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ABSTRACT

Floral biology includes several studies on reproductive and pollination biology, such as
biology of various floral parts, floral rewards (nectar and pollen), and pollination by
various pollen vectors. Plant-pollinator interactions are greatly influenced by floral
traits, which also determine the group of specific floral visitors of a particular plant.
This study aims to document different floral traits as well as their potential floral
visitors and male fitness of Aconitum spicatum (Briihl) Stapf. Flower (bud and mature
flower) samples were collected from 3043-4197m altitude while pollinator samples
were collected from 3315-4265m altitude along the Annapurna trekking route of
Annapurna Conservation Area, Kaski, Central Nepal. Floral traits like tepals length,
anther number, anther and stamen length, pollen and ovule number were measured in
the laboratory under microscope and few floral traits were measured in the field. The
result showed that all floral traits varied significantly among the populations except for
the pollen-ovule ratio. The variation in floral traits of A. spicatum among different
populations might be due to pollinator mediated selection. It was observed that, the
bumblebee (Bombus miniatus) actively visited flower of 4. spicatum during day time
among all population while nocturnal visitors were not observed. B. miniatus actively
visited the flower after 9 a.m. till 6 p.m. and total 1916 visits were recorded within three
days for total 23 hours at an elevation of 3901m while only 5 visits were recorded at an
elevation of 4265m for 2 hours of observation period when weather was extremely
cold. The visitation rates vary across the different timing of the day and also among the
various days. The visitation rate of B. miniatus was maximum when the weather was
clear and sunny and least visitation rate was recorded during cloudy and windy weather.
The male fitness of A. spicatum was found to be 14.08% and very high male fitness of
A. spicatum linked with B. miniatus; the bumblebee transports 2416.65+652.85 pollen
grains out of total 17169+1125 (mean + SE) pollen grains of 4. spicatum during a single
foraging bout. These facts thus indicate that B. miniatus could be the prime pollinator

of A. spicatum.

Keywords: Floral traits, potential floral visitors, Annapurna trekking route, medicinal

plant
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CHAPTER 1: INTRODUCTION

1.1 Background

Angiosperm plants form a complex relationship with insects which has been studied
for over a century to understand their evolution (Darwin, 1962). The first well
documented study on plant-pollinator interaction was done by Aristotle (384-422BC),
and scientific development of this field progressed with the work of Sprengel (1793),
Darwin (1859, 1962), and Sir John Lubbock (1882). Interaction between plants and
pollinators is crucial to the reproductive cycle of flowering plants as it plays an
important role to achieve genetic variation (Parrish, 2004). However, depending upon
the various intrinsic and extrinsic factors, this important interaction may vary
temporarily and spatially. Thus, plants evolve different mating strategies to assure their
reproduction. When mating choice becomes unreliable, i.e., when plants suffer from
pollinator limitation, evolution to selfing is the most predominant strategy to assure the
reproduction (Paudel and Li, 2020). On the other hand, in an environment of abundant
pollinator availability plants usually develop outcrossing features. Although the actual
directionality of pollination system transition is still a matter of dispute, a substantial
proportion (~87 %) of extant angiosperms species are principally outcrossing (Ollerton
et al., 2011). This fact thus suggests that evolution to outcrossing is the most favoured

reproductive strategy of angiosperms.

Floral traits play the key role in determining the outcrossing features of angiosperms.
In general, showy flowers can be easily detected by the visitors and thus such plants
are predominately outcrossing. Presence of sufficient rewards (nectar/pollen), flowers
with the corolla/labellum serving as the landing platform for its visitors, emission of
floral scent favorable for the visitors, and timing of flowering (i.e., synchrony between
flowering phenology and emergence time of potential pollinators) are other important
outcrossing features (Faegri and van der Pijl, 1971). It is assumed that each floral parts
have more or less definite role in pollination. Floral traits such as flower color, nectar,
corolla tube, flower fragrance mainly used to predict effective plant pollinators, which
also provide mechanistic explanation of floral diversity (Fenster et al., 2004). The
evolution of such floral traits is primarily thought to have developed historically as a
result of floral adaptation arising from interaction with floral visitors (Harder and

Johnson, 2009). Therefore, the availability of pollinator largely determines the floral



traits, and in turn plants develop floral traits in accordance to the preference of its most
effective pollinator (Stebbins, 1970, Fenster et al., 2004). The flowering phenology
such as timing of budding, flowering, wilting, and fruiting of any plant is an important
aspect for pollination studies as it provides important information about activities of
floral visitors (Kearns & Inouye, 1993). Although floral traits in angiosperms are
thought to have evolved via the convergent evolution with its most effective pollinator
(Stebbins, 1970), the floral traits do not necessarily predict the effective pollinators.
Sometimes flower with specific floral traits that confirm to particular pollinator groups
are also pollinated by generalized pollinators (Ollerton et al., 2007). For example,
species of Himalayan alpine ginger (Roscoea auriculata, R. capitata, and R. tumjensis)
with long tongued fly pollination syndrome are pollinated by bumblebees (Paudel et
al., 2018). Moreover, the evolution of floral traits and ultimately the mating system in
plants is greatly influenced by environmental variables mainly low temperature in high
elevation (Tong et al., 2021). The harsh environmental condition of alpine habitats not
only limits the growth and evolution of floral traits but also greatly impacts the
availability/ abundance of pollinators. Therefore, study on floral biology is the
fundamental requisite to understand the plant reproductive strategy and its potential

variation across different environmental gradients.

The elevational gradient in the mountain regions of Nepal provides sharp
environmental changes in short spatial distance and slight change in elevation can lead
to rapid change in temperature, rainfall, humidity and concentration of atmospheric
gaseous (Hovenden and Vander Schoor, 2004) and such environmental changes create
great variation in floral traits (Jacquemyn et al., 2005). Thus, elevation gradient across
the mountainous range in Nepal provides natural avenues to investigate how floral
biology and plant-pollinator interaction change across different environmental

gradients.

1.2 Justification

Plants and pollinators form the important component of biodiversity. Pollinators not
only contribute for the reproductive success of wild plants but also impacts the
productivity of many crops as approximately one third of the leading global crop
species require animal vectors for pollination. Therefore, without pollinators the

terrestrial ecosystem of the earth including the humans would be greatly affected.



Many previous studies suggest that the number of pollinators are declining globally
due to natural as well as anthropogenic causes (Carvalheiro et al., 2013, Dirzo et
al., 2014). The declining number of honeybees and local bees in many parts of the
world is the evidence of “pollination crisis” and damage of plant-pollinator interaction
and their biotic network. Studies indicated that there was a case of decline in apple
output in the Hindu Kush-Himalayas as a result of the loss of native/wild pollinators,
and consequently due to the inadequate crop pollination (Adhikari, 2003). Therefore,
conservation of both plant and pollinators requires a clear understanding of plant-

pollinator interaction and pollinator diversity.

