens prior to ether extraction (Wilson-Rich et al., 2008; Strachecka et al., 2021).

2.5. Data analysis
All procedures were carried out using a software package (Minitab statistical software package,

Minitab®, New York, NY, USA). Statistical significance was set at p-value <0.05 and Tukey test was

used for the post hoc pairwise comparison of means.
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2.5.1. Worker bee type
Analysis of variance (ANOVA) was performed to detect significant differences in monitored metrics

between the two types of sampled worker bees. A balanced linear model with interaction was used

as follows:

Yabe,. k=KW + Wa,b + Hj,k +W=+H+ €

where y is the dependent variable (n = 9; Weight, HW, TW, TL, AW, AL, T, FBW, FB%), | is the overall
mean, W is the fixed factor representing worker type (2 levels; Forager, Nurse), H is the fixed factor of
hive (n = 5; H1, H2, H3, H4, H5), W*H is the interaction term, and € is the random error.

Further analysis for any dependent variable significantly affected by W was conducted for forager

and nurse bees separately. Unaffected variables were analysed using the whole dataset.

2.5.2. Effect of sampling date
Analysis of variance (ANOVA) was performed to detect significant differences in monitored metrics

between the sampling months. A balanced linear model with interaction was used as follows:

Yabe k=K + Mgp + Hjp, +M+H + ¢

where y is the dependent variable (n = 9; Weight, HW, TW, TL, AW, AL, T, FBW, FB%), W is the overall
mean, M is the fixed factor of sampling month (n = 12; January-December), H is the fixed factor of
hive (n = 5; H1, H2, H3, H4, H5), M*H is the interaction term, and € is the random error.

If a significant effect of H was found, the dataset was split accordingly and the effect of M analysed

separately.

2.5.3. Effect of environmental factors and flower diversity
Analysis of variance (ANOVA) was performed to detect any changes in dependent variables of

sampled bees according to environmental factors and flower diversity. All data were analysed

following a general linear model procedure with interaction as follows:
Yabe, k=M + Toqp + Pcqg + Ogp+ Fgp+ H;jj + T*xH+P+xH+O+H+F+H+e¢

where y is the dependent variable (n = 9; Weight, HW, TW, TL, AW, AL, T, FBW, FB%), W is the overall
mean, T is the fixed factor of monthly average environmental temperature (monthly average ambient
temperature was divided into 4 levels; Ta, Tb, Tc, Td; range: 10-15, >15-20, >20-25, >25 °C; see Table
1), P is the fixed factor representing mean monthly precipitation (mean monthly precipitation was

divided into 3 levels; Pa, Pb, Pc; range: 0-50, >50-100, >100 mm; see Table 1), O is the fixed factor
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representing monthly average daylength (monthly average daylength was divided into 4 levels; Oaq,
Ob, Oc, Od; range: 550-650, >650-750, >750-850, >950 h of daylight; see Table 1), F is the fixed factor
effect of the monthly flower diversity (monthly flower diversity was dived into 3 levels; Fa, Fb, Fc;
range: <5, 5-10, >10 species of flowering plants see Table 2), H is the fixed factor of hive (n = 5; H1,
H2, H3, H4, H5), T*H is the interaction term between temperature and hive, P*H between
precipitation and hive, O*H between daylight and hive, F*H between plant diversity and hive, and €
is the random error.

If a significant effect of H was found, the dataset was split accordingly and the effect of T/P/F/O

analysed separately.

2.5.4. Correlation analysis
Pearson test for the assessment of correlation between measured metrics was used (Weight, HW,

TW, TL, AW, AL, T, FBW, FB%) and was performed on both worker bee types separately. A statistically
significant correlation was deemed 1) weak: p < 0.300, 2) mild: 0.300 < p < 0.600, or 3) strong: 0.600
< p < 1.000. The nature of the correlation was defined as follows: +p or —p: positively or negatively

correlated.

3. Results

Sampled colonies benefited from feed resource availability during the whole duration of the study.
The diversity of flowering plants steeply increased during spring before peaking in early summer. This
peak was followed by a drastic decrease over the course of the summer, bottoming in August.
Summer dearth was followed by a mild restoration in fall. Limited flower diversity was noted in early
winter which increased in February marking the onset of the foraging season. The various species of

flowering plants encountered during the study period are reported per sampling month in Table 2.
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Table 2. Summarising table of the monthly diversity of flowering plants in the honey bee flight area

over the study period (February 2022-January 2023) in Sassari (Italy).

Month"

Jan™  Feb mar  Apr May  Jun Jul Aug  Sep Oct Nov  Dec

Species
Acacia dealbata X X
Anthemis arvensis X X X
Asphodelus ramosus X X
Bellis perennis X X X X X
Borago officinalis X X X
Calendula arvensis X X X X X X X X X
Centaurea X
Chrysanthemum

. X X
croronarium
Convolvulus arvensis X
Crepis vesicaria X X X X X X X X X
Cynara cardunculus X X
Dittrichia viscosa X X X
Echium plantagineum X X X X
Eucalyptus sp. X X X X X X X
Foeniculum vulgare X X X X X X
Fumaria officinalis X X X
Galactites tomentosus X X X
Geranium molle X X
Glebionis coronaria X X
Helminthotheca

X X X
echioides sp.
Hypochaeris
X X X

achyrophorus
Malva sylvestris X X
Onopordum horridum X X X
Oxalis pes-caprae X X X X X X X
Prunus amygdalus X X
Rafanus sativus X
Raphanus raphanistrum X X
Reichardia picroides X X X X X X X X
Salvia rosmarinus X X X X X X X X X
Senecio vulgaris X
Sinapis alba X X X X
Trifolium nigrescens X X X
Count 2 7 15 20 23 14 8 3 9 7 6 3
Category™” Fa Fb Fc Fc Fc Fc Fb Fa Fb Fb Fb Fa

*Jan = January, Feb = February, Mar = March, Apr = April, Jun = June, Ju |= July, Aug = August, Sep =

September, Oct = October, Nov = November, and Dec = December.
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“*Data for the month of January were collected in 2023 while the rest of the months regard the year

2022.

