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Abstract

The African baobab (Adansonia digitata L.) is a versatile tree known for its multiple uses in
Sub-Saharan Africa. It provides people and animals with food, shelter and other materials.
Many people in African countries sell baobab fruit to generate income. Therefore, assessing
factors affecting fruit production, such as pollination, is essential. Baobabs has
“chiropterophilous” flowers that are adapted to nocturnal pollination. While established
research found that fruit bats pollinate baobab flowers in West and East Africa, recent
evidence suggests Hawkmoths to be the likely pollinators in Southern Africa. Observations of
diurnal insects visiting baobab flowers prompted questions about the effect of these insects
on baobab pollination. However, the impact of dayflying insects has yet to be investigated.
Therefore, this study specifically focuses on determining if dayflying insects play a role in the
pollination of baobab, particularly their foraging behaviour and activity. The study first
provides an overall literature review of the significance of pollination in baobabs, the shift of
pollination systems, and determining the role of dayflying insects in pollinating baobab
flowers in the morning. Secondly, using camera traps, we recorded all floral visitors and their
foraging activity on baobab flowers in the morning between 4 am and 7 am. We determined
how time, species and temperature affect the activity of dayflying insects. Hand pollination
results indicated that the stigmas were still receptive and the pollen was still viable when the
dayflying insects visited the flowers in the morning. Open-pollinated flowers showed that
dayflying insects do not pollinate baobab flowers. Hymenopterans visit baobab flowers in the
morning to collect pollen but do not function as pollinators. We also observed the changing
composition of bee species over the 4 am to 7 am period, indicating the difference in the
timing of the foraging activity of different insects. Our results support the hypothesis that
daytime insects are unlikely to contribute to baobab pollination and that in South Africa,
pollination seems to be dominated by hawkmoths. Nonetheless, diurnal insects still benefit
from baobab flowers in terms of food.

Keywords: Adansonia digitata, pollination, diurnal, nocturnal, pollen viability, stigma

receptivity, hymenoptera
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CHAPTER ONE: INTRODUCTION

1.1. General Introduction

The African baobab (Adansonia digitata L.) is an extraordinary tree in the Malvaceae family
(Wickens 1982). It is the only species of its genus naturally occurring in the mainland African
woodlands and savannas, with populations distributed across West, East, and Southern

Africa. Other species of Adansonia are native to Madagascar and Australia

Figure 1: The distribution map of African baobab (Wickens 2008).

African baobab is a multipurpose tree that plays a crucial role the lives of rural communities
in sub-Saharan Africa (Venter & Witkowski 2011). It is an essential component of many
savannah and deciduous forest ecosystems. Their huge size and unique characteristics make
them the most remarkable tree species (Wickens 1982). In the savannah, many communities
have established near baobab trees, which provide essential resources like food, shelter, and
materials for various purposes (Sidibe 2002; Venter & Witkowski 2011). Baobab tree parts,
including tubers, twigs, fruits, seeds, leaves, and flowers, are used in traditional dishes in rural

and urban areas (Gebauer & Luedeling 2013; Venter & Witkowski 2011). In addition to
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providing sustenance for the communities, thousands of rural residents rely on the sale of
baobab fruit for their livelihoods (Venter & Witkowski 2011). Therefore, it is important to

investigate factors affecting fruit production, such as the pollination of baobab flowers.

A key aspect of its reproductive biology is its self-incompatibility, meaning it requires cross-
pollination from genetically distinct individuals to successfully produce fruit (Baum, 1995;
Wickens and Lowe, 2008). This has significant implications for the types of animals that can
act as effective pollinators. In particular, a potential pollinator must not only contact both the
anthers and stigma but must also move between individual trees. Therefore, traits such as
body size, mobility, foraging behavior, and activity patterns become critical in evaluating
pollination effectiveness. Understanding the pollination ecology of A. digitata is especially
important in the context of conservation and agricultural use, as fruit production is directly

tied to the presence and activity of appropriate pollinators.

Each year, African baobab tree produces large, white flowers that hang down from long,
slender stalks (Baum 1995). These flowers are pendulous, meaning they droop or hang down,
creating a striking visual display. Each baobab flower contains both stamens (the male part
that produces pollen) and a stigma (the female part that receives pollen) within the same
flower known as hermaphroditic (Baum 1995). The baobab flower has a unique structure
where the stigma is positioned far from the anthers. The anthers are arranged on filaments
to form stamen balls, which help distribute the pollen when pollinators visit (Baum 1995).
These flowers bloom in the late afternoon and remain open throughout the night; the
stigmatic lobes of the flower are only receptive for one night (Baum 1995). After this short
period, the stigmatic lobes begin to wilt progressively (Baum 1995). While the baobab flowers
are in bloom, they emit a strong fragrance and produce nectar, both of which serve to attract
a wide range of animals such as fruit bats (Pteropodidae), bushbabies (Galagidae),
hawkmoths (Sphingidae), honeybees (Apidae) and ants (Formicidae) (Coe & Isaac 1965; Start
1972; Taylor et al. 2020; Karimi et al. 2022). Yet, little is known about the contribution of

diurnal insects to baobab pollination.

© University of Venda 5
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Figure 2: African Baobab Tree and its distinctive white flower.
1.1.1. Pollination in baobab flowers

Pollination plays a substantial role in the fruit production of flowering plants, and this process
can be aided by both biotic (animals) and abiotic factors (wind and water) (Ollerton et al.
2011). As with many flowering plants, baobab flowers depend on animals to move their pollen
from the anthers of one flower to the stigma of another flower (Baum 1995). Most
angiosperm species attain this service by offering the animals floral rewards such as nectar
and pollen (de Figueiredo-Mecca et al. 2013). During the pollination process, the amount of
pollen deposited on the stigma is restricted by pollinator visitation frequency, thus affecting
pollination success rates (Mifiarro & Twizell 2015), which depends on the number of pollen

grains reaching the ovules, known as pollen limitation (Chen et al. 2018).

Pollen limitation is a key factor of low fruit production in hermaphroditic plants (Venter et al.
2017). Venter et al. (2017) suggested that the fruit set in baobab flowers may be due to
inadequate pollination. Therefore, the efficiency of pollinators is essential to the quantity and

quality of baobab fruit production (Venter et al. 2017). Pollinators are needed for fruit sets

© University of Venda 16
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and their role in determining fruit size (Mifarro & Twizell 2015). It has been emphasized that

fruit size strongly correlates with the amount of pollen transported by pollinators (Snow
1982). For example, baobab fruit tends to be smaller in size in Southern Africa compared to
other regions of Africa, where pollination is done by fruit bats (Venter & Witkowski 2013;
Omondi et al. 2019). Therefore, small-bodied pollinators like hawkmoths are less effective at

transporting baobab pollen than larger-bodied pollinators like fruit bats (Taylor et al. 2020).

Baobab flowers have specific floral characteristics known as ‘bat-flower syndrome, making
the flowers fitter to be pollinated by nectar-feeding bats (Baum 1995). The specialized traits
include the bell-shaped, pendulous nature of the flowers, large, white petals, abundant floral
nectar, scent and opening at night (Baum 1995). Additionally, the robust sour scent of the
bat-pollinated plants plays a role in attracting and permitting the localisation of the flowers
to the nectar-feeding bats (Von Helversen et al. 2000). The effectiveness of bats as pollinators
of African baobab flowers appears to be region-dependent. In West Africa, bats are crucial
for pollination and fruit set, while in southern Africa, their role is minimal, with moths likely
serving as the primary pollinators. These differences may be influenced by factors such as bat

species distribution, habitat availability, and climatic conditions affecting bat populations.

It was discovered later in the 1930s that bats pollinated the baobabs (Baum 1995; Marshall &
William 1982). During the blossoming season in East Africa, Start (1972) observed hundreds
of fruit bats (Rousettus aegyptiucus Cuvier) visiting baobab trees at night. After two bats were
caught and examined for baobab pollen, their faces and bodies were covered in yellow
baobab pollen. In Benin, West Africa, Djossa et al. (2015) also found fruit bats visiting baobab
blooms. Taylor et al. (2020) emphasized that bats are suitable and efficient pollinators of
baobab flowers because they can fly long distances between trees, ensuring cross-pollination

and transporting large quantities of pollen.

In addition to fruit bats, several studies have considered alternative pollinators. For instance,
some early researchers proposed that wind could play a role in pollinating baobab flowers
(Baum 1995). However, Baum (1995) indicated that wind pollination tis probably not the case
because the baobab pollen is not light, and the stigma, which receives pollen, has a small

surface area. Bushbabies are occasional visitors of baobab flowers (Coe & Isaac 1965; Karimi
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et al. 2022). However, their contribution to pollination is unlikely because they tend to forage

for an extended period in a single tree, which was observed in Southern Africa (Karimi et al.
2022). In East Africa, Coe and lIsaac (1965) observed a group of bush babies (Galago
crassicaudatus Cuvier) visiting and consuming freshly bloomed baobab flowers. The bush
babies were seen burying their faces in the sepals and blooms as they moved among them.
The blooms had fallen by the following day, and dark stains showed that the bush babies had
caused damage to the flowers the night before by sucking and chewing on them.
Consequently, bushbabies cause damage to the flowers, and their contribution to pollination

is likely negative.

In addition to fruit bats, hawkmoths and hymenopterous insects are frequent visitors of
baobab flowers (Chetty et al. 2021). In regions of Southern Africa, where fruit bats are rare or
less likely to visit baobab trees, hawkmoths (Sphingidae) have been identified as the primary
pollinators (Karimi et al. 2022). Taylor et al. (2020) conducted a citizen science study in South
Africa, and Zimbabwe provided additional evidence of this pattern. The study monitored the
types of animals visiting baobab flowers and found that, in Zimbabwe, only a single fruit bat
(Epomophorus cryptums Cuvier) was observed feeding on the flowers. However, in South
Africa, no fruit bats were recorded visiting baobab flowers. Instead, hawkmoths were found
to be the main pollinators, actively visiting the flowers and coming into contact with the
anthers while feeding on the nectar. Karimi et al. (2022) conducted a study on baobab flower
visitors in South Africa using both triggered camera traps and visual observation to monitor
and capture detailed data on the animals visiting the baobab flowers. Their observations
revealed that hawkmoths (Sphingidae) and other species of moths (Erebidae) were frequent
visitors, actively visiting the flowers to feed on nectar during the night. The hawkmoth
pollination of baobab flowers supports the evidence found by Johnson & Raguso (2016) that
long-tongued hawkmoths occupy a specific ecological niche to which African plants have
adapted and provided empirical evidence that apart from fruit bats, other animals visit

chiropterophilous plants.

There is empirical evidence supporting the role of hawkmoths as effective pollinators,
including their ability to transfer pollen between flowers (Xiao et al. 2023). While specific

studies on hawkmoths pollinating African baobab (Adansonia digitata) flowers are limited,
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research on hawkmoth pollination in other plant species provides insights into their
pollination effectiveness (Xiao et al. 2023). Studies have demonstrated that hawkmoths can
be effective pollinators. For instance, in the case of Salvia daiguii, a primarily bee-pollinated
species, hawkmoths (Macroglossum bombylans) were found to deposit an average of 1.38

pollen grains per visit, contributing to pollination success (Xiao et al. 2023).

From the studies described above, baobab flowers are pollinated by nocturnal pollinators in
the form of bats and hawkmoths. However, baobab flowers receive a visitation of
hymenopterous insects in the early morning (Karimi et al. 2022). Chetty et al. (2021) observed
the visitation of beetles and bees on the southern African baobab flowers at different periods,
with beetles visiting throughout the night and bees visiting in the early morning while the
stigma of the flowers was still receptive. Consequently, these dayflying insects may also
contribute to pollination, although there has yet to be evidence. The role of dayflying insects
in baobab pollination remains undetermined, and they may pollinate the flowers before they
lose their receptivity. So far, no studies have been conducted to explore the contribution of
dayflying insects to the baobab flower pollination. This study aims to determine the potential
role of dayflying insects in pollinating baobab flowers, particularly in the morning when they

are most active.

1.1.2. Dayflying insect pollination

Insects pollinate most animal-pollinated plants. Insect pollination is a vital ecosystem service
recognized for its important role in global crop production (Allsopp et al. 2008). Pollinators
are one of the driving forces of floral evolution (Albrecht et al. 2012). Improved fruit quality
and quantity, higher seed production, and viable seeds yielding higher-quality descendants
are among the benefits of insect pollination (Albrecht et al. 2012). Insect pollination is crucial
from an ecological perspective for preserving diverse wild plant populations, which maintain
trophic networks (Allsopp et al. 2008; Brown Jr 1991). The estimate that crops pollinated by
insects are worth $190.5 billion yearly shows how important insect pollination is for the
world's food production. This amount makes up for around 9.5% of the overall value of food

produced for people to eat (Gallai et al. 2009).
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The most well-known and commonly used pollinators for crop pollination are
hymenopterans, such as honeybees (Apis mellifera L.) and bumble bees (Apidae) (Klatt et al.
2014). However, other insects, such as lepidopterans (butterflies and moths), Coleoptera,
Diptera, and Thysanoptera, require urgently more research (Ollerton et al. 2011). In addition
to being as important as honeybees, these other insect groups also contribute to pollinator
diversity, which improves pollination services and increases stability and the range of
pollinators available to flowering plants (Lassen et al. 2012; Ollerton et al. 2011). The
involvement of bees (Hymenoptera) in wild crop pollination has been the primary focus of
significant ecological research. However, there is a need for more research on the roles of

these other insect groups and pollination systems in wild plants. A significant gap needs to be

addressed to ensure a comprehensive understanding of pollination systems.

While much research on pollination has focused on bees, especially in the context of crop
production, other insect groups such as hawkmoths, beetles, and flies also play important
roles in pollination systems. However, in agricultural contexts, the contribution of these non-
bee pollinators remains less well studied and understood. Although extensive work exists on
their ecological roles in wild plant systems, there is a particular need for more targeted
research into how these insects function within managed landscapes and crop pollination.
This is especially relevant in light of changing land use and climate, which may alter pollinator

communities and their effectiveness.

