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Resource and Pollen Limitation in Hyacinthoides non-scripta : Impacts  upon 
Fru it and Seed Development, plus  Seed Maturation Pattern.  

Elizabeth K.H. Downes 

Abstract  

Resource limitation, pollen quality (involving self- or outcross-pollen) and pollen quantity 

limitations are known to affect seed development by increasing ovule abortion and 

reducing ovule fertilisation. It is therefore important to fully understand pollen and 

resource limitations as they have a significant effect upon plant fitness. H. non-scripta has 

linearly arranged ovules, and produces a general non-random seed maturation pattern, 

with increased seed development at the stylar end and increased seed abortion and 

unfertilised ovules at the basal end of the fruit. Although this pattern has been observed in 

many species, exploration of how resources and pollen quality and quantity influence the 

non-random seed maturation pattern has not before been performed. In this thesis I 

investigate the effects of additional resources and a range of pollen qualities and quantities 

upon fruit development, seed development and the seed maturation pattern. 

            A stochastic simulation model is used to assess how resources and pollen may 

impact seed development in H. non-scripta. Simulations reveal increasing resources and 

pollen quality and quantity should increase fruit set, and seed development.  Resource 

manipulations in the field had little effect on fruit set or seed development, although field 

pollen manipulations produced similar results to those expected. Seed expansion increased 

with pollen quantity and quality. It is found that the non-random seed maturation pattern 

may be partly due to resources allocated to ovules fertilised first, but fewer resources may 

be allocated to the most stylar ovules in the fruit. Additionally, the non-random seed 

maturation pattern is stronger under mixed pollen qualities. Furthermore, open pollination 

appears to be composed of large quantities of a balanced mixture of outcross- and self-

pollen. Together, the findings suggest resources and pollen are very important factors 

influencing the fruit development, seed development, and the non-random seed 

maturation pattern in H. non-scripta, and should be studied in conjunction. [302 words] 

Statement of Copyright  
 
The copyright of this thesis rests with the author. No quotation from it should be 
published without the author's prior written consent and information derived from it 
should be acknowledged.
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a useful adaptation to take advantage of the unpredictably good conditions (Harder and 

Routley, 2006). Therefore the optimal resource allocation strategy for a plant in a 

stochastic environment may be to overproduce ovules. 

 

Many studies have identified resource limitation during seed maturation by indicating that 

supplementation of nutrients and/or water enhances seed set (Van Andel and Vera, 1977; 

Willson and Price, 1980; McCall and Primack, 1985; Vaughton, 1991; Campbell and Halama, 

1993; Worley and Harder, 1999). Further studies have shown that flower removal can 

increase seed set in the remaining flowers on the plant, as this increases resource 

availability for development of the remaining ovules (Lee and Bazzaz, 1986; Gorchov, 1988; 

Ehrlén, 1992; Yang et al., 2005). Resources destined for developing fruit and seeds are 

often presumed to originate from leaves or bulbs (e.g. Corbet, 1998), but in a species like H. 

non-scripta, resources may also be created by the fruits themselves. This could occur in 

green immature fruits, as green tissue likely contains chlorophyll and is photosynthetic 

(Todd et al., 1961; Smillie et al., 1999; Lytovchenko et al., 2011). For example, studies of 

Solanum lycopersicum (Tomato; Solanaceae) have shown that most resources used by 

developing fruit come from the leaves, however, it has been shown that photosynthesis of 

green immature fruit is important for the initiation of normal seed development 

(Lytovchenko et al., 2011). Consequently, this thesis will take care to consider the possible 

sources of resources, in addition to investigation of how the resources are being allocated.   

