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General introduction

Diet plays a pivotal role in shaping the health and development of animals across diverse
ecosystems (He et al, 2021., Souza et al, 2019., Ojala et al, 2005., Cahu et al, 2003., Kaspi et
al, 2002). Animals are highly dependent on the chemical composition of their food, with
micro- and macronutrients playing key roles in their dietary requirements (Friend, 1958.,
House, 1962., Simpson & Raubenheimer, 2012). Yet, the range of diet breadths available to
animals is vast, ranging from those that are free to select their nourishment (as in many

free-living animals) to others with more constrained diets (as in many sedentary animals).

In the broader animal context, dietary freedom manifests in the choices animals make when
sourcing their nutrition. Some animals, free-living and adaptable, roam their environments
indulging their appetite in a variety of dietary options. One great example, are humans
(Homo sapiens), they are free to pick and choose what they eat and when they eat,
specifically tailoring their diets to what they prefer (Naghii et al, 1996., Tur et al, 2005).
Furthermore, free-living species can adapt and change their diet to accommodate to
different requirements, such as pregnancy and illness (Krockenberger & Hume, 2007). In
contrast, certain sedentary species or those living within their food sources, (like the wood-
eating termites, Poissonnier et al, 2018), have their diets already dictated by their ecological

niches.

Insects, with their immense diversity, demonstrate a variety of different ways to gain
nutrients (Daly et al, 1978), some are free-living and adaptive (Polilov & Beutel, 2009., Jones
et al, 2003., Davies et al, 2011), whilst others are not (Poissonnier et al, 2018., Mitchell,
1983., Hanks & Denno, 1998), yet both survive adequately. Alternatively, one major
adaptation many insects have developed, is provisioning; a form of parental care behaviour
whereby the adults provide food for their offspring until they reach full development (Clark
et al, 2011., Field, 2005). Found predominantly in Hymenoptera (mainly bees and wasps,
Bingham & Morley, 1897), the food sources often take the form of masticated or
immobilised prey items (predatory wasps, Doutt, 1959) or combinations of nectar and
pollen, only rarely do you see other forms of provisioning techniques such as carrion (decay)

or glandular secretions (Field, 2005).
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There are different types of provisioning; the first example comes from species who change
their offsprings provisions according to the food available in their environment. Although
organisms do regulate their nutritional intake towards an intake target, they can still have a
distinct response towards environmental biodiversity. For example, when nutritional
generalists such as the desert locust (Schistocerca gregaria) are given a largely diverse food
source, they consume greater excess of the abundant nutrients (Raubenheimer & Simpson,
2003). Additionally, Donkersley found that Honey bee (Apis mellifera) hive provisions differ
according to what is available in the landscape (Donkersley et al, 2017). Thus, showing that

although provisioning is preplanned, it can still change depending external factors.

Often, offspring needs are not static; they can change over time, meaning their dietary
requirements will shift as they age (Howard, 2020., Slansky, 1982). Therefore a second type
of provisioning is known as progressive provisioning, where parents continually adapt their
offspring's diet in response to evolving requirements (Suzuki, 2010., Gayubo, 2011., Wilson,
2008., Wong et al, 2013), ensuring a better match between nutritional resources and dietary
requirements (Wilson et al, 2008). In contrast, others employ mass provisioning, where a
fixed quantity of food is provided without regard to the offspring’s needs (Simpson &
Raubenheimer, 2012., Smith et al, 2003., Wilson, 2008., Wong et al, 2013). While efficient in
some cases, this may prevent the offspring from communicating its needs and therefore
limiting the parents ability to maximise their offspring’s development (Wong et al, 2013,,
Warbrick-Smith et al 2009., Poissonnier et al, 2018). Nevertheless, if adults that perform
mass provisioning are to optimise offspring diet, without the ability to dynamically adjust the
food offspring receive, one option is to structure the food provision so that offspring
encounter different nutrition at different stages of their growth. To my knowledge, this has

never been demonstrated.

Study organism

Red mason bees (Osmia bicornis, Apoidea: Megachilidae) are a cavity-nesting solitary bee
species known to perform parental mass provisioning. They are native to the UK, and easily
recognised by their dense ginger hair covering their abdomens (Split et al, 2022). Red mason
bees are classed as pollen generalists (polylectic, Haider et al, 2014), and commonly

considered to be a habitat generalist too; although they do display a preference for untidy
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nesting areas in the periphery of undisturbed fields, orchards and forests (Fliszkiewicz et al,

2015., Gruber et al, 2011), as well as man-made holes such as brickwork and “Bug hotels”.

Hibernation/overwintering

Emergence
period

Mating &
nesting
period

Pre-pupal & pupal

stage
o Egg maturation
Cocoon spinning

Larval
development

Figure 1: A rough diagram demonstrating the annual lifecycle of Osmia bicornis. Information references: Raw,
1992., Krunic¢ & Stanisavljevic, 2006., Van der Steen & De Ruijter, 1991., Giejdasz & Wilkaniec, 2002 and Splitt et al,
2022.

O.bicornis are univoltine (produce one brood in a season), with a lifespan of roughly 300
days for females and 260 for males (Splitt et al, 2022). As seen in figure 1, the eggs go
through a short (~8 days) maturation before hatching and develop into larvae, during this
time (~36 days female, ~32 days male, Giejdasz & Wilkaniec, 2002) they consume their
pollen ball provisions and end by spinning themselves a cocoon (Krunic & Stanisavljevic,
2006). The fat reserves they consumed are then used to develop into a pupa and begin their
overwintering period (hibernation-like state), which should last 120-170 days for optimal
diapause (Van der Steen & De Ruijter, 1991). The female eggs (fertilised) are laid towards the

back end of the nests as they take longer to emerge than males (unfertilised), there can be
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as little as 2 days or up to 2 weeks between the first male and last female emergence (Bosch,
2008., Van der Steen & De Ruijter, 1991). Also known as protogyny, their overwintering
period can vary in length; 31.6 + 2.41 days for males compared to 35.5 + 1.99 for females
(Giejdasz & Wilkaniec, 2002., Splitt et al, 2022) as it depends of temperature (around 15
degrees, Kruni¢ & Stanisavljevi¢, 2006). However, emergence usually always occurs in early
spring (March/April). Now the emerged bees can mate and the female bees will begin their
nesting activities, whilst the males die off (~30 days, Raw, 1992) and the cycle repeats with

the next generation.

These bees exhibit specific nesting behaviours and foraging patterns (Split et al, 2022) that
facilitate the observation and analysis of how they construct their nests and provisions for
their offspring. This biological reproducibility allows researchers to examine the intricacies of
provisioning strategies in a controlled manner. They are highly tractable for experiments;
their relatively small size (Radmacher & Strohm, 2010) and low-maintenance life cycles

make them amenable to laboratory and field studies, allowing scientists to manipulate
various aspects of their foraging/provisioning behaviours. This tractability provides a

valuable opportunity to design controlled and precise experiments.

Provisioning behaviour

Female Osmia spend around 70 days (splitt et al, 2021., Raw, 1972) actively creating nests
for their offspring. They create 10-12 individual cells in tube-like holes that are roughly 8-
9mm in diameter and 150-200mm in length (Gruber et al, 2011). Constructing each cell
takes time, as they are lining the cells with mud and laying one egg per cell, these eggs are
then provisioned with a singular “pollen ball”. A pollen ball is constructed of various pollen
grains held together by small volumes of nectar (often 10mm in diameter) that are obtained
by the female over an average of 6 — 7 hours, via ~ 17 - 30 foraging trips per ball
(Seidelmann, 2006., Strohm et al, 2002., Tasei & Picart, 1973). However, this is dependent on

female size and pollen mass needed for egg, i.e male or female (Seidelmann, 2006).

The mass of the pollen ball, how it is constructed and its nutritional content can be an
effecting factor on offspring size, development time, fitness and mortality rates (Radmacher
& Strohm, 2009., Filipiak & Filipiak, 2020., Austin & Gilbert, 2021., Seidelmann, 2006., Bosch
& Vicens, 2006., Howard, 2020). This emphasizes the idea that these pollen balls are
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essential to the correct development of Osmia larvae and raises the question what the
“correct” pollen ball would be. Recently, a study looking into the macronutrient content of
said pollen balls, showed that O.bicornis larvae would always consume the same amount of
carbohydrate regardless of whether they were given carbohydrate based pollen diet or
protein based pollen diet (Austin & Gilbert, 2021). In other words, when provisioned a
protein based diet; the larvae chose to consume more overall pollen mass (when compared
to the carbohydrate groups) in order to maintain a high intake of carbohydrates. Implying
the “rule of compromise” (a set of rules that an organism undertakes when optimal nutrition
is not available. Raubenheimer & Simpson, 1999., Morimoto, 2023) for Osmia larvae is

essentially a fixed carbohydrate target (Austin & Gilbert, 2021).

This shows that O.bicornis larvae, although dependent on adults for all food, play an active
role in balancing their own nutrition to some extent. Nevertheless, the question remains —
do females purposely provide a balanced diet for their offspring or are the larvae
responsible for their own diet balancing? As stated previously, an offspring’s dietary
requirements can change over time, if females optimise larval performance via mass
provisioning, then, we might expect the provisions to show a degree of structure to reflect

these changing needs. My first research question (Chapter 1) was:

1) Are Osmia pollen provisions structured so as to provide larvae with different diets at

different points in development?

To address this, in chapter one | will be collecting pollen balls that were provisioned in
mason bee nests | set up throughout the Hull area. | will orientate the pollen balls so that
“top” of the ball is where the larvae was situated and slice horizontally down the ball,
creating “top to bottom” layers where | can take point samples. From these samples | will
identify the pollen grains present and look for any patterns in the spatial placement and
species richness across the layers. For the hypothesis to be supported, | would expect to see
a repetitive pattern present across all pollen balls, irrespective of the samples location and
time of construction (as pollen availability can change daily and seasonally, Norris-Hill &
Emberlin, 1991., Wood et al, 2018). Additionally, | expect to find no patterns present from
east to west or north to south and only from top to bottom or inner to outer, depending on

how the provisions are constructed.
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The pursuit of scientific knowledge often leads researchers down a path of discovery that
balances the idea for precision with the practicalities of efficiency. This is especially
prevalent in ecological studies, where understanding the smaller, finer details and intricacies
of species interactions/behaviours can be paramount. If O.bicornis pollen balls are
structured, then taking a singular pollen sample may not adequately capture the full pollen
composition present within the pollen ball. Yet, researchers have often done this on the
assumption that the pollen provisions are homogeneous (e.g. Gresty et al, 2018., Suzuki et

al, 2023).

Although a precise and accurate method is necessary to study the complex provisioning
behaviours of O.bicornis, with it, often comes a considerable demand on time, resources,
and researcher effort. In addition to the invasive sampling method (rehousing and replacing
food sources for the mason bee larvae), these can prevent future studies from taking place
due to high commitment of time and resources. A simpler, more time-efficient and species-
friendly approach which could potentially extract the same structural information would be
beneficial. In an attempt to strike a balance between sufficient, detailed results and minimal

researcher effort, my second research question (Chapter 2) was:

2) Can you reduce researcher effort by using a smaller, minimally invasive pollen

sampling technique and still gain insights into the pollen provisions structure?