The species richness, distribution, diversity, and community structure of both plant and
pollinators are greatly affected by local environment (Neumiiller et al., 2020).
Pollinators’ activities are strongly correlated with temperature, humidity (Pellissier et
al., 2010) and plant species richness (Hudewenz et al., 2012). Understanding the
variation in diversity of plants and their pollinator as well as interaction between plant
and their pollinator under different environmental scenarios has important implications

for conservation and management of important and threatened medicinal plants.

Aconitum spicatum, distributed within elevation range of 1,800-4,800m asl, the wide
distribution range and diversity in floral traits make them an ideal system to study how
floral traits and plant-pollinator interactions vary in response to various environmental
variables. Also, complex floral morphology and abundant rewards (pollen and nectar)
for pollinators of A. spicatum can be considered as suitable model for study of
pollination ecology. 4. spicatum is important medicinal plant and its tubers are in trade
(Rana et al., 2020). Plants need to be carefully conserved because of their great
commercial value or else they will be in danger. Understanding plant-pollinator
interaction and pollinator diversity is the fundamental key for the conservation of both
plants and pollinators. Therefore, considering the conservation need of 4. spicatum,
exploring its floral biology and pollinator guilds across different environmental

gradients is of utmost need.


https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.8653#ece38653-bib-0014
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.8653#ece38653-bib-0021
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.8653#ece38653-bib-0071
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.8653#ece38653-bib-0041

1.3 Objectives

The general objective of the study is to explore the floral biology, pollinator guilds, and

male fitness of Aconitum spicatum across different environmental/elevational gradient.
The specific objectives of the study are as follows.

1. To study the spatial variation in floral biology of A. spicatum (Briihl) Stapf

across the elevation gradient in ACA.

2. To observe the potential visitors of A. spicatum and to determine if the

observed visitors are legitimate pollinators.

3. To explore if the pollinator guilds of A. spicatum vary across the elevation

gradient in ACA.

4. To determine the visitation frequency and foraging behavior of prime

pollinator of 4. spicatum.

5. To estimate the prime pollinator mediated male fitness of 4. spicatum.

1.4 Limitations

This research primarily examined the floral biology and interactions with potential
pollinators, which does not provide the comprehensive details of pollination strategies
and natural breeding system of 4. spicatum. Moreover, the current finding is the results
of single flowering period in different elevation bands. Therefore, current finding
represents a site-specific geographic trend and thus excludes the potential spatial/
temporal variations in the floral biology and pollinator guilds of A. spicatum across

different population throughout its entire distribution range.



CHAPTER 2: LITERATURE REVIEW

2.1 Floral Biology

Floral biology is a field of ecological studies that examined the evolutionary factors
that shaped the structure, behavior, and physiological characteristics associated with
flowering of plants (Sharma et al., 2022). The study of floral biology has been
conducted under the topic of pollination biology, which includes overall reproductive
strategies of plants and their pollen vectors. Study of floral biology is important as it
seeks to understand how floral traits are related with possible pollination strategies and
their pollen vectors and describes adaptive strategies of plant to pollinators with their
floral traits (Eustacchio et al., 2023). Globally there has been many studies on floral
biology mainly in medicinal plants as study of floral biology helps to understand
reproductive biology of plants which helps in conservation of important medicinal
plants. Mendes et al., (2017) studied different floral biology like length of floral axis,
flower per inflorescence, size of corolla, floral longevity, time of anthesis, pollen
number and pollen viability of Mauritia flexuosa and found that M. flexuosa have
gender specific floral traits and male and female flowers attracted different pollen
vectors. Basnet et al., (2019) also studied different floral traits like corolla length, nectar
volume and distance between stamen and anther along the elevation within ten different
Rhododendron species and found that pollinator type and their visitation rate differed
along the elevation mainly due to nectar volume and nectar concentration. Also study
about floral structure, stigma receptivity and time of anthesis of Rauvolfia serpentina
found that its psychophily mode of pollination is associated with its tubular floral
structure (Sharma et al., 2022). Similarly, while studying pollen and floral morphology
of Androsace brevis it was concluded that placement of the stamen and pistil inside
corolla tube and yellow to purple color of corolla mouth suggest that 4. brevis required

insect mediated pollination.

There was so many research work in floral biology around the world which studies
about different floral traits, pollen vectors and overall reproductive strategies of
different plant species. But only few researchers have studied about floral biology in
Nepal. Adhikari (2003), Adhikari and Adhikari (2004, 2010), Subedi et al., (2011), and
Paudel et al., (2015, 2016, 2017,2018, and 2019) in their research work have focused
on floral biology of flowering plants in Nepal Himalaya. Paudel et al., (2015, 2016,



2017,2018, and 2019) studied different floral traits like flower per inflorescence, petal
length, anther and stamen length, pollen and ovule number per flower, pollen-ovule
ratio, etc. and also recorded different pollen vectors and co-evolution with their
pollinators within Roscoea spp and their potential visitors in Himalayan region of

Nepal.

Study of floral biology is very important as they are associated with pollen vectors
(Wang et al., 2009). In some species, inflorescences are the unit of attraction and insect
visit also varies according to size of inflorescence (Thomson, 1988), many studies
showed that pollinators offer longer visitation frequencies on plant with many flowers
which increases the chance of more pollen to be removed from flower (Schmid-Hempel
and Speiser, 1988). Petal length is most significant morphological trait that correlates
with size of probing parts of pollinators (MarténRodriguez et al., 2009). The amount of
pollen produced by a plant represents the sexual ability and abundance of that plant in
their local habitat as well as counting pollen number becomes an important method for
observing plant-pollinator interaction (Kearns and Inouye, 1993). Similarly, ovule
number represents main reproductive trait among flowering plants based on which
mechanism of pollen reception and seed output keeps on varying. Pollen-Ovule ratio is

an important indicator of plant reproductive system (Cruden, 1977).

2.2 Pollination Syndrome

Evolutionary biologists have been enthralled by the variety of flowering plant
reproductive organs for long time. Floral evolution has often been linked with
differences in pollination syndromes. The term pollination syndrome describes highly
correlated floral traits, that have been used to predict effective pollinators (e.g., insects,
birds, mammals) of plant species and also provide a mechanistic explanation of floral
diversity. Darwin (1862) and many others scientists describes the view that different
floral traits promote interaction between plant and pollinator and also reflect pollinator
type of specific plant species (Stebbins, 1970, Sprengel, 1996, Johnson & Steiner,
2000). When we investigated the evolutionary framework, their comparative studies
suggest that different pollinators encourage selection for the variety of floral forms that

produce an array of “pollination syndromes”.