 

Pollen limitation  

 

Pollen limitation was originally considered a cause for the reduction in seeds reaching 

maturation due to inadequate pollen transfer by vectors (Bierzychudek, 1981; Reed 

Hainsworth et al., 1985; Ayre and Whelan, 1989; Ackerman and Montalvo, 1990; Johnston, 

1991; Young and Young, 1992; Burd, 1994; Moody-Weis and Heywood, 2001). Put simply, 

not enough pollen is deposited on the stigma to fertilise all of the ovules of the flower 

(Aizen and Harder, 2007). Additionally, studies have shown that pollen tubes grown from 

pollen germinated on the same flower stigma competed for access to ovules (Snow, 1986; 

Bertin, 1990; Marshall, 1991; Dogterom et al., 2000), and that there were differential 

pollen tube growth rates (Snow and Spira, 1991; Walsh and Charlesworth, 1992; Johnston, 

1993; Snow and Spira, 1993; Burd, 1994). This pollen competition was discovered to result 

in better quality offspring, including larger and heavier fruit or seeds, and faster growth of 

seedlings (Davis et al., 1987; Dogterom et al., 2000). However, many studies during that 
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differing mixtures of self- and outcross-pollen, and comparing fruit set and the seed 

development patterns produced to patterns seen in fruits under open pollination 

conditions. It will also focus on effects of resource limitation by comparing fruit set and 

seed maturation patterns between flower positions up the raceme, and by effectively 

increasing resources by removing certain ovaries of the plant before they are able to 

develop into fruit.  

 

Chapter 2 presents a model of seed development that incorporates various hypotheses 

regarding pollen tube growth and resource allocation. The model predicts patterns of ovule 

fertilisation and seed development that are expected under certain ratios of self- and 

outcross-pollen, and under plentiful and limited resources. These predictions will be tested 

using experimental studies of H. non-scripta. Chapter 3 investigates the effects of freeing 

up resources by ovary removal on the fruit development and seed maturation pattern. 

Chapter 4 investigates the effects of varying pollen quality and quantity on fruit and seed 

maturation pattern. Chapter 5 provides conclusions from the thesis as a whole, comparing 

results from all chapters and suggests future directions for continuation of this study.  
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more segregation occurs, so a low q value flattens the curve of proportion of seeds 

developed. 
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 Figure 2.4: Simulated seed development patterns averaged over 5000 fruit under differing outcross- : self-pollen 
ratios and pollen quantities, which may be expected from the field data. Ql is pollen quality, referring to the ratios 
of self- to outcross-pollen, and Qnt is pollen quantity. In panels A-D pollen quantity is 12 pollen grains, and in panels 
E-H pollen quantity is 6 grains. Red=ovules aborted, black=seed set, purple=ovules developed, blue=ovules 
expanded. For A-H, q=0.9. 

A  Ql=1, Qnt=12 

H  Ql=0, Qnt=6 G  Ql=1/3, Qnt=6 

F  Ql=2/3, Qnt=6 E  Ql=1, Qnt=6 

D  Ql=0, Qnt=12 C  Ql=1/3, Qnt=12 

B  Ql=2/3, Qnt=12 
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from the field should allow recognition of which resource allocation mechanism is likely 

taking place, either: first-fertilised first-served, bottom-up, or possibly top-limited resource 

allocation, the combination of both allocation mechanisms.  

The optimal plant strategy predicted by the model is inconsistent with some development 

patterns observed in the literature. A pattern of more abortions occurring in the stylar end 

of the fruit than in the middle or basal end of the fruit was observed in five species of 

tropical legumes (Wyatt, 1981). Our model suggests that this pattern may be caused by 

bottom-up resource allocation. Additionally, Linck (1961) observed that fruit of Pisum 

sativum (Pea; Fabaceae) had increased seed abortion rates at both ends of the pod. My 

model can explain this pattern being due to mixed, low amounts of self- and outcross-

pollen fertilising ovules, combined with high resource limitation under bottom-up resource 

allocation, as seen in Figure 2.3E. 

Nonetheless, the simulation model presented here generally agrees with seed 

development patterns observed in the literature, and has created deeper understanding of 

possible mechanisms of pollen and resource effects on seed maturation patterns. It has 

allowed prediction of results from field manipulations and will allow comparison between 

the real seed development of a plant to its ideal seed development in the model which can 

reveal how efficiently a plant produces seeds. However, the model could be improved in 

several ways.  