The significance of insect pollination in native plant-pollinator ecosystems and their
respective contributions to wild plant reproduction are barely understood. Trees have yet to
get the attention they deserve in pollination biology because it has primarily been studied in
herbaceous plants. For example, the African locust bean (Parkia biglobosa R.Br. ex G. Don)
blooms at night, which led to the initial assumption that bats pollinate it. However, it was
later discovered that stingless bees, wasps, beetles, and bugs were the most frequent visitors
in the early morning, while, in addition to fruit bats, hawkmoths and ants also visited the
blooms at night. Honeybees were the most successful pollinators than other diurnal insects
because the flowers they fertilized yielded more fruit and seeds. According to this study,

dayflying insects can pollinate nocturnal blooms (Lassen et al. 2012).
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Furthermore, it has been shown in previous studies that nocturnal blooms can be pollinated
by dayflying insects. For instance, Bumrungsri et al. (2008) found that stink beans (Parkia
speciosa Hassk) are pollinated nocturnally and diurnally in Southern Thailand. In the morning,
they observed hymenopterans (stingless bees and honeybees) visiting this tree species, which
eventually assisted with the fruit set. This was also noted in a study conducted by Stout et al.
(2018), who observed that honeybees prefer to visit flowers early in the morning before the
temperature rises. Diurnal floral visitors were also observed in two species of Agave (Agave
palmeri Engelm and Agave chrysantha Torr) in central and southern Arizona (Slauson 2000).
These trees have chiropterophilous (bat-pollinated) traits; however, diurnal pollinators,
including hymenopterans such as honeybees and bumble bees, were observed foraging most
actively in the morning and frequently contacting the reproductive organs, resulting in higher
fruit set. Nocturnal and diurnal visitors of the three species of columnar cacti (Cardon
Pachycereus pringlei Engelm; saguaro Carnegia gigantea Engelm and organ pipe Stenocereus
Thurberi Engelm) which have bat-pollination syndromes were observed in Bahia Kino, Sonora,

Mexico (Fleming et al. 1996). It was noted that birds and honeybees visit these tree species

early in the morning, accounting for most of the fruit set in an organ pipe and saguaro.

The idea that dayflying insects may play a facultative role in pollinating nocturnal flowers
suggests that while these flowers are primarily adapted for pollination by nocturnal animals,
diurnal insects may also contribute to pollination under certain conditions (Lassen et al. 2012).
Although nocturnal pollinators are usually the main contributors to the flower's reproductive
success, there may be instances where dayflying insects also help with pollination, especially
when nocturnal pollinators are not as active or available (Lassen et al. 2012). However, which
specific dayflying insects are involved in pollination remains unclear (Bumrungsri et al. 2008).
The role of diurnal insect pollinators in night blooming flowering has been observed and
documented in North and South America for cacti and other species. Little is known in Africa,
and it is assumed that only nocturnal pollinators such as hawkmoths are the only pollinators

of night-flowering plants (Ollerton et al. 2011).

Relying on one pollinator can be disastrous for plants (Layek et al. 2022), especially insects,
because insect biomass has dropped by 75% over the past 20 years (Hallmann et al. 2017).
Between 1980 and 2013, a third of wild pollinator species declined, according to a large study

conducted in the United Kingdom (Powney et al. 2019). Insect populations are in decline due

© University of Venda o1



¢

&) st

to the interlinking of threats to biodiversity, including anthropogenic factors such as land use
change, habitat fragmentation, and agrochemicals (Hallmann et al. 2017; Powney et al. 2019).
If the hawkmoth population were to decline, that would have a detrimental effect on the
baobab pollination rate as it would reduce fruit set and the baobab regeneration rate. It
would also negatively impact the animals and people relying on baobab fruit for cash (Taylor
et al. 2020). Therefore, it is essential to address the gap in knowledge regarding specialized
and generalized pollinators in Africa, especially in areas where native and ornamental

flowering plants, including baobabs, are highly regarded (Brom et al. 2022).

1.1.3. Pollination syndrome in flowering plants

Floral syndrome has long been used as a model in plant reproductive biology (Ortega-Baes et
al. 2011). The floral syndrome theory divides flowering plants into pollinator syndromes based
on morphological and functional floral characteristics, including plant and flower size, colour
and corolla constriction, landing platform presence, quantity and quality of nectar, scent,
timing of flowering and relative positions of the male and female reproductive organs to be
predictive of pollinators (Ortega-Baes et al. 2011). Based on this theory, a given set of floral
features might increase a pollinator species' ability to pollinate and cause that species to
become more specialized (Ortega-Baes et al. 2011). Chen et al. (2018) further indicated that
the role of floral characteristics may enable pollination by the primary pollinator and limit
other potential pollinators. Although the concept of pollination syndromes seems reasonable
theoretically, such classifications may direct to the assumption that differentiated specificity

is common in plant-pollinator relationships (Waser et al. 1996).

The validity of the pollination syndrome concept continues to be challenged. However, the
value of these systems has been thoroughly studied in various plant families and geographical
areas worldwide. This is because pollination systems use generalists, even though floral traits
may indicate specialization (Fenster et al. 2004). Especially for several species known to be
pollinated at night, they may be visited by both nocturnal insects such as moths (Noctuidae
and Sphingidae) and diurnal insects including flies (Syrphidae) and bees (Apidae) (Bertin &
Willson 1980; Fenster et al. 2004). For example, flowers of nodding wildflower (Selene nutans
L.) and Japanese daphne (Daphne jezoensis L.) (Caryophyllaceae) which were commonly

known to be pollinated by moths due to their opening at dawn and emission of compounds
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that are found in moth-pollinated flowers, were observed to be visited and pollinated by
several active diurnal insects (bees, butterflies and hoverflies) in the morning in addition to
moths (Fleming et al. 1996; Vanderplanck et al. 2020). This suggests that most flowering
plants may not have pollination syndromes that can be consistently predicted from
observations of floral morphology alone. Because of this, observational evidence indicates
that many different animal species visit flowers, making the classic concept of pollination
syndromes inaccurate for defining the most common or effective pollinator and only
applicable as general assumptions to design studies on pollination ecology (Ollerton et al.

2011; Amorim et al. 2013 ).

Further research has shown that the presence of visitors and a plant's reproductive success
are affected by the timing of flower opening and how long they stay receptive to pollinators
(Amorim et al. 2013; Vanderplanck et al. 2020). Animal-pollinated plants with long flowering
periods have an advantage under uncertain or limited pollinator visit conditions, which
enhances the possibility of pollen transmission through various generalist pollinator groups
(Bertin & Willson 1980). subsequently, night-blooming plants with open flowers throughout
the day will likely receive diurnal visits, enhancing their pollination chances, particularly for
flowers that gather nectar overnight and remain unvisited (Bertin & Willson 1980; Fleming et

al. 1996).

The reproductive outcomes of plants are greatly affected by the various foraging methods,
visitation rates, pollen removal and deposition abilities, and varying handling times displayed
by floral visitors (Essenberg 2013). The effectiveness of each pollinator or visitor species is
largely determined by the relative abundance of pollinator pools and how well they remove
and deposit pollen (Essenberg 2013). Additionally, foraging behaviour is one of the important
characteristics of any pollinator because how floral visitors behave can influence how pollen
is transferred between plants depending on how visitors access floral resources (Hargreaves
et al. 2010). The floral visitors that consume pollen or nectar from flowers without directly
interacting with the flower's reproductive parts and subsequently do not contribute to
pollination are classified as thieves or robbers (Hargreaves et al. 2010). However, highly

attractive flowers, such as those producing large amounts of floral scent and nectar, may
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increase the risk of herbivory and nectar robber visits (Kessler et al. 2015). Thus, it is

significant to clarify the behaviour of diurnal insects on baobab flowers in the morning.

The study of visitors to flowers alone is not enough to establish which are effective pollinators.
Studies need to include factors such as the quantity of visiting species, how often each species
contacts the anthers and stigmas, the timing of their visits, the amount of pollen deposited
per visit on the same flower and on flowers visited afterwards, as well as the quantities of
pollen removed from the anthers and transferred to the stigmas (Pimienta & Koptur 2022).
Intrinsic factors of the plant, such as pollen and stigma viability and self-compatibility, are also
important to investigate (Hargreaves et al. 2010; Pimienta & Koptur 2022). Finally, the fruit
and seed production per visit from each floral visitor species is an important indicator of the
pollinator's ability to pollinate the flower. Usha & Devi (2020) further highlighted that
essential factors that affect or are linked directly or indirectly to visitation rates or pollinators'
activity, especially insects, must be considered when assessing the pollination success of
flowering plants. These include environmental factors such as temperature, humidity, wind
speed, time of day, light and seasonality (De Bruijn & Sommeijer 1997; Usha & Devi 2020).
Assessments of these variables are needed to establish which variables are important in
determining the variation in visitation rates. Considering the wide variety of biotic visitors to
baobab flowers observed throughout the night and into the morning, the effectiveness of
these visitors, in light of the bat pollination syndrome, would be worthwhile investigating.
Such an attempt would provide new evidence about using classical syndromes to classify

plant-pollinator interactions.

1.1.4. Methods of assessing insect pollination efficiency

Most studies of plant-insect interaction have developed and used a variety of approaches to
investigate and monitor the role that insects play in pollination blooming plants. This includes
hand pollination, camera trapping, and insect exclusion trials (Lassen et al. 2012; Bjerge et al.
2022; Karimi et al. 2022). These methods provide insight into the most common and

important pollinators and their efficacy in pollination (Jacobs et al. 2009).

These methods additionally evaluate whether cross-pollination or self-pollination influences

the level of seed set (Venter et al. 2017). Using the previously mentioned methods, Namah et
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al. (2019) studied how both day and night pollinators visited the sausage tree (Kigelia
africana) (Bignoniaceae) in Kruger National Park, South Africa. It was found that
nectarivorous bird species were the most prevalent using camera traps, outperforming the
activity of nighttime pollinators like bats. To determine the impact of different pollinators on
fruit set and to document the role of birds in pollinating the sausage flowers, they exposed

the flowers to different pollinators at different times using mesh bags.

Pollen limitation is a widespread problem in many plants (Ollerton et al. 2011). Hand
pollination and exclusion experiments can be useful for evaluating this problem. Poor seed
sets can result from various causes, including restricted pollination services, which can
provide incompatible or insufficient pollen (Tandon et al. 2020). Based on research on
pollination ecology, the most efficient and least time-consuming way to determine if fruit set
in blooming plants is caused by pollen limitation is through insect exclusion experiments.
Hand pollination and exclusion experiments improve efficacy (Jacobs et al. 2009; Tandon et
al. 2020). When Venter et al. (2017) experimented with baobab flowers to assess pollen
limitation and discovered that hand-pollinating poor fruiting baobabs resulted in enhanced

fruit set and successful fruit production.

Determining which pollinators visit at different times can be conducted by placing pollinator
exclusion nets of varying sizes at different times. To examine the extent of P. biglobosa's
pollinator dependence on different pollinators at different times, Lassen et al. (2012) used
nets with different mesh sizes to control each pollinator visit. Additionally, pollinator
exclusion experiments help identify the most important visitors. A species that visits
frequently is not always the most effective pollinator. Pollinator exclusion experiments are a
fundamental method in pollination ecology used to determine the relative contributions of
different floral visitors, such as insects, birds, or bats, to plant reproductive success, typically
measured as fruit or seed set. If flowers visited only by bats set significantly more fruit than
those from which bats are excluded, then bats are likely important pollinators. If fruit set
remains the same without bats, their role is likely negligible or redundant. For instance, a
study conducted in South African macadamia orchards found that although honeybees were
frequent visitors, they were ineffective at providing pollination services, leading to a reduced

nut set (Grass et al. 2018).
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Camera traps are commonly employed to monitor and identify insects. This technology can
greatly enhance the study of insect-plant interactions by offering a practical alternative to
traditional human observations. Although not originally designed for insect monitoring,
camera traps have occasionally been adapted to record insect activity, particularly in studies
where nocturnal or fast-moving pollinators are involved Using high frame-rate cameras and
videos allows for the detailed study of individual insect behaviour. Additionally, camera
trapping can detect small flower visitors and their behavior, but it has significant limitations
for detailed taxonomic identification (species level and sometimes even higher). The image
quality often isn't high enough to see the fine features needed to distinguish between closely
related small insects like bees, flies, and thrips due to their size, speed, and the camera's
resolution and angle. Therefore, relying solely on camera trapping for precise identification
of these pollinators is generally not effective, and other methods are needed for higher
taxonomic resolution (Bjerge et al. 2022). For instance, Pegoraro et al. (2020) and Bjerge et
al. (2022) used cameras to capture the diverse behaviours of several insect species as they
visited flowers, including butterflies, bumblebees, hoverflies, and honeybees. The phenology,
abundance, feeding habits, and movement ecology of the insects that visit these flowers were
all better understood through this method. They underlined that video traps are great for

monitoring insects in real-time without causing any damage.

This study will apply all three of the previously mentioned approaches. Baobab research has
also made use of camera traps. Using a motion-triggered camera, Karimi et al. (2022)
recorded the nightly visits of hawkmoths (Sphingidae) and other moths (Erebidae) on baobab
blooms in South Africa. This is an example of how the camera trapping method works and it

can be useful to identify insect flower visitors down to a certain level of resolution

1.2. Problem statement

African baobab (Adansonia digitata) is a versatile tree, and the persistence of its population
relies on successful pollination and fruit production. Previous studies have shown that
baobabs are self-incompatible; therefore, cross-pollination is vital for fruit set (Venter et al.
2017; Karimi et al. 2022). Additionally, it has been discovered that the absence of fruit set

results from a shortage of pollinators (Venter et al. 2017). Although baobab flowers are
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known to be bat and moth-pollinated, recent observations of diurnal insect visits to flowers
in the morning have raised questions about their possible role in pollination. This study is
aimed at determining if diurnal visitors play a role as pollinators of baobab flowers in the
morning. This will be done by focusing on pollen transfer and fruit set and describing visitation
patterns and foraging behaviour. Pollen limitation will be assessed by hand pollination.
Exclusion experiments using mesh bags will help determine pollination periods and whether
pollination decreases throughout the morning. Lastly, cameras will help identify flower
visitors and enable the timing and measurement of visits.