Aims and objectives

To summarise, the two chapters of this thesis will focus on the pollen provisions provided by
female Osmia bicornis, and whether there is a top (relative to larvae) to bottom structure
present. | aim to look into the three dimensional structure and composition of the pollen
provisions, and identify any potential patterns or signs of heterogeneity. In addition to this,
In chapter 2, | aim to re-evaluate the sampling methods and researcher effort required to
obtain a minimal adequate understanding of the whole provision. | will apply different
sampling techniques in an attempt to reach a minimum sampling protocol all while

maintaining the integrity of the data collected.
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Chapter one - Pollen provision structure in Osmia bicornis: pollen arrangement changes with

offspring development.

Introduction

An animal’s diet can affect an array of biological traits, both physiologically (Sansone et al,
2019., Pearson et al, 2009., De Wit et al, 2012) and behaviourally (Han & Dingemanse, 2015.,
Birch & Fisher, 1998). Nutrition is a key element in becoming a healthy adult, as previous
studies have shown that an offspring’s diet can affect their developmental outcome (He et
al, 2021., Souza et al, 2019., Ojala et al, 2005., Cahu et al, 2003., Kaspi et al, 2002). Animals
need multiple nutrients to maximize their fitness; if animals fail to ingest an optimal balance,
their body’s development and health can be compromised (Simpson & Raubenheimer,
2012). Optimal foraging theory is based on three assumptions; that the animal’s foraging
abilities increase the next generation’s fitness, that the foraging abilities are somewhat
hereditary and thirdly, that the relationship between foraging and fitness is known (Pyke,
1984).

Optimal foraging theory is especially relevant in species with high maternal investment in
the form of provisioning, as the offspring often cannot acquire nutrition for themselves. The
offspring rely entirely on the parents’ ability to provide them with a sufficiently nutritious
diet to maximise their fitness (Royle et al, 2012). However, optimal nutrition and
consumption patterns can change throughout the offspring’s development; becoming more
or less dependent on different nutrients over time (Ortowski et al, 2015). Under this scenario
it may be advantageous for females to provision strategically to provide specific nutrition

targeted to the offspring’s development stages.

One example of strategic progressive provisioning behaviours is in nesting birds. In general,
birds will feed insects and small prey to their offspring regardless of adult diet, which is often
different from that of offspring (Catry et al, 2016). However, some species are known to
bring different types and proportions of food at different stages of their offspring’s
development (Mitrus et al, 2010., Radford, 2008). For example, Blue Tits (Cyanistes
caeruleus) feed a high proportion of spiders early on in their offspring’s development

(Garcia-Navas et al, 2013.) Presumably to target the maximum fitness as spiders contain
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higher concentrations of taurine and calcium, both essential for nestling’s early development
(Jacobsen & Smith, 1968., Haleswood, 1962). Furthermore, as they age, the food provided to
nestlings changes, showing reduced numbers of spiders and a greater proportion of tortricid
larvae (Garcia-Navas et al, 2012). In another example; analysis of the Barred Warbler (Sylvia
nisoria) nestlings’ faeces showed different compositions of prey size, diversity and chitin
content (necessary for body hardness and digestibility) depending on the age of the nestling.
Thus, showing a strong correlation between parental provisioning and nestling age/body
mass (Ortowski et al, 2015). Nestlings vary immensely in body mass between the ages of 2 to
9 days old, therefore their dietary requirements change greatly throughout this

developmental period (Ortowski et al, 2015).

Parental care, including offspring provisioning, is particularly diverse in the insect world,
making an appearance throughout 13 different orders and a minimum of 45 families
(Tallamy & Brown, 1999). Many of these species show behaviours such as egg guarding
(Modeer, 1674), and provisioning (Killewald et al, 2019). Provisioning can be progressive e.g.
earwigs, stink bugs and some species of wasps (Suzuki, 2010., Tsukamoto & Tojo 1992.,
Kelstrup et al, 2018) or alternatively social insects like ants and honey bees display group
provisioning, where they take one resource to feed the workers and produce another
resource for the colony (Ydenberg & Schmid-Hempel, 1994). However, 90% of bee species
are solitary, meaning the bees do not live in a colony, and have a strategy called mass
provisioning, where larvae exclusively feed on a single food mass provisioned by their
mother (Strohm et al, 2002) - in this case pollen, the most protein-rich part of a plant
(Mattson, 1980). It would be interesting to know if there could still be strategic provisioning
occurring within the species that execute mass provisions, for example; the individuals might
layer their provisions to tend to specific life stages of their offspring. Alternatively, they could
create different mass provisions for the same offspring and consume them at different

developmental stages.

Osmia bicornis (Red Mason Bees, Apoidea: Megachilidae) are cavity nesting solitary bees,
common in England, Wales, and parts of Scotland. The species are known to nest in small
tube-like holes such as wall cavities, and are frequent visitors to “bug hotels” and other man-

made nesting sites; usually constructed of hollow bamboo canes. They are easily recognised
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by the dense ginger hair covering their abdomens (Splitt et al, 2022) with the females being
larger than the males in body size (Radmacher & Strohm, 2010). Due to the decline of honey
bees, solitary bees have become much more important in pollination (O'Toole, 2000), they
perform up to 90% of pollination, especially prevalent in crop plants such as orchards (Lee et
al, 2010., Gruber et al, 2011). There are different factors that can influence the development
of Osmia larvae, such as nesting temperatures (Radmacher & Strohm, 2010., Kierat et al,
2017) and moisture (Pitts-Singer, 2004). However, the main influence comes from the
female’s provisioning techniques, with provisioning-related factors such as parasitic activity
(Seidelmann, 2006., Ostap-Chec et al, 2021), provisioning quantity (Radmacher & Strohm,
2009) as well as pollen community (Lawson et al, 2020), all affecting the outcome of the
larvae’s development. Although the females’ individual abilities play a major role in
provisioning techniques, there are external factors that can also effect the construction of
the provisions. When it comes to pollen selectivity; external factors such as temperature can
have an effect on the female’s pollen choices (Russel & McFrederick, 2022) and weather in
general can also affect the amount of pollen produced by the local plants (Corden &
Millington, 1999., Emberlin, 1994., Corbet, 1990). Similarly, diurnal pollen variation can
create different pollen availabilities throughout the day (Norris-Hill & Emberlin, 1991) and
depending on when the females are foraging, it could lead to provisions with different pollen
communities and qualities (Donkersley et al, 2017., Baum et al, 2011., van Doorn & Van

Meeteren, 2003).

Referring back to the optimal foraging theory (Pyke, 1984); specifically the third assumption
(the relationship between foraging/fitness), the relationship between foraging and fitness in
Osmia is to do with the quality and quantity of pollen provisioned. Smaller masses of pollen
provisions can cause a decrease in adult bee size and create issues later in adult life
(Roulston & Cane, 2002). Smaller male bees are less likely to fend off larger males during
mating and smaller females will have smaller scopa (pollen collection utensils) and therefore
struggle to collect enough pollen within a reasonable timeframe (Bosch, 2008., Bosch &
Vicens, 2006). Similarly, different pollen species have different nutritional composition;
which can determine the outcome of the larvae’s development (Bukovinszky et al, 2017.,
Austin & Gilbert, 2021., Howard, 2020., Lawson et al., Filipiak & Filipiak, 2020). For example,

there are correlations between the nutritional quality of the pollen provisions and the
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bacterial microbes in the bee’s gut; fatty-acid provisioning has a strong effect on pollen-
derived bacteria development (Leonhardt et al, 2022). Furthermore, O.bicornis that are
nutrient deficient have different rates of mortality and cocoon growth (Filipiak & Filipiak,
2020). For instance, there is an 80% mortality rate in Na (sodium) deficient Osmia females
and only 7% in those supplemented with Zn+ (zinc). Similarly, the cocoon growth was
prevented in the bees that were K-deficient, Na-deficient and Na+ supplemented, resulting

in a lower number of bees developing to adulthood (Filipiak & Filipiak, 2020).

Therefore it makes evolutionary sense for provisioning females to provide a special diet for
their offspring, in order to avoid bad health effects. This hypothesis is known as ‘oviposition
preference-offspring performance’ or the ‘mother-knows-best’ hypothesis (Jaenike, 1987.,
Mayhew, 2001) and it is thought to have emerged from selection processes favouring
parents who maximise their offspring’s fitness via specialised diets (McAulay & Forrest,
2021). However, recent data has shown O.bicornis larval requirements change over time; as
the larvae age, their nutritional requirements focus on carbohydrate-based pollen (Howard,
Austin & Gilbert, in prep., Howard, 2020). This results in larvae with higher protein-biased
provisions consuming more overall provision mass than those with carbohydrate-biased
pollen, in order to maintain a high intake of carbohydrates. While species such as honey
bees that provision progressively are able to change the composition of provisions
dynamically over time, species with mass provisioning, such as red mason bees, are unable
to do so. One way they might ensure offspring receive targeted nutrition appropriate to their
developmental stage is by structuring the provision, so that larvae are likely to encounter

different nutrition at different stages as they age and eat through the pollen ball.

There is plenty of previous literature focusing on the composition of solitary bee pollen
provisions; however, these studies make the assumption that pollen provisions are
homogenous, and we lack an understanding of the structure within the pollen balls
(Bedinger, 1992., Moore et al, 1991., Austin & Gilbert, 2021). | address these issues with my
hypothesis: Are Osmia pollen provisions structured so as to provide larvae with different

diets at different points in development?
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Red mason bees are classed as polylectic (pollen generalists, Haider et al, 2014), which could
be taken to imply they have little preference over pollen types, suggesting that their pollen
provisions would be relatively unstructured due to the unplanned foraging. Furthermore,
Mason bees are commonly considered to be a habitat generalist, although they do display
preferences for periphery of undisturbed fields, orchards and road verges (Fliszkiewicz et al,
2015., Gruber et al, 2011). This “unplanned” nature translates into their provisioning
techniques too: unlike honeybees or bumblebees, mason bees do not have pollen baskets,
known as corbiculae, to fill and carry pollen grains (Michener, 1999). Instead, they dive into
pollen resources and coat themselves in pollen grains, using their thick dry fur on their
underbellies (“scopae”) to store the pollen (Zesiger et al, 2021). In summary, the nesting
patterns, Osmia scopae and provisioning methods imply a lack of precision when compared
to other species, hence, the prediction for this investigation is that there will be little or no

structure within the pollen provisions.