*Categories of environmental factors for statistical analysis: monthly flower diversity is dived into 3

levels; Fa, Fb, Fc; range: <5, 5-10, >10 species of flowering plants.

Mean values for all dependent variables for the whole database and per worker bee type are

reported in Table 3.

Table 3. Mean morphological metrics of Apis mellifera ligustica nurse and forager bees recorded

over a 12-month period (2022-2023).

Overall’ Nurse bee Forager bee

mean sD™ range mean sD™ range mean  SD™ range
Weight (g) 0.10 0.02 0.06-0.17 0.12 0.02 0.08-0.17 0.08 0.01 0.06-0.12
Head width (mm) 3.74 0.06 3.56-3.88 3.76 0.05 3.62-3.88 3.71 0.05 3.56-3.86
Thoracal width (mm) 3.77 0.05 3.56-3.93 3.77 0.05 3.56-3.92 3.77 0.05 3.58-3.93
Thoracal length (mm) 3.76 0.05 3.48-4.01 3.76 0.05 3.48-3.97 3.76 0.05 3.50-4.01
Abdominal width (mm) 4.27 0.15 3.82-4.79 4.35 0.14 4.00-4.79 4.18 0.11 3.82-4.50
Abdominal length (mm) 6.4 0.85 4.91-8.89 7.08 0.61 5.62-8.89 5.72 0.39 4.91-7.28
Total body length (mm) 11.84 0.79 10.21-14.43 12.42 0.66 10.41-14.43 11.27 0.38 10.21-12.78
Fat body weight (mg) 7.7 7.6 0-38.0 13.2 6.7 0-38.0 2.1 3.3 0.0-20.7
Fat body size (%) 29 20 0-92 42 13 12-88 16 16 0-92

*Overall mean values for the whole dataset (nurse and forager bees together).

“*Standard Deviation.

A statistically significant difference (p <0.001) was found between worker honey bee types for all
analysed metrics except for TW and TL (F(1,1190 = 2.11, p = 0.147; F,1190) = 2.42, p = 0.120). A
significant effect of hive was found for TW, TL, and T (F(1,1100) = 13.30, p < 0.001; F(1,1190) = 16.22, p
<0.001; F(1,1190) = 2.44, p = 0.045). No interaction effect was detected between hive and worker type
for any of the variables.

Post hoc analysis showed H5 to be significantly different from other hives for TW and TL, while no
decisive pattern was revealed for T. Mean TW and TL values for H5 were lower than those of other
hives (TW: H1 =3.78, H2 =3.78, H3 = 3.78, H4 =3.78, H5 = 3.75; TL: H1 =3.77, H2 =3.76, H3 =3.77,
H4 =3.77, H5 = 3.74).

No significant difference in TW and TL was found over the months for any of the hives.

81



2369
2370

2371
2372

2373
2374

2375
2376
2377
2378
2379
2380

2381

Results of the analysis of variance on the effect of hive and sampling month for nurse and forager

bees are reported in Table 4.

Table 4. Results of the analysis of variance for the effect of hive and sampling month on various

metrics of Apis mellifera ligustica nurse and forager honey bees.

Effect of hive Effect of Month Interaction
p-value® F-value df’ p-value® F-value  df p-value® F-value  df

Nurse bees

Weight 0.016 3.09 (4,540) <0.001 50.02 (11,540) 0.220 0.64 (44,540)
Head width 0.637 0.64 (4,540) <0.001 12.91 (11,540) 0.999 0.64 (44,540)
Abdominal width 0.299 1.23 (4,540) <0.001 23.99 (11,540) 0.795 0.82 (44,540)
Abdominal length 0.213 1.46 (4,540) <0.001 19.07 (11,540) 0.439 1.02 (44,540)
Total body length 0.009 3.42 (4,540) <0.001 26.47 (11,540) 0.338 1.08 (44,540)
Fat body weight 0.602 0.69 (4,540) <0.001 38.51 (11,540) 0.076 1.34 (44,540)
Proportional fat body size 0.744 0.49 (4,540) <0.001 31.22 (11,540) 0.100 1.3 (44,540)
Forager bees

Weight 0.568 0.74 (4,540) <0.001 15.93 (11,540) 0.673 0.89 (44,540)
head width 0.483 0.87 (4,540) <0.001 17.57 (11,540) 0.999 0.45 (44,540)
Abdominal width 0.846 0.35 (4,540) <0.001 6.76 (11,540) 0.553 0.96 (44,540)
Abdominal length 0.023 2.85 (4,540) <0.001 15.83 (11,540) 0.773 0.83 (44,540)
Total body length 0.401 1.01 (4,540) <0.001 11.02 (11,540) 0.339 1.08 (44,540)
Fat body weight 0.709 0.54 (4,540) <0.001 10.77 (11,540) 0.999 0.45 (44,540)
Proportional fat body size 0.621 0.66 (4,540) <0.001 9.84 (11,540) 0.919 0.71 (44,540)

aStatistical significance set at p <0.005.

*Degrees of freedom.

Figure 1 and 2 show boxplots of the different variables significantly affected by month for nurse and
forager bees respectively. The effect of month on the Weight and T of nurse bees according to hives
is depicted in Figure 3 and 4. The effect of month on the AL of forager bees for the different hives is

“uxn

shown in Figure 5. Significantly different months are indicated by a red “*”. No significant interaction

effect was found.