Plant-pollinator interaction are greatly influenced by floral traits, which also
determines floral visitor communities (Junker et al., 2013). Major shifts in abundance
and composition of pollinators result from variations in floral traits even within short
geographical area along an elevation gradient (Gurung et al., 2018, Lefebvre et al.,
2018). Flower color is the most commonly studied floral traits along the elevational
gradient (Shrestha et al., 2014) though we have limited information about other
important floral traits. Flower color has been considered as an important floral trait that
plays a major role to attract pollinators (Fenster et al., 2004, Shrestha et al., 2013, 2014,
and 2016). Color components of pollination syndrome are usually presented in very
simple way for instance flowers that are pollinated by birds are often orange or red to
a human vision while blooms that are pollinated by bees are frequently violet or blue
(Raven, 1972, Sutherland & Vickery, 1993) and flies favor white and yellow flowers
(Léazaro et al., 2008). Nectar primarily serves as reward for birds and other pollinators,
also it aids in the selection of possible pollinators. In high mountains flies and bees are
the most dominant pollinators and are attracted to flower with lesser amount of nectar
and higher sugar concentration but birds and other pollinators favors flower with high
nectar volume (Martén-Rodriguez et al., 2009). Flower size mainly petal length is most
significant morphological trait that correlates with size of probing parts of pollinators
(MarténRodriguez et al., 2009). In general, high-elevation mountain plants are known
to have smaller flower size (Guo et al., 2010) that is selected for insect pollinators like

flies and bumblebees (Kudo, 2016).

Indeed, plants are often distinguished because of their floral traits, thus pollinator
specialization has been considered critical to plant speciation and evolutionary
radiation for the long time (Stebbins, 1970). According to Darwin (1859) pollinators
could be the major selective agent in the evolution of floral morphology. Ever since
Darwin (1862) defined pollination biology with the logic and explanatory power of
evolutionary theory, there has been interest in the adaptive significance of floral traits
in relation to pollinators. The most successful and frequent visitors may exert selective
pressure on advertising traits such as size, color, scent, and inflorescence height and on
mechanical traits such as corolla tube length (Stebbins, 1970, Anderson et al., 2014,
Newman et al., 2015). Similarly, reciprocal coevolution may result from selection
forces exerted by floral traits on pollinator traits (Muchhala & Thomson, 2009, Pauw
et al., 2009). Darwin (1862) for the first time hypothesized co-evolution between long



nectar spur Malagasy star orchid (4dngraecum sesquipedale) and long-proboscis moth
which became model for investigating co-evolution between plants and their potential
pollinators (Zhang et al., 2013). The mutual relationship between long corolla tubed
plants and their potential pollinators, long- tongued flies is a typical example of co-
evolution, which has been reported mainly from the region of southern Africa till date.
Out of Africa, in Nepal Himalaya, Paudel et al., (2015) first recorded an example of co-
evolution between the long-tongued philoliche longirostris and the long-corolla tubed

Roscoea purpurea (Zingiberaceae).

Along with Waser et al., (1996) other authors (Ollerton et al., 2009, Rosas-Guerrero et
al., 2014) questioned the central theme of pollination syndrome/pollination
specialization hypothesis that the evolution of floral traits is primarily through
interactions with their specialized pollinators. Various studies show that plant with
specific pollination syndromes is often pollinated by several pollinators. Even in some
cases generalized pollinators contribute more than those pollinators predicted by floral
syndromes (Waser et al., 1996, Fleming et al., 2001). For example, like other Roscoea
species R. alpina has long-longue pollination syndrome despite this beetle (Mylabris
sp.) and a moth (Macroglossum nycteris) visited its flower (Paudel et al., 2017). Also,
in R. auriculata, R. capitata and R. tumjensis morphologically mismatched Bombus
haemorrhoidalis contribute 90% pollination service to all of these species (Paudel et
al., 2019).

Since Darwin started study about co-evolution, the remarkable diversity of floral traits
of animal-pollinated plants has been one of the interesting phenomena studied by
evolutionary biologists. Darwin’s hypothesis helps us to understand how reciprocal
selection can lead to trait matching or trait scalation but does not give comprehensive
idea about additional trait variation. Along with pollinator-mediated selection,
evolution of floral traits in Angiosperms can be exerted by antagonists, different
climatic factors, and random processes. More ever in addition to pollinator mediated
selection and climatic factors, there could be other possible factors such as nectar
robbers, flowering time, and phylogenetic relationship of species which may be also

responsible for floral trait variation.



2.3 Pollinator guilds

Plant and pollinators are the most important components of regional diversity. Animal
pollinator plays an important role in the reproduction of many flowering plants also
pollinator mediated selection is one of the most important evolutionary forces in
flowering plant diversity (Darwin, 1862, Nilsson, 1988, Fenster et al., 2004). Floral
morphology is one of the important aspects of plant pollinator interaction. Apart from
this adverse climatic condition such as low temperature and precipitation influence the
plant growth, reproduction system as well as pollinators behavior (Tong et al., 2021).
Temperature is considered as the most important predictor of plant-pollinator
interaction in mountain region (Classen et al., 2020). Numerous studies have focused
on pollen vectors of different plant species, their visitation rates along the elevation as
well as their interaction with plants. A study carried out in 7ibauchina pulchra in
Atlantic Rainforest, Brazil (870-1100m) showed that despite high flowering rate in
higher elevation, only 5 visits were recorded by 2 species of bees but in lower elevation
total 948 visits were recorded by 7 species of bees during the same period (Brito and
Sazima, 2012). Also, a study carried out in Sikkim Himalayan, India (3400-4235m) in
10 Rhododendron species found that the major pollinators were flies, birds and bees.
But in three Rhododendron species i.e., R. anthopogon, R. setosum, and R. lepidotum
found in relatively higher elevation the birds were absent. The bird visit showed
negative relationship with elevation while flies and bees increased with increasing
elevation (Basnet et al., 2019). Similar study conducted in Washington State (8-728m)
in Cyticus scoparius L. showed higher pollination rate by Bombus species in higher
elevation but have low seed production and Apis mellifera was found pollinating the

flower at lower elevation (Bode et al., 2020).

Only a few studies have been conducted on plant and pollinator diversity and their
interaction in Nepal Himalaya. Adhikari, (2003), Adhikari and Adhikari (2004, 2010),
Subedi et al., (2011), and Paudel et al., (2015, 2016, 2017, and 2019) recorded
pollinators and visitation frequencies of specific plant species in Nepal Himalaya.
Paudel etal., (2015,2016, 2017, and 2019) in their research work conducted in different
parts of the Nepal Himalaya within Roscoea species revealed that only long corolla
tube Roscoea purpurea was pollinated by long tongue tabanid fly (Philoliche
longirostris) as according to their pollination syndrome. Despite having long tongue

pollination syndrome other Roscoea species were visited by morphologically



mismatched pollinators for instance R. alpina was visited by a beetle (Mylabris sp.)
and a moth (Macroglossum nycteris). Also morphologically mismatched Bumblebee
(Bombus haemorrhoidalis) contribute more than 90 % pollination service to three
species of Roscoea (R. auriculata, R. capitata and R. tumjensis), they were also visited
by long tongue butterflies according to their pollination syndrome but they act as nectar
robbers rather than pollinators. When it was raining, pollinators avoided visits to
Roscoea species and they visited them less often when there was cloud cover,
indicating that weather conditions could have an impact on the pollination system.
Similarly, a study carried out by Adhikari and Adhikari (2010) in different parts of
Kathmandu Valley in Punica granatum L. revealed that Apis cerena was the prime
pollinator along with A. mellifera also seven other insects were found visiting the plant
but they were probably the nectar robbers. The visitation rate of floral visitors was
higher during the morning time with sunny weather and low when the weather was
cloudy and rainy. Dyola et al., (2022) also explored the species richness and
abundances of insect pollinators in four different habitats and different environmental
variables in Shivapuri-Nagarjun National Park. Apart from this other similar research
were carried out on other plant species in Nepal Himalaya (Adhikari, 2003, Subedi et
al., 2011, Shrestha et al., 2020).