This study will establish if diurnal insects play a role in baobab pollination and their overall

contribution to baobab ecology.

1.3. Rationale of the study

Determining the A. digitata tree's pollinator community is an academic pursuit and a crucial
step towards effective management and conservation decisions. Knowing which insect
species are most effective in pollinating baobab flowers is critical for fruit production,
supporting local economies, and ensuring the persistence of baobab populations.
Furthermore, it will provide a framework for assessing how pollinators respond to
environmental change (Bjerge et al. 2022) and promote effective decisions about climate
change mitigation. This study aims to determine the potential role of dayflying insects in

pollinating baobab flowers, particularly in the morning when they are most active.

This study will strengthen our understanding of baobab pollinators, a crucial aspect of baobab
ecology. This knowledge will be valuable to locals who rely on baobab for their livelihoods.
Additional knowledge of these pollinators will support the sustainability and conservation of
baobabs, ensuring the continued availability of their resources to local communities.
Identifying the pollinator community of baobab trees will aid in management and
conservation efforts and serve as a foundation for researchers studying pollinator responses

to environmental changes (Bjerge et al. 2022).

1.4. Aim
1.4.1. Broad objective of the study

e To determine whether pollination of baobab blooms is aided by dayflying insects.

© University of Venda 97



¢
&) st

e To establish if pollination success drops off for every hour after dawn.

e To describe dayflying insects' foraging behaviour and activity on baobab flowers.
1.4.2. Specific objective of the study

e To quantify and describe which dayflying insects visit baobab flowers and if they carry

baobab pollen.
e To quantify pollen limitation by comparing hand and natural pollination and resultant

fruit set.

1.5. Hypotheses
We hypothesized that dayflying insects would pollinate baobab flowers as many species of
Hymenoptera are frequent visitors to baobab flowers in the early morning. As stigma
receptivity drops off during the morning, as Chetty et al. (2021) found, we predicted
pollination success would decline over time and pollination in early morning periods would
be more successful (more fruit set) than in later morning periods. We hypothesized that the
visitation rate of diurnal insects would be affected by time and will differ between the species
since there is competition between insect species for floral resources in the morning (Herrera
1990); morning temperatures are typically cooler, which can make conditions more
favourable for certain insects such as honeybees and most insects become more active as
temperature increases (Kovac & Stabentheiner 2011).
1.6. Research questions

e Does the pollination of baobabs rely on dayflying insects?

e At what time does daytime visitation of flowers no longer result in pollination?

e What are the most important insect taxa and families for baobab pollination?

e What is the foraging behaviour of diurnal insects on baobab flowers?

e What factors (e.g. temperature, morning period) affect the activity of dayflying

insects?
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CHAPTER TWO: ASSESSING THE POLLINATION SUCCESS OF BAOBAB FLOWERS BY EARLY
MORNING INSECT VISITORS.
Abstract

The African baobab (A.digitata) tree is an iconic species native to African countries that rely
on animals for pollination. A.digitata flowers display nocturnal blooming, making them well-
suited for nocturnal visitors such as bats and hawkmoths. Despite the floral traits of
baobab conforming to the bat-pollination syndrome, baobab flowers have been observed to
attract visitors other than bats in the morning, such as bees and beetles. However, a
knowledge gap exists regarding the significance of dayflying insects in pollinating baobab
flowers. This study assessed whether the diurnal insects might be pollinating flowers in the
morning before the flowers lose receptivity. This was done by using hand and open pollination
treatments to establish the success of day-time visitors on fruit-set. Our results discovered a
very low reliance of baobab trees on dayflying insect pollinators, as demonstrated by the
significantly lower fruit set observed for open-pollinated flowers. The 95% confidence interval
(CI) for the success rate of open-pollinated trees varied from 0.025 to 0.22, indicating that the
success rate is likely between 2.59% and 22.1%. In comparison, the 95% Cl for the success
rate of hand-pollinated trees varied from 0.15 to 0.34, indicating that the success rate is likely
between 15.8% and 34.3%. Hand pollination treatment showed that stigma was still
receptive. At the same time, bees and beetles visited the flowers in the morning, yet flowers
visited by insects (open-pollinated) in the period did not set fruit. Thus, we concluded that
diurnal insects do not play a role in the fruit production of baobab trees.

Keywords: fruit set, pollination syndrome, hand pollination, open pollination, self-

incompatible tree, chiropterophilous
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2.1. Introduction

Although the efficiency of pollination systems has been demonstrated primarily in specialized
systems, this is being questioned due to the greater prevalence of generalized pollination
systems (Ollerton et al. 2011). The effectiveness of pollinator-mediated reproduction—
measured in terms of successful pollen transfer and resulting seed or fruit set—has been most
clearly demonstrated in highly specialized pollination systems. Extensive evidence shows that
pollination methods can change significantly over evolutionary time (Ollerton et al. 2011). For
example, research employing phylogenetic analysis has discovered numerous examples of

shifts between biotic and abiotic pollination methods and between various pollinator groups

within biotically pollinated species (van der Niet & Johnson, 2012).

Pollination system shifts have been observed across various plant types, not exclusively in
night-flowering species, as highlighted by van der Niet and Johnson (2012). Although bat
pollination is regarded as a greatly specialized method, there have been a few shifts away
from this system once it evolves (Fenster et al. 2004). Most plants with specialized systems
are self-incompatible (Barrett 1988). This means pollinators must visit flowers on different
trees for successful pollination (Chetty et al. 2021). Fruit production may be impacted if the

most effective pollinator is absent (Venter et al. 2017).

The timing of flower opening and the length of floral receptivity play a crucial role in
determining both the activity of flower visitors and the reproductive success of animal-
pollinated plants (Pimienta & Koptur 2022). Thus, plants that bloom at night and have open
blooms throughout the day will probably receive visits throughout the day, increasing the
chances of pollination (Pimienta & Koptur 2022). It has been noted that by the time diurnal
visitors arrive at the flower in the morning, the resources the flower has to offer may have
already been depleted. However, those unvisited flowers that accumulate nectar overnight
may still attract diurnal visitors (Pimienta & Koptur 2022). Different types of animals have
been observed visiting nocturnal flowers during the day across various plant groups (Ollerton
et al. 2011). Certain species of Apocynaceae and Rubiaceae are known to be nocturnally
pollinated by fruit bats, although they are visited by bees and butterflies during the day for
pollination (Bumrungsri et al. 2008). Additionally, Fleming et al. (1996) illustrated the

taxonomic diversity of plants belonging to the families Caprifoliaceae and Cactaceae, which
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have night-opening flowers and have also been observed to be visited by diurnal bee species
in the morning for pollination. Furthermore, nectar availability in the morning has attracted
hummingbirds, as observed in the African locust bean (Parkia biglobosa). Several highly
specialized pollination systems are being discovered in the tropics and South Africa, which are

more generally pollinated (Bumrungsri et al. 2008; Namah et al. 2019).

From the examples mentioned above of diurnal visitation to night-blooming flowers, it is thus
evident that opportunistic insects can visit chiropterophilous plants and increase their fitness
(Pimienta & Koptur 2022). This might include the African baobab population distributed over
West, East and Southern Africa (Djossa et al. 2015; Wickens 1982). It has been recognized that
baobabs have floral characteristics usually linked with bat pollination (Baum 1995; Start
1995). Mainly because the baobab flowers open at sunset and only last one night (Venter &
Witkowski 2019). It has been proven that baobabs are mainly pollinated by fruit bats, as
demonstrated by previous studies conducted in West and East Africa (Jaeger 1945; Start

1972; Djossa et al. 2015).

While extensive research has been conducted on bat pollination of baobabs in East and West
Africa, there is a lack of evidence documenting such pollination in Southern Africa (Taylor et
al. 2020). A recent citizen science project had no success recording bat visits to flowers in
Southern African baobab populations (Taylor et al. 2020). This suggests that in Southern
Africa, the primary pollinators of baobab flowers are nocturnal insects, particularly
hawkmoths (Karimi et al. 2022). Recent observations have shown that baobab flowers remain
open until the next morning and are visited by diurnal insects, including hymenopterans and
coleopterans (Chetty et al. 2021; Karimi et al. 2022), this implies that they might be attractive
to other visitors, providing resources to larger diurnal insect communities. Furthermore,
Chetty et al. (2021) noted that bees primarily visit trees in the early morning when baobab
flowers are still receptive; however, they did not assess their contribution to fruit set and
further explained that the efficiency of pollen transmission across trees may vary according

on the type of insect visiting (bees versus hawkmoths).

Considering these observations, the pollinator efficiency of diurnal insects on the flowers of

African baobab has not been assessed and requires further investigation. The present study
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thus aims to determine if dayflying insects pollinate baobab flowers in the early morning
before the stigma loses its receptivity. The following questions were asked in this study: a)
can diurnal insects pollinate baobab flowers before the stigma loses its receptivity? b) Can
pollination success between the pollination treatment (hand and open pollination) differ
across each 1-hour morning period from 4 to 7 am? It is hypothesized that the diurnal insects
will carry baobab pollen and contribute to the pollination of baobab flowers in the morning,
and as stigma receptivity decreases over time (Chetty et al. 2021) and the effectiveness (fruit

set) of pollination in early morning periods will be higher than in later morning periods.

2.2. Methods and materials

2.2.1. Study area

Pollination experiments were conducted during the baobab flowering season (November-
December 2023) in Mutale District, Limpopo Province, South Africa (The range of latitude in
the study area was between latitudes $22°30" and $22°32’, and longitudes E30°37' and
E30°39’) in a tribal area called Nkoswi (Fig. 3), which borders the Kruger National Park and
Makuya Nature Reserve. Long sunny days and generally dry weather are typical of this area.
The hottest months are from October to March, with average temperatures reaching 27°C,
while the cooler months are from April to September, with average temperatures around
20°C. In Southern Africa, there is one rainy season with the highest rainfall during the summer
months, typically patchy, with some areas receiving 400 to 600 mm of rain per year (Robinson
1996). The area is primarily covered by Musina Mopane Bushveld, with rocky outcrops of
Limpopo Ridge Bushveld scattered throughout, and baobabs are common (Mucina et al.
2006). Many baobab trees are located in and around communal areas, of which the land is

characterized by dryland agriculture and communal grazing (Venter & Witkowski 2010).
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Figure 3: Map of the study area illustrating the locations of the sampled baobab trees in

Venda.

2.2.2. Study species

A. digitata shed their leaves during the dry season and bear leaves in the wet season between
October and March (Venter et al. 2017). Baobabs enter a steady flowering phase that can last
1to 5 months, producing 10 to 50 flowers per night (Venter et al. 2017). Baobab trees produce
their most abundant flowers in November every year. This time indicates that it is the best
time for pollinators to be present and active in the surrounding area. Baobab flowers are
pendulous, white, and large (8 - 12 cm). They have stigmas that are spatially separated from
the anthers, which are organised on filaments to create stamen balls, and they suspend on
long stalks that contain both male and female reproductive parts (hermaphrodites) in the
same flower (Baum 1995). The spatial separation of the sites where pollen is presented and
received is known as herkogamy. It has long been interpreted as a mechanism to prevent the
flower from fertilizing itself (Richards 1997). Each flower blooms around dusk, releasing

pollen, and the stigma becomes receptive immediately and remains receptive for only one
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night (Baum 1995; Venter & Witkowski 2019). Anthesis happens quickly when the calyx, which

fully surrounds the flower bud, splits open and flexes backwards (Baum 1995; Venter &

Witkowski 2019).

Baobab flowers treated with controlled hand pollination showed that A. digitata are self-
incompatible (Venter et al. 2017). Although not yet fully understood, many trees in the
population do not produce many fruits; poor producers are often referred to as male trees,
and those that produce many fruits (producers) are referred to as female trees by local people

(Venter and Witkowski 2011).

3.2.3. Experimental design

Nine (9) trees were chosen to conduct the open and hand pollination experiment. To ensure
the inclusion of high-quality fruit producers in our study, the site was visited in June 2023
while the trees were still in fruit. During this visit, trees exhibiting good fruit production were
identified for inclusion in the study. This was done by noting the presence of abundant fruit

on or under the trees. Baobab fruit mature 5 - 6 months after flowering.

It was decided that November would be the survey's most reliable month due to the
abundance of flowers produced at that time. Work was conducted for two weeks, from 6
November to 16 November 2023. Mature buds (ones that would open that night) were
detected by their size and colour, and tiny cracks began forming in the calyx, the outermost
part of the flower that encloses the developing bud. These cracks signify that the flower is
preparing to open and bloom. In the late afternoon before anthesis, a labelled tag was
attached to the branchlet above the individual flowers to be treated in the morning. Anthesis
started at dusk, usually between 18:00 and 19:00 pm Time (SAST). As soon as the flowers
opened, the stigmas were bagged with a small plastic ziplock bag (50 x 70 mm), which
prevented pollination by other pollinators throughout the night (Fig. 4). The flowers were not
emasculated as this would change floral morphology and development and thus would affect
pollinator foraging activity (Cayenne & Irwin 2003). For example, Rademaker et al.
(1997) found that found that bumble bees were observed to prefer foraging on emasculated
flowers compared to unemasculated flowers. When pollen is a floral reward, the pollinators

may avoid the emasculated flowers.
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In the morning, starting at 04:00 am and in 1-hour periods (04:00 — 05:00, 05:00 — 06:00,

06:00 — 07:00), the stigmas were unbagged for potential pollinators to visit the flowers.

Figure 4: Freshly opened flower of baobab in the evening with the stigma covered to prevent

pollinators from contacting it during the night.

To avoid the effect of an individual tree on each of the treatments, both treatments (hand
and open pollination) were applied to flowers on all trees, except one, due to insufficient
flowers. Thus, eight trees had all the experiments performed, and one tree had only hand
pollination treatment. Fruit development was examined in treated flowers two months after
treatment (mid-January 2024). The presence of developing fruit indicated successful

pollination, while its absence indicated failed pollination.