82



2382
2383

2384
2385
2386
2387
2388
2389

2390

Boxplot of variables significantly affected by sampling month: Nurse bees
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Figure 1. Box plots of Head width (mm), Abdominal width (mm), Abdominal length (mm), Fat body

weight (mg), and Fat body size (%) of Apis mellifera ligustica nurse bees according to sampling

months. The boxplot represents the interquartile range (IQR = Q3 - Q1) and bars represent first (Q1,

top) and third quartiles (Q3, bottom) of metric values. Black “*” represent outliers and the black line

represents the mean connect line. Red

“uxn

indicates months significantly different from unmarked

months. Feb = February, Mar = March, Apr = April, Jun = June, Jul = July, Aug = August, Sep =

September, Oct = October, Nov = November, Dec = December, and Jan = January.
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Boxplot of variables significantly affected by sampling month: Forager bees
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Figure 2. Box plots of Weight (g), Head width (mm), Abdominal width (mm), Total body length (mm),
Fat body weight (mg), and fat body size (%) of Apis mellifera ligustica forager bees according to
sampling months. The boxplot represents the interquartile range (IQR = Q3 - Q1) and bars represent
first (Q1, top) and third quartiles (Q3, bottom) of metric values. Black “*” represent outliers and the

“uxn

black line represents the mean connect line. Red indicates months significantly different from
unmarked months. Feb = February, Mar = March, Apr = April, Jun = June, Jul = July, Aug = August, Sep

= September, Oct = October, Nov = November, Dec = December, and Jan = January.
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Boxplot of Weight per hive: Nurse bees
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Figure 3. Box plots of the Weight (g) of Apis mellifera ligustica nurse bees according to hive and

sampling months. The boxplot represents the interquartile range (IQR = Q3 - Q1) and bars represent

first (Q1, top) and third quartiles (Q3, bottom) of metric values. Black “*” represent outliers and the

black line represents the mean connect line. Feb = February, Mar = March, Apr = April, Jun = June, Jul

= July, Aug = August, Sep = September, Oct = October, Nov = November, Dec = December, and Jan =

14

January.
Boxplot of Total body length per hive: Nurse bees
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Figure 4. Box plots of the Total body length (mm) of Apis mellifera ligustica nurse bees according to

“uxn

hive and sampling months. Red indicates months significantly different from unmarked months.

The boxplot represents the interquartile range (IQR = Q3 - Q1) and bars represent first (Q1, top) and

“uxn

third quartiles (Q3, bottom) of metric values. Black represent outliers and the black line

“uxn

represents the mean connect line. Red indicates months significantly different from unmarked
months. Feb = February, Mar = March, Apr = April, Jun = June, Jul = July, Aug = August, Sep =

September, Oct = October, Nov = November, Dec = December, and Jan = January.

Boxplot of Abdominal length per hive: Forager bees
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Figure 5. Box plots of the Abdominal length (mm) of Apis mellifera ligustica forager bees according to
hive and sampling months. The boxplot represents the interquartile range (IQR = Q3 - Q1) and bars

“uxn

represent first (Q1, top) and third quartiles (Q3, bottom) of metric values. Black represent
outliers and the black line represents the mean connect line. Feb = February, Mar = March, Apr =
April, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October, Nov = November, Dec =

December, and Jan = January.

Analysis of variance revealed no significant effect of environmental factors nor flower availability on
TW for any of the hives. A significant effect of temperature (F, 2209) = 2.66, p = 0.049) and flower
diversity (F3, 229)= 3.44, p = 0.034) on TL was found for H3, and a significant effect of temperature (F,
29) = 2.66, p = 0.049) for H2. However, post hoc analysis showed no difference in TL between the

groupings of various factors.
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Results of the analysis of variance and post hoc analysis on the effect of environmental factors (mean
monthly temperature, precipitation, daylength) and flower diversity for the dependent variables of
nurse and forager bees are reported in Table 5. A significant effect of hive was found for Weight and
T in nurse bees and are therefore reported here. Specifically, a significant effect of temperature was
found on Weight and T for all hives (Weight: H1: F(3,109) = 23.47, p <0.001; H2: F(3,100) = 18.18, p <0.001;
H3: F3,109) = 13.61, p <0.001; H4: F(3,109) = 11.79, p <0.001; H5: F(3109) = 11.79, p <0.001; T: H1: F(3109) =
10.62, p <0.001; H2: F(3,109) = 10.28, p <0.001; H3: F(3,109) = 12.52, p <0.001; H4: F(3,1009) = 3.93, p <0.001; H5:
Fis,109) = 4.58, p = 0.005). Weight was significantly affected by mean monthly precipitation for H2
(F2,100)= 5.11, p =0.004), H3 (F(2,100)= 4.43, p = 0.014), H4 (F2,109) = 6.93, p = 0.001), and H5 (F2,109)= 5.11,
p = 0.026). Lastly, precipitation had an effect on T for H1 and H2 (F(2,100) = 3.98, p = 0.022; F(2,109) = 3.98,
p = 0.008) and plant diversity on Weight for H1 (F2,109 = 3.52, p = 0.033). No interaction effect was

found for any of the factors for both nurse and forager bees.
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Table 5. Results of the analysis of variance for the effects of environmental factors (mean monthly temperature, precipitation, daylength, and flower

diversity) on various metrics of Apis mellifera ligustica nurse and forager honey bees.

Temperature Precipitation Hours of daylight Diversity of flowering plants

F-value df' p-value® post hoc™ F-value  df p-value? Post hoc™* F-value df’ p-value® post hoc™ F-value df p-value® post hoc™
Nurse bee
Head width 825  @zssy  <0.001 Th,Te,Td>Ta 7.17 (2.589) 0.001 Pc>Pb,Pa 2.20 @3sss)  0.087 X 710 s 0.001 Fa,Fb>Fc
Abdominal width 2841 @ss)  <0.001 Th>Ta, Te>Td 5.20 (2589) 0.006 Pc>Pb>Pa 8.83 @ss  <0.001  0gOob>0cod 301  @ss) 0.05 Fa,Fb>Fc
abdominal length 29.45 (3,589) <0.001 Tb>Ta,Te>Td 10.22 (2,589) <0.001 Pc>Pb,Pa 3.41 (3,589) 0.017 0a,0b,0c,0d 1.70 (2,589) 0.183 X
Fat body weight 39.14  gssy  <0.001  TpsTusTesTd 1882 pss  <0.001 Pc>Pb>Pa 3.29 (3589) 0021  0g>0b,0c0d 221 (s 0.111 Fa,Fb,Fc
Fat body size 4036 (359  <0.001 Tb>TaTe>Td 3931 s <0.001 Pc>Pb,Pa 3.67 (3,589) 0.012 0a,0b>0c,0d 226 (@ss) 0.105 Fa,Fb,Fc