In this chapter, | extract and examine the pollen balls provided by female Osmia, to identify if
there are any spatial or structural patterns in pollen grain placement that could imply the
females are attempting to target feed their offspring at different developmental stages. By
slicing horizontally down through the pollen provisions, with the “top” being where the
larvae was situated, | take multiple point samples and identify the pollen species present,
providing insight into the pollen ball’s top to bottom structure. In contrast, | would expect
not to see any such structure when slicing the pollen ball in directions orthogonal to larval
development, e.g. east-to-west, north-to-south and inner-to-outer relative to the larva (see
schematic in fig 7). If the pollen provisions are not homogeneous and my hypothesis is
supported, | would expect to see a repetitive and consistent difference in the placement of
pollen species across multiple provisions. The potential patterns could be comprised of
different quantities of pollen species (species community), different fluctuations in
proportions of the same set of species, or different numbers of species (species richness). |
combine this with vegetation surveys of the nearby landscape, providing information on
pollen availability, and thus, indirectly, pollen selectivity and preferences in female

O.bicornis.
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Method

In April and May of 2021 | set up four experimental mason
bee houses in local Hull areas. Houses were made from
plywood and coated in odourless sealant for protection
against the weather. Each bee house consisted of a wooden
spike, topped with a small block with two solid sides, a hinged
door on the back and an open front with a slanted roof, see
figure 2 for reference. The inside is a nesting area which is
separated by 3 horizontal shelves (figure 3), with the bottom

three spaces filled with 13-16 polystyrene tubes (the inside

tubing is 8-9mm in diameter) with a removable, transparent Figure 2: An image of one of the
Mason Bee houses.

slip-lid, see figure 4.

The top layer of the block was seeded with a mix of 20

male and 20 female Osmia bicornis cocoons, roughly sexed
by cocoon size (females are typically larger, Radmacher &
Strohm, 2010), ordered from the Mason Bee Company

(https://www.masonbees.co.uk). Bees can see in the ultra-
e W S "4) ,_',}‘- . \.;42.

Figure 3: Close up image of the bee house
bright coloured flowers attractive to them (Kevan et al, nesting area.

violet (UV) colour spectrum (Peitsch et al, 1992), making

2001). Therefore, to make the houses more attractive to

the female bees and entice them to nest, | painted the

outside of the houses with UV spray paint. The houses r

were placed in locations with low foot-fall with high

volumes of vegetation and nearby mud for nesting. See

figure 5 for site locations via a satellite map and table 1

for their map co-ordinates and what3word addresses. #

Figure 4: A sketch diagram of the
polystyrene tubes, with a transparent lid.
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Figure 5: A map of hull showing the bee house locations. Point 1 is Thwaite Gardens, point 2 is Westfield Campus and point 3 is
Salmon Grove.

Site Location Map Co-ordinates What3Words Address

Thwaite Gardens (1) 53.780092, -0.402854 https://w3w.co/called.cities.sunk
Westfield Campus (2) 53.772734, -0.374557 https://w3w.co/regime.final.lame
Salmon Grove (3) 53.769991, -0.366319 https://w3w.co/miles.funded.giant

Table 1: A table showing the bee house locations and their co-ordinates and What3words locations.

After the seeded O.bicornis emerged and started nesting, the tubes became capped and |
collected the pollen provisions. | removed the slip lids (figure 4) and carefully took the pollen
balls from the bee larvae and placed them into a separate container. Making note of its
original orientation with respect to the larva, as well as the location within the nest (front or
the back), to provide an estimate of larval sex as males tend to be at the front (Splitt et al,
2022., Giejdasz & Wilkaniec, 2002). The “larval crater/indent” is what | used to describe the
hole in the pollen provisions left behind by the squirming larvae. This is how | oriented the
balls, this indent would be the top of my sample, in slice 1 (figure 7). Larvae were provided

with alternative pollen on which to develop for separate research.

20| Page



Sampling the internal structure of a pollen

ball without destroying their structure was

Slice Line
&< a novel challenge without literature
1.5cm

precedent. | tried a number of methods for

Polystrene
tube

slicing the pollen ball, which are detailed in

Eppendorf
rack v . )
the supplementary material, but the final
Figure 6: A diagram showing how the Eppendorf rack and
polystyrene tube was used to stabilise the pollen method was as follows. | hand sliced the

provisions during slicing.
pollen provisions with a scalpel or razor

blade, whilst using a small Eppendorf rack to stabilise the pollen provision (see figure 6 for
reference). | used very small polystyrene tubes, cut to specific lengths inside the Eppendorf
rack, as a slicing guide and placed each pollen ball on top. Thus, making sure all slices were
taken at the same height and location in each sample, creating the reproducibility necessary
for a study of this nature. | created 5 equally spaced slices (2mm for each slice, see figure 7)

in each provision, cut vertically with the larval indent at the uppermost point.

The slices are classed as fifths, 1/5 being the first slice and 5/5 being the last. On each slice, |
took 9 point samples using a cocktail stick dampened with deionised water. | coded the
samples from one to nine - with one to five evenly spaced across the centre and sample

three being the innermost point.

larvae indent North
. . . Top & 5 Outer
Samples six to nine run vertically, g
ST
also through the centre point, / \
S2
] . lcm Y 1 2 5 East

forming a cross on each section \ = RS &
(see figure 7). Nine point samples N 7 ‘
from each of the five slices gave alm @ South

Figure 7: Pollen provision slice diagram. showing the full pollen provision
with slices 1 - 5 labelled on the left. On the right is the labelled point
samples 1 - 9 on an individual slice. With the variables top to bottom,
North to South, East to West and inner to outer.

45 samples from every whole

pollen provision.

| placed each point sample onto a microscope slide, using silicone oil and a coverslip to
preserve it before placing it under a light microscope. | counted 100 individual pollen grains
per slide, starting each slide at the top right, moving down, across and back up the slide until
| had reached 100 grains. This provided me with 4,500 individual pollen grains per whole

pollen provision to identify. My final sample included 5 whole pollen provisions from each
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bee nesting location (Westfield campus, Thwaite gardens and Salmon Grove nature area, see

figure 5 and table 1), leading to identification of 67,500 individual pollen grains.

To ensure a consistency in recording of the pollen species, | took multiple reference photos
for each new pollen grain | encountered, which | used to begin the identification process. |
managed to identify each pollen into types using a combination of size, shape, apertures
(where pollen grain walls thin/soften Bozi¢ & Siber, 2020) and surface morphological
features (Moore et al, 1991). Types were then assigned taxonomic identifications, for
example (figure 8); Quercus (oak) is a tricolpate (contains three slits) pollen grain, whereas
Ranunculus (buttercup) is a pantoporate (pores scattered over the surface). These
descriptions plus, image comparisons were from a variety of standard dichotomous keys
(Wiethold, 2009., Moore et al, 1991), as well as
consultations with an expert palynologist and the
reference collections held at the University of Hull.
._ The taxonomy of pollen grains was adjusted in

| accordance with “Stace”, a system developed by

4 Clive A. Stace; a British botanist. This alignment

was achieved using a reference list tailored for the

Figure 8: An image of multiple Quercus (small lined UK, specifically prepared by K. D. Bennett.
grains) and Ranunculus (large spherical grains) pollen

under a light microscope. i 3
All data analysis was conducted in R (v4.2.0; R

Core Team, 2022) and using the vegan package (Ksanen et al, 2022), | created 4 variables to

describe sample position within the pollen ball structure, see figure 7 for point references:

- Position relative to ball top (larval indent): five values from 1 (top slice) to 5 (bottom
slice).

- Position relative to centre of pollen ball: three values of ‘outer’ (points 1, 6, 5, 9),
‘inner’ (points 7, 4, 2, 8), and ‘centre’ (point 3).

- Position relative to East-West axis: three values of ‘East’ (points 6 & 7), ‘EW central’
(points 1, 2, 3, 4, 5) and ‘West’ (points 8 & 9).

- Position relative to North-South axis: three values of ‘North’ (points 1 & 2), ‘NS

central’ (points 6, 7, 3, 8, 9) and ‘South’ (points 4 & 5).
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If the pollen provisions are layered, then | would expect to see a strong pattern from the top
to bottom variable and potentially the inner to outer; but no patterns should be present in
the north to south and east to west. Additionally, if there is a stronger significance seen in
the inner to outer variable, then it could demonstrate that the pollen balls are constructed
by progressively adding outer layers to the central core. Therefore, we might still see a

similar statistical significance, however the pollen could be structure in a different way.

Estimating pollen availability

During the emergence period (June - July 2021), | completed a
vegetation survey for each location. | followed five, 20 meter
transects starting from the bee house extending into the \

20m

surrounding vegetation (see figure 9) whilst making a note of

each plant species present that was directly under the transect / \

line. By using an app called Seek (iNaturalist. Available at:

https://www. inaturalist.org) and the book “Wildflowers of Figure 9: vegetation survey
diagram, bee house in centre

Britain and Ireland” (Blamey et al, 2003), | noted the abundance  with 5, 20m transects

of each species, counting the number of inflorescences visible

under the transect line.

Statistical methods

| first characterised differences in the pollen communities among the pollen balls. As my
data were distribution free, | needed an ADONIS permutation-based statistical test. This
determines whether the pollen communities in different provisions are significantly different
from one another. | fit a model with the pollen community as the response variable and

pollen ball ID as a predictor.

Then, to test my hypothesis that provisions would show internal top-to-bottom spatial
structure, | performed further ADONIS and ANOSIM (a similar non-parametric technique
based on ranks) tests using different variations of slicing the pollen provisions as predictors
(respectively, top to bottom, inner to outer, east to west and north to south), restricting
permutations to those within each pollen ball, rather than among all the pollen balls. To
visualise community differences, | used non-metric multidimensional scaling (NMDS) to

reduce the dataset size, by grouping any correlated variables together into a combined axis.
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Furthermore, | checked for a difference in species diversity (quantity of different species
present in each sample) using both Simpson (D = 2ni(ni-1) / N(N-1), where N = the total
number of organisms and N; = the number of organisms that belong to species i) and
Shannon diversity indices (H = -Zpi * In(pi), where In = the natural log and P; = the proportion
of the entire community made up of species i). A diversity index is a quantitative measure
reflecting the number of different species and how the individuals from each species are
distributed, therefore allowing me to see if there are structured differences within the

provisions in the evenness of distribution of different pollen species.

Looking at the individual pollen species present within the provisions, | used multiple T-tests
to see if there was a difference in their abundance at the different layers in the pollen. | then
used these results to calculate the percentage differences of specific pollen species present

within the provisions.

Finally | tested whether any structural differences | identified with the methods described
above were best described as continuous (i.e. changing gradually throughout the provision),
or discrete (i.e. showing a distinct breakpoint). Using the R packages vegan and Ime4, | fitted
5 models (ADONIS for community differences, mixed models to look at metrics such as
species richness) using each of the variables in table 2 as predictors. In each case | compared
the 5 models using AIC (Akaike information criterion), to see which described the data best. |
regarded a difference of 2 AIC points between two models as evidence in favour of the

model with the lower AIC (Burnham & Anderson, 2000).

Variable Predictor Variable Random effect

Pollen community or All slices (i.e. the original Pollen ID
metric (species richness continuous data)

or diversity)

Pollen community or Slices 1 vs slice 4-5 Pollen ID
metric (species richness

or diversity)

Pollen community or Slices 1-2 vs slices 3-5 Pollen ID
metric (species richness

or diversity)
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Pollen community or Slices 1-3 vs slices 4-5 Pollen ID
metric (species richness

or diversity)

Pollen community or Slices 1-4 vs slice 5 Pollen ID
metric (species richness

or diversity)

Table 2: A table describing the models used to find the break point in composition difference within the pollen balls.
Showing random effect, predictor and response variables for each model.