2.2.4. Pollination treatments

Flowers received two types of pollination treatments: Hand pollination and Open pollination.
Hand pollination was done to determine when the stigma loses receptivity and can no longer
pollinate naturally. Open pollination was done to determine if natural pollination occurs at
different times and if this varies throughout the morning. The hand-pollinated flowers were
not bagged again after being pollinated. As a result, the fruit set observed in these flowers is
the result of both hand pollination and subsequent insect pollination. Hand-pollinated flowers
were manually pollinated with pollen collected from the neighbouring tree to avoid

limitations caused by self-incompatibility. Pollination was carried out by dabbing the anthers
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of the donor flower on top of the stigma of the recipient flower (Fig.5A). Open pollination

treatment was done to establish if the flowers were being pollinated by dayflying insects

(Fig.5B). In total, 134 flowers received treatments, 91 flowers were hand pollination, and 43

flowers were assessed for open pollination (Table 1).

Figure 5: Flowers of A.digitata treated with different pollination treatments. A) a flower hand

pollinated by dapping pollen from the anthers of the donor flower to the stigma of the

recipient flower, and B) A flower left untreated (opened) for natural pollination by insects.

Table 1: The number of flowers on each tree treated with different pollination treatments at

different periods.

Period 1 (04:00-05:00)

Period 2 (05:00-06:00)

Period 3 (06:00-07:00)

Hand Open Hand Open Hand Open
Tree pollination pollination pollination pollination pollination pollination
CB01 4 8 3 8 6 8
CB02 1 0 0 0 0 0
CBO4 6 5 0 5 0 5
CBO5 1 3 2 3 0 3
CBO6 6 6 5 6 6 6
CBO7 4 4 3 4 3 4
CBO8 6 6 7 6 0 6
© University of Venda 0
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CBOS 4 5 6 5 6 5
CBi0 4 5 4 5 3 5

2.2.5. Insect visitors

To verify if the floral visitors were the potential pollinators, two to five of the same insect
species that visited the baobab flowers were caught with an entomological net that enclosed
the flower and left an open entrance for insects to enter. It was closed once several insects
were on the flower inside the net. The captured floral visitors were placed individually in
clean, labelled eppendorf tubes. The eppendorf tubes were numbered according to the
visited flower. The tubes were stored in a freezer to kill the insects for later identification
using morphological characters and pollen swabbing. Each visitor species' pollen sample was
examined at 400x magnification using a light microscope to establish if they were carrying
baobab pollen. Baobab pollen grains were identified by comparing them with a reference

library of baobab pollen collected from field-collected flowers.

2.2.6. Data analysis

A generalized linear mixed-effects model (GLMM) with binomial data distribution was used
to assess the effect of treatment (e.g., hand pollination vs. open pollination) on the pollination
success (fruit set). The glmer function from the Ime4 package was used to fit the model. The
response variable (fruit set) was modelled as a binary outcome (success or failure), with
treatment and period as fixed or interaction terms. The Tree ID was added as a random effect
to account for tree variability. The Akaike Information Criterion (A/C) was used to select the
model and evaluate the fit of the treatment effect and period effect models against a null
model (intercept only). The model with the lowest AIC value was considered to have the best
balance between goodness of fit and complexity. The contribution of random and fixed
effects (pseudo-R) was estimated for the selected model using conditional (R%c) and marginal
(R?m) values (Nakagawa & Schielzeth, 2013). The evaluation of the binomial model indicated
no significant overdispersion (dispersion = 0.54, Fig. S1), signifying the best fit and an ability

to capture the variability in the data.

To determine the success rates for different pollination treatments (open and hand

pollination), the data was grouped by treatment, and the mean success rate was calculated
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for each group. A likelihood ratio test (LRT) was used to evaluate the significance of the

treatment effect. After the initial analysis, post-hoc comparisons were used to evaluate the

differences between treatment levels. Analyses were performed using R (R Core Team, 2022).

2.7. Results

2.7.1. Pollination success

The total of treatments for each tree and the resultant fruit set is given in Table 2. Hand-
pollinated flowers produced more fruits than untreated (open-pollinated) flowers (Table 2).
Specifically, hand-pollinated flowers exhibited a success rate of 24.2 %, compared to only 9.3

% in open-pollinated flowers (Table 2).

Table 2: The outcomes of pollination in each treatment group, specifically the proportion of

flowers that successfully set fruit (successful pollination) versus those that did not (failed

pollination)
Hand Hand Open Open HP oP

Tree pollination pollination pollination pollination Proportion Proportion
name treatment results treatment results of success  of success
CBO1 13 0 8 0 0.00 0.00

CB02 1 0 0 0 0.00 0.00

CB04 6 0 6 0 0.00 0.00

CBO5 3 0 3 0 0.00 0.00

CBO7 10 8 4 4 0.80 1.00

CBO6 18 8 6 0 0.44 0.00

CB08 13 0 6 0 0.00 0.00

CB09 16 4 5 0 0.25 0.00

CB10 11 2 5 0 0.18 0.00

Total 91 22 43 4 0.24 0.09

The treatment model, which included the effect of the pollination treatment, had the lowest

AlCc value (AlCc = 98.62) and was determined to be the best-fitting model, with a likelihood
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of 1.00 and an AlCc weight of 0.76 (Table S1). The exposure period was not included in the

best-fit model, to ensure this is explicitly stated and clear to the reader, it was added to the

sentence.

There was a marginally significant difference between the two treatments (SE = 0.80, z = -
1.89, p = 0.05; Table 3), indicating that hand pollination may lead to improved fruit set
compared to open pollination. However, the pollination data were characterised by low
pollination rates within different trees (Table 2). This resulted in the high between-tree
variation where the marginal R? (R?m) was 0.03, indicating that the treatments explain 3.6 %
of the variance in pollination probability. The conditional R? (R%c) is 0.59, suggesting that both
fixed and random effects explain 59.4 % of the variance. The random effect of tree-specific
variability accounted for 90 % of the total variance in fruit set, indicating that differences

between trees were the predominant factors influencing fruit set.

Table 3: The effect of pollination treatments (hand and open pollination) on the pollination

success of baobab flowers in the morning.

Coefficients Estimate St. Error zvalue Pr(>|z|)
Hand pollination  -2.81 1.47 -1.90 0.05
Open pollination  -1.51 0.80 -1.89 0.05

2.7.2. Insect visitors

Thirty-one insects were captured during the sampling period (Table 5; Fig. 5). Out of all the
captured insects, 83 % of honeybees were carrying pollen, and (100 %) of the large and small
stingless bees and carpenter bees were carrying pollen (Table 5). None of the beetles had

pollen attached to their bodies (Table 5).
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Figure 6: Photographs of baobab floral visitors collected and swabbed for baobab pollen. A)
honeybee Apis mellifera, B) large stingless bee Hypotigona ruspolli, C) Rose beetle Adoretus

versutus, D) Carpenter bee Xylocopa caffra and E) small stingless bee Meliponula femuginea.

Table 4: The number of floral visitors assessed for carrying baobab pollen.

Grand

Species name Family Pollen present Total

Yes No n
Rose beetle (Adoretus versutus) Scarabaeidae 0 2 2
African Carpenter bee (Xylocopa caffra) Apidae 1 0 1
Western Honeybee (Apis mellifera) Apidae 10 2 12
African Small stingless bee (Meliponula
femugineaq) Apidae 2 0 2
Ruspoli's Large stingless bee
(Hypotigona ruspolli) Apidae 14 0 14
Grand total 27 4 31
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2.8. Discussion

2.8.1. Pollination success

This is the first study to determine the role of dayflying insects in pollinating A. digitata. The
fruiting percentage and the number of fruits produced from open pollination show that
diurnal insects do not play a role in pollinating baobab flowers. There was an abundance of
insects with high visitation frequency (see next chapter); thus, the low fruit set was not due
to a scarcity of pollinators but rather an inability to transfer pollen to the stigma. The hand-
pollinated flowers had a higher fruit set as pollen was transferred generously to the entire

stigmatic surface, and the insects did not manage to transfer pollen effectively to the stigmas.

Limited pollination success recorded from open-pollinated flowers might be due to self-
pollination or contamination. (Djossa et al. 2015). This self-pollination was suspected by
Djossa et al. (2015) in West Africa, whereby caged flowers of baobab had the lowest fruit
production, and as emphasized by previous studies that wind pollination is unlikely because
the stigmatic area of the baobab flower is small. Additionally, Venter et al. (2017) observed
the fruit set from open pollination. They suggested this might reflect pollen contamination
during pollination experiments rather than limited self-compatibility or apomixis (Venter et

al. 2017).

The results of hand pollination also support previous studies that the receptivity of baobab
flowers lasts until at least 7 am, with the potential to be pollinated during this time (Chetty et
al. 2021). Chetty et al. (2021) showed how fruit set dropped from 82% at night to 56% in the
morning. Our study showed even lower fruit set results of 24%, indicating that baobab flowers
are more successfully pollinated by nighttime pollinators. Although they could potentially be

pollinated in the morning, this is not happening with the current suite of dayflying insects.

2.8.2. Diurnal visitors

This study addressed whether diurnal insects which visit baobab flowers in the morning, when
the stigma is starting to lose receptivity, can potentially still pollinate them. An earlier study
by Chetty et al. (2021) discovered that flower stigmas were still receptive in the morning.
Thus, there was still a probability of flowers being pollinated in the morning. The fact that

hand-pollinated flowers produced fruits, as a result, the fruit set was higher than in open
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insect pollination, confirming that the pollen was still viable, and the stigma was still receptive
when the insect visited. Since the insect visitors had pollen on their bodies, they had an
opportunity to pollinate the blooms but did not effectively do so. This proves that dayflying
insects are probably too small to play any role in pollinating baobabs. The results support the
study by Venter et al. (2017), which found that the low fruit yield was probably caused by
insufficient cross-pollination due to pollinator visiting patterns and inadequate pollen delivery
to flowers, leading to pollen limitation in baobab flowers. Venter et al. (2017) observed fruit
set from open pollination and suggested that the observed fruit set might reflect pollen
contamination during pollination experiments, rather than being due to factors such as
limited self-compatibility or apomixis (Venter et al. 2017). The same pattern was observed by
Karimi et al. (2022), even though the contribution of diurnal insects was not assessed because
it was concluded that since there was little available pollen in anthers and the stigma started
to wilt, there would be no pollination. Unfortunately, the fruit that was produced by the

experimental treatments was stolen. Thus, this study could not assess the seed set further to

understand the pollen limitations between open and hand-pollinated fruits.

The poor impact of dayflying insects in the pollination of A. digitata provides further support
to the specialized pollination mechanism hypothesised for the genus Adansonia. The shape of
the flower affects how a pollinator positions its body when probing a flower, which may
impact where the pollen adheres to the pollinator’s body and how much pollen is collected
(Bumrungsri et al. 2008). The shape of baobab flowers, with stigma spatially separated from
the anthers, is most likely designed for large-bodied pollinators. This special separation of the
reproductive parts prevents hymenopterans (small insects) from touching both the stigma
and anthers at the same time (Chetty et al. 2021). This has been further emphasized by Karimi
et al. (2022), who discovered that insects with small bodies that visit baobab flowers at night
are unlikely to be efficient pollinators due to their small size, which restricts pollen loads and
their ability to reach stigmas. Furthermore, since mature baobab trees are usually spaced far
apart in the study area (less than two trees per hectare), smaller insects would have limited
ability to move between trees (Venter & Witkowski 2011). These results are similar to the
observations of Bumrungsri et al. (2009), who discovered that fruit set from insect pollination
on stinky bean (Parkia speciosa Desr) was lower in the morning than at night. The reason why

diurnal insects managed to make some contribution to the pollination of P. speciosa might be
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due to the shape of the flowers because the stigma and the anthers are not as distantly
separated as the ones of A. digitata (Hopkins et al. 2000). Therefore, the insects managed to
get into contact with both parts while foraging. Solis-Montero& Vallejo-Marin (2017) further
highlight the spatial separation between stigma and anthers, which may have made it difficult
for small pollinators like bees to transfer pollen successfully between the two parts.

2.9 Caveats

While our study was the first to investigate the role of diurnal insects, several challenges
emerged during the study. First, there was high variation in pollination rates between trees.
At the same time, previous studies suggest little variation between trees in fruit production
(Djossa et al. 2015). The observed high variation between trees might be partially attributed
to their proximity to other trees, which might have influenced factors such as pollination
success, genetic compatibility, resource competition, and microclimate conditions (Quesada
et al. 2004). Even though we added tree_id as a random effect, pollination variation by
treatment had low explanation power. Nonetheless, our study here contributed to the
literature on baobab pollination study and lays the ground for further studies. Secondly, the
baobab fruits from treatments were stolen. Consequently, we could not determine how
pollination affected fruit size; therefore, we could not conclude. Only a small percentage of
the overall variation in the fruit set could be accounted for by the treatment despite its
statistically significant impact on the fruit set. This implies that factors other than the
treatment, such as individual tree characteristics or environmental factors, might be more

effective in determining fruit set outcomes.

2.9. Conclusion

This study gives valuable insights into factors influencing fruit production in baobab and
highlights the importance of pollination treatments and timing in enhancing reproductive
success. The fruit set of baobab was limited by the types of visitors (diurnal insects) observed
in this study. Despite its typical hawkmoth pollination syndrome, A. digitata is visited by a
diverse group of potential pollen carriers. Baobab provides a vital foraging and food resource
for the local insect community during the flowering period, as demonstrated by the pollen on
the insect’s bodies. Our results suggest that although the flowers are receptive in the early
morning, natural pollination by dayflying insects is not effectively occurring during this

period.
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Therefore, further studies on the factors affecting the population of hawkmoths are
important as the primary pollinators of this species in Southern Africa. If the population of
hawkmoths were to decline due to deforestation or environmental changes, the baobab
population in this area and the animals and people who depend on baobab would be

negatively affected. Maintaining a suitable habitat for hawkmoths around this area is

recommended to ensure no negative impact on moths.
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CHAPTER THREE: THE BEHAVIOUR AND ACTIVITY OF DAYFLYING INSECT VISITORS ON

BAOBAB FLOWERS.