Forager bee

Weight 9.14  (gssg  <0.001  TpsTesTasTd 7.8 (ss9)  <0.001 Pc>Pb,Pa 13 @sss)  0.272 X 6.9  (se) 0.001 Fb>Fc>Fa
Head width 182 (3589) <0.001 X 5.84 (2,5%9) 0.003 Pc>Pa>Pb 3.56 (3,589) 0.014 0a,0b,0c,0d 065  @ss) 0.520 X
Abdominal width 584 (3589 0.001 X 1.44 (2589) 0.239 X 4.1 (3,589) 0.007 0a,0b,0c0d 193  ss9) 0.146 X
abdominal length ~ 10.57  @ss9) <0.001 Th, Td>Ta, T 9.83 (ss9)  <0.001 Pc>Pa>Pb 5.48 (3,589) 0.001 0a>0b,0c,0d 1416 sy  <0.001 Fb>Fa,Fc
total body length 8.09 (s  <0.001 Th,Td,Ta, T 7.82 (oss9)  <0.001 Pc>Pb,Pa 7.36 Gss9 <0001 0g0d>0b,0c 969  @ss  <0.001 Fb>Fa,Fc
Fat body weight 9.07 (s  <0.001 Th,Td,Ta, T 6.34 (2.589) 0.002 Pc>Pb,Pa 6.56 Gss9 <0001 0g0b0c0d 644  Gsw) 0.002 Fb>Fa,Fc
Fat body size 828 (s <0.001 Th,Td,To, Tc 4.01 (2,589) 0.019 Pc>Pb,Pa 5.85 (3589) 0.001 0a,0b,0c,0d 275 (s 0.065 X

aStatistical significance set at p < 0.005.

*Degrees of freedom.

““Categories that were shown to be different through post hoc analysis (Tukey test) are separated by “>”, while groupings that are not different from each

wn

other are separated by “".
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2450 Results of the correlation analysis between various metrics are reported for nurse and forager bees

2451 in Table 6.

2452

2453  Table 6. Results of Pearson correlation analysis between morphologic metrics of nurse and forager

2454  bees.
Weight Head Thoracal Thoracal Abdominal  Abdominal  Total body Fat body
width width length width length length weight

Nurse bees
Head width 0.578" / / / / / / /
P-value <0.001 / / / / / / /
Thoracal width 0.241" 0.224" / / / / / /
P-value <0.001 <0.001 / / / / / /
Thoracal length 0.272" 0.216" 0.557"" / / / / /
P-value <0.001 <0.001 <0.001 / / / / /
Abdominal width 0.638"" 0.457" 0.323™ 0.330™ / / / /
P-value <0.001 <0.001 <0.001 <0.001 / / / /
Abdominal length 0.796™" 0.768"" 0.205" 0.244" 0.572™ / / /
P-value <0.001 <0.001 <0.001 <0.001 <0.001 / / /
Total body length 0.770™" 0.636™" 0.213" 0.259" 0.529™ 0.794™" / /
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 / /
Fat body weight 0.753"" 0.424™ 0.104" 0.144" 0.493™ 0.675™" 0.666™" /
P-value <0.001 <0.001 0.024 0.002 <0.001 <0.001 <0.001 /
Fat body size 0.310™ 0.133" 0.045 0.069 0.183" 0.257" 0.293" 0.498™
P-value <0.001 0.004 0.324 0.131 <0.001 <0.001 <0.001 <0.001
Forager bees
Head width 0.214" / / / / / / /
P-value <0.001 / / / / / / /
Thoracal width 0.117" 0.780""" / / / / / /
P-value <0.001 <0.001 / / / / / /
Thoracal length 0.072 0.692"" 0.830™" / / / / /
P-value 0.079 <0.001 <0.001 / / / / /
Abdominal width 0.614™" 0.317" 0.286" 0.219" / / / /
P-value <0.001 <0.001 <0.001 <0.001 / / / /
Abdominal length 0.731™" 0.212" 0.095" 0.035 0.639"" / / /
P-value <0.001 <0.001 0.020 0.396 <0.001 / / /
Total body length 0.735™" 0.218" 0.102" 0.063 0.636™" 0.871™" / /
P-value <0.001 <0.001 0.012 0.125 <0.001 <0.001 / /
Fat body weight 0.669™" 0.204" 0.088 0.064 0.471™ 0.649™" 0.643™" /
P-value <0.001 <0.001 0.053 0.160 <0.001 <0.001 <0.001 /
Fat body size 0.662""" 0.212" 0.097" 0.071 0.458™ 0.645™" 0.652™" 0.907""
P-value <0.001 <0.001 0.034 0.121 <0.001 <0.001 <0.001 <0.001

2455 “indicates a weak correlation.
2456  ““indicates a mild correlation.

2457  indicates a strong correlation.
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4. Discussion

Nutrition is a key aspect influencing honey bee health and overwintering success (Brodschneider and
Crailsheim, 2010; Steinhauer et al., 2018; Branchiccela et al., 2019; Bocquet et al.,, 2022).
Nevertheless, there are relatively few studies that explore honey bee seasonal activity in southern
temperate climates (Ricigliano et al., 2018; Maes et al., 2021). In this research, the nutritional status
of the Italian bee (A. m. ligustica), a subspecies well adapted to the warm temperate climate of the
Mediterranean, was studied (Ruttner, 1988; Gupta, 2014; Kovac et al., 2014). Specifically, individual
weight, fat body, and size measurements (head, thorax, abdomen, and total body) were recorded on
a monthly basis in order to detect temporal changes in the nutrient storage of worker bees during a
complete annual cycle (2022-2023). Recorded parameters were analysed according to climatological
factors and the availability of feed recourses (flower diversity) in order to get a better understanding
of the annual bimodal dynamics of the honey bee workforce in a southern temperate Mediterranean
climate.