2.4 Male fitness

Male fitness is defined as the chance of pollen grains to reach the target stigma through
insect body. Contact between an insect and flower in the field is the proof for plant-
pollinator interaction. Pollen grains are the natural indicator of insect visits to flowers.
Identification of pollen grains present on insect bodies can be an additional approach
for studying plant-pollinator interaction (Manincor et al., 2019). Bisexual plants can
obtain fitness through both male fitness (pollen donation) and female fitness (fruit and
seed production). Unfortunately, a female-biased understanding of plant breeding
systems, pollination biology, and plant ecology has developed as a result of
disregarding the significance of male fitness (Sutherland and Delph, 1984). But some
research papers discussed about importance of male fitness. Vivarelli et al., (2010)
studied male fitness of 8 different bee species visiting flower of Ononis masquillierii
and found that male fitness of plants was greatly affected by body size of floral visitors,

visitation frequency and foraging behavior. Potascheff et al., (2020) in his study in
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Qualea grandiflora found that total 60% pollen grains were removed by nocturnal
visitors while 18% pollen grains were removed by diurnal visitors within 4 hours which
is one third of pollen grains removed by nocturnal visitors and concluded that amount
of pollen grains removed varied according to time of anthesis. Additionally, Capo et
al., (2023) studied male fitness of five different rewarding and non-rewarding orchids
and found that Anacamptis coriophora, orchid with nectar reward have maximum male
fitness. Male fitness becomes less when removal of pollen grains becomes higher than
seed production, which indicates that many pollen grains did not reach the stigma of

flower.

2.5 Aconitum species

The genus Aconitum of the family Rannunculaceae is widely distributed in alpine sub-
alpine region. The genus comprises over 300 species including some medicinal and
ornamental plants (Utelli et al., 2000). Only a limited number of research work has
been done in pollination system of genus Aconitum throughout the world while there
were no such studies in Nepal which includes their floral biology, breeding system, and

interaction with pollinators.

Bosch et al., (1999) in their study on 4. columbianum found that Bombus flavifrons
comprises 86.4% visits while, B. appositus constitute 14.3% visits and a single visit by
B. sylvicola and B. occidentalis and their total visitation frequency were 2710 in 540
bouts for total 30 hours. Similarly, Utelli et al., (2000) in their research about floral
biology like floral longevity and flower size, pollinators activity and breeding system
of A. lycoctonum revealed that Bombus hortorum and B. gerstaeckeri were the major
pollinators and their visitation time per flower was lower at upper elevation. Although
stereotypically bees showed upward movement, 17% movements were downward in

A. lycoctonum and plants were self-compatible.

Nautiyal et al., (2009) in his research carried out in Indian Himalayan studied about
floral biology and breeding system of A. heterophyllum and found that their pollen
grains varied from 2000-6000 per anther with an average of 80000 pollen grains per
flower. Other floral characteristics, such as flower per inflorescence, floral axis length,
and quantity of fruits and seeds, were also noted. Bees were seen pollinating A.
heretophyllum, and as no seeds were seen during autonomous selfing, it is a self-

incompatible plant. Additionally, similar kind of studies were carried out in A.
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gymnandrum and found that Bombus kashmirensis and B. sushikini were prime
pollinators. Total number of pollen grains produced per flower was 6.4x10° +£2.7x10*
while mean number of ovules per flower was 126.9+£7.6 and pollen-ovule ratio was
found to be 5467+ 357.3. And high P/O ratio might indicate 4. gymnandrum might
adapted to wind pollination (Duan et al., 2009). Zhang et al., (2006) also studied about
pollination ecology of A. gymnandrum and found that 4. gymnandrum were self-
compatible plant and bumblebees were major pollinators and 3.9% and 2.7% of

downward movements of bumblebees were recorded in two different elevations.

2.6 Research Gap

The majority of earlier studies on plant communities have focused on how abiotic
factors (soil moisture and mineral composition) or direct interactions (competition for
nutrients and space) affect plant establishment, while studies incorporating plant-
pollinator interaction as a major driver of community composition are meagre. Only, a
few studies have focused on the detailed pollination and reproductive biology of
flowering plant in the Nepal Himalaya. Adhikari (2003), Adhikari and Adhikari (2004,
2010), Subedi et al., (2011), and Paudel et al., (2015, 2016,2017, 2018, and 2019) made
rigorous study on floral biology, pollinator interaction as well as breeding system of
particular plant species. Paudel and Li, (2020) in their comprehensive study on
Himalayan Roscoea spp. suggest that how variation in floral trait among the congeners
drives for the evolution of different mating system. Even though more research on the
reproductive biology of several significant medicinal plants found in the Nepal

Himalaya is still required, such studies are yet meagre.

Chapagain et al., (2019) in their research on life history traits of Aconitum spicatum
studied some floral traits like flowers per plant, fruits per plant, and reproductive parts
per plant. Although Chapagain et al., (2019) made a comprehensive study on the
vegetative and floral structures of A. spicatum studies incorporating floral trait variation
in relation to pollinator guilds are entirely lacking. Therefore, this research that
includes study of major floral traits of A. spicatum such as petal length, anther number,
anther and stamen length, pollen and ovule number, and P/O ratio, as well as the
exploration of spatial variation in potential visitors and legitimate pollinators across the
different elevation gradient, and the contribution of legitimate pollinator in male fitness

of A. spicatum, provides clear insight into their reproductive strategies.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Study area

The study area lies in Annapurna Conservation Area (ACA) between 28°12'48" -
29°19'48"N and 83°28'48" - 84°26' 24"E with an elevation range of 790m to 8091m
asl, central part of Nepal (figure 1). Annapurna Conservation Area Project (ACAP) was
established in 1986, mainly for biodiversity conservation and tourism promotion. It is
the first conservation area and the largest protected area of Nepal managed by the
National Trust for Nature Conservation (NTNC) with a total area of 7,629 km?. ACA
occupies 5.18% of the total area of Nepal and 35.10% of the total area of Gandaki
Province (Baral et al., 2019). ACA encompasses Annapurna Himalayan range and
known for several trekking routes including Annapurna trekking route. The
conservation area extended in five districts (Manang, Mustang, Kaski, Myagdi, and

Lamjung) (Baral et al.,2019).

Within ACA, the study was carried out at six sites in Annapurna trekking route,
Annapurna rural municipality, Kaski district. The sampling locations were determined
along the trekking route of Annapurna Base Camp starting from Deurali to Annapurna
Base Camp with an elevation range of 3043m to 4265m. The geographical details of

the specific study sites are tabulated below.