Abstract

Baobabs, like many nocturnally flowering plants that remain open into the day, attract both
nocturnal and diurnal pollinators. Studying baobab flowers involved observing the patterns
of day-flying insects' visits, analysing how they forage to assess floral resources, and
evaluating how temperature and time affect their foraging behaviour. To do this, camera
traps were used to record the visitation rate and the behaviour of dayflying insects at various
times (04:00 — 05:00, 05:00 — 06:00 and 06:00 — 07:00). Hymenopterans are the frequent
visitors of baobab flowers in the morning. Pollen was the major floral reward for visitors, and
the foraging behaviour confirmed them to be pollen thieves, not pollinators. These bee
species hardly ever touched stigmas during their visits. Time and the interaction between the
species affected the visitation rate of the diurnal visitors. The difference in the timing of
foraging activity showed that bee species avoid direct competition across the flowers during
foraging. These results support the theory that floral features in baobab indicate an
adaptation for pollination by large nocturnal pollinators rather than small dayflying insects.

Keywords: diurnal, insect behaviour, foraging activity, floral features, Hymenoptera, pollen

thieves, stigma
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3.1. Introduction

Plants with flowers and available floral resources at different times, especially those that open
during day and night, are subjected to possible visitation by various diurnal and nocturnal
pollinators (Koptur et al. 2021). These floral visitors forage in different ways, visit at different
times, remove and deposit pollen in various amounts and manipulate flowers in various
periods, all of which significantly affect the plant's ability to reproduce (Essenberg 2013). The
relative abundance of pollinator pools and each pollinator or visitor species' effectiveness is
largely determined by how well they remove and deposit pollen (Essenberg 2013).
Additionally, foraging behaviour is one of the important characteristics of any pollinator
because how visitors visit flowers can influence how pollen is moved from one flower to
another. Floral traits that influence how visitors access nectar or pollen can enhance pollen
transfer by positioning reproductive structures such that visitors are more likely to contact
them—regardless of how easily the reward is obtained (Hargreaves et al. 2010). Floral visitors
collecting pollen or nectar from flowers but not coming into contact with the flower's
reproductive parts (stigma or anthers) do not help with pollination. These visitors are called
"thieves" or "robbers" because they benefit from the flower without participating in its

reproductive process (Hargreaves et al. 2010).

Floral thieves and robbers differ in their foraging behaviour. Thief visitors enter the flower to
forage nectar or pollen through the corolla opening without contact with the stigmas. In
contrast, robber visitors obtain the nectar or pollen protected in tubes by creating or using
existing holes in the flower's structure, which may have been made by them or previous
visitors (Hargreaves et al. 2010). Rambell et al. (2019) noted that in some systems, pollen-
collecting visitors may contribute to pollination, though this is highly context-dependent and
can vary depending on how pollen is handled and stored by the forager. In contrast, pollen
thieves remove pollen without transferring it to another flower, which reduces the quantity
of pollen available for fertilization. This can negatively affect the plant's ability to produce
seeds (Hargreaves et al. 2010). In addition, nectar robbers cut flowers to remove nectar

instead of entering them, transferring little or no pollen (Rammell et al. 2019).

While specialized floral structures are often thought to deter non-pollinating visitors, they

may also restrict access for generalist pollinators, potentially leading to an increased risk of
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pollen theft if these visitors remove pollen without effectively pollinating the flower (Rammell
et al. 2019). An example of an illegal visitor would be a pollinator that is too small to touch
the stigma during its visit to collect nectar or pollen (Rodriguez-Pefia & Wolfe 2023).
Honeybees are good examples because they often visit large flowers to collect pollen, but
because of their small size, they do not transfer pollen to the flower’s stigma. Instead, they
collect pollen without effectiveness, aiding the reproduction of the flowers (McCall et al.
2018). Although many studies record and evaluate the identity and frequency of pollinators,
most of them may not thoroughly or fully capture the efficacy of pollinator factors, such as
visitor behaviour, in evaluating the relationship between visitation and floral morphology
(Rammell et al. 2019). When evaluating the pollination efficacy of various pollinator species,

it is important to examine pollinators' foraging behaviour and visiting rate (Rammell et al.

2019).

The visitation rate and the foraging behaviour of nocturnal visitors on baobab flowers have
been well studied. For example, the pollination behaviour of bats on baobab flowers has been
described in West and East Africa (Jaeger 1945). Bushbabies have been seen to be nectar
thieves (Coe & Isaac 1965). The activity and behaviour of nocturnal insects such as hawkmoths
(Nephele comma)on baobab flowers in Southern Africa were described by Karimi et al (2022).
In addition, early in the morning, various bee species have been seen visiting flowers (Chetty
et al. 2021; Karimi et al. 2022). Although bees are unlikely pollinators, their timing, visitation,

and foraging behaviour during visits to baobab flowers have not yet been described.

The role of bees as pollinators is best characterized by their foraging ecology, including
foraging range, daily patterns, mobility flight activity and behaviour, which determine success
in foraging (Herrera 1990). Flight and foraging of bees can also be influenced by
environmental factors, such as availability and quality of food, climatic conditions,
competition, and behaviour of nestmates (De Bruijn & Sommeijer 1997; Herrera 1990).
Weather has been considered an important variable in determining insect visitation rates,

which influences the metabolic activity of insects (Heard & Hendrikz 1993).

Temperature has been found to predict dayflying insects' commencement and cessation

activity (Joshi & Joshi 2010). For example, when temperatures are low, bees begin flying later;
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when temperatures are high, they begin flying earlier (de Figueiredo-Mecca et al. 2013).

Gottlieb et al. (2005) and Joshi & Joshi. (2010) pointed out that dayflying insects are
endothermic, and their flight activity is influenced by temperature. It was observed that the

number of honeybees (A. mellifera) taking foraging trips increases as the temperature rises.

Hymenopterans have developed an approach to take advantage of resources from flowers
that bloom at night by displaying a clear bimodal daily activity pattern of foraging before
sunrise and after sunset to avoid competition or predation and also to avoid high
temperatures (Gottlieb et al. 2005; Wcislo & Tierney 2009). It has been found that the time
of day will affect the activity and abundance of the different dayflying insects visiting the
flowers. Thus, honeybees may limit their searching for food to times when pollen and nectar
are abundant (Schaffer et al. 1979), and Bombus (carpenter bees) extend its feeding further
into the middle of the day when honeybees have retired from the scene (Schaffer et al. 1979).
Studying if dayflying insects play a role in pollinating A.digitata s flowers will help build a
picture of the pollination landscape and what role bees play as either pollinators, thieves, or
robbers of baobab flowers. Additionally, understanding the visitation rate of diurnal insects
on baobab flowers is important because it determines whether the visitation patterns of

dayflying insects align with the flowers' peak fertility times.

To date, no study has assessed the foraging behaviour of diurnal insects in terms of pollinating
baobab flowers. As anthesis in A. digitata is mainly nighttime but continues until morning, |
hypothesized that baobab flowers would also receive visits from dayflying visitors. | also
hypothesised that the diurnal visitors would be more active in the early morning since
honeybees have been observed in the morning to collect floral resources. | expect honeybees
to arrive first at the open flower since they are the most common visitors of many flowers,
given their foraging method of arriving early to avoid competition (Gottlieb et al. 2005;
Urbanowicz et al. 2020). | moreover hypothesized that the visitation rate of the diurnal insect
would be affected by temperature since temperature directly impacts bees' activity levels,
foraging behaviour, and the availability of resources (Joshi & Joshi 2010), and periods since
different times of day can influence predation risks and competition for resources between
bee species (Gottlieb et al. 2005). This present study raised the following questions: a) Is

flower visitation rate influenced by temperature, insect species, the time of the morning
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(period) or interaction between period and insect species? b) What are the dominant
dayflying insect types that visit baobab flowers, and are there significant differences in
visitation rates between them? c) Is there a difference between the visitor types in how often
they touch the reproductive organs (i.e., they can function as pollinators)? Specifically, this
study aimed to identify the baobab floral visitors and their visitation frequency, foraging

behaviour during the visit and how often they touch the reproductive organs.

3.2. Methods and materials

3.2.1. Study area

The study was carried out in the Vhembe region of South Africa. More specifically, it focused
on a tribal area named Nkoswi, located near the boundaries of Kruger National Park and
Makuya Nature Reserve (Fig. 7). The area has two distinct seasons. Summers are from
October to March, when monthly temperatures average 27 °C, and the winter, from April to
September, has highs of 20 °C and lows of 13 °C. The greatest rain falls during the summer,
with annual totals ranging from 400 to 600 mm. Dry years may receive as little as 350 mm of
rain yearly (Robinson 1996). Baobab trees are found across the landscape, including plains
and rocky outcrops, villages, and fields (Venter and Witkowski 2010). The main type of
vegetation in the area is Musina Mopane Bushveld, a specific type of bushland characterized
by Mopane trees and other plants typical of that region. In addition, there are rocky areas of

Limpopo Ridge Bushveld, and baobabs are common (Mucina et al. 2006).
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Figure 7: Study area at which the baobab floral visitors were observed in Venda.

3.2.2. Experimental design

Baobab visitor observations were conducted on eight trees during the baobab flowering
season between November and December 2023. A numbered tag was attached to the
branchlet above each open flower. This tag helped identify the specific flower and tree where

cameras were placed to monitor all floral visitors.

Digital Spartan SR4-BK Eclipse black flash cameras were employed to track and record the
arrival and behaviour of visitors to A. digitata flowers. Cameras were mounted on wooden
stands at a 110° wide angle lens (Fig.8), positioned 45 cm below individual flowers, and set
up to record a short interval video of one minute from 04:00 to 07:00 am. The time chosen
was regarded as a continuous variable since honeybees were observed arriving on baobab
flowers starting from 04:00 (pers. obs, S. Venter) and the camera traps were stopped to
record at 07:00 because the flower's receptivity was decreasing (Karimi et al. 2022),

additionally since the diurnal visitors had already arrived, there was no need to continue for
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the rest of the day. The data was saved on a micro-SD card and later saved to the hard drive.
The full sequence was viewed manually to evaluate the camera trap footage using a VLC
player and recording the kind and number of insect visitors that had contact with the
reproductive organs. If a visitor left the inflorescence and returned, this was considered a new
visit due to the lack of capacity to distinguish and track individual visitors once they had left
the view of the camera.

The date, temperature, the start and end times were all printed on each video. After watching
each video clip, the species, number of floral visitors, series video number and the camera
number were recorded in Excel. Data for each tree was summarized into three 1-hour periods
from dawn to 07:00 (04:00 — 05:00, 05:00 — 06:00, 06:00 — 07:00). Insect foraging behaviour
was noted by checking if they had contact with the reproductive organs (stigma and anthers)
and if they were collecting nectar or pollen. Except for one group, the insect floral visitors

were identified at the species level using morphological characters.

s
¥

R

Figure 8: Camera trap set to record all the floral visitors of the baobab in the morning between

04:00 and 07:00.

3.2.3. Flower and tree morphology measurements

The height and girth of each sampled baobab tree were measured (Table 4). The tree's height
was measured in metres by positioning a person with a known height and by standing at a
distance the number of times the person's height fitted within the tree's height from its base

to its tallest point. The tree's height was then estimated by multiplying this value by the
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reference person's known height (e.g. 1.8 m). The circumference of the tree trunk at breast
height (1.3 m above the ground) was measured with a measuring tape.

One flower was collected from each of the eight trees, and the floral traits (stigma diameter,
style length, style emergence, stamen ball diameter, petal width and peduncle length) were
measured (Table 5). The stamen ball diameter and stigma emergence from the stamen ball
were measured with a hand-held Caliber. Petal diameter and peduncle length were measured

using a ruler or tape measure.
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Table 5: Height and girth measurements of the sampled baobab trees.

Tree name  Girth (m) Height (m)
CBO1 451 8.1

CB02 5.12 6.18

CB0O4 8.44 12.6

CBO5 9.78 13.5

CBO6 13.38 14.4

CBO7 9.07 15.3

CBO8 12.5 11.7

CBO09 7.6 13.68
CB10 13.6 13.68

Table 6: Floral characteristics measurement of the sampled baobab trees in Northern Venda.

Stigma Style Stigma Stamen Petals Peduncle
Tree width length emergence ball width width length
name (mm) (mm) (mm) (mm) (mm) (mm)
CBO1 17 27 8 46 188 85
CB02 14 30 0 69 240 140
CB04 19 38 6 55 170 79
CBO5 16 39 6 58 200 110
CB06 15 45 14 56 165 146
CBO7 21 26 15 46 140 140
CB08 12 28 0.5 47 153 64
CB09 21 24 0.2 45 210 170
CB10 24 23 4 39 160 165

3.2.4. Data analysis
From the video camera footage, two variables were estimated following the procedure used
by Boero et al. (2024). The first variable was the visitation rate (Vr), calculated as Vr = Vf x F!

x T1. Vf represents visitation frequency, F is the number of observed flowers, and T is the
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observation time in hours. The second variable was the stigma contact, which was called
pollination efficiency (PE) (Boero et al. 2024). The stigma contact was calculated as PE = Vs x
F1x T Vs, representing the visitation frequency with which visitors contacted the stigma.
Vf and Vs were used as a response, and log(F.T) was incorporated as an offset to account for
the variability in an observational effort, where F.T reflected observational effort (e.g.

Observation time in hours) (Boero et al. 2024).

Generalized linear models (GLM) with Poisson data distribution were used to assess
differences in Vr and PE among insect species. The evaluation of the Poisson model indicated
significant overdispersion (dispersion = 400.34, Fig. S2), signifying a poor fit and an inability
to capture the variability in the data, which was attributed to zero inflation and outliers.
Consequently, a negative binomial model was employed to adequately address the

overdispersion (Lindén & Mantyniemi 2011).