Besides following seasonal variations in honey bee nutrition, novel data regarding two distinct
worker bee types with varying biological age; in-hive (nurse bees) Vs. out-hive (forager bees) is
presented. Given the consistent and fundamental behavioural, physiological, and nutritional
differences between these two worker bee types (Amdam and Omholt, 2002; Toth et al., 2005; Toth
and Robinson, 2005; Wilson-Rich et al., 2008; Ament et al., 2010; 2011; Alaux et al., 2018; Harwood
and Amdam, 2021; Sarioglu-Bozkurt et al., 2022) authors hypothesised nutrition-related size metrics
to vary significantly between them. Furthermore, as nurse and forager bees have different responses
to similar conditions (Ament et al., 2010), the analysis of fixed factors (sampling time, environmental
factors, and feed resource availability) was conducted separately for both cohorts.

While body size is a known indicator of nutritional stress reflecting the quantity and quality of food
available during development in honey bees (Kunert and Crailsheim, 1988; Hoover et al., 2006;
Scofield et al., 2015; Wang et al., 2016; Retschnig et al., 2021; Schilcher et al., 2022), to the best of
our knowledge, no empirical evidence has so far been produced showing size variations between
worker honey bees to be related to age division of labour. In fact, body size variations of worker bees
within a single A. mellifera colony are believed to be negligible (Kerr and Hebling, 1964; Roulston and
Cane, 2000; Chole et al., 2019). Here we show significant differences in nutrition-related size
measurements between individual forager and nurse bees. With the exception of thoracal
dimensions, all measured metrics differed between both worker bee types. Correspondingly,
individual size measurements were strongly or mildly positively correlated to known biological

markers of honey bee nutrition [body and fat body weight (Wilson-Rich et al., 2008; Smart et al.,
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2016; Lopez-Uribe et al., 2020; Koubova et al., 2021; Retschnig et al., 2021)] (Table 6). These findings
are in accordance with worker physiology, showing nurse bees to have substantially larger nutrient
stores as compared to foragers (Amdam and Omholt, 2002; Toth et al., 2005; Toth and Robinson,
2005; Wilson-Rich et al., 2008; Ament et al., 2010; Alaux et al., 2018; Harwood and Amdam, 2021;
Sarioglu-Bozkurt et al., 2022). The weak correlation between Weight and FBW Vs. HW in foragers is
explained by the fact that these bees have hypotrophied hypopharyngeal glands (Amdam and
Omholt, 2002; Doke et al., 2015). In contrast, these glands, which serve for the production of brood
food, are well-developed in nurse bees (Fluri et al., 1982; Crailsheim, 1990; Amdam and Omholt,
2002; Doke et al., 2015; Ali et al., 2019). Since brood food is produced from Vg (Amdam et al., 2003;
Seehuus et al., 2007), it is logical HW to be correlated to nutritional markers in this cohort.

The long-term monitoring of selected metrics allowed us to paint a detailed picture of the annual
cycle of Italian bees in the study area from a nutritional point of view. In accordance with the
seasonal adaptations of worker honey bees (summer Vs. winter bees) (Doke et al., 2015; Kunc et al.,
2019; Yamada et al., 2019; Knoll et al., 2020; Koubova et al., 2021; Maes et al., 2021), a functional
bimodal division of the honey bee cycle is followed.

The “summer-bee portion” of the nutritional cycle, running from mid-winter (end of December) to
early fall (September) in this study, closely followed the nectar flow. When feed resources were
abundant, individual honey bee nutrition increased and the opposite was seen during resource
dearth (Kunert and Crailsheim, 1988; Ricigliano et al., 2018; 2019; 2021; Dolezal et al., 2019).
Contrarily, a general increase in HW and TW was seen over the course of the foraging season. This
corresponds to previous findings describing an increase in worker bee size within a yearly cycle
(Ruttner, 1988; Sauthier et al., 2017).

Present data reflects a controversial increase in W, AL, T, FBW, and FB% of forager bees during the
summer dearth period (peaking in July; Figure 2 and 5) which has been accredited to an explicit
sampling error. Specifically, ambient temperatures at the time of sampling were so high that a large
portion of bees had exited their hives and were found clustered around their respective hive
entrances. This common strategy to prevent overheating (Abou-Shaara et al., 2017; Zhao et al., 2021)
likely resulted in the sampling of a mixed population of worker bees rather than bees of a single
biological age. Our deduction this finding to be a sampling error is supported by the overlapping
ranges of measured metrics between both worker bee types for the month of July, as well as the
increased variability seen for that sampling date.

Consistent with our present understanding of honey bee physiology in southern temperate climates
of the northern hemisphere (Ruttner, 1988; Gupta, 2014; Ricigliano et al., 2018; Maes et al., 2021),

the “winter-bee portion” of the nutritional cycle in this study was short and restricted to late
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fall/early winter (November-December). October can be considered a transition month as the shift
from summer to winter bee-state is known to occur gradually within a colony and thus a balanced
number of both castes is most likely present at this time (Mattila and Otis, 2007; Déke et al., 2015;
Kunc et al., 2019). This portion of the honey bee year-cycle was characterized by a steep increase in
nutrient storage in opposition to the overall diversity of feed resources (Table 2) with a subsequent
decrease over the course of the winter period (Amdam and Ombholt, 2002). This correlates well with
current knowledge of honey bee seasonality with the arrival of winter bees primarily related to the
disappearance of flowering plants in fall (Doke et al., 2015; Kunc et al., 2019; Knoll et al., 2020). As
indicated by the significant difference in average monthly FBW, FB%, and AL (Figure 1), nutrient
storage of nurse bees peaked in November, showing the presence of winter bees (Fluri and
Bogdanov, 1987; Kunert and Crailsheim, 1988; Seehuus et al., 2007; Chen et al., 2016; Koubova et al.,
2021). Whereas the overwintering state of honey bees in warmer climates differs from northern
regions (e.g. sustained foraging and brood rearing activities), accumulation of fat and protein (Vg) is
believed to be universal for overwintering honey bees in temperate zones (Ricigliano et al., 2018).
Recent research monitoring Vg levels in the fat body of worker bees over a yearly cycle in the Czech
Republic revealed a strikingly similar pattern even though nutrient storage in said research peaked in
December (Koubova et al.,, 2021). Nevertheless, because sampling in the present study was
conducted at the end of each month, nutrient storage of nurse bees could have peaked early to mid-
December (as the noted brood rearing patterns would suggest) rather than in November.