Table 1: Study sites

Study sites Latitude Longitude  Altitude(m)
Below Deurali 28.49408N 83.89353E 3043
Above Deurali 28.50935N 83.90481E 3315
Between Deurali and Machhapuchhre Base 28.51847N 83.90775E 3504

Camp

Between Machhapuchhre Base Camp and 28.52880N 83.89422E 3901
Annapurna Base Camp

Annapurna Base Camp 28.53037N 83.87641E 4197
Above Annapurna Base Camp 28.52534N 83.88187E 4265
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Figure 1: Map of study area

3.2 Vegetation

The study area is characterized by temperate and alpine climate, which contains a
variety of ecosystems, including trans-Himalayan cold deserts, subalpine meadows,
and subtropical Sal forests. The vegetation type of ACA at lower elevation (>3,000-
3,500m) includes upper temperate coniferous and mixed broad-leaved forests. The
dominant species of this region are Abies spectabilis at subalpine mixed-forests, Betula
utilis at and below(>3,500-4,000m), dwarf bushes of Rhododendron spp. at lower

alpine region and above tree line (ca. 4,000m), and alpine meadows and grasslands

above 4,000m respectively (Chapagain et al., 2019).
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3.3 Study Species

Genus Aconitum, belonging to the family Ranunculaceae comprises over 300 species
including some ornamental and medicinal plants (Utelli et al., 2000). It is commonly
known as bikh in Nepali and Monk’s hood or Aconite in English, they are distributed
in subalpine and alpine regions. Total 28 Aconitum species are reported from the Nepal
(Shrestha et al., 2022). The study species Aconitum spicatum is one of the important
medicinal plant species which is restricted to Himalayas of Nepal, India, Bhutan and
China at an elevation range of 1,800-4,800 m asl (Ghimire et al., 2008, Shrestha et al.,
2022). The plant is usually perennial or biennial herb with erect stem reaching up to
two meter in height. Leaves are mostly cauline, lobed, and rarely divided and dentate.
Flowers are simple or branched racemes bearing 1-70 dark blue, violet or white
zygomorphic flowers with numerous stamens, and 1-110 fruits per plant with average
of 41 seeds per fruit (Chapagain et al., 2019). Flowers has three different tepals, the
uppermost sepal form a helmet-shaped hood and known as helmet or hood which
covers sparsely pubescent petaline claw bearing nectar. The central pair of tepals is
known as lateral tepals which brackets the stamens and ovary. And the lowermost tepals
known as basal tepals and that lies under the lateral tepals. Each fruit is an aggregate
of five to six follicles. The plant’s flowering time is from July to September and fruiting
time is from August to November (Lama et al., 2001). The aerial parts are annual but
its tubers are perennial. The plant is highly poisonous and tubers contain alkaloids (C-
19 norditerpenoid, C-19 diterpenoid alkaloids) (Shyaula et al.,2012, 2016). It is one of

the highly valued medicinal plant used against disease like headache, infections in

lungs, intestine and to heal cuts and wounds (Lama et al., 2001) and its tubers are in

trade (Rana et al., 2020).

Helmet/Hook

Lateral tepals
Basal tepals
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Figure 2: (A) Inflorescence of 4. spicatum showing basal tepals, lateral tepals and

helmet/hook (B) Petaline claws and anthers of 4. spicatum

3.4 Floral Biology

Plots with dense flowering plants were selected at each sampling site, and a plot of 5Sm
x 5m was laid down for the study of floral biology of Aconitum spicatum. The sampling
points for each plot were determined by purposive sampling method. For estimating
various floral traits of A. spicatum, at each study site, 10 mature buds of plants lying
within the sampling plots were randomly selected and collected from four populations
with an elevation range from 3043m to 3901m. The buds were collected in vials with
70% ethanol and vials were well labeled with identification code. Also 20 healthy
flowers were randomly selected and collected from three populations with an elevation

range from 3315m to 4197m. Then the flowers were pressed in herbarium sheet.

3.4.1 Measurement of floral traits

Different floral traits like length of tetals, length of anther and stamen, length of
petaline claw, lip distance, number of anthers per flower, number of pollen grains per
flower, numbers of ovules per ovary and P/O ratio were measured from preserved
flower and bud samples at the laboratory of Central Department of Botany, Tribhuvan
University. Aconitum spicatum has three different tetals, named as basal tepals, lateral
tepals, and helmet and their lengths were measured using ruler. Petaline claw was
separated from the flower then its length and lip distance were measured under
microscope (BEL, ITALY, STMLAB-T LED), using wave image software.
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To measure anther and stamen length, ten filaments with intact anthers were selected
and measured under stereomicroscope (BEL, ITALY, STMLAB-T LED), using wave

image software. Total anther number were counted from preserved bud samples.

3.4.2. Pollen count

The preserved bud samples were used to estimate pollen number in Central Department
of Botany, Tribhuvan University laboratory. Pollen grains were counted using
haemocytometer (Neubauer improved Haemocytometer, MARIENFELD, Germany,
Tiefe-depth profundeur 0.100 mm) under the light microscope (BEL, ITALY, BIO2T-
LED), with magnification of 100x following the standard methods of (Kearns &
Inouye, 1993). The vials of suitable size and 70% ethanol were used to prepare 1ml of
homogenized suspension and a glass rod of appropriate size was used to crush the
anthers. A micropipette of 20-100 ul capacity and a micropipette lip were used to
transfer pollen grains to a haemocytometer.

First of all, total anthers of a bud were separated from the stamen with the help of blade
and kept in the vial and 1ml of 70% ethanol was added. The anthers were crushed finely
with the help of glass rod to release pollen grains from the pollen sac and 1ml of
homogenized suspension were prepared. The homogenized suspension was well
shaken and transferred to the haemocytometer with the help of micropipette then
covered with cover slip. All the pollen grains present on the grids of haemocytometer
were observed under the microscope with 100x magnification and pollen grains were
counted. Same process was repeated for three times for each sample. Total number of

pollen grains in the suspension were calculated following formula by Dafni et al., 1992.

No.of pollen grains observed under microscope

Total pollen grain in a bud = x final volume

Volume of suspension pipetted out
of suspension

3.4.3 Ovule count

Preserved bud samples were used to count the total ovule number per ovary. First
carpels were separated from the bud and placed on a slide. Ovary was carefully
dissected vertically with the help of blade and ovules were counted under the
stereomicroscope (BEL, ITALY, STMLAB-T LED) following the standard methods

17



of (Kearns & Inouye, 1993). Total ovules in all five follicles were counted and total
ovules per ovary were calculated as:

Total ovules in a bud=Total sum of ovules present in all follicles.
3.4.4 Pollen-ovule ratio (Pos)
Both pollen and ovule number of plant helps to determine the efficiency of plant in
pollination (Dafni, 1992). Pollen-ovule ratio is the ration of total numbers of pollen

grains to total numbers of ovules per flower. The pollen-ovule ratios were calculated
using following formula by Dafni et al., 1992.

total pollen grain per flower

Pollen-ovule ratio =
total ovules per flower

3.4.5 Daily display area

Daily display area and number of flowers per inflorescence were recorded in the field.
For daily display area total number of flowers at different stages i.e., bud, flower, and
wilt were counted. Daily display area was calculated by following formula by Harder

and Barrett, 1995.