Five models were fitted to investigate the effect of various factors on the visitation rate and
the pollination efficiency of diurnal insects on baobab flowers. The models were the following:
1) temperature effect model (Vr/PE~temperature): This model predicted that the visitation
rate was only influenced by temperature since temperature plays a crucial role in regulating
insects activity, influencing their foraging patterns, and ultimately impacting pollination (Joshi
& Joshi 2010), 2) period effect model (Vr/PE~period): This model predicted that visitation
rate was affected by period (4 -5 am; 5 -6 am; 6 - 7 am) since most insects have specific
periods during the day when they are most active and honeybees forage mostly in the
morning or late afternoon when temperatures are more moderate and floral resources are
abundant (Heard & Hendrikz 1993), 3) species effect model (Vr/PE~species): This species
model predicted that visitation rate was influenced by the presence of other species this is
because different insect species exhibit varying foraging behaviours and some species have
an aggressive foraging behaviour affecting visitation rates of other visitors (Gottlieb et al.
2005), 4) the interaction between period and species model (Vr/PE~periodxspecies): This
model predicted that the interaction between time and species influenced visitation rate
since it has been observed that honeybees arrive earlier on flowers to collect enough floral
rewards for the colony and avoid competition, 5) null model null model (Vr/PE~1): These

models were contrasted to null model which included no predictions. Models were ranked
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using Akaike’s information criterion (AIC) AlCc (Richards 2008). The models were regarded

within 2 AIC units to have equal support (Richards 2008).

To assess the significance of the linear trend in time, specifically, the coefficient of the period
term in the models was evaluated. A significant coefficient would indicate a linear trend over
time. Type Il Analysis of Variance of Deviance (ANOVA) using the Chi-squared test was
performed to assess the interaction significance if model evaluation indicated that the
interaction model had the highest support (Rouder et al. 2016). The interaction between time
and species was evaluated using two approaches. First, pairwise comparisons were employed
within each period using estimated marginal means from the fitted interaction model
(Santon, 2023). The comparisons were adjusted for multiple tests using the Sidak method to
control for the family-wise error rate. Honeybees were set as the base level in the species as
a reference because they are general visitors of many cultivated and wild plants (Urbanowicz
et al. 2020). Secondly, we were interested in the linear response within species over time and
the time (04:00 — 07:00) chosen was regarded as a continuous variable. Therefore, the
significance of the linear trend in time was assessed, specifically by evaluating the coefficient
of the period term in the models. A significant coefficient would indicate a linear trend over
time. The ‘emtrends’ function was used from the ‘emmeans’ R package (Krahner et al. 2024),
to estimate the slope of the response variable concerning time and assessed how this slope
differs across levels of other predictors (Santon 2023). Analyses were performed using R (R

Core Team, 2022).

3.3. Results

Over 35.5 hours of observations of 43 flowers of A. digitata, 3234 visits by diurnal insects
were recorded from five species of flower visitors (Table S2 and S3). All identified insects’
visitors belonged to Apidae, which included Honeybees (Apis mellifera), small stingless bees
(Meliponula femuginea), large stingless bees (Hypotigona ruspolli) and carpenter bees
(Xylocopa caffra) and one group of unknown bee species. Visitation was dominated by
honeybees (1988 visits; 61 %) (Table S3), followed by large stingless bees (595 visits; 19 %)
and small stingless bees (345 visits; 11 %) (Table S3). Regarding different flower visits,
honeybees visited the most flowers (28 flowers; 68 %; Table S3), followed by small stingless

bees (26 flowers; 63 %; Table S3). All of the insect species landed on the anthers, but not all
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of them contacted the stigma during these visits before leaving; honeybees had the highest

contact with the stigma (26 %; Table S3) than small stingless bees and carpenter bees, which

rarely contacted the stigma (2 %; Table S3).

3.3.1. Visitation rate

The most parsimonious model was the interaction between period and species (species.
period), which had the lowest A/Cc value (AIC = 400.84) and thus was the best-fitting model
among those compared (Table S4). No other variables alone or in combination affected
visitation rates (Table S4). Therefore, the species. period model is strongly preferred based
on the AlCc criterion, indicating the best balance between model fit and complexity with a
lower dispersion (dispersion= 0.34; p = 0.96, Fig. S3). Further analysis of deviance revealed
that the visitation rate was significantly influenced by the interaction between the species

and period (X2 = 11.67; 0.01; Table S5; Fig. S3).

3.3.1.1. Visitation rate within periods

The visitation rates of floral visitors showed distinct differences among the species within
each period. In the first two periods (04:00 — 05:00 and 05:00 — 06:00), honeybees had the
highest visitation rate and significantly differed from other species, and the visitation rate
among other species did not significantly differ from each other (Fig. 9). Honeybees visited
the flowers more frequently in the early morning than in the later stages of the morning (Fig.
9). In period 1 (04:00 — 05:00), honeybees exhibited significantly higher visitation rates than
carpenter bees (p = 0.01), unknown bees (p = 0.01), and large stingless bees (p = 0.00) but not
small stingless bees (Table S6). During period 2 (05:00 — 06:00), honeybees exhibited a
significantly higher visitation rate than carpenter bees (p < 0.00) and unknown bees (p = 0.00)

(Table S6), but not small stingless bees and large stingless bees.

In late mornings (06:00 —07:00), stingless bees and honeybees had the highest visitation rate,
with large stingless bees having a higher visitation rate than honeybees (Fig. 9). Stingless bees
visited the flowers in high numbers when honeybees were not overly abundant in later
periods (Fig. 9). Carpenter bees had a significantly lower visitation rate than large and small

stingless bees between during the late mornings, suggesting competitive dynamics within
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these species (Table S6). Honeybees demonstrate a significantly higher visitation rate

compared to carpenter bees in all periods (Table S6).
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Figure 9: Visitation rate for different diurnal insects on baobab flowers in the morning at three
different periods: A (04:00 — 05:00), B (05:00 — 06:00), and C (06:00 — 07:00). Significant
differences (p <0.05) are indicated by different lowercase letters within each period, and

insects with the same letter were not significantly different.

3.3.1.2. Visitation rate and stigma contact across periods

Honeybees were the most dominant insect visitors across all the periods. Still, they did not
show visitation trends across the period (Fig. 10A). Estimated trends for the period varied
among species (Table S7); the visitation rate for stingless bees significantly increased over
time (Vr trend = 3.15; SE = 0.67,95 % Cl = 1.43, 4.88) suggesting a positive effect of time on
the visitation rate of large stingless bee (Table S7; Fig. 10A). Visitation trends over periods for

other species were not statistically significant (Table S7; Fig. 10A).

The estimated trends for stigma contact across the period did not vary among species. The
large stingless bee is the only species with a significant trend (PE trend = 3.91; p = 0.02),

suggesting a positive effect of time on the stigma contact of large stingless bees (Table S7;

Fig. 10B).
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Figure 10: A) The estimation trend of the visitation rate (visit per minute) of diurnal insects
across a period on baobab flowers in the morning. B) The estimation trend of the stigma
contacts during the visitation of diurnal insects across a period on baobab flowers in the

morning.

3.2. Pollination efficiency

The most parsimonious model was the species + period model, which had the lowest AlCc
value (AIC = 224.23) and thus was the best-fitting model (Table S8). Therefore,
the species+period model is strongly preferred based on the AlCc criterion, indicating the best
balance between model fit and complexity with a lower dispersion (dispersion = 1.74, p =
0.34, Fig. S4). Further analysis of deviance revealed that the pollination efficiency was
significantly influenced by the period (x*(1) = 26.71, p < 0.001) and species (x*(4) = 27.91, p <
0.00) (Table S9). However, the interaction between period and species did not result in a
statistically significant improvement in model fit (x*(4) = 8.32, p = 0.080), suggesting that the
effects of period and species affected the pollination efficiency independently (Table S10).
Pollination efficiency did not significantly vary between the periods and species (Table 6). The
observed insect species rarely contacted the stigma during foraging, resulting in poor overall
pollination efficiency (Table 6). There were no significant differences in touching the stigma

between insect visitors in the three periods (Table S11; Fig. S5).
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Table 7: Visitation rate and pollination efficiency by diurnal insects in baobab flowers in the

morning at different periods.

Visitation Pollination
Period Insect visitor
rate efficiency
1(4-5am) honeybee 5.9774° 0.342
carpenter bee 0.0887° 0.01°
large stingless bee  0.0950° 0.00°
small stingless bee  0.7062%° 0.00?
unknown bee 0.1867° 0.00?
2(5-6am) honeybee 7.458¢ 0.332
carpenter bee 0.1492 0.01°
large stingless bee  2.226°¢ 0.10°
small stingless bee  1.623°¢ 0.00?
unknown bee 0.652%° 0.022
3(6-7am) honeybee 9.31b¢ 0.332
carpenter bee 0.25° 0.01°
large stingless bee  52.16°¢ 5.01°
small stingless bee  3.37% 0.05?
unknown bee 2.28% 0.10°

The letters (a, b, c) denote statistical differences in visitation rates and pollination efficiencies
within each period. Same letters (e.g., "a") indicate no significant difference in visitation rate
or pollination efficiency between the insect visitors in that period. Different letters (e.g., "b"

n.n

vs. "c") indicate significant differences between those insect visitors.

3.4. Discussion

3.4.1. Baobab floral visitors

This study investigated daytime flying insect visitation rates and pollination efficiency on
night-blooming African baobab flowers. In the morning, baobab flowers were only visited by

hymenopteran species. Honeybees dominated the visitation rates regarding visitation
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frequency and the number of flowers visited. The present findings partially support the

studies of Taylor et al. (2020) and Karimi et al. (2022), who documented frequent morning
visits to baobab blossoms by Coleoptera and Hymenoptera. While this study did not observe
a broad presence of Coleoptera, rose beetles (a subgroup within this order) were recorded,
suggesting limited but notable Coleopteran activity. The study also corroborates with
previous studies that reported high visitation of honeybees in the morning on bat-pollinated
plants (Aguilar-Rodriguez et al. 2016) and the dominance of honeybees over other species

such as stingless bees (Luyek &Karmakar 2022).

There were differences in the diurnal insects' hourly activity patterns and overall efficacy,
which led to varying visitation rates and efficacy at specific times of the day. The way different
bee species were active at different times aligned with what we predicted based on the
foraging behaviour of diurnal bees in the morning on night-blooming flowers to forage for
pollen left over on the flowers after nocturnal visitors have left. Honeybees were active
throughout the day more than other visitors and tended to arrive earlier. This behaviour could
be described by the natural tendency of honeybees to be most active after dawn and just
before dusk when the light is dim, which is called "crepuscular" activity (Daan 1981). The
observation of the arrival of honeybees before other insect species supports other
researchers who also reported that bees' maximum foraging peak time is in the morning,
which was suggested to create a distinct temporal niche (Daan 1981; Young et al. 2021). This
allows the honeybees to forage while floral rewards are high, but competition is low, enabling

them to dedicate almost all day to nest defence (Daan 1981; Young et al. 2021).

The visitation rate of the observed hymenopterans was influenced by the time of the day.
Mainly because most diurnal insects rely on the circadian clock to predict the time of dusk
and first light foraging (Bloch et al. 2017), circadian influence may have driven insects to
forage at that particular time, aligning their activity with abundant floral resources (Bloch et
al. 2017). Additionally, the circadian clock influences when bees are most active in foraging;
this means that foraging activity can be predicted based on the time of day (Bloch et al. 2017)
and the period at which the honeybees arrive on the baobab flowers in the morning
corresponded with the periods of pollen availability. Honeybees have an internal clock that

tells them when to wake up and start their day. This internal clock makes them anticipate
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morning and start their activity early, so they are often the first pollinators to arrive at flowers
(Yerushalmi et al. 2006). Such anticipation has been noted in various species of
hymenopterans (Yerushalmi et al. 2006). For example, foragers of several species of social
bees, including the honeybees, stingless bees and the large earth bumblebee (Bombus
terrestris L.), became more active and moved around more inside their nest just before the

sun rose, even though they were still in the dark (Yerushalmi et al. 2006).

It has been noted that the circadian system of bees can be aligned by the changes in their
environment, such as temperature and light. In our study, ambient temperature and light
were not observed to be good predictors of visitation rate in the morning. Similarly, a study
by Xu et al. (2021) also found temperature not a good predictor of the foraging activity of
honeybees and bumble bees. In contrast, Abrol (2006) found that ambient temperature was
likely to signal to the honeybees that it was time to begin their activities for the day. Visitation
rates could be caused by other factors not modelled in this study, such as flower availability.
This study only evaluated how temperature affects the visitation rate of diurnal insects; other

environmental factors affecting the insects also need further understanding.

The interaction between species and periods (hours) also affected the insect visitation rates.
This resulted in the changing composition of bee species across time, suggesting that the
visitors had a varying activity pattern due to the timing of foraging activity. For example, it
was observed that stingless bees generally arrived later than honeybees and, in most flowers,
they foraged in groups. In addition to foraging in groups, Muniz et al. (2019) observed that
stingless bees behave aggressively towards other bee species, particularly honeybees. They
observed that stingless bees chase away the honeybees, preventing them from accessing the
flowers. This might be why the abundance of honeybees decreased immediately when
stingless bees arrived on the flower; however, this aggressive behaviour was not obvious in
this study. This pattern of reduced activity of bees is more common in larger bees, which
tended to arrive earlier to flowers before smaller species, presumably to avoid competition

(Young et al. 2021).

The number of stingless bees visiting the baobab flowers increased rapidly across the period,

showing a recruitment mechanism (Barth et al. 2008). This might be why stingless bees were
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the only species whose visitation rate significantly increased over time. Barth et al. (2008)
indicated that stingless bee species attract nestmates to flowers by using scent marks and
cues left by previous foragers at the sites where they collected nectar or pollen. Despite the
absence of scent marking of the substrate at or near a lucrative resource, stingless bee
foragers can quickly recruit nestmates and dominate food sources (Flaig et al. 2016). Barth et
al. (2008) suggested that some stingless bee species can recruit successfully more than
honeybees. This might be why stingless bees were observed foraging in groups and

dominating other flower visitors across the period.