The enlarged Weight, FBW, HW, AW, and T of forager bees in November, indicate that monitored
hives exited their winter state somewhere between November and December. Indeed, increased
morphological dimensions of forager bees during the winter dearth are indicative of a winter-bee-
like state and can be considered remnants of the nutrient accumulation that occurred during in-hive
activities (Knoll et al., 2022). Analogously, previous research has identified forager bees with
increased morphological dimensions in early spring likely to be winter bees hatched the year before
(Sauthier et al., 2017). Authors expected to see a delay in the detection of winter-bee-like foragers as
compared to nurse bees. Nevertheless, the cessation of activities of Italian bees in this research was
shorter than the sampling frequency likely resulting in the absence of a notable temporal divergence
in seasonal transition between both worker bee types.

Overall changes in recorded metrics corresponded to the variation in environmental factors observed
within the study period known to influence seasonal honey bee colony activity (Déke et al., 2015;
Nlrnberger et al., 2018; Kunc et al., 2019; Knoll et al., 2020; Koubova et al., 2021).

For both nurse and forager bees, monthly average ambient temperatures between 15-20 °C were

correlated to the highest degree of nutrient storage (Table 5). These temperatures coincide with
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peak honey bee activity during the nectar flow in spring as well as the appearance of winter bees in
fall. The fact that honey bees show two distinct physiological states within similar temperature
ranges illustrates it is unlikely mean temperature alone influences the seasonal transition of honey
bee colonies. Alternatively, interaction of temperature with other factors (e.g. photoperiod and feed
resource availability), or the direction of temperature change in combination with reaching a
threshold value could serve as a possible seasonal trigger (Mattila et al., 2001; Mattila and Otis,
2007; Doke et al., 2015; Niirnberger et al., 2018; Yamada et al., 2019).

Current understanding of honey bee behaviour in temperate climates describes the formation of a
thermoregulating cluster when ambient temperatures drop below 10 °C (Déke et al., 2015; Cavoli et
al.,, 2021). While average temperatures were well above this mark in November in the present
research (and remained so for the whole duration of the study), minimum ambient temperatures did
dip below 10 °C in November. More significantly, temperatures below this threshold were first
recorded the month before (October). Given winter bees start appearing during this transition
month, the first cold nights in fall could signal colonies to prepare for winter. The physiological
mechanisms of how dropping ambient temperatures allow worker bees to accumulate Vg has
previously been described (Huang and Robinson, 1995; 1996; Corona et al., 2007; Koubova et al.,
2021).

In accordance with previous research efforts (Fluri and Bogdanov, 1987; Toth et al., 2005; Toth and
Robinson, 2005; Koubova et al., 2021), an association between decreasing daylength and the
accumulation of nutrients in the fat body of in-hive bees was noted. These results strengthen the
hypothesis that decreasing photoperiod is involved in the seasonal appearance of winter bees (Doke
et al., 2015; Nirnberger et al., 2018; Knoll et al., 2020) although present morphometrical results did
not reveal further insights into the possible influence of daylength on the nutritional cycle of Italian
honey bees.

Lastly, high average monthly precipitation (>100 mm) was consistently associated with an elevated
nutrient status in both nurse and forager bees and coincided with the presence of winter bees. With
the exception of AW in foragers, all measured metrics were significantly higher during months with
high precipitation (Table 5). This finding is intriguing and could point towards weather conditions to
be of particular importance in the seasonal dynamics of honey bees in southern temperate climates.
Indeed, impaired meteorological conditions (“bad weather”) are known to influence honey bee
demography by affecting the pheromone balance of a colony resulting in the active suppression of
the biological maturation of young bees and the appearance of winter bees in fall (Huang and

Robinson, 1992; 1996; Leoncini et al., 2004; Amdam et al., 2009; Doke et al., 2015; Knoll et al., 2020).
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The flower diversity surveys conducted in the honey bee flight area provided a significant
contribution to the study. We detected substantial variations in forage diversity (with specific regard
to pollen availability) over the course of the monitoring period with an explicit pattern matching that
of brood rearing. Because honey bee colonies do not store large amounts of pollen, the availability of
this resource (the main nutrient supply for brood rearing) is strongly correlated to the brood rearing
activity (Keller et al., 2005b; Mattila and Otis, 2007; Brodschneider and Crailsheim, 2010; Russell et
al., 2013; Smart et al., 2016; Wood et al., 2018).

This pattern together with rest of the present data allowed us to identify two critical periods for
honey bee health and nutrition in southern temperate climates, i.e. summer and winter dearth.
While seasonal fluctuation in pollen availability showing one or two distinct peaks is not unusual
(Ruttner, 1988; Keller et al., 2005b), large temporal variations in feed resource availability (nutritional
irregularity) are known to affect honey bee health and longevity (Di Pasquale et al., 2013; 2016;
Dolezal et al., 2019). Indeed, poor foraging conditions and related malnutrition are believed to be key
factors in global colony losses (Naug, 2009; Brodschneider and Crailsheim, 2010; Steinhauer et al.,
2018; Dolezal et al., 2019; Quinlan et al., 2023), especially in warm temperate climates (Maes et al.,
2021).

High winter temperatures (Nirnberger et al., 2018) together with the prolonged availability of pollen
(Mattila and Otis, 2007) offer a viable explanation for the late appearance of diutinus bees in this
research as well as the sustained brood rearing observed for two out of the five hives (vanEngelsdorp
et al., 2010; Maes et al., 2021). Although this might seem beneficial, continuous brood rearing during
periods of limited pollen availability can cause premature exhaustion of fat and protein nutrient
stores leaving colonies in a vulnerable state (Russell et al., 2013; Alaux et al., 2018; Niirnberger et al.,
2018; Ricigliano et al., 2018; Maes et al., 2021). In effect, in-hive colony reserves and reserves within
bees themselves are rapidly depleted in times of pollen dearth (Brodschneider and Crailsheim,
2010). Besides, flower diversity has been shown to be an important factor in honey bee nutrition
since different pollen and nectar sources vary significantly in their nutritive value, e.g. protein and
mineral contents (Keller et al., 2005a; Di Pasquale et al., 2013; Vaudo et al., 2015; Filipiak et al., 2017,
Dolezal et al.,, 2019). Hence, even though nutritional recourses would be available during winter
months, the limited variety of flowering plants during this time might not provide adequate nutrition
in order to support brood rearing or honey bee colonies in general (Brodschneider and Crailsheim,
2010; Vaudo et al., 2015; Di Pasquale et al., 2016; Danner et al., 2017; Filipiak et al., 2017; Ricigliano
et al., 2018; 2021; Branchiccela et al., 2019).