Results

Looking at the initial ADONIS test performed across all of the pollen provision samples (using
pollen ball ID as a predictor) revealed that communities showed a significant difference
among the provisions (P = 0.001, Df = 12, SumOfSqgs = 77.027, R2 = 0.647 and F = 87.222).
Thus, meaning it would be necessary to account for pollen ball ID in subsequent data

analysis, as each pollen ball had a different composition to the next.

The ADONIS tests looking into the internal structure of the pollen balls (with pollen ball ID as
a predictor), revealed no significant difference in the composition from north to south or
east to west. However pollen communities differed significantly between outer vs inner (DF
=1, SumOfSgs =0.170, R2 = 0.00202, F = 1.363, Pr(>F) = 0.013) and top to bottom (Df =1,
SumOfSqgs = 0.211, R2 = 0.00251, F = 1.6965, Pr(>F) = 0.007). Repeating this analysis using
ANOSIM, revealed no significance across inner to outer, but still showed a strong significance

with top to bottom (R=0.004, Sig=0.001).
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Looking closer at differences in community
metrics between the top and bottom layers,

there was no difference found within the

value

> W > W
» O ¢
' | ' '

species diversity via the Simpson (mixed model,
75

ple ID

Min =0, 1st Qu.= 0.175, Median = 0.939, Mean

50

Sam

25

=0.394, 3rd Qu.= 0.606, Max. = 0.797) or
Shannon diversity index (mixed model, Min =
0.00, 1st Qu.= 0.41, Median =0.78, Mean =
0.79, 3rd Qu.=1.17, Max. = 1.79). Yet, species

liliaceae =
salix =

aestivum ~
quercus ~
osaceae ~
trifolium =

officinalis =

richness showed a difference from top to

thalictrum ~

cyperaceae ~

Asteraceae ~
caryophllaceae ™

bottom (mixed model, dropping “slice” from Pollen ID

Figure 10: A heatmap showing the concentrations of the
different pollen species present in the pollen provisions.

the model, X2 =12.361, DF = 3, p=0.004. Min =
1.00, 1st Qu.= 4.00, Median = 5.00, Mean =
4.76, 3rd Qu.= 6.00, Max. = 11.00).

| investigated the differences in pollen community and species richness from top to bottom
of the provision further, specifically to see whether the community was composed of
discrete layers or continuous change. To do this, | investigated potential break point(s) in
the community by creating 5 new binary variables, each splitting the pollen provision at a
different point, see table 2. For community differences (with ADONIS models) none of the
breakpoint models, nor the continuous model, was better than any other by more than 2
points (table 3) indicating all models were equivalent. | took this to mean that there was no
particular evidence to support a break point in the pollen species community, and that the
top-bottom difference in the community was best described as continuous throughout the

whole pollen provision equally.

In contrast, for species richness (with mixed models) there was a difference among the
models. The lowest AIC value was produced with the model for slice 1 vs slices 2-5
(difference to next best model = 5.9, see table 4), providing evidence for a break point in

species richness with the difference occurring between slices 1 and slices 2-5.
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Predictor variable AIC value Predictor variable AIC value
Slice 1 vs slices 2-5 2173.7 Slice 1 vs slices 2-5 2993.56
Slices 1-2 vs slices 3-5 2179.6 Slices 1-2 vs slices 3-5 2993.18
Slices 1-3 vs slices 4-5 2180.8 Slices 1-3 vs slices 4-5 2993.59
Slices 1-4 vs slices 5 2182.6 Slices 1-4 vs slices 5 2993.25
Continuous model 2179.7 Continuous model 2993.05

Table 4: A table showing the AIC values for species
richness for the 5 different mixed models.

Table 3: A table showing the AIC values for species
community for the 5 different ADONIS models.

As shown in figures 10, 11 and 12, there was a very strong presence of Ranunculus pollen,

occurring throughout the whole pollen provisions, with pollen from Acer, Asteraceae, Betula,

Cyperaceae, Hemlock, Liliaceae, Potentilla, Rosaceae, Thalictrum, Trifolium and Quercus

abundant in smaller proportions. Referring to table 5, there is very little overlap between the

species noted in the vegetation survey and figure 12 . The only species seen in the samples

that appear in the vegetation survey are Ranunculus (buttercup), Rosaceae (rose), Acer

(oak), Betula (birch) and Trifolium (clover).
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Figure 11: An NMDS plot, showing the samples from slices 1 (Green triangles) and 5 (purple circles) from all pollen provisions. Loadings for the
two most abundant pollen taxa, Quercus and Ranunculus, are indicated.
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| created some linear models to compare the amounts of each pollen species between each
slice. There was no difference in the proportions of Ranunculus, Liliaceae, Asteraceae,
Cyperaceae, Hemlock, Rosaceae, Thalictrum and Trifolium. However there was a significant
difference in the amounts of Quercus (t =-2.084, df = 673, p = 0.038), Betula (t = 2.197, df =
673, p-value = 0.028), Acer (t = -3.953, df = 673, p-value = 8.543e-05), and Potentilla (t = -
2.167, df = 673, p-value = 0.031). Looking closer at the species that show a significant
difference, the majority show an increase in the mean abundance as you move towards the
bottom of the pollen ball (from slice 1 towards slice 5, using T-Tests). Quercus (23 %), Acer
(205 %) and Potentilla (113 %) all show an increase in their mean abundance of pollen grains
as you go down the slices (1-5). In contrast, the pollen species Betula shows a 71 % decrease
in percentage abundance from top to bottom. Referring to figure 11, you can see how the
23% increase in Quercus is demonstrated, with plots from slice 5 bearing towards Quercus

when compared to slice 1 plots.

Species Composition in Each Slice
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Figure 12: A stacked bar plot showing the count of each species present in slices 1 to 5 for all 15 pollen provisions.
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Species Quantity

Plant Species Latin Name Westfield |Thwaite |Salmon
Campus |[Gardens |Grove

Armenia blackberry |Rubus armeniacus 255 37
Bell flowers Campanula 100
Birdsfoot trefoil Lotus corniculatus 20
Blue erygo Eryngium planum 40
Broadleaf docks Rumex obtusifolius 4 12 2
Bull thistle Cirsium vulgare 1053 8 30
Burnet rose Rosa pimpinellifolia 100
Catchweed bedstraw |Galium aparine 240 90 420
Common buttercup* |Ranunculus 159 136
Common daisy Bellis perennis 9 80 100
Common dandilion |Taraxacum officinale 4
Common hawthorn |Crataegus monogyna bush
Common
snowberries Symphoricarpos albus |53
Common sorrel Rumex acetosa 9 51 100
Common vetch Vicia sativa 13
Common yarrow Achillea millefolium |134 2
Creeping buttercup® |Ranunculus repens 60
Cutleaf teasal Dipsacus laciniatus 2
Druce cranes bill Geranium endressii 510
European ash tree  |Fraxinus excelsior 1
European beech tree |Fagus sylvatica 1
European black
elderberry tree Sambucus nigra 1
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European holly llex aquifolium 1

False bindweed Calystegia 9
Tanacetum

Feverfew parthenium 5

Firethorns Pyracantha 250

Fishpole bamboo Phyllostachys aurea 1

Forget-me-nots Myosotis 64
Aegopodium

Goutweed podagraria 12
Chamaenerion

Great willowherb angustifolium 10

Ground ivy Glechoma hederacea 500

Heart podded hoary

cress Lepidium draba 5

Hedge bindweed Calystegia sepium 10

Geranium

Herb robbert robertianum 182 70
Heracleum

Hogweed mantegazzianum 38 570

Japanese pagoda Styphnolobium

tree japonicum 1

Kingsspear Asphodeline lutea 4

Large bindweed Convolvulaceae 4

Lavender Lavandula 110

Marsh cranes-bill Geranium palustre 30
Meadow buttercup™ [Ranunculus acris 73

Mono maple* Acer pictum mono 1
Mountain pine Pinus mugo 1
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Natal grass Melinis repens 560
Leucanthemum

Oxeye daisy vulgare 256

Palmgrass Setaria palmifolia 7

Prairie onion Allium stellatum 19

Purple foxglove Digitalis purpurea 3

Ragwort Senecio jacobaea 4

Red campion Silene dioica 100

Red clover* Trifolium pratense 11

Ribwort plantain Plantago lanceolata (278

Rush skeletonweed |Chondrilla juncea 27

Scots pine tree Pinus sylvestris 1

Shrubby rock roses* |Helianthemum 100

Silver birch tree* Betula pendula 1

Stinging nettles Urtica dioica 600 150 690

Sycamore maple

tree* Acer pseudoplatanus |2 2
Hypericum

Tutsan androsaemum 160

Wall lettuce Lactuca muralis 60

Welsh poppy Meconopsis cambrica 7

White clover* Trifolium repens 1 35 20

White dead nettle  |Lamium album 3

Wild cherry tree Prunus avium 1

Wild garlic Allium ursinum 20

Wood avens Geum urbanum 20 40

Yellow archangel Lamium galeobdolon 50
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Yorkshire fog Holcus lanatus ‘8 ‘ ‘ ‘

Table 5: A table showing the observed plant species, their Latin name and their quantities (numbers of
inflorescences) at each bee house location. The species highlighted green (*) are also present in the
samples.

Discussion

The data shows there is a significant heterogeneity within the pollen balls. The pollen
provisions have a continuous significant difference in their species community from top to
bottom within the provision, in addition to a difference in species richness, which is more
prevalent between slices 1 and slices 2-5. The visualisations seen in figure 12 demonstrate a

small but significant difference in the proportions of the different pollen species per slice.

Due to the top vs bottom (effectively “distance from egg”) being the only variable to show
significant community differences, and not the north vs south (left to right), east vs west or
inner vs outer, it implies that there may be a specific layered structure to the pollen
community present in O.bicornis provisions. If none of the variables showed significance, it
would suggest that there is no structure to the provisions relative to the larva. Additionally, if
all variables showed significantly different compositions, it would suggest there is little
structure and the pollen provisions are assembled randomly with many different pollen

species, implying a lack of specific organisation with respect to the larva.

Environment (pollen community) is an important determinant of pollen provisioning?

Previous research has shown that there could be a preference in O.bicornis pollen selection,
with bees selecting trees: especially Quercus (oak), Rosaceae (rose), Salix (willow) in addition
to the herbaceous plant Ranunculus (buttercup) as the basis of their pollen provisions (Raw,
1974., Radmacher & Strohm, 2010., Sedivy et al, 2011., Hansted et al, 2014., Coudrain et al,
2016., Splitt et al, 2021). Looking at the pollen | sampled from the nests, a strong preference
is evident for Ranunculus, see figures 10, 11 and 12, compared to its availability in the
environment as indicated in the vegetation surveys. This selective behaviour was spread
throughout the whole provision. Based on the results from the linear models, there is no
difference in the proportions of Ranunculus throughout the slices of the provision, whereas
there is a statistically significant difference in the amounts of Quercus (+23 %), Betula (-71

%), Acer (+205 %) and Potentilla (+113%) as you move down the slices (1-5). Additionally,
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there was a difference in the species richness, showing that, on average, the number of
species present per slice is around 4-5 in the top slices but 3-4 in the bottom slices. However,
the analysis did not find a significant difference in Simpson Diversity Index between the
layers of the pollen provision. The mean value of 0.394 suggests that, on average, there is a
moderate diversity of species running throughout the layers. Similarly, the Shannon Diversity
Index did not find a significant difference, the mean value of 0.79 indicates a moderate to

high level of diversity with a relatively even distribution between the slices.