3.4.2. Foraging behaviour

African baobab flowers attract diurnal insects because they remain open and offer food until
morning (Chetty et al. 2022). We found that diurnal insects only visit the baobab flowers for
floral resources based on their foraging behaviour of collecting pollen and hardly contacting
the stigma during foraging. Therefore, they cannot be categorized as pollinators because
these bee species did not meet the pollinator requirements (Cox and Knox 1988). Cox and
Knox (1988) emphasized that for floral visitors to be considered pollinators, they have to meet
the four observable pollination conditions: pollen distribution to the vector, pollen transport
by the vector, pollen transfer from vector to stigma, and pollen placed by the vector is shown
to result in fertilisation of the ovule. Since in our study, we did not observe all these criteria,
we suggest that the observed diurnal insects are categorized as pollen thieves (Cox & Knox
1988; Rodriguez-Pefia & Wolfe 2023). This is further evident by the low contact the
hymenopterans made with the stigma. Our findings indicated a very low pollination
effectiveness for the hymenopterans. Such low pollination efficiency can be due to the
baobab flower size, which is large, and the observed insects were small. This might have
created a morphological mismatch between pollinator and flower (Baum 1995; Karimi et al.

2022).

Our results support Venter and Witkowski (2011), who affirmed that small-bodied insects
visiting the baobab flowers at night could not aid with pollination due to their small body
sizes, which limit their interaction with the stigmas. We found that specifically, the small
stingless bees failed to contact the stigma and, in some flowers, were seen to spend more

time at one bloom than visiting other flowers, resulting in short movements that prevent
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pollen flow (Chetty et al. 2022). This is due to the African baobab's floral morphology, as the
stigmas are spatially separate from the anthers on filaments forming stamen balls (Baum
1995). Another factor that might have caused the pollen theft was the noticeable spatial
separation of anthers and stigmas (herkogamy) in baobab flowers. This is because the
observed bee species could not transfer pollen to stigmas regardless of the higher visitation
of honeybees in all periods and stingless bees across periods. While baobab flowers look
attractive to bees and other daytime pollinators, their structure could be better for these
insects to pollinate them effectively. The stigma is positioned far away from the anthers, and

this spatial separation makes it difficult for bees to accidentally transfer pollen from the

anthers to the stigma during their visits (Chetty et al. 2021)

The low pollination efficiency observed in this study supports the hypothesis by Hargreaves
et al. (2010) that, generally, pollen thieves are frequently small insects that forage pollen for
their hives. The same pattern of small pollen-collecting bees that hardly ever came into
contact with the stigma while foraging was observed on the flowers of Penstemon species
(Rodriguez-Pefia & Wolfe 2023). The study concluded that the bees’ body sizes prevented
them from contacting the stigma because the anthers were wide open and required large-
bodied pollinators for effective pollination (Rodriguez-Pefia & Wolfe 2023). Body size is,
therefore, one of the most crucial factors influencing a floral visitor's ability to interact with
the reproductive organs during a visit effectively and consequently for the visitor's
effectiveness in promoting the production of seeds (Muniz et al. 2019). Comparing only the
individual body size with other visitors of baobab flowers, Carpenter bees had a greater
chance of pollination due to their large size and behaviour on the flower than the other bees.
However, even so, due to the significant distance between the anthers and stigma, this, too,

was unlikely.

Bee species are attracted to bat-pollinated flowers mainly because each flower provides
readily available pollen and nectar resources (Albuquerque-Lima et al. 2023). For example,
Stingless bees (Trigona spinipes), honeybees and carpenter bees (Xylocopa grisescens) were
observed visiting the flowers of columnar species of Cereus jamacaru and Echinopsis
terscheckii (Cactaceae) respectively in the morning (Ortega-Baes et al. 2011; Albuquerque-

Lima et al. 2023). These insects consumed pollen only and did not contact the stigma during
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the visitation (Albuquerque-Lima et al. 2023). The pollen of the cacti flowers was still viable,
so these insects had a chance of pollinating the flowers. The arrangement of stamens, a crucial
feature of baobab flowers and those in the Cactaceae family or with specific pollination
syndromes, posed an obstacle to pollen deposition. Understanding pollinator species'
pollination efficiency requires knowledge about pollen deposition and the morphological

correspondence between pollinating insects and flowers.

It has been shown that pollen theft is more common in plants with specialized flowers,
especially large ones, due to unique floral structures that prevent pollination by generalist
floral visitors (McCall et al. 2018). Additionally, pollen theft is mostly by honeybees as they
are common visitors to most flowers. However, they are ineffective in transferring pollen to
the stigmas or do not show specific behaviour required for pollen delivery. For example,
honeybees resulted in the highest total insect visits in flowers of Syncolostemon densiflorus
(Lamiaceae). However, they did not contact the stigma during foraging, thus consequently
not pollinating the flower (Wester & Johnson, 2017). Pollen theft by honeybees reduced the
reproductive success of Aloe maculata in South Africa, and the honeybees removed the pollen
from the anthers while decreasing pollen deposition on the stigma (Hargreaves et al. 2010).
However, this would not be relevant with baobab flowers because the bee visitation is after

their nighttime pollination.

Based on the observed foraging behaviour of the honey, stingless and other bees, it is evident
that baobab flowers represent a significant floral resource for diurnal bees in the study area.
Baobab flowers are an important resource as flowering typically occurs early in summer, often
after the onset of the summer rains. Baobab flowers are rich in nectar and pollen, providing
vital food resources for pollinators, including bees, bats, and other insects (Djossa et al. 2015).
Additionally, baobabs often serve as keystone species in their ecosystems. Their large
canopies provide shelter and habitat for various animals, including birds, insects, and

mammals (Venter 2012).

This study shows that due to insect size and foraging behaviour, dayflying insects could be
better pollinators and be classified as pollen thieves rather than effective pollinators. There

were, however, several study limitations that could affect our results. We did not measure
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the amount of pollen on visitors' bodies. Therefore, the pollen composition on visitors' bodies
cannot be excluded, which may also have impacted their ability to transfer pollen. In addition,
due to the brief time of the flowering season of baobab, the number of replicates was limited,
and we needed to assess all the environmental factors. Further, we sampled for one year, and
insect behaviour can be affected by long-term environmental changes. We also did not
sample in pristine landscapes, and insect communities can be affected by the rural landscape
we sampled. Baobabs are tall trees with tall canopies, so we could only access flowers on the
lower branches, limiting the number of flowers we could study per tree. Therefore, future

studies could add more such information.

3.5. Conclusion

Baobabs attract a large variety of both nocturnal and diurnal floral visitors. Dayflying insects
frequently use baobab flowers in the morning to collect pollen, not as pollinators but as
thieves. Our study demonstrates that the activity of diurnal visitors varies over time, which
plays a vital role in the foraging activities of insect visitors. The insects were most abundant
during 06:00-07:00. This study offers an interesting perspective on many bee species' foraging
habits and activity. It paves the way for further research into the foraging ecology of these

species and supports earlier studies of their activity and foraging behaviours.

Our observations also suggest that baobabs provide an important food resource for the local
insect community. Our research provides baseline data on the local insect fauna and insights
into the complexity of trophic interactions in the habitat. The combination of floral features
in baobab indicates an adaptation for pollination by large nocturnal pollinators. The extended
stigma requires relatively large animals to help pollinate. These animals must be large enough

to carry pollen from the stamens to the stigma, ensuring successful pollination.

Little has been discovered about night-blooming plants and their visitors; most pollination
studies have focused on species of plants that bloom during the day, particularly in Southern
Africa. The feeding habits of the visitors of night-blooming plants remain mostly unknown. As
a result, plant species that are commonly regarded as "bat-pollinated" or "moth-pollinated"

may have a higher visitor diversity than previously thought. Preserving a wide variety of
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natural habitat types is crucial because we might not be aware of all the pollinators of certain

plant species. This will maintain a diversified pollinator community.

© University of Venda .



9

O
@ University of Venda

Creating Future Leaders

3.6. Reference

Abrol, D.P., 2006. Factors influencing flight activity of Apis florea F, an important pollinator of
Daucus carota L. Journal of Apicultural Research, 45(2), pp.2-6.

Albuquerque-Lima, S., Domingos-Melo, A., Milet-Pinheiro, P., Navarro, D., Ferraz, M.D.A.,
Taylor, N.P., Zappi, D.C., and Machado, I.C., 2023. The iconic cactus of the Caatinga dry
forest, Cereus jamacaru (Cactaceae), has high sphingophily specialization and
pollinator dependence. Annals of the Brazilian Academy of Sciences, 95, p.e20220460.

Aguilar-Rodriguez, P.A., Kromer, T., Garcia-Franco, J.G. and MacSwiney G, M.C., 2016. From
dusk till dawn: nocturnal and diurnal pollination in the epiphyte T illandsia
heterophylla (B romeliaceae). Plant Biology, 18(1), pp.37-45.

Barth, F.G., Hrncir, M. and Jarau, S., 2008. Signals and cues in the recruitment behavior of
stingless bees (Meliponini). Journal of Comparative Physiology A, 194, pp.313-327.

Baum, D.A., 1995. The comparative pollination and floral biology of baobabs (Adansonia-
Bombacaceae). Annals of the Missouri Botanical Garden, pp.322-348.

Bloch, G., Bar-Shai, N., Cytter, Y. and Green, R., 2017. Time is honey: circadian clocks of bees
and flowers and how their interactions may influence ecological
communities. Philosophical Transactions of the Royal Society B: Biological
Sciences, 372(1734), p.20160256.

Boero, L., Barquez, R.M., Barrientos, I.R., Lépez, M. and Cocucci, A.A., 2024. Bat pollination at
the southwestern margin of the Neotropics revealed by direct evidence. Biotropica,
p.e13334.

Castro, S., Loureiro, J., Ferrero, V., Silveira, P. and Navarro, L., 2013. So many visitors and so
few pollinators: variation in insect frequency and effectiveness governs the
reproductive success of an endemic milkwort. Plant Ecology, 214, pp.1233-1245.

Chetty, A., Glennon, K.L., Venter, S.M., Cron, G.V. and Witkowski, E.T.F., 2021. Reproductive
ecology of the African baobab: floral features differ among individuals with different
fruit production. Forest Ecology and Management, 489, p.119077.

Coe, M.J. and Isaac, F.M., 1965. Pollination of the baobob. African Journal of Ecology, 3(1),
pp.123-124.

Cox, P.A. and Knox, R.B., 1988. Pollination postulates and two-dimensional pollination in

hydrophilous monocotyledons. Annals of the Missouri Botanical Garden, pp.811-818.

© University of Venda 8



9

O
@ University of Venda

Creating Future Leaders

Daan, S., 1981. Adaptive daily strategies in behaviour. In Biological Rhythms (pp. 275-298).
Boston, MA: Springer US.

De Bruijn, L.L.M. and Sommeijer, M.J., 1997. Colony foraging in different species of stingless
bees (Apidae, Meliponinae) and regulating individual nectar foraging. Insectes
sociaux, 44, pp.35-47.

de Figueiredo-Mecca, G., Bego, L.R. and do Nascimento, F.S., 2013. Foraging behavior of
Scaptotrigona depilis (Hymenoptera, Apidae, Meliponini) and its relationship with
temporal and abiotic factors. Sociobiology, 60(3), pp.267-282.

Essenberg, C.J., 2013. Explaining the effects of floral density on flower visitor species
composition. The American Naturalist, 181(3), pp.344-356.

Flaig, I.C., Aguilar, |., Schmitt, T. and Jarau, S., 2016. An unusual recruitment strategy in a mass-
recruiting stingless bee, Partamona orizabaensis. Journal of Comparative Physiology
A, 202, pp.679-690.

Gottlieb, D., Keasar, T., Shmida, A. and Motro, U., 2005. Possible foraging benefits of bimodal
daily activity in Proxylocopa olivieri (Lepeletier)(Hymenoptera:
Anthophoridae). Environmental Entomology, 34(2), pp.417-424.

Hargreaves, A.L., Harder, L.D. and Johnson, S.D., 2010. Native pollen thieves reduce the
reproductive success of a hermaphroditic plant, Aloe maculata. Ecology, 91(6),
pp.1693-1703.

Heard, T.A. and Hendrikz, J.K., 1993. Factors influencing flight activity of colonies of the
stingless bee Trigona-carbonaria (Hymenoptera, Apidae). Australian Journal of
Zoology, 41(4), pp.343-353.

Herrera, C.M., 1990. Daily patterns of pollinator activity, differential pollinating effectiveness,
and floral resource availability in a summer-flowering Mediterranean shrub. Oikos,
pp.277-288.

Ikemoto, M., Tanaka, Y., Kohno, K. and Yokoi, T., 2023. Diurnal and geographic variations of
pollinator importance for Cucurbita maxima Duchesne. Ecology and Evolution, 13(11),
p.e10651.

Jaeger, P., 1945. The unfolding and pollination of the Baobab flower. Weekly Reports of the
Sessions of the Academy of Sciences, 220(11), pp. 369-371

Joshi, N.C. and Joshi, P.C., 2010. Foraging behaviour of Apis spp. on apple flowers in a

subtropical environment. New York Science Journal, 3(3), pp.71-76.

© University of Venda 9



)
L]
() e

Karimi, N., Saghafi, S., Keefover-Ring, K., Venter, S.M., Ané, C. and Baum, D.A., 2022. Evidence
for hawkmoth pollination in the chiropterophilous African baobab (Adansonia digitata
L.). Biotropica, 54(1), pp.113-124.

Koptur, S., Pefa, S. and Roque, B.B., 2021. Do Morning Butterfly Visitors Benefit a Night-
Flowering Hawkmoth Pollinated Plant?. Castanea, 86(1), pp.100-111.

Layek, U., Das, U. and Karmakar, P., 2022. The pollination efficiency of a pollinator depends
on its foraging strategy, flowering phenology, and the flower characteristics of a plant
species. Journal of Asia-Pacific Entomology, 25(2), p.101882.

Lindén, A. and Mantyniemi, S., 2011. Using the negative binomial distribution to model
overdispersion in ecological count data. Ecology, 92(7), pp.1414-1421.

Martins, D.J., 2004. Foraging patterns of managed honeybees and wild bee species in an arid
African environment: ecology, biodiversity and competition. International Journal of
Tropical Insect Science, 24(1), pp.105-115.

McCall, A.C., Richman, S.K., Thomson, E., Edgerton, M., Jordan, S. and Bronstein, J., 2018. Do
honeybees act as pollen thieves or pollinators of Datura wrightii?. Journal of
Pollination Ecology, 24, pp.164-171.