A prominent finding of the present study is that the nutritional state of A. m. ligustica workers was

significantly negatively affected during periods of high ambient temperatures (>25 °C) and low
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precipitation (0-50 mm) (Table 5). With the exception of T and HW, all nurse metrics were lowest
during the summer drought period (June-August) (Figure 1, 3, 4).

The precipitation pattern during the study period coincided with that of plant diversity during the
“summer-bee portion” of the year which can be considered an illustration of the bottleneck effect of
precipitation on plant growth in warm and dry Mediterranean climates (Pefiuelas et al., 2004;
Schweiger et al., 2010). The noted influence of weather on honey bee nutrition in summer therefore
likely stems from an indirect effect on plants resulting in an overall resource dearth (Gordo and Sanz,
2005; Le Conte and Navajas, 2008; Hegland et al., 2009; Switanek et al., 2017; Kunc et al., 2019;
Cavoli et al., 2021). Moreover, hot and dry conditions have been shown to reduce nectar and pollen
production and the overall nutritional quality of these resources as well (Le Conte and Navajas, 2008;
Schweiger et al., 2010; Cavoli et al., 2021). For these reasons, in addition to the winter dearth,
summer food shortages could be of serious concern for honey bee colonies in southern temperate
climates. This could be especially true in the face of accelerated climate change (Pefiuelas et al.,
2004; Le Conte and Navajas, 2008; De La Rua et al., 2009; Russell et al., 2013; Flores et al., 2019;
Stanimirovi¢ et al., 2019; Insolia et al., 2022; Kira¢ and Birer, 2023) as conditions in the
Mediterranean head towards a similar scenario seen in particularly arid climates such as in the
Middle East (Carvalho et al., 2022; Kira¢ and Birer, 2023) where summer droughts are a key factor in
colony losses since many plants suffer from heat stress leading to feed shortage for honey bees
(Hristov et al., 2021).

Lastly, the present data supports the observation that climate change (high ambient temperatures in
particular) is causing a disproportionate shift in plant and honey bee phenology in the
Mediterranean, resulting in temporal mismatches with possible nutritional consequences (Gordo and
Sanz, 2005; 2006; Hegland et al., 2009; Nirnberger et al., 2018; Nath et al.,, 2022). Indeed, a
particularly early initiation of the foraging season, well before the start of the nectar flow, was noted

followed by a sharp decrease in nutrient storage over the course of winter (Figure 1).

5. Conclusion

The present research contributes to our understanding of the seasonal dynamics of honey bees in a
southern temperate climate showing a short cessation of activities in late fall/early winter coupled
with an increase in nutrient storage of in-hive bees. While the fall decrease in feed resources appears
to be the main factor governing honey bee seasonality, a combination of changing environmental
factors seems to be required for the arrival of winter bees. The continuous but limited availability of

flowering plants and forgiving ambient temperatures during winter likely allowed for the observed
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brood rearing pattern and consequential sharp decrease in nutrient storage over the winter dearth
period.

In addition, a first description of the annual nutritional honey bee cycle in a southern temperate
climate is presented showing two critical timepoints. Overall, our results contradict the common
assumption that warm climates are more suited for honey bees as besides winter, the Mediterranean
summer, which is characterised by droughts and high temperatures, was identified as a second
critical timepoint. It seems precipitation plays a particularly important role in southern latitudes,
influencing nutrition in both the summer- and winter-bee portion of the honey bee year-cycle.
Finally, present data support the notion that climate change is expected to have significant effects on
honey bees in temperate Europe in the decades to come, especially through a pronounced impact on
plants indirectly affecting health and nutrition.

Our results provide valuable insights into the seasonal and nutritional dynamics of locally adapted A.
m. ligustica populations that could aid beekeepers to make management decisions in relation to
environmental factors and availability of flowering plants with the ultimate goal of improving

overwintering success and preventing unnecessary colony losses.
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CHAPTER 5

Conclusions

Honey bees are fascinating creatures who have shown great adaptability to a variety of conditions.
The evolution of a seasonal cast system allowing these insects from (sub)tropical origin to colonize
temperate climates with “extreme” seasonal variations is a great example of this. On the other hand,
widespread global colony losses illustrate the fragility of Apis mellifera in an increasingly hostile
environment. Indeed, these social insects are under growing threat of anthropogenic pressures,
which include the spread of pests and diseases (Varroa destructor being the most well-known case),
pesticide use, agricultural intensification, environmental contamination, and climate change. As
humans have “modified” the honey bee’s environment, we have a responsibility to take the
necessary actions to safeguard and conserve the species. Besides, this is in the best interest of all of
us. Not only because humans increasingly depend on honey bees for sufficient agricultural
production, but because these insects (and pollinators in general) ensure healthy ecosystems and
thus are fundamental for most life on earth.

The overreaching goal of this dissertation is, in some small way, to contribute to the current
knowledge of Apis mellifera with the hope of aiding in the fight against global honey bee colony
losses. As winter represents a period of particular vulnerability for colonies in temperate climates of
the northern hemisphere, and most colony losses occur during this time (although summer losses
are an increasing concern), this dissertation starts off by centralising current knowledge on honey
bee seasonality (summer Vs. winter bees). A detailed account of the central workings of juvenile
hormone and vitellogenin is given, illustrating how honey bees have adapted molecular pathways
related to insect reproduction and development into an effective physiological system with dual
functionality across temporal patterns. In the short term, this system regulates the age division of
labour among sterile female workers ensuring proper colony performance in times when ample
resources are available. Conversely, when favourable conditions are lost, this system governs the
seasonal appearance of diutinus bees who safeguard colony survival in winter and kickstart the next
honey bee year-cycle. The fundamental role of nutrition in honey bee seasonality is exemplified by
vitellogenin (the main nutritional storage molecule in honey bees produced and stored by the fat
body) accounting for the typical features associated with winter bees including longevity.
Environmental factors, feed resource availability, brood rearing, and colony demography have all
been shown to have intertwining effects on honey bee seasonal dynamics.