The model presented here only considers seed development patterns at the fruit level, so 

future models should bring in more of the complexities of realistic fruit and seed 

development by considering patterns at the plant level. This would be achieved by 

incorporating ovule development in fruits at different positions up the raceme, and also 

investigating whole fruit development, and the effect of fruit position on this. Furthermore, 

future models should simulate effects of multiple pollinator visits to the stigma carrying 

varying pollen quantities and mixes of self- and outcross-pollen, which is more common in 

wild situations.  It could also be modified to simulate the seed patterns of other plant 

species, in order to determine how plant species differ in seed maturation patterns, and in 

effects of pollen and resource limitation. If developed enough, and when verified by field 

data, this stochastic simulation model could prove extremely valuable to society by 

predicting the seed yield for crop plants with linear fruit, such as beans and peas, under 

changing pollinator abundances and changing environments. 
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Wolfe, 1992; Ashman and Hitchens, 2000; Vallius, 2000; Zhao et al., 2008; Brookes et al., 

2010). 

One likely explanation for the decrease in availability of resources towards the raceme apex 

is given by the resource pre-emption hypothesis, which contends two points (Zhao et al., 

2008; Brookes et al., 2010; Cao et al., 2011): firstly, earlier flowers towards the base of the 

inflorescence are pollinated first, so fruit and seeds develop and draw upon limited 

resources earlier. Secondly, basal flowers are closer to the source of resources, either 

leaves or root storage structures, and are therefore more able to garner resources than 

more distal flowers. Experiments changing the amount of resources available have 

demonstrated effects on the pattern of fruit development, which supports the resource 

pre-emption hypothesis. For example, Susko and Lovett-Doust (1999) found an increase in 

resource allocation to distal fruit when basal fruit were removed in Alliaria petiolate (Garlic 

Mustard; Brassicaceae). 

 

Resource distribution also affects the non-random pattern of ovule maturation in fruit, as 

discussed in Chapters 1 and 2. Often a higher proportion of seeds set at stylar positions 

compared to a higher proportion of ovules aborted or unfertilised at basal positions. 

Previous papers have realised resources may be distributed to maturing ovules via the first-

fertilised-first-served resource allocation or the bottom-up resource allocation mechanisms 

(see Chapter 2). However, the results of the model reported in Chapter 2 illustrated that 

the common non-random seed maturation pattern is most likely to result from the first-

fertilised-first-served resource allocation mechanism. In this chapter I test this prediction 

by observing how manipulation of resources alters the seed development patterns within 

H. non-scripta fruit.  

 

Furthermore, it is expected that resource manipulation will not affect the proportion of 

ovules fertilised (seen as ovules initially expanded). This thesis hypothesises that there are 

two main steps involved in an unfertilised ovule maturing into a seed, which are both 

affected by different environmental factors; pollen quantity and quality may affect the first 

step of ovule fertilisation, and resources and pollen quality may affect the second step of 

growth of a zygote into a fully developed seed. These deductions seem evident as pollen 

quantity typically alters the number of ovules fertilised, and pollen quality alters the 

number of ovules that expand through self-incompatibility mechanisms (acting 

prezygotically) (Aizen and Harder, 2007; Eckert et al., 2010). Furthermore, resource 
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Methods 

 

Study species and site 

 

A population of H. non-scripta was studied in Great High Wood, County Durham, United 

Kingdom (coordinates: 54°45'42.8"N 1°34'13.1"W). The woodland comprises semi-ancient 

oak and beech, where H. non-scripta were in high densities and had relatively large 

inflorescences made up of between 1 and 31 flowers which were observed. H. non-scripta 

are spring-flowering bulbous perennials which can reproduce by seed and bulb division 

(Blackman and Rutter, 1954; Wilson, 1959; Kohn et al., 2009), and they are considered self-

compatible to some extent (Corbet, 1998). Their insect pollinators are mostly bumblebees 

Bombus species and hoverflies,  Syrphid family (Kohn et al., 2009), but some butterflies of 

Aglais species and bee flies of Bombyliidae species were also spotted visiting the H. non-

scripta flowers. Bulbs normally produce one inflorescence, so one inflorescence was 

considered analogous to one plant. 