Midway, S., Robertson, M., Flinn, S. and Kaller, M., 2020. Comparing multiple comparisons:
practical guidance for choosing the best multiple comparisons test. PeerJ: The Journal
of Life and Environmental Sciences, 8, p. e10387.

Mucina, L., Adams, J.B., Knevel, I.C., Rutherford, M.C., Powrie, L.W., Bolton, J.J., van der
Merwe, J.H., Anderson, R.J., Bornman, T.G., le Roux, A. and Janssen, J.A., 2006. Coastal
vegetation of South Africa. In The Vegetation of South Africa, Lesotho and
Swaziland (No. 19, pp. 658-697). Pretoria: SANBI.

Muniz, J.P.D.O., Bomfim, I.G.A., Corréa, M.C.D.M. and Freitas, B.M., 2019. Floral biology,
pollination requirements and behavior of floral visitors in two species of
pitaya. Journal of Agricultural Science, 50, pp.640-649.

Ortega-Baes, P., Saravia, M., Suhring, S., Godinez-Alvarez, H. and Zamar, M., 2011.
Reproductive biology of Echinopsis terscheckii (Cactaceae): the role of nocturnal and
diurnal pollinators. Plant Biology, 13, pp.33-40.

Page, M.L. and Williams, N.M., 2023. Evidence of exploitative competition between
honeybees and native bees in two California landscapes. Journal of Animal

Ecology, 92(9), pp.1802-1814.

© University of Venda %0



9

O
@ University of Venda

Creating Future Leaders

Polatto, L.P., Chaud-Netto, J. and Alves-Junior, V.V., 2014. Influence of abiotic factors and
floral resource availability on daily foraging activity of bees: influence of abiotic and
biotic factors on bees. Journal of Insect Behavior, 27, pp.593-612.

Rammell, N.F., Gillespie, S.D. and Elle, E., 2019. Visiting insect behaviour and pollen transport
for a generalist oak-savannah wildflower, Camassia quamash (Asparagaceae). The
Canadian Entomologist, 151(1), pp.58-68.

Richards, S.A., 2008. Dealing with overdispersed count data in applied ecology. Journal of
Applied Ecology, 45(1), pp.218-227.

Robinson, A.G., 1996. Limpopo Valley National Park: Towards Transfrontier Conservation in
Southern Africa, unpublished report. National Parks Board, Pretoria.

Rodriguez-Peiia, R.A. and Wolfe, A.D., 2023. lllegitimate flower visitors and pollinators are
associated with different flower morphology: Evidence from five species of
Penstemon (Plantaginaceae). Flora, 309, p.152418.

Rouder, J.N., Engelhardt, C.R., McCabe, S. and Morey, R.D., 2016. Model comparison in
ANOVA. Psychonomic bulletin & review, 23, pp.1779-1786.

Santon, M., Korner-Nievergelt, F., Michiels, N.K. and Anthes, N., 2023. A versatile workflow
for linear modelling in R. Frontiers in Ecology and Evolution, 11, p.1065273.

Schaffer, W.M., Jensen, D.B., Hobbs, D.E., Gurevitch, J., Todd, J.R. and Schaffer, M.V., 1979.
Competition, foraging energetics, and the cost of sociality in three species of
bees. Ecology, 60(5), pp.976-987.

Start, A.N., 1972. Pollination of the Baobab (Adansonia digitata L.) by the fruit bat Rousettus
aegyptiacus E. Geoffroy. African Journal of Ecology, 10(1), 71-72

Taylor, P.J., Vise, C., Krishnamoorthy, M.A., Kingston, T. and Venter, S., 2020. Citizen science
confirms the rarity of fruit bat pollination of baobab (Adansonia digitata L.) flowers in
Southern Africa. Diversity, 12(3), p.106.

Team, R.C., 2020. RA language and environment for statistical computing, R Foundation for
Statistical. Computing.

Urbanowicz, C., Muiiiz, P.A. and McArt, S.H., 2020. Honeybees and wild pollinators differ in
their preference for and use of introduced floral resources. Ecology and

Evolution, 10(13), pp.6741-6751.

© University of Venda a1



)
L]
() e

Venter, S.M. and Witkowski, E.T., 2011. Baobab (Adansonia digitata L.) fruit production in
communal and conservation land-use types in Southern Africa. Forest Ecology and
Management, 261(3), pp.630-639.

Venter, S.M., 2012. The ecology of baobabs (Adansonia digitata L.) in relation to sustainable
utilization in northern Venda, South Africa.the School of Animal, Plant and
Environmental Sciences. University of the Witwatersrand Johannesburg.

Waites, A.R. and Agren, J.O.N., 2004. Pollinator visitation, stigmatic pollen loads and among-
population variation in seed set in Lythrum salicaria. Journal of Ecology, 92(3), pp.512-
526.

Wocislo, W.T. and Tierney, S.M., 2009. Behavioural environments and niche construction: the
evolution of dim-light foraging in bees. Biological Reviews, 84(1), pp.19-37.

Xu, X., Ren, Z.X., Trunschke, J., Kuppler, J., Zhao, Y.H., Knop, E. and Wang, H., 2021. The
bimodal activity of diurnal flower visitation at high elevation. Ecology and
Evolution, 11(19), pp.13487-13500.

Yerushalmi, S., Bodenhaimer, S. and Bloch, G., 2006. Developmentally determined
attenuation in circadian rhythms links chronobiology to social organization in
bees. Journal of Experimental Biology, 209(6), pp.1044-1051.

Young, A.M., Kohl, P.L., Rutschmann, B., Steffan-Dewenter, |., Brockmann, A. and Dyer, F.C.,
2021. Temporal and spatial foraging patterns of three Asian honeybee species in

Bangalore, India. Apidologie, 52(2), pp.503-523.

© University of Venda %



V'S
>

) o

W University of Venda

Creating Future Leaders
@)

Supplementary data

Supplementary figures

DHARMa nonparametric dispersion test via sd of
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Figure S2: The evaluation of the Poisson model on the insect behaviour and foraging activity

indicates the significant overdispersion in the data due to many zeros and outliers.
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Figure S4: The period and species model interaction fit the data well without significant
overdispersion or under dispersion. simulated values, red lines show the fitted model, p value

(two.sided) = 0.4
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Supplementary tables

Table S2: The number of observed flowers from each tree and the total minutes observed

from the camera traps.

Tree No of flowers  Total minutes recorded
CBO1 8 344.43
CB0O4 6 242.13
CBO5 3 135.00
CB06 4 380.00
CBO7 6 184.00
CB08 6 177.48
CB09 5 322.00
CB10 5 345.00
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Table S9: The model comparison of the effects of the period, species, and their interaction on

the stigma contact during the insect visitation.

Df Deviance  Resid. Df  Resid. Dev Pr(>Chi)
null 119 101.55
period 1 26.71 118 74.84 2.35e-07 ***
species 4 27.91 114 46.93 1.30e-05 ***
period: species 4 8.32 110 38.603 0.08

The asterisks (or stars) next to the p-values indicate the level of statistical significance for each
effect assessed (Signif. codes: 0 “***°0.001 “**0.01 “*’0.05 *.” 0.1 “* 1). The level of statistical
significance for each effect assessed is indicated by the asterisks (or stars) next to the p-values
(Signif. codes: 0 “*** 0.001 “**’ 0.01 */ 0.05 “.” 0.1 * 1), df Degrees of Freedom, Resid. Df
Residual Degrees of Freedom, Pr(>Chi) P-value for Chi-Square Test.
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Table S11: Summary of the estimated trends in stigma contact of different insect species over

the period.
Species period.trend SE df asymp.LCL asymp.UCL z.ratio p.value
Honeybee -0.01 0.64 inf -1.66 1.62 -0.03 1.00
Carpenter bee 0.00 3.26 inf -8.39 8.39 0.00 1.00
Unknown bee 1.60 2.16 inf -3.94 7.15 0.74 0.95
Small stingless bee  21.04 34292.73 inf -88068 88110.96 0.00 1.00
Large stingless bee  3.91 1.40 inf 0.33 7.51 2.80 0.02

Abbreviations: SE Standard Error, df Degrees of Freedom, asymp.LCL Asymptotic Lower

Confidence Limit, asymp.UCL Asymptotic Upper Confidence Limit.
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CHAPTER FOUR: CONCLUSION, RECOMMENDATIONS AND LIMITATIONS

4.1. Conclusion

In a specialized pollination system, the floral traits enable pollination by the main pollinator
and, in theory, limit other potential pollinators. Baobab flowers are particularly useful for bat
pollination, but hawkmoths have recently been confirmed to be pollinators (Taylor et al. 2020;
Karimi et al. 2022). In addition, several other nocturnal visitors, such as bushbabies and
diurnal visitors, such as bees, have also been observed visiting baobab flowers (Chetty et al.
2021; Karimi et al. 2022). This shows that despite the specialisation of baobab flowers, they
attract nocturnal and diurnal visitors. Since visitor foraging behaviour varies and floral traits
and visitor morphology are incompatible, not all of these are efficient pollinators (Baum
1995). This study evaluated diurnal visitors' foraging behaviour and their contribution to the
baobab fruit set in the morning while the floral reproductive system was still viable. We also

evaluated the effect of temperature, period and interactions with other species on rates of

visitation and pollination efficiency.

Hand pollination treatments of A. digitata show that this species is self-incompatible, thus
requiring pollinating agents for pollination (Venter et al. 2017). Hand-pollinated flowers
produced the highest fruit set, while pollination by diurnal bee species resulted in low fruit
production. Hand-pollinated flowers showed that the baobab flowers can still be pollinated
naturally in the morning with up to 24% chance of producing fruit. Because of the significant
distance between the floral sexual organs and the relatively small size of the visiting bee
species, it is concluded that these insects are not pollinators of baobabs but rather pollen
thieves. Therefore, this study suggests that how a flower's shape and structure match up with
the size and behaviour of its visitors can help predict whether the visitor will effectively
transfer pollen, be an inefficient pollinator, or even steal pollen without pollinating the flower.
Additionally, the low pollination efficiency observed supports the hypothesis that insects

generally forage for pollen and do not transfer the pollen readily (Solis-Montero et al. 2015).

In the early morning, there is intense competition among bee species in collecting the pollen,
which remains after the nocturnal visitation. Pollen is a vital resource for bee species and a
crucial ecosystem service component. Bees depend on pollen as their main source of protein,

which is essential for their growth, development, and reproduction. No aggressive behaviour
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was observed between the species during pollen collection, and the interaction between
species and period affected the species observed species visitation rate and pollination
efficiency. The visitation of bee species to collect pollen in chiropterophilous species is not
uncommon; therefore, determining whether diurnal bees detect these blooms using the
same floral scent compounds as hawkmoths would be intriguing and help us better

understand how these bees interact with the plants they associate with.

4.2. Recommendations

This study has emphasized that diurnal visitors are not important in transporting pollen to the
pollination stigma, which decreases baobab fitness. As reproductive success is critical to the
long-term viability of baobab, it is clear that there is a need for targeted conservation efforts
to support the population of effective nocturnal pollinators, specifically hawkmoths and bats,
to enhance the reproductive success of baobab trees. Given the concern about a decline in
pollinators, which negatively affects biodiversity, future studies need to assess the population
change of hawkmoths. Implement management practices that minimize disturbances to
nocturnal pollinators, such as reducing light pollution and preserving natural habitats.
Managers should consider strategies to enhance pollination success, such as planting baobabs
in clusters to attract and support populations of specialist pollinators. Therefore, future
studies must assess which environmental factors affect the behavioural activity of hawkmoths
as the primary pollinators of baobab flowers. Due to the sample size, this study only evaluated
the size of the flower in terms of flower morphology. Future studies must add information on
how baobab attracts and which morphological traits such as colour, scent and shape

contributed to attracting the diurnal insects that collect pollen without pollinating.

Considering the notable variation observed between individual trees, future research might
concentrate on identifying and assessing tree-specific variables that could affect variations in
fruit sets. These variables might include variables like tree health, age, genetic diversity, or
different environmental factors across trees that were not considered in our study.
Furthermore, investigating possible interactions between treatment and tree traits may offer

a deeper understanding of the variables affecting fruit sets.

4.3. Limitations
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Diurnal insects are poor pollinators of baobab in terms of pollination efficiency. However, this
study could not assess seed sets due to fruit theft, which could have supported the conclusion
that diurnal insects do not significantly contribute to baobab pollination. The impact of pollen
limitation could have been further explored by comparing seed sets from open-pollination

and hand-pollination treatments.

Baobabs are large trees with high canopies. This meant that the selection of trees for the
experiments was limited to those with few branches to access the flowers for treatments. In
addition, during the survey of the trees, it was found that baobab buds often did not survive
due to heavy rains, attacks from pathogens, grazers, and human activities. The number of
suitable trees was limited, and the number of flowers accessible for experimentation varied
between the trees. However, enough flowers were sampled per tree that strong tree-to-tree
differences could be detected. Not all treatments were applied on the same day because
plants often had fewer than five flowers open on a single night, and thus, trees were often
visited on multiple nights to get large enough flower samples per tree. This resulted in a small
sample size, which negatively reduced the statistical power to detect significant effects or
differences in the visitation rate. The small sample size made it difficult to model complex
relationships as the model needed more data points to accurately capture the relationships
between factors influencing insect visitation rate due to many zeros and outliers in the data.
Camera traps were employed in this study to record the insects' activities on the flowers. We
might have missed important interactions during peak visitation hours because some cameras
only sometimes recorded for the entire one-minute intended duration. This could have
introduced bias into the data and affected the accuracy of visitation rate and behaviour

assessments.

A major limitation of this study was the inability to assess seed set due to widespread fruit
theft prior to harvest. While fruit set is commonly used as a proxy for reproductive success in
field studies, it cannot confirm whether fertilization occurred or whether seeds developed
successfully. This limitation restricts the strength of our conclusions regarding the
effectiveness of different pollinators and the extent of pollen limitation. Future studies should
prioritize securing and protecting fruit until maturity in order to allow seed analysis, which
provides a more reliable metric for assessing reproductive outcomes and pollinator

contribution. Nonetheless, the patterns observed in fruit set provide valuable preliminary
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insights into the reproductive ecology of Adansonia digitata under natural pollination

conditions
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