Daily display area= oWt 1009

bud-+flower+wilted

For total number of flowers per inflorescence, ten healthy plants were randomly
selected from the plot and total number of flowers at different stage i.e., buds, flowers,

and fruits per inflorescence were counted.

3.5 Observation of floral visitors

To observe the floral visitors of Aconitum spicatum, four observation plots of Sm x 5m
were prepared with an elevation range 3315m to 4265m where plants were densely
flowering. At middle elevation (3901m), for diurnal visitor’s observations were made
from 9 am to 6 pm with hour-based observation periods (9am to 10am, 10am to 11am,
I1am to 12am, and so on) per day. For nocturnal visitors observations were made from

7pm to 9pm. Diurnal visitors were observed for a total of 23 hours for three days
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whereas nocturnal visitors were observed for a total of 2 hours in one day. Due to
logistic and other constraints, at other three populations, only diurnal floral visitors

were observed for only 2 hours while nocturnal visitors were not observed.

Foraging behavior of floral visitors i.e., floral visitors were legitimate or illegitimate
were recorded from direct observation. A visit was considered legitimate if the visitors’
body came in contact with female reproductive part of flower and ultimately transferred

pollen grains to the stigma of flower.

To estimate visitation frequency, total number of plants and total numbers of visits per
hours within observation plots (observation time was 23 hours at an elevation of 3901m
while only 2 hours at an elevation of 4265m) were counted. Visitation frequency of

floral visitors were calculated as:
Visitation frequency = total number of visits per flower per hour

During observation, different weather events (rainy, cloudy, windy, and sunny) were

also recorded.

The observed floral visitors from three populations with an elevation range from 3315m
to 4265m were captured with the help of insect net and killed using a killing jar (a jar
with ethyl acetate). Then the specimens were collected in vials with 70% ethanol for
specimen identification. Specimens were collected in individual vial to calculate male
fitness. The specimens of collected visitors were identified in consultation with an

entomologist.
3.6 Male fitness of Aconitum spicatum

Male fitness is defined as chance of pollen grains to reach the target stigma through
insect body. For this, floral visitors were collected in individual vial with 1 ml of 70%
ethanol. The vial was well shaken then floral visitor was removed from the vial. The
suspension was well shaken and transferred to the haemocytometer with the help of
micropipette then covered with cover slip. All the pollen grains (viable and non-viable)
present on the grids of haemocytometer were observed under the microscope (BEL,
ITALY, BIO2T- LED), with 100x magnification and pollen grains were counted. Same
process was repeated for three times for each sample. Total number of pollen grains in

the suspension were calculated by following formula by Dafni et al., 1992.
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Total pollen grain in a floral visitor’s body=

No. of pollen grains observed under microscope x final volume of suspension

Volume of suspension pipetted out

Later male fitness was calculated by following formula by Sutherland and Delph, 1984.

Male Fitness (MF) - Pollen grains present in bumblebees body x100%

Total pollen grains/flower

3.7 Statistical analysis

Statistical analysis was done using Microsoft excel and IBM SPSS Statistics 25 (IBM
Corp. 2017). All the data were firstly tested for normality and homogeneity of variance
before running parametric statistical analysis. The number of flowers per inflorescence,
petals length (basal tepals, lateral tepals, and helmet), anther number, anther’s length,
stamen length, and P/O ratio were log transformed to make the data normally

distributed; however other data did not require any transformation.

Later, one-way analysis of variance (ANOVA) was conducted to determine the
collective interaction effect of different populations (elevation) on different floral traits.
This model incorporates different populations as independent variables and floral traits
as dependent variables. The mean values of floral traits were compared among

different populations using Tukey’s post-hoc test

20



CHAPTER 4: RESULTS

4.1 Floral Biology

All the studied floral traits of Aconitum spicatum except pollen-ovule ratio were
differed significantly among the populations. The flower number per inflorescence was
significantly higher in population 1 (elevation of 3315m) as compared to two other
populations (P=0.00). On average, the plant possesses 10-195 flowers (69+9.99) per
inflorescence. The daily display area of plant was significantly higher at elevation
4197m and 4265m as compared to elevation 3901m (P=0.003). Plant has three different
types of tepals namely basal tepals, lateral tepals and helmet with mean value of
1.1440.018 cm, 1.60+0.018 cm, and 2.17+0.025 cm respectively. Basal petals and
helmet length were significantly higher in population 3 (4197m) and lateral tepals
length was significantly higher in population 2 (3901m) and population 3 (3901m) as
compared to population 1(3315m) (P=0.00). Flowers (helmet) have a pair of petaline
claw of length 25.04+0.19 mm with lip distance/nectar accessible length of 6.54+0.11
mm which were significantly higher in population 2 (3901m) and population 3 (3901m)
as compared to population 1(3315) (P=0.00).

A flower produced 33-44 anthers per flower (38.74+£0.46) with an average of
0.844+0.0083 mm anther length and 7.21+0.06 mm stamen length. Both anther and
stamen length were significantly higher in population 2 (3901m) than in other two
populations (P=0.00). Each flower produced 8163-23172 pollen grains (14024+679)
and 53-100 ovules (70.78+1.82) with an average 201£10.95 pollen-ovule ratio.
Population 4 (3901m) had significantly higher number of ovules per flower(P=0.001)
while pollen numbers per flower (P=0.002) and pollen-ovule ratio(P=0.087) did not

differ significantly within populations.
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Table 2: Floral traits (Mean + SE) of Aconitum spicatum among different population studied in Annapurna trekking route, Kaski, Central Nepal

(different letters indicate significance value among populations at p <=0.05).