To summarise, there is a significant difference in species richness among the layers, however,
the distribution and evenness of species within each layer do not differ significantly. The
community composition might be changing in terms of the number of species present, but
the overall diversity and evenness within the layers remain relatively constant. These are
important factors to investigate as they may provide insight into selectivity by female Osmia
for larvae at each developmental stage, although we cannot rule out diurnal changes in
pollen availability (see below). For example; if female Osmia differentially focus on gathering
one particular pollen species for development at one specific larval stage, then we could
expect to see a lower species richness and diversity in the corresponding layer of the pollen

ball.

One possible alternative explanation for the observed patterns is that this top to bottom
layered structure could be due to pollen availability changing across the multiple trips
female O.bicornis make to create one pollen ball (Seidelmann, 2006). The difference
between the top to bottom community could be due to the females visiting different pollen
resources during their multiple foraging trips. However, the pollen balls were not initiated
simultaneously, and yet the communities within the provisions were significantly and
predictably different from top to bottom across all 15 sampled provisions. This shows that
the top-to-bottom differences within pollen balls are not random, instead showing a
potentially predictable pattern. | suggest this could be due to the female O.bicornis
purposely selecting different floral resources at different points during construction of the
provision, in order to target their offspring’s dietary requirements. Although an attractive
possibility, there are other alternative explanations for such results. One of which could be
the local pollen availability (amount of pollen present on an inflorescence at any one time).

Pollen availability can change seasonally, which was deemed unlikely as an explanation for
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my findings because female Osmia create a single pollen provision within a few hours
(Seidelmann, 2006), so provision structure is unlikely to be affected by seasonal differences.
However, some plants also experience diurnal variation, whereby the pollen availability
changes throughout the day (Norris-Hill & Emberlin, 1991). To expand further, one study
looking into honey bee (Apis Mellifera, L.) pollen collection showed that the quantities of
certain collected pollen species changed depending if it was and early or a late foraging trip
(Baum et al, 2011., van Doorn & Van Meeteren, 2003). Although factors such as resource
availability and individual bee preference exist, there are chances that the change in

resource collection is due to floral patterns of pollen availability (Baum et al, 2011).

Different species of flora exhibit different opening and closing signals; light intensity (diurnal
vs nocturnal), humidity and also temperature. One example of diurnal pollen is seen in the
Liliaceae family, they tend to open in the early mornings and close in the evenings (van
Doorn & Van Meeteren, 2003), which corresponds to Osmia foraging times (Seidelmann,
2006). Similarly, Oak trees (Quercus), a popular species seen in almost every sample | took,
can have different rates of daily pollen production; with the peak production being recorded
at 15:00 hours (Corden & Millington, 1999). Furthermore, external factors such as weather
(drought, heavy rainfall, heatwaves and wind) prior to and during pollination times can have
an effect on the amount of pollen produced by the plant (Corden & Millington, 1999.,
Emberlin, 1994., Corbet, 1990). Plus, weather can affect the plants daily opening/closing
patterns (Corbet, 1990), which would restrict the Osmia’s abilities to collect that pollen
species. This could offer an alternative explanation for the divide | found within the pollen
provision’s species richness (slices 1 vs slices 2-5). Which could imply that the difference
might not be due to the female O.bicornis selecting different pollen grains, but instead due

to diurnal patterns of pollen availability.

Prior to the commencement of pollen analysis, | completed a vegetation survey (table 5),
looking back, a more effective method would have been a pollen availability survey.
Although the vegetation survey provides details on the local plant species, it does not
accurately detail the amounts of available pollen in the area. Additionally, | believe the
survey to be too small, as there are very few noted species that appear in the pollen
samples. For example, the main source of pollen grain collected is Ranunculus, which has

very little notation in the survey (a combination of R.Acris, R.Ranunculus and R.Repens). For
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future studies | would recommend a quantitative estimation of production for the main
floral types attractive to bees, using automated counting methods for pollen-per-
inflorescence. To do this, | would find the average number of inflorescences per plant per
species (for example; Ranunculus); by counting the number of inflorescences present on 20
different plants, then divide by 20 to get your average. From here you can randomly select 5
different plants of the same species and take one inflorescence per plant to quantify the
total pollen content using a Coulter Counter following the method of Rush et al (1995). Once
the total number of plants have been quantified, using a vegetation survey similar to the
one | completed (or another method such as community mapping), you can scale up your
pollen content results and gain an estimation of total pollen availability per species. Repeat

this for each plant species that could potentially be attractive for the Osmia.

Due to mason bees being a small bodied species, it was previously thought that they would
prefer to forage over very small distances, although, more recent studies have shown that
they will travel up to 900m for the correct provisioning species (Zurbuchen et al, 2010). In
general, foraging distance increases with the female’s body size (Greenleaf et al, 2007),
making a full detailed and accurate pollen availability/vegetation survey quite a considerable
task without a large team, hence why an estimation is a much better fit for independent
researchers. Alternatively, a more time efficient method would be comparing passively
dispersed pollen in the air, via aerial trapping (aeropalynology, Biesboer, 1977). Although it
is not 100% accurate, this has standardised methods and provides an indication of which
plants are flowering/releasing pollen for the area around the trap (Biesboer, 1977., Roger,
1993, Stephen, 2014). Although this focuses more on wind pollinated plants, so you may

need to take extra steps to ensure that bee pollinated plants are accounted for.

Additional to pollen availability, there is another environmental change that could
potentially influence pollen selectivity: temperature (Russel & McFrederick, 2022). As
temperatures change, the nectar-inhabiting micro-organisms can alter nectar chemistry,
changing sugar concentrations as well as releasing volatile organic compounds (Russel &
McFrederick, 2022., Vannette & Fukami, 2016., Rering et al, 2018). This can cause the pollen
species to be “less attractive” and therefore effect a bees preference for that species
(Schaeffer et al, 2017). Russel and McFrederick (2022) found that temperature increased the

abundance of bacteria in the pollen, significantly altering the bees liking for said pollen
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species. Although red mason bees are not pollen specialists, changes in temperature during
foraging seasons could potentially alter their pollen selectivity. As temperatures tend to
fluctuate in UK springtime, this could be a cause behind the difference in species richness

within the pollen provisions.

Furthermore, temperature can affect the growth rate of overwintering species such as
mason bees, its known as the “Temperature-size rule” (Mayr, 1956). Originally discovered by
Bergmann in 1847, it was proposed that species developed larger bodies in response to
higher latitudes, which was shortly rephrased as colder temperatures. Thus, leading to
thorough investigations on rearing temperatures and body size (Walters & Hassall, 2006.,
Ashton, 2002., Ashton, 2000., Gilbert & Raworth, 1996), it was noted that 80% of
ectotherms conformed to this rule (Ray, 1960., Atkinson, 1994). The idea that higher
temperatures lead to faster development times and therefore smaller adults (Begon, 1983.,
Gibert & De Jong, 2001., Gilbert & Raworth, 1996) could shift nutritional requirements of
larvae; smaller bodies and higher metabolic rates would put on body tissue faster. If female
Osmia can predict a warmer growth season for their larvae, that may alter their pollen
selectivity. Which could affect how the females structure their pollen provisions as different
guantities of pollen may be selected, as well as different species all together. It may even
result in one species of pollen being incredibly dominant over the rest, if that is best for a

warmer growth season.

Top to bottom is an important determinant of pollen structures?

These results show a complexity of foraging implications; there may be a much finer control
of the pollen grain placement than previously assumed. This would be consistent with the
idea that there may be some benefit to the offspring which is achieved by the structure and
composition of the provisions the female bees are creating. Our current understanding is
that larval diet can affect bee health and development (Austin & Gilbert, 2021., Tainsh et al,
2021., Filipiak, 2019., Roulston & Cane, 2002., Sedivy et al, 2011., Filipiak et al, 2022., Filipiak
& Filipiak, 2020., Lan et al, 2021). As we know, a lack of key nutrients can cause fluctuations
in a bees’ development time and cocoon growth, causing some to emerge underdeveloped
and more likely to die, increasing their mortality rates up to 80% (Filipiak & Filipiak, 2020).
Similarly, it can cause a decrease in adult size (Roulston & Cane, 2002) and smaller bodied
Osmia can have a decreased fitness; males are less able to fend off others during mating and
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females can struggle with large or lengthy foraging trips (Bosch, 2008., Bosch & Vicens,
2006., Greenleaf et al, 2007). Hence why a correctly provisioned meal is vital in Osmia
offspring survival and fitness, but, can the placement of these nutrients effect larvae in

similar ways?

Austin and Gilbert (2021) as well as Howard (2020) found that carbohydrate based pollen is
key to offspring survival (mediates growth and survival to pupation) and is therefore
prioritised by the Osmia larvae. Howard states that “compensatory feeding behaviour
shifted across development, becoming more apparent in the final growth periods. Where
larvae on the low-carb diets tolerated more protein ingestion in order to converge at a
similar level of carbohydrate ingestion.” (Howard, 2020). Thus, Implying the need for
carbohydrate intake is much greater during the larvae’s late developmental stages.
Therefore, we could assume that when structuring a pollen ball for the larvae’s development
and fitness, the pollen species higher in carbohydrates would be beneficial at the bottom

(slices 4 and 5) of the provision.

Comparing this assumption to my investigation, some of the pollen species showed a
significant difference in their proportions throughout the provision. For example; Acer,
Quercus and Potentilla all showed an increase in abundance (205 %, 23 % and 113 %
respectively) as you move down through the provision. Which means the larvae will
consume more of those 3 pollen species during their later developmental stages. If female
Osmia are attempting to maximise their offspring fitness via targeted nutrition, then we
could predict that Acer, Potentilla and Quercus might be higher in carbohydrates than Betula
(which decreased in frequency by 71%). While beyond the scope of the current study, the
macronutrient content of these pollen species should now be analysed to further identify
any patterns or beneficial traits they may contain, as macronutrient content varies massively
among different pollen species (Vaudo et al, 2020., Vaudo et al, 2016 (1)., Vaudo et al, 2016
(2)., Austin & Gilbert, 2021., Doskey & Ugoagwu, 1992).

Additionally the micronutrient content could play a role in pollen selection, as it varies
within different pollen species too, and also within the landscape that the plants grow in
(soil content). One study looked at the volumes of different metals and found a difference in
the levels of Sodium, Potassium, Calcium and Magnesium (Harmanescu et al, 2007) present

within the pollen collected by honey bees. This could be a key influencing factor as metals
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like sodium and potassium are extremely important in the day to day function of an animals
body. Potassium for example, is involved in protein synthesis as well as maintaining cell

membrane potential (Nomura et al, 2019), both key elements of survival.
Conclusion

To conclude, the results did not meet the expectations predicted for this investigation based
on the apparently “messy” nature of typical Osmia pollen collection. Instead, they show a
clear heterogeneity within the pollen ball, indicating that there is an internal structure to the
provisions. The community difference present within the top to bottom paired with the
difference in species richness between slices 1 and slices 2 — 5 suggests a predictably layered
structure to the provision, which implies a timeline through the pollen ball. Although
assumptions can be made about the female Osmia purposefully creating this structure, |
cannot prove the females are differently selective at different points throughout
construction of their provisions because of the possible alternative explanations;

temperature related selectivity and diurnal pollen variation.