Even though extensive research efforts have allowed for a rather comprehensive understanding of

these mechanisms, some research gaps remain. Among these is the lack of knowledge of honey bee
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seasonality and overwintering in southern temperate climates. Given nutrition (with vitellogenin
levels of individual bees synonymous with their nutritional status) underlays the profound
physiological differences between the two seasonal worker bee casts, the long-term monitoring of
worker bees in a southern temperate climate (Sassari, Italy) based on markers of honey bee nutrition
was considered in order to address this issue. Since such markers are generally scarce, novel easy-to-
use markers were first conceived and evaluated. In this regard, robust measurements of individual
size (head width, thoracal width and length, abdominal width and length, and total body length)
were hypothesized to be useful markers of individual honey bee nutrition.

The preliminary evaluation of selected size metrics performed on foragers revealed abdominal and
total body length to be suitable candidate markers as they were well correlated to previously
established markers of individual honey bee health and nutrition (body weight, fat body weight, and
proportional fat body size). Furthermore, selected metrics were successfully employed for the
detection of winter-bee-like foragers during a 7-month monitoring effort (2019-2020). In this “proof
of concept”, abdominal length and head width showed the most promise as a peak in these metrics
in winter indicated the presence of bees with increased nutrient storage likely to be diutinus bees
exiting their winter state.

With this information in hand, nutritional monitoring over the course of a whole year was conducted
(2022-2023) and the data analysed according to external factors known to be (at least partially)
involved in the seasonal dynamics of Apis mellifera in temperate climates; temperature,
precipitation, daylength, and flower diversity. In accordance with current knowledge of honey bee
seasonality, the fall decrease in feed resources appeared to be the main factor governing the
appearance of winter bees with rather secondary effects of temperature and daylength. Precipitation
was found to have a significant effect on honey bee dynamics and could be a factor of particular
seasonal importance in southern temperate climates.

Contrary to northern latitudes, the overwintering state of honey bees in the study area was short as
was illustrated by the simultaneous peak in nutrient storage of both nurse and forager bees within
the same month. This being said, a brood stop of approximately two weeks (for 3/5 hives) was noted
which was shorter than the sampling frequency suggesting this might have led to the distinct
appearance of these worker types to be imperceptible. Interestingly, while the duration of the
winter-bee-state in both monitoring efforts reported in this dissertation was identical, they occurred
in distinct months showing temporal plasticity of the mechanism behind honey bee seasonality.
While the relationships with regard to external factors were not investigated in the first monitoring
of forager bees, it is likely variations in climatological factors and feed availability from year to year

resulted in this discrepancy.
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Besides exploring seasonal dynamics, long-term monitoring of selected size measurements resulted
in a detailed description of the nutritional year-cycle of honey bees in a southern temperate climate.
This generated valuable insight that could guide beekeepers to take management decisions in
relation to environmental factors and the availability of flowering plants in order to optimise the
health and nutrition of their colonies. Fluctuations in nutrition-related metrics in correspondence to
changes in flower diversity allowed for the identification of two critical periods for honey bee
nutrition in the study area; summer and winter dearth. While both dearth periods have similar
consequences for honey bees, they occur for different reasons. 1) Winter dearth was characterized
by low temperatures and high precipitation: in this scenario, relatively high winter temperatures
likely result in phenological advancement of both plants and honey bees which ultimately leads to
malnutrition. Specifically, the relatively high ambient temperatures cause a limited amount of plants
to flower in winter, which (in combination with high temperatures) stimulates bees to remain active.
Nevertheless, the limited feed availability puts excessive nutritive pressure on honey bee colonies,
resulting in exhaustion towards spring. 2) Summer dearth was characterized by high temperatures
and extensive droughts (extremely low precipitation): these conditions commonly lead to heat stress
for plants causing feed shortages for bees in times of peak activity, again resulting in excessive
nutritive pressure for colonies.

Both these scenarios were considered the result of (or are at least exacerbated by) rapid global
warming the world is facing today demonstrating how climate change could pose an increasing
threat to honey bees in the Mediterranean if the continuation of this trend is manifested. Since the
Mediterranean is regarded as the “forefront” for climate change in Europe, insights gathered here
could provide a context for extrapolation on how honey bees in colder temperate climates may be
affected in the future. Moreover, as climate change might favour the survival of honey bee
subspecies adapted to specific climatic conditions, the insights into the activity, seasonality, and
nutrition of Italian bees (A. m. ligustica; a subspecies generally well adapted to the warm temperate
climate of the Mediterranean) generated in the context of this dissertation could prove invaluable
(e.g. as a range expansion northwards is expected).

Lastly, results of the long-time monitoring of individual size measurements in 2022-2023 were in
accordance with those of 2019-2020. Since honey bees from two different apiaries were monitored,
some size variations were expected. Nevertheless, size dynamics of forager bees showed a strikingly
similar pattern with practically identical correlation results. This provides added power to the
preliminary assessment of selected morphological metrics conducted on a single hive with a
relatively low sample size. In addition, comparable results are presented for nurse bees showing

abdominal length, abdominal width, and total body length to be candidate markers in this cohort as
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well.

All in all, the present dissertation reports on the potential of robust individual size measurements as
markers for honey bee nutrition that could offer significant advantages in the context of research
efforts and the monitoring of honey bees in general. In addition, insights into the seasonal dynamics
and the year-round nutritional status of locally adapted A. m. ligustica are presented that can serve
as a cornerstone for future honey bee research in southern temperate climates on these topics.
Ideally, knowledge gained from this dissertation will be applied to improve overwintering success

and prevent unnecessary honey bee colony losses.
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