Floral traits Sample Mean (xSE) value of floral traits F-value P-value
no. (No)

Populationl Population2 Population3 Population4

(3315 m) (3901 m) (4197 m) (4265 m)
Daily Display Area 340 61.37%? 79.76% " 73.37% 5.85 0.003
No. of 30 125.7+18.15% 36.60+8.61° 46.10+5.39° 11.11 0.00
flowers/inflorescence
Basal tepals length 60 1.05+0.20? 1.08+0.0232 1.27+0.024° 22.99 0.00
(cm)
Lateral tepals length 60 1.5+0.02% 1.63+0.03° 1.68+0.03° 12.11 0.00
(cm)
Helmet/Hook length 60 2.02+0.03% 2.14+0.03" 2.34+0.03° 24.26 0.00
(cm)
Petaline claw length 60 23.92+0.25% 25.29+0.29° 25.90+0.28° 13.74 0.00
(mm)
Lip distance (mm) 60 5.83+0.11° 7.03+0.21° 6.75+0.12° 17.17 0.00
Anther length (mm) 300 0.733+0.0079% 0.96+0.014° 0.84+0.011° 108.51 0.00
Stamen length (mm) 300 6.32+0.05% 8.1334+0.09° 7.16+0.07° 167.78 0.00
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Mean (xSE) value of floral traits

) Sample
Floral traits 0. (No) Pooulationl Population2 Population3 Population4 F-value  P-value
(3043 m) (3315 m) (3504 m) (3901 m)

Anther 32 39.25+0.532 39.80+0.36% 41.20+0.61° 34.80+0.25° 42.28 0.00
number/flower

Pollen 32 13250+979% 11238+646% 14678+2407% 17169+1125% 6.22 0.002
number/flower

Ovule 32 66+1.312 68.40£1.87% 62.75£3.75% 80.20+3.87° 6.72 0.001
number/flower

P/O ratio 32 224+18% 167+£122 2431567 218£172 2.42 0.087




4.2 Pollination guilds

During the field observation, there were no spatial variation in the pollinator
composition of 4. spicatum. Out of five days of field observation, within total four plots
during the peak blooming period of plant across their respective distribution site along
Annapurna trekking route, we found that the bumblebee (Bombus miniatus) was the
single visitor species that actively visited the flower of A. spicatum during day time.
However, we did not observe any nocturnal visitors to forage the flowers of A.
spicatum. While observing foraging behavior B. miniatus in the field, B. miniatus
placed their legs in basal tepals and their abdominal part rest in the anther and stamen
which were covered by lateral tepals and extend their proboscis into lips of petaline
claw to collect the nectar. While doing so, their abdominal part touched reproductive
part of plant i.e., pollen grains were observed in the stigma of A. spicatum following

the visit of B. miniatus. Based on that, it was concluded that B. miniatus were the

legitimate visitors (pollinators) of 4. spicatum.
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Figure 3: (A) Bombus miniatus visiting the flower of Aconitum spicatum in the field.

(B) Image of B. miniatus taken in the laboratory.

Visitation frequencies of B. miniatus were recorded at an elevation of 3901 m where
plants were densely populated. Within 23 hours of observation for three days, a total of
810, 609, and 497 visits of B. miniatus were recorded for day 1, day 2, and day 3

respectively in a plot with total 284 flowering plant. The visitation frequencies of B.
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visitation frequency per hour

miniatus were not consistent in different weather condition and timing of the day. The
visitation frequencies of B. miniatus were at peak after 9am to 3 pm then gradually
decreases after sunset. Moreover, the visitation frequencies were fluctuated according
to different whether events (sunny, cloudy, rainy, and windy). Maximum number of
visits were recorded when whether were clear or sunny and minimum visits were
recorded when whether were extremely cloudy and windy (figure 4, 5, and 6). The
hourly variation in visitation frequency of B. miniatus in different timing of the day and

different weather conditions were as shown in the figures (Figure 4, 5 and 6).

Visitation frequencies of B. miniatus were also recorded at an elevation of 4265m
within total 41 flowering plants for total 2 hours (1:15pm to 3:15pm) and only 5 visits

were recorded as weather was extremely cloudy and windy there.

50 A
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Figure 4: Visitation frequencies of Bombus miniatus showing different weather

conditions.
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4.3 Male fitness

We only tracked male fitness at one population (3901) due to some logistic constraints.
Aconitum spicatum flowers were found to produce 171691125 (mean + SE) pollen
grains among which 1594941115 were viable (mean + SE) and 80.20+3.87 (mean =+
SE) ovules per flower, and bumblebee bodies had a total of 24174653 (mean + SE)
pollen grains with total 1549+490 (mean + SE) viable pollen grains. And it was
discovered that male fitness was 14.08%. If sufficient pollen grains will reach the
stigma of A. spicatum to fertilize the total ovules, A. spicatum might achieve 100%

pollination success.

27


https://www.freepngimg.com/png/58342-clouds-mosque-airplane-al-bahia-youtube-png-file-hd
https://www.freepngimg.com/png/58342-clouds-mosque-airplane-al-bahia-youtube-png-file-hd
https://www.freepngimg.com/png/58342-clouds-mosque-airplane-al-bahia-youtube-png-file-hd
https://www.freepngimg.com/png/58342-clouds-mosque-airplane-al-bahia-youtube-png-file-hd
https://www.freepngimg.com/png/58342-clouds-mosque-airplane-al-bahia-youtube-png-file-hd
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://www.pngall.com/wind-png/download/52345
https://www.pngall.com/wind-png/download/52345
https://www.pngall.com/wind-png/download/52345
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
http://heart-bytes.blogspot.com/
http://heart-bytes.blogspot.com/
http://heart-bytes.blogspot.com/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/

CHAPTER 5: DISCUSSION

5.1 Bombus miniatus as the potent prime pollinator

The genus Aconitum are thought to be adapted for pollination by bumblebee species,
due to its unique floral traits which was first described in 4. nepellus by Darwin (1876).
The dependence of genus Aconitum on bumblebees may be associated with floral traits
such as distinct spurs and zygomorphic sepals also body size and tongue length of
bumblebees corresponds well with bilaterally symmetrical sepals and specialized
helmet of Aconitum flower. During the field Bombus miniatus was observed as the
exclusive visitors of A. spicatum. Several previous findings also found that bumblebees
were the major pollinators of Aconitum species for example, A. columbianum was
visited by 86.4% Bombus flavifrons, 14.3% by B. appositus and single visit by B.
sylvicola and B. occidentalis and their total visitation frequency were 2710 in 540 bouts
for total 30 hours (Bosch et al., 1999), Likewise Bombus hortorum and B. gerstaeckeri
were the major pollinators of A. /ycoctonum and their visitation time per flower was
lower at upper elevation (Utelli et al., 2000). Similarly, Bombus kashmirensis and B.
sushikini were prime pollinators of A. gymnandrum (Duan et al., 2009). The current
finding suggests that B. miniatus visited the flowers of A. spicatum with relatively
higher frequency with almost all the legitimate visits. Similar foraging behavior of
Bombus spp was also recorded in 4. [ycoctonum (Utelli et al., 2000) and A. japonicum
var. montanum (Fakuda et al., 2001). The current finding reveals the consistent foraging
behavior of B. miniatus to the flowers of 4. spicatum, however the visitation rates vary
across the different timing of the day and also among the different days. During the
field observation, the maximum number of visits were recorded when weather were
clear or sunny and minimum visits were recorded when weather was extremely cloudy
and windy. Previous findings on other plant species suggest that pollinators’ visitation
frequencies are affected not only by plant floral morphology, mainly floral display area
but also by environmental variables. Adhikari, (2003), Adhikari and Adhikari (2004,
2010) and Paudel et al., (2017) also recorded maximum number of visits during sunny
day and minimum number of visits during cloudy and rainy day. Therefore, the
hourly/daily variation in visitation frequency of B. miniatus to the flowers of A.
spicatum is more likely to be associated with weather pattern. Thus, it suggests that the

visit of B. miniatus to the flowers of 4. spicatum is not a fortuitous visit. The very high
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(19 times higher viable pollen grains than ovule number of 4. spicatum) male fitness
of A. spicatum linked with B. miniatus; the bumblebee transports 2416.65+652.85
(N=4) pollen grains during a single foraging bout among which 15494490 are viable
which would be sufficient enough to fertilize all the ovule (average ovule number
80.2043.87; N= 32) if only a fraction of transported pollen grains gets deposited onto
the stigma during flower foraging by the bumblebee which suggests that this
bumblebee can efficiently pollinate the flowers of 4. spicatum even in a single foraging
bout. These facts thus indicate that B. miniatus could be the prime pollinator of 4.
spicatum, at least across the current study sites. However, the current limited data do
not have strong evidence in this favor. Therefore, further study including a detailed and
manipulated pollination experiments along with estimation of pollination efficiency of
B. miniatus would be required to ascertain that this bumblebee is the prime pollinator

of A. spicatum.