Suggesting future studies, | would recommend replicating this study, with the bee houses
located in monitored areas with different pollen availabilities. It would be interesting to see
if the female bees would still create similar provision structures when given the option of
different pollen species such as Rosaceae. Rosaceae pollen is usually fruits including apples,
strawberries, pears etc, seen in orchard farms and is known to be a very efficient diet source
for Osmia (Gruber et al, 2011., Gardner & Ascher, 2006., Horth & Campbell, 2018). This
could begin an interesting future for artificial bee-breeding set ups for agricultural use and

potentially opens the studies of bees to more researchers interested in palynology.

Investigating the internal structure of the provisions sheds light on the red mason bees
unexpectedly complex foraging and provisioning behaviours. Understanding how these
provisions are organized and what factors influence their construction can help us
comprehend the factors affecting bee reproductive success. Osmia bicornis are essential
pollinators and like many other bee species, are facing challenges due to habitat loss,
pesticide use, and climate change (Drossart & Gerard, 2020., Lima et al, 2022., Kearns et al,
1998). These findings can provide information for the conservation and management of

these bees, by promoting the use of mason bees in economically important land such as
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orchards (Batra, 1995., Klein et al, 2007, Klein et al, 2011., Winfree et al, 2007). With
knowing their pollen preferences and nesting/provisioning behaviours, we can help

implement targeted measures to protect and enhance both wild and artificial populations of

Osmia bicornis.
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Chapter two - Exploring a minimum sampling protocol to understand Osmia bicornis pollen

provision structure.

Introduction

Researching animals can be challenging, and invasive sampling methods may skew or bias
data, leading to inaccurate conclusions (Balcombe, 2009., Zemanova, 2020., Reeve et al,
2014). Animal behavioural studies exemplify this issue, as invasive observation or monitoring
techniques can disrupt natural behaviour patterns, resulting in altered responses and
potentially compromising the accuracy and reliability of research findings (Carlo, 2005.,
Beauchamp, 2009., Carlo et al, 2003). Alternative methods such as camera trapping, covert
recording devices, and animal tagging are less invasive and do not interfere with the natural
behavioural patterns of species (Qiao et al, 2020., Nassar et al, 2018., Ternman et al, 2012.,
Francisco et al, 2020., Stewart et al, 2005). There is an increasing emphasis on employing
less invasive sampling methods while still achieving necessary results, adhering to the
minimum sampling protocol required (Jermalowicz-Jones, 2018., Bager, 2012., Nedreaas,
2009., Le, 1984). This approach focuses on the three Rs: reduction, refinement, and
replacement (UK Health & Security Industry, 2023). The goals are to reduce the number of
animals used in research, refine experimental techniques to minimize harm, and, where

possible, replace animals with non-animal models.

Chapter one found a clear, significant difference within O.bicornis pollen provisions,
indicating they are not homogeneous. Although the method provided detailed results, the
sampling was time consuming and invasive on the O.bicornis larvae. To replicate this
method, researchers would be required to find alternative nesting spaces and food for the
removed larvae, which could disrupt the larvae’s natural development (Steffan-Dewenter &
Westphal, 2008., Cane et al, 2007., Mandeville & Novak, 2015). To minimise the interference
with the mason bee larvae, many researchers (e.g. Gresty et al, 2018., Suzuki et al, 2023)
have instead opted to collect residual pollen samples after the larvae have eaten their share
of the pollen and started to spin their cocoons. In theory, this creates a much less invasive
sampling method, leaving no affected larvae in the aftermath. However, if the pollen ball is

structured, as demonstrated in chapter 1, the residual pollen may not be representative of
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the entire pollen ball, and sampling residual pollen may not sufficiently capture the pollen

community within the provision.

The results from chapter one indicate that the provisions show a continuous difference (in
species community) from the top to the bottom of the provision, as well as a break point in
species richness between slice 1 vs slices 2-5. In practice, one sample from the top of the
provision (slice 1) and one from the bottom (slice 5) may be sufficient data to capture the
essential structure of the pollen ball, reducing the need for more detailed sampling. To
reduce time and effort needed to sample pollen balls adequately, researchers could take
only these two samples, creating a much more efficient method that opens palynology and

solitary bee studies to more researchers by saving time, resources and money.

This chapter will first look into a more efficient, minimally invasive sampling method, testing
whether it is possible to simplify 45 samples per pollen provision down to 2 (per provision)
while preserving the same significant community differences. Thus, providing adequate
insight into the three dimensional structure of pollen provisions in Osmia bicornis. Secondly,
| test whether a similar insight can be gained by allowing the larvae to eat and spin a cocoon

prior to sampling, thus again testing a much less invasive method of pollen sampling.

For data collection, | used identical methods to chapter one, excluding the timeframe.
Instead of sampling the provisions as soon as the nests were constructed, | waited two
weeks, allowing the larvae to consume what they needed from the provisions and start
spinning cocoons prior to entering their nests. For the sampling, | again used a similar
method to chapter one, but simplifying the sampling technique down to only two per pollen
provision, which required no slicing of the provisions. Given this method, | expected to see a
mix of results. With the findings from Chapter 1 indicating the provisions have a continuous
change from top to bottom, in addition to the break point (in species richness) between slice
1 and slices 2-5, | believe this minimum sampling protocol could capture similar results. In
contrast, allowing a prolonged waiting period that enables the larvae to consume significant
parts of the provision, in addition to free movement in the nest (potentially homogenising
the provision), could pose a challenge, as the original layered structure may become

disrupted.
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Method

As the bee houses were already in place from the previous year, during the months of
January-March 2022, | replaced any damaged or used nesting tubes and seeded the houses
with new Osmia bicornis cocoons (from The Mason Bee Company). Each house was seeded
with 40 cocoons; 20 males and 20 females, roughly sexed by size as females are larger than
males (Radmacher & Strohm, 2010). The breeding season began in April of 2022 and
sampling started soon after, until early July. Due to reasons outside of my control only one
research site was successful in a second season of breeding. Therefore, my entire pollen

samples for 2022 came from Thwaite Gardens.

After collection, | randomly Point sample 1

allocated the capped tubes into two G Point sample 1

groups. Group one, consisting of 8 larvae indent

whole pollen provisions, were Whole

pollen ball

Partially-eaten

pollen ball

sampled in an identical method to

chapter 1: Sliced 5 times, with slice
1 being the uppermost point and ﬁ
Point sample 2

slice 5 being the lowest and furthest Point sample 2
from the larvae (figu re 7). On each Figure 13: A diagram demonstrating the structural difference between a

whole, uneaten pollen provision and a half-eaten/damaged provision.
slice, | took 9 point samples and
coded them from one to nine - with one to five evenly spaced across the centre and sample
three being the innermost point. Samples six to nine run vertically, also through the centre
point, forming a cross on each section (figure 7). Nine point samples from each of the five
slices gave 45 samples from every whole pollen provision, this helps to test the original

investigation for validity and reproducibility (which included taking a secondary vegetation

survey of thwaite gardens, see table 6).

The sampling of group two was delayed by two weeks in order to achieve half-eaten residual
pollen, which resulted in a total of 20 provisions. | used a similar method to chapter 1 for the
sampling: with the only changes being the removal of the slicing and instead of 9 point
samples on each slice, | would take 1 point sample from the top of the pollen ball and a

second from the bottom (see figure 13). This allowed me to investigate whether a much less
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invasive data collection method and smaller sample size of half-eaten residual pollen
provisions can provide enough information to sufficiently describe the whole composition

and structure of the complete pollen ball.

Additionally to the Osmia bicornis nests, an unknown Megachilid (presumed to be a species
of Osmia) nested in the 2022 bee houses. Although the species was unknown (identification
is pending adult emergence), | decided to investigate and sample these pollen provisions

with the same method and analysis as group two, labelling it group three.

For group one, the results were analysed using the same statistical tests as chapter 1: first, |
performed an ADONIS permutation-based statistical test looking into the differences
between pollen communities throughout the samples, using pollen ball ID as a predictor.
Then | performed ADONIS tests looking at the four variables (detailed in chapter one): north
to south, east to west, top to bottom and inner to outer, using pollen ball ID as a random
effect. Similarly, | used ADONIS tests to look for differences in the pollen communities and
species richness, using different break-points between slices as predictors (table 2), as an
attempt to find the best break point between the slices where the pollen community
differed. In addition to this, | used a one-way ANOVA test, with continuous slices (1-5) as a
predictor variable, to investigate differences in the proportions of individual pollen species

present throughout the slices.

Repeating the same tests for sample groups two and three, | used an ADONIS permutation-
based statistical test, with pollen ball ID as the predictor, to see if the top and bottom
samples can replicate the same significant differences as the whole-sampled provisions in
chapter one. Furthermore, | investigated the abundance of pollen species present (species
richness) within the pollen provisions, using an ADONIS test with slice (1 or 5) as the

predictor.

In order to create a direct top to bottom comparison between the groups, | repeated
analysis on group one, whilst using only 2 samples, from slices 1 and 5 (pollen ball ID as
random effect, looking for a difference within the pollen community and slice as the
predictor, looking for differences in pollen species proportions). | also used a one-way
ANOVA to look at the differences between individual pollen species and their abundance

between the samples. Additionally, | used only the samples from slices 1 and 5 in group one
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and compared them to group 3 (unknown Osmia species), using Multivariate analysis of

variance (MANOVA) with group (1 or 3) as a predictor, to see if the different species (Osmia
bicornis vs unknown) could explain potential differences in the pollen communities. As well
as an independent T-test to look for differences between the proportions of pollen species

present in each group.

Results

Group one

The initial ADONIS test for group one, (with pollen ball ID as predictor), showed significant
differences among the pollen communities across provisions (Df = 4, SumOfSqgs = 0.633, R2
=0.278, F = 3.368, P = 0.001). Looking into the variables, further ADONIS tests revealed
there were no significant differences found among inner to outer, north to south or east to
west in the samples, but, as in Chapter 1, a strong significant difference in the community
was revealed from top to bottom (Df = 4, SumOfSgs = 0.594, R2=0.268, F =3.328,P =
0.001).

Proportion of Pollen Species in Different Slices

100%

Using the individual slices as
predictor variables, further

ADONIS tests revealed a high 75%

species
significance in the breakpoint tabacsse
liliaceae
between slices 1-3 and 4-5 (Df quercus
ranunculus

=4, SumOfSqgs =0.633,R2 =

thalictrum

Proportion
2

trifolium

0.278,F =3.368 and Pr(>F) =

0.001), as well as slices 1-4

versus slice 5 (Df = 1,

SumOfSgs = 0.513, R2 =0.225, . » " "

Slice

F=11.056and P = 0-001)- Both Figure 14: A stacked bar plot showing the proportions of each species in each
. o slice for group 1.

comparisons are statistically

significant, as both breakpoint scenarios show clear differences in pollen communities,

however considering the F-value and R-squared value, the second comparison (Slices 1-4 vs.