5.2 Pollinator mediated selection as the potential driver of floral trait evolution

Flowers of 4. spicatum bear 33-44 anthers per flower and flower contains 8163-23172
pollen grains and 53-100 ovules with an average 201+10.95 pollen-ovule ratio. The
number of pollen grains produced by a plant indicate sexual ability of plant and
counting pollen number becomes an important method for observing plant-pollinator
interaction (Kearns and Inouye, 1993). Similarly, ovule number represents main
reproductive trait among flowering plants based on which mechanism of pollen
reception and seed output keeps on varying. Cruden (1977) provided evidence that
insect pollinated plants have higher number of pollen grains and pollen-ovule ratio than
self-compatible plants i.e., pollen-ovule ratio is associated with breeding system of
plant and it is better indicator of breeding system than other floral morphology. Pollen-
ovule ratio also reflect pollination efficiency i.e., likelihood of pollen grains reaching
to the stigma (Cruden, 1977, 2000). The higher pollen production in A. spicatum thus

suggests this plant species adopts insect-mediated pollination mechanism.

The suites of floral traits in A. spicatum such as dark blue or violet zygomorphic
flowers with wide modified petaloid sepals namely basal tepals and lateral tepals
serving as the landing platform for its visitors, stigma hidden within anthers which is
exposed only when visitors probes the flower, nectar source situated away from the

reproductive organs and protected by a cover of helmet etc suggest the insect
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pollination syndromes, particularly bumblebee pollination syndrome. Consistent with
the floral syndrome, the current study reveals B. mimiatus as the exclusive visitors of
A. spicatum across all the study sites. Likewise, the flower colour shows a uniform
pattern (dark blue) across the different studied populations. Several previous findings
(Raven, 1972, Sutherland & Vickery, 1993) also reveal that blue flowers show strong
preference for pollination by bumblebees. Therefore, the uniform floral colour (for
human vision) of 4. spicatum across the different studied populations and the visitation
by the same pollinators suggest that flower colour in 4. spicatum is under the direct
selection pressure of its exclusive visitor B. mimiatus. However, flower number per
inflorescence and daily display area do not show the signature of pollinator mediated
selection because despite the presence of same pollinator across all the study
populations, these traits vary significantly among populations. The variation in these
traits across the populations may be associated with variation in visitation frequency

but this study does not test this potential hypothesis.

Current study reveals a variation in the length of all petaloid sepals and petaline claw
among different populations. A study, suggests that petal length among Gesneriaceae
spp 1s most significant morphological trait that correlates with size of probing parts of
pollinators (MarténRodriguez et al., 2009). Darwin (1862) proposed that variation in
floral diversity is the result of pollinator mediated selection. The findings of Paudel et
al., (2015, 2016) suggest the linear correlation between corolla tube length of Roscoea
purpurea (Zingiberaceae) and proboscis length of its obligate pollinator, a long-
tongued fly (Philoliche longirostris). Moreover, Paudel and Li, (2020) suggest that the
variation in staminal appendages among the different Roscoea species is directly linked
with pollinator types/visitation rates. Therefore, it is likely that these floral traits in A.

spicatum are selected by pollinators.
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CHAPTER 6: CONCLUSIONS & RECOMMENDATIONS

6.1 Conclusions

In this research work, altogether 10 floral traits of Aconitum spicatum including daily
display area, flowers per inflorescence, petaloid sepal length, petaline claw length and
lip distance, anther number, anther stamen length, pollen and ovule number and P/O
ratio were studied among different population within 3043- 4265m elevation range of
ACA. All floral traits varied significantly among the populations except for the pollen-
ovule ratio. The variation in floral traits of A. spicatum among different populations
might be due pollinator mediated selection. Mainly, floral structure and flower colour
of A. spicatum as well as pollinators foraging behavior suggests that A. spicatum have
insect pollination syndrome. During this field work, Bombus miniatus actively visited
flower of A. spicatum during daytime among all population while nocturnal visitors
were absent. B. miniatus actively visited the flower after 9 a.m. till 6 p.m. and total
1916 visits were recorded within three days for total 23 hours at an elevation of 3901m
while only 5 visits were recorded at an elevation of 4265 m for 2 hours. The visitation
rates vary across the different timing of the day and also among the various days. The
visitation rate of B. miniatus were maximum when weather is clear and sunny and least
visitation rate were recorded when weather was cloudy and windy. Thus, variation in
visitation frequency of B. miniatus was more likely to associated with weather events.
The male fitness of A. spicatum was found to be 14.08% and very high male fitness of
A. spicatum linked with B. miniatus; the bumblebee transports 2416.65+652.85 pollen
grains out of total 17169+1125 (mean + SE) pollen grains of 4. spicatum during a single
foraging bout which would be sufficient enough to fertilize all the ovule (average ovule
number 80.20+3.87) if only a fraction of transported pollen grains gets deposited onto
the stigma during flower foraging by the bumblebee; which suggests that this
bumblebee can efficiently pollinate the flowers of 4. spicatum even in a single foraging
bout. These facts thus indicate that B. miniatus could be the prime pollinator of A.
spicatum, at least across the current study sites of this species and variation in floral

traits might due to pollinator mediated selection.
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6.2 Recommendations

The current study explores only the floral biology and potential pollinator guilds
of A. spicatum. Therefore, further study including manipulated pollination
experiments would be required which sheds light on the natural breeding system
of this important medicinal plant.

The floral traits of Aconitum spicatum, with the exception of the pollen ovule
ratio (Pos), varied significantly across populations. While the results of this
study do not indicate whether the variation in those characteristics are caused
by pollinator-mediated selection or by geographic variation, this finding can be
used as baseline for future research to study pollinator mediated selection in

floral traits.
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PHOTOPLATES

Photo plate 1: Field work

Diurnal and nocturnal floral visitors’ observation

Recording visitation frequency of floral visitors
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Photo plate 2: Sample collection

Bud collection Bumblebee Collection

Flower pressed in herbarium
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Photo plate 3: Laboratory work

Ovule count
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Anther and stamen length measurement

Petaline claw leneth measurement
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