5) appears to have a stronger effect and a better fit to the data (see figure 14).
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The predominant species present was Ranunculus, which is the same as the previous year’s
samples seen in chapter one. Similarly, it is also present in the vegetation survey (table 6)
detailed at the end of this section. Using a one-way ANOVA, with slice (1-5) as the predictor
variable, | tested for a difference in proportions of each pollen species. This revealed a
significant difference in the proportions of Ranunculus (Df = 1, sum sq = 2486, F = 16.84,
Pr(>F) = 0.002), Quercus (Df = 1, sum sq = 84, F = 4.884, Pr(>F) = 0.033), Trifolium (Df = 1,
sum sq = 125, F = 5.736, Pr(>F) = 0.022), Rosaceae (Df = 1, sum sq = 54.45, F = 16.75, Pr(>F) =
0.002) and Liliaceae (Df = 1, sum sq = 231.2, F = 6.462, Pr(>F) = 0.015) throughout the slices.
Thalictrum and Fabaceae (other non-Trifolium Fabaceae) showed no differences across the
slices. Looking closer at the species with significant differences, Quercus (24 %), Trifolium
(391 %), Rosaceae (1250 %) and Liliaceae (25 %) all showed a percentage increase, as you
move down through the pollen provision. However Ranunculus showed a 27 % decrease

from slice 1 to slice 5.

Group two

Proportion of Pollen Species in Mason Bee Pollen Balls

100%

Group two (residual pollen with
reduced sample size) showed no

significant difference in pollen
Species

communities among the different y;

liiaceae

pollen ball provisions with the initial

quercus

Proportion (%)

ranunculus

ADONIS test using pollen ball ID as a

trifolium

predictor (df = 1, SumOfSqgs = 0.054, 25%
R2=0.005, F=0.193 and P = 0.491).

The majority of the samples in group o

1
Slice

two were made up of Asteraceae and
Figure 15: A stacked bar plot showing the proportion of each pollen species

Ranunculus pollen, however, there in both Samples in the pollen balls for group 2.

are no significant differences in the

abundance of any pollen species between sample 1 and 2 (figure 15).

Group 1 (slices 1 and 5 only)
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Using samples from only slice 1 and slice 5 from group one (whole, uneaten pollen
provisions), | ran an ADONIS test using pollen ball ID as predictor, to allow a direct
comparison between group one and group two. Whereas for Group 2 | had identified no
differences in pollen communities between slices 1 and 5, for Group 1 the results indicated
that there was a significant difference in the pollen community composition between slices
1and 5 (R2 =0.241, f =12.087 and p = 0.002). The R-squared value suggests that 24.13% of
the variation in the community composition can be explained by the difference between the
two slices. The one way ANOVA (with slice 1 or 5 as predictor) also revealed significant
differences in the abundance of Ranunculus (Df = 1, sum sq = 24, F = 16.900, p-value =
0.007), Quercus (p-value = 0.021), Rosaceae (Df = 1, sum sq = 287, F = 6.441, p-value =
0.022) and Liliaceae (Df = 1, sum sq = 86, F = 8.109, p-value = 0.022) between slices 1 and 5.
However, there was no difference in the abundance of Trifolium, Thalictrum and (non-

Trifolium) Fabaceae.

Group three

The pollen provisions of the unknown Stacked Bar Plot of Pollen Species Proportions

. . . .. 1 5 NA
species of Osmia revealed no significance

Pollen species proportions in both samples

among the pollen communities with an 10 Top Bottom
) Species
ADONIS test, using pollen ball ID as a asteraceae_prop
. ranunculus_prop
predictor (df = 1, SumOfSqs = 0.054, R2 = S
0.75 "

0.005, F =0.184, P = 0.331). Additionally,

to check for differences in species g
abundance, | used another ADONIS test £°°
with slice (1 and 5) as the predictor, which
revealed no significant differences 2=
between the two samples (figure 16).

Showing there is no significant patterns in 0.0

DOOT=NTOOX > 000D NDO O X >
MO T (000 (000 D (Dt

the unknown osmia provisions when only Sample ID

Figure 16: A stacked bar plot showing the proportions of each

sampleing once at the top (slice 1) and
P g P ( ) species present in slices 1 and 5 for group 3.

once at the bottom (slice 5).
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Comparison of Pollen Species Counts between Groups 1 and 3

Comparing group 3 and group 1

(using only samples from slice 1

I:I i
- orow?

and 5), we can visualise a huge
difference in pollen species present
(see figure 17). Although the

50

difference is quite drastic, |

Mean Counts

proceeded to run an independent
T-test to look for statistical 2
differences in pollen species

abundance between the two

0

groups. Ranunculus (t = 7.414, df = # 2 P 3 P

d 0
& &
°

1, p = 7.344e-07), Quercus (t =

PollenSpecies

Figure 17: A stacked bar plot showing the proportions of each pollen

1.180, df = 1, P= 5.4266-09), species present in both group 1 (blue) and group 3 (black).

Rosaceae (t = 3.420,df =15, p =

0.003), Liliaceae (t = 2.089, df = 15, p = 1.378e-07), non-Trifolium Fabaceae (t = 3.371, df =
15, p = 0.004), and Asteraceae (t = -2.698, df = 2,p = 8.77e-18) all showed significant
differences in their proportions between the groups. While Trifolium (t =0.499, df =24, p =
0.622) and Thalictrum (t =9.251, df = 1, p =0.055) did not. Additonally, | performed a
MANOVA test, using group (1 or 3) as a predictor, which revealed significant results (Df =1, F
=162.010, P = 2.2e-16), indicating that the different species (Osmia bicornis vs unknown) is

highly significant in explaining the variation in pollen communities.

Plant Species Latin Name Quantity
Bull thistle Cirsium vulgare 113
Bush vetch Vicia sepium 3
Catchweed bedstraw Galium aparine 49
Common buttercup Ranunculus acris 53
Common hawthorn Crataegus monogyna 12
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Common hazel tree Corylus avellana 4
Common ivy Hedera helix 109
Common st-johns-wort Hypericum perforatum |51
Corn spurrey Spergula vulgaris 1
Creeping buttercup Ranunculus repens 98
European ash tree Fraxinus excelsior 1
European bramble complex |Rubus fruticosus 7
Feild horsetail Equisetum arvense 7
Hedge woundwort Stachys sylvatica 9
Herb-robert Geranium robertianum |24
Kikuyu grass Cenchrus clandestinus |2
Large-leaved avens Geum macrophyllum 8
Little-robin Erithacus rubecula 12
Marsh cranes-bill Geranium palustre 31
Nodding spurge Euphorbia nutans 1
Ragwort Senecio jacobaea 19
Ribwort plantain Plantago lanceolata 36
Sycamore maple tree Acer pseudoplatanus 2
White clover Trifolium repens 53
White dead nettle Lamium album 25
Wood avens Geum urbanum 23
Yorkshire fog Holcus lanatus 67

Table 6: A table that shows the plant species, their Latin name and the quantity found
at thwaite gardens in 2022. The highlighted (green) species are also identified in the
samples.

Discussion

The results of the previous chapter indicated that O.bicornis pollen balls are not

homogeneous, with the top to bottom axis accounting for the most variation in the pollen
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community. In the present chapter, the focus shifted onto the minimum sampling protocol
necessary to reduce researcher effort (Tista & Fiedler, 2011., Shimano et al, 2018., De
Almeida Papa et al, 2020., Nascimbene et al, 2010) and sampling invasiveness (UK Health &
security industry, 2023). | investigated whether a simplified technique consisting of only two
samples; one from the top and one from the bottom of each pollen ball, would yield similar
insights into the pollen ball structure as the more detailed sampling seen in chapter 1. To
develop the method further, | waited two weeks after the nests were built, before taking the

pollen samples, allowing the larvae to eat and cocoon themselves prior to disturbance.

The samples collected as part of group one (whole pollen provisions, with detailed sampling
method) from O.bicornis nest in 2022 were very similar to the results from chapter one.
They confirmed a continuous change, in both pollen community and species richness,
throughout the provision (from top to bottom) and additionally confirmed that there is a
structure to the O.bicornis pollen provisions when sampled adequately. Similar to chapter
one, among the pollen species that showed a significant difference in proportion, the
majority showed an increase as you move down through the pollen provision (Quercus = 25

%, Trifolium = 391 %, Rosaceae = 1250 %, Liliaceae = 25 % and Ranunculus = -27 %).

The analysis of group two (the simplified sampling technique, using residual pollen
provisions) did not reveal a significant difference in the pollen communities between the top
and bottom of the pollen provisions. This discrepancy suggests that the structural variation
within the pollen provisions, as observed in chapter one and group one, might not be
adequately captured by the simplified sampling approach. This implies that researchers
cannot sample half-eaten residual pollen balls (e.g. Gresty et al, 2018., Suzuki et al, 2023)
and capture a full insight into the three dimensional structure and species composition of
the pollen provision. Something which is necessary to thoroughly capture pollen selection by

female O.bicornis.

These results were not unexpected, and they did meet the expectation of non-significance,
there are several factors which could contribute to the disparity in results between the two
sampling techniques. Firstly, As the bee larvae eat through the pollen provision, they may
disrupt the layers sampled in chapter one (slices 1-5), leaving a smaller pollen community
with little structure left to analyse. Furthermore, the remaining pollen, that uneaten by the
larvae, will not necessarily remain in their original location. By moving through the pollen
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provision the larvae can shift the pollen grains, homogenising it and disrupting the original
structure created by the female O.bicornis. Hence why it was expected that such a corrupted
structure would show a lack of top-bottom difference. Additionally, the reduced number of
samples taken in group two (45 samples per pollen ball reduce to 2 samples) might have led
to a decrease in statistical power, making it more challenging to detect significant differences
(Prajapati et al, 2010., Hong & Park, 2012., Akobeng, 2016). Whichever factor(s) caused the
inaccurate representation, | have proved that this simplified technique is not a suitable

replacement for the original method noted in chapter one.

Looking at the vegetation survey (table 6), the only species present in both the survey and
the pollen provisions (from group one and two) are Trifolium and Ranunculus. While, the
majority of both groups are made up of Ranunculus (buttercup), a common found pollen
preference in Osmia (Bednarska et al, 2022., Radmacher & Strohm, 2010., Persson et al,
2018., Haider et al, 2014., Sedivy & Dorn, 2014., Splitt et al, 2022), there are still differences
between the pollen composition of the two groups (figures 14 and 15). Both groups show
different proportions of Ranunculus, Quercus, Trifolium, Rosaceae and Liliaceae present,
however only group one has Thalictrum and non-Trifolium Fabaceae present. Additionally, in
group two there is a high abundance of Asteraceae present as well as smaller quantities of

Cyperaceae, which are not seen in group one.

The results from group one confirm the findings from chapter 1, in that the significant
difference observed between the slices, have important implications for understanding the
provisioning behaviours of female Osmia. The structural variations within the pollen
provisions suggest that different layers of the provision may contain varying nutrient
compositions or spatial arrangements, which could have implications for the development
and fitness of the O.bicornis larvae — detailed in the discussion of chapter one (Howard,
2020., Austin & Gilbert, 2021., Tainish et al, 2021., Filipiak, 2019., Roulston & Cane, 2002.,
Sedivy et al, 2011). By identifying these structural differences, we can shed light on the

sophisticated strategies employed by female O.bicornis to provision their offspring.

It is crucial to acknowledge the limitations of the simplified sampling method seen in group
two: sampling residual pollen is insufficient to capture the pollen ball structure. However,
looking at the direct comparison from group one, sampling only once at the top and once at
the bottom of a whole, uneaten pollen provision can provide an adequate representation of
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the structure of the provision. Although this simplified technique resulted in the same pollen
species present, there were still small disparities seen amongst the proportions of species.
The full sampling method (slices 1-5) in group one showed a significant difference between
the proportions of Ranunculus, Quercus, Trifolium, Rosaceae and Liliaceae throughout the
slices, while Thalictrum and non-Trifolium Fabaceae showed no difference. Yet, looking at
the samples only from slices 1 and 5 shows a significant difference in the proportions of
Ranunculus, Quercus, Rosaceae and Liliaceae; the difference being a lack of significance in
Trifolium. This implies that a simplified sampling technique, applied to a whole pollen
provision would be a sufficient method to analyse pollen composition and basic structure, as
it is mostly accurate. For example, when group one was analysed fully, the R2 value was
0.278, yet, when analysed with only slices 1 and 5, the R2 fell to 0.241. Although the
difference is not huge, it shows by simplifying the sampling method you are losing 3.7% of
explanatory power. This highlights the importance of comprehensive sampling, and further
emphasizes the need for more research into the minimum sampling protocol necessary for a
comprehensive understanding of pollen provisions. Whether this loss of accuracy can be
seen as a reasonable compromise will depend on the needs and resources of future

researchers.

Future studies could consider exploring alternative sampling methods that strike a balance
between efficiency and the necessary structural information. There is still potential for a
minimum sampling protocol to be discovered; | would encourage researchers to try similar
methods with different sampling quantities, | would suggest exploring the layered sampling
method with reduced sample size, I.E. one sample from each slice. Additionally, examining a
larger sample size would allow enhanced statistical power and could potentially uncover

more nuanced differences between the top and bottom of the provisions.

To conclude, the simplified sampling method in chapter 2, both in group one (samples from
slices 1 and 5 only) and group two did not exactly replicate the findings of the more
comprehensive sampling protocol in Chapter one. The nonsignificant results from group two
serve as a reminder that female O.bicornis have complex provisioning behaviours and
further investigation into the minimum sampling protocol is necessary to understand this
species. However, this does not discount the findings in chapter one, which are reinforced by

the repeated significance of group one (slices 1-5) in chapter two. The confirmed patterns
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and structural differences observed between slices 1-3 and 4-5 still provide valuable insights

into provisioning behaviours of female Osmia.
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General discussion

Analysis in Chapter 1 of this thesis revealed a strong bias towards Ranunculus pollen species
across all sampled O.bicornis provisions. Nevertheless, there was a small but significant and
clearly discernible structure within the pollen provisions of Osmia bicornis. A distinct
community difference was evident from the top (near the larva) to bottom of the pollen
provision. Also, typically one fewer pollen species was found in slice 1, next to the larva, than
in the remaining layers. This implies that pollen provisions are not homogeneous, when
sampled using adequate methods. This chapter shows that female O.bicornis do create an
internal structure during their provision assembly, however | do not have enough evidence
to confirm that this is due to the females targeting the differential developmental stages of
their offspring. As detailed in the discussion of chapter one, there are alternative
explanations such as diurnal pollen variation and weather related factors that could affect

the outcome of the pollen provisions structure.

Analyses in chapter 2 showed that the findings from chapter 1 are a confirmed pattern, as
group one (whole, uneaten pollen provisions) resulted in very similar significant differences.
The similarities in the significance between the two chapters, showed that there is a
continuous difference, in both species community and richness, throughout the pollen
provision as you move from top to bottom. This confirmed that the pollen provisions are
heterogeneous. It also showed that the method used to sample the provisions is
reproducible and reliable and will yield similar results irrespective of sample location and

time.

In addition to this, looking at the percentage change of species abundance as you move
down through the pollen provision (slice 1 to 5), there are similarities in chapter 1 and
chapter 2’s data. The percentage of Quercus in both the 2021 and 2022 pollen provisions
increased by roughly a quarter from slice 1 to slice 5 (23% in 2021 and 25% in 2022).
Although | cannot prove this pattern is due to the female Osmia purposely selecting more
Quercus for the later stages of the offspring development, | can confirm that there is a

repeated structure present within the provisions.

Additionally, the findings from group two (residual pollen with reduced sample size), which

showed no significance, highlight the importance of future research into the minimum
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sampling protocol. Although group two failed to capture the subtle variations within the
provisions, when using only two samples from group one (slice 1 and 5) there was very
similar significance found when compared to the fully sampled group one (R2 value of 0.278
and 0.241, respectively). The only major change in results was in the breakdown of
individual pollen species and their percentage proportions, as Trifolium was observed as no
longer having a significant change in abundance. This accentuates the pivotal role of
meticulous sampling techniques, which in this case, are needed to capture subtle variations.
This demonstrates that simple sampling techniques, such as taking one point sample from

old, used pollen is not an adequate representation of the whole pollen provision.

It is important to note the consistency of my findings across chapters in the face of the
variability of plant species surrounding the bee houses in Chapter 1 and Chapter 2
(conducted in 2021 and 2022, respectively). Looking solely at Thwaite Gardens; the 2021
survey showed 38 different plant species, with Geranium endressii being the most
abundance. In contrast, the survey in 2022 identified 27 species, with Ranunculus (R.repens
and R.acris) being most prevalent. Despite the variability in available pollen sources, the
outcomes from group one in Chapter 2 consistently align with those of Chapter 1, confirming
that the identified structural pattern within the pollen provisions are not due to localized

pollen resources and represents a reliable and repeated structure.

Together, these chapters highlight the importance for further research into pollen provision
structure and what effects different structures could have on Osmia bicornis larva. As we
know, nesting conditions, pollen species and micro-macronutrient content plays a huge role
in the development of O.bicornis larvae (Howard, 2020., Austin & Gilbert, 2021., Tainsh et al,
2021., Filipiak, 2019., Roulston & Cane, 2002., Sedivy et al, 2011., Lawson et al, 2020.,
Seidelmann, 2006., Ostap-Chec et al, 2021., Radmacher & Strohm, 2009., Radmacher &
Strohm, 2010., Kierat et al, 2017., Pitts-Singer, 2004., Doskey & Ugoagwu, 1992), it would be
interesting to see similar studies, investigating into the effects of different structures on the
larvae. As well as future studies looking further into the minimum sampling protocol, as the
results from chapter 2 (group 1, using only slice 1 and 5 samples) indicate that it is possible
for the sample size to be reduced and still gain a full comprehensive understanding of the

whole provision structure and composition.
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The provisions provided by female bees serve as an essential and vital source of nutrition for
the larvae, without it, the larvae would not develop. Therefore, understanding the
provisioning behaviour of bees is crucial for comprehending their species populations
((2)Engelke et al, 2016, (1)Engelke et al, 2016). Investigating the structural variations within
these pollen provisions has contributed to the understanding of how bees ensure the
optimal development and survival of their offspring, enhancing our knowledge of the
mechanisms underlying successful reproduction and population dynamics in these
important pollinators, as well as practical implications for conservation efforts, as it helps

inform the management and conservation of Osmia bees.

Overall, these findings contribute to the existing body of literature on bee provisioning
behaviour and pave the way for further research aimed at unravelling the relationships
between female provisioning techniques and resource availability, provisioning strategies

and reproductive success in Osmia bicornis.
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Appendix

Methods development:

Due to the pollen provisions being fragile and the necessity for reproducibility, the pollen
slicing method needed to be precise and efficient. The first method | attempted was to
embed the whole pollen provisions in paraffin wax, a technique used to stabilise soft tissue
samples for microscopy (An et al, 2003). Paraffin wax has very neutral properties making it a

great holding agent for delicate samples, such as crumbly pollen provisions.

Pollen grains are known to withstand extreme conditions due to their exine structure
composed of one of the most inert biological polymers: sporopollenin (Wiermann & Gubatz,
1992). An organic biopolymer of extremely high stability ornamented in a dense sculpture
provides ultimate protection for the male gametes hidden within the pollen grain
(Dominguez et al, 1999). It is this structure that meant the pollen grains would be able to

withstand the relatively high temperatures (68°C) of the molten wax submission.

Once fully submerged for 30 minutes the sample was then solidified and placed into the
microtome for slicing. The slices created by the microtome are 0.2 microns thick, which after
depressing in a water bath (50°C), is thin enough to be placed onto a microscope slide. Thus,
allowing insight inside the pollen provision, where the individual pollen grains can be
identified under a light microscope. Repeating this throughout the pollen provision, creating
multiple slices provides inside knowledge on how the pollen grains are arranged whilst still
maintaining the circular structure, eventually leading to the rough 3D structure of the whole

pollen provision.

Upon slicing on the microtome, the pollen provisions still crumbled in the centre destroying
the 3D structure. | experimented with different wax submergence times between 0.5 to 4
hours. Each treatment still produced the same effect of a crumbly centre, yet, above 5 hrs (5
— 12hrs) caused the whole provision structure to fall apart before the wax had a chance to

solidify.

A paper by Nicolson and Thornburg states that plants susceptible to water stress I.E. those
located in dryer environments, produce less nectar than plants with access to increased

volumes of water (Nicolson & Thornburg, 2007). Implying that nectar contains water,
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however the percentage of water and level of nectar dilution does vary between plant
species (Potts et al, 2004). Pollen provisions are made from pollen grains held together by
small volumes of nectar (Poderoso et al, 2013). Knowing Paraffin wax is hydrophobic, a
reason for the failed method could be due to the small volume of water-based nectar in the
provisions, preventing the wax from fully infiltrating the centre. To combat this, | attempted
to “clean” the pollen balls with a series of chemical baths used in tissue sample cleaning

prior to embedding in paraffin wax. The treatment went as follows:

1) PBS—15 mins

2) 70% ethanol — 15 mins
3) 90% ethanol — 15 mins
4) 100 % ethanol — 15 min
5) 100% ethanol — 15 mins
6) 100% ethanol — 30 mins
7) 100% ethanol — 45 mins
8) Histoclear — 20 mins

9) Histoclear — 20 mins

10) Histoclear — overnight

After the first chemical treatment the pollen provisions began to moult pollen grains and
eventually caused the structure to collapsed creating a disorganised pile of grains, making
the samples unsuitable for this study. Although the individual grains were unaffected, the

pollen balls must maintain their shape for a comparison of the three dimensional structure.

The next trial method | tied was an attempt to replicate an epidermal peel: using a substance
or object to obtain an imprint or copy of the surface structure in question (Wu et al, 2009.,
Eisele et al, 2016). After slicing the pollen ball by hand with a razor blade, | would use
Sellotape to try and remove a neat top layer from each slice. The first attempt at this created
a very densely populated peel, making individual grains hard to identify. Many attempts to
reduce the grain density did not work, dissolving the tape with acetone and creating a peel
of the peel all fell unsuccessfully. The final method, as stated in chapter one in the methods
section, was the only reproduceable and therefore successful method discovered for slicing

Osmia bicornis pollen provisions.
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