 

Plant manipulations 

 

Inflorescences in three sites were tagged in pairs, every treated plant having a neighbour 

that was left untreated as the control plant. The pairs were randomly chosen, but had to be 

roughly the same size of inflorescence and be in the same stage of development, growing 

as close together as possible, usually less than 20cm apart. Both partners were left to be 

open-pollinated. In treated plants, half of the open flowers had stigmas and ovaries 

removed using forceps, while leaving the petals in place, which left a wound at the base of 

the flower. The petals were left in place in order to have a minimal effect on pollinator 

attraction.  

 

Alternate flowers up the raceme were treated: for half of the plants, these were the odd 

flowers, and for the other half, these were the even flowers. All of the plants in each site 

were treated on the same day. This meant that some of the racemes did not have all of 

their flowers open, and treatment did not occur on unopened flowers.  

 

There were three sites containing 30 pairs of plants in each. The sites were situated down a 

valley in the woodland, and were all at least 10m apart. The top-most site, 1, was treated 

first, on 22nd April 2015, the middle site, 2, on 4th May, and the bottom-most site, 3, on 14th 
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May. The racemes of fruit were collected when the fruit appeared to have reached full size 

but the seeds were still green and attached to the ovary axil. The racemes of both treated 

and untreated plants were collected from the top site on 28th May 2015, the middle site on 

5th June, and the bottom site on 15th June. 

 

Data collection and statistical analysis 

 

Fruit position up the raceme and fruit fate were recorded. The fruit were recorded as either 

developed fruit, which had significantly increased in size compared to an undeveloped 

ovary (these had at least one developed ovule inside), or undeveloped fruit, which 

appeared not to have developed much or at all as determined from the ovary size (these 

had no developed ovules inside). Fruit development was therefore a categorical variable as 

they either developed or did not. 

  

Flower positions were numbered from the base to the apex of the raceme, and included 

failed fruit. All three locules from the developed fruits were opened and had ovule number, 

position and fate recorded. The ovule positions were numbered from the stylar end to the 

basal end of the fruit. Ovules were numbered as the same positions in each locule as it was 

seen that ovules occurred in the same location in all three locules rather than alternatively 

along the fruit. The ovules fates were either: 

1) undeveloped (these ovules appeared not to have grown at all) 

2) partially expanded (these ovules appeared to have undergone an initial expansion 

but not grown as much as fully developed ovules, they were at least half as small as 

the fully developed ovules) 

3) fully developed (these ovules had grown to the largest size). 

Here, the ovules that had expanded partially were assumed to have had the potential to 

become fully developed if they were not limited by some limiting factor, as they had 

increased in size from the undeveloped ovaries. Additional factors were also measured: the 

density of bluebells with at least one flower open within 1m2 centred around each plant 

(plant density), and the number of flowers on the inflorescence (inflorescence size).  

 

General linear mixed models were fit by maximum likelihood using the binomial family of 

the GLMER framework (logistic regression was performed). Generalised linear mixed 

models were used to evaluate how the plant identity (random factor), ovule or flower 
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Figure 3.1: The probability of fruit development at absolute flower positions up the raceme (position 1 is at 
the base of the raceme, position 14 at the top) compared between control plants (black circles) and treated 
plants (red circles) at three sites. Treated plants had every other flower ovary of open flowers removed up 
the raceme. Panels represent plants at the numbered sites. For the control plants, n=772 fruit, and for the 
treated plants, n=500 fruit. 

 
Ovule expansion and ovule development 

 

The mean number of ovules per locule was 9.84 ±0.038. The generalised linear mixed 

models indicated that five variables: ovule position, treatment, plant density, site, and the 

interaction between flower position and treatment, affected the probability of ovules 

expanding, while only two, the ovule and flower position, affected the probability of ovules 

developing (once they had initially expanded) (see Table 3.2). It is interesting that flower 

position affected probability of ovules developing, but not the probability of ovules 

expanding, while the interaction between flower position and treatment only occurred in 

relation to ovules expanding, not to ovules developing. There was no interaction between 

ovule position and fruit position with relation to ovules expanded or developed, and the 

total number of flowers in the inflorescence had no significant effect on the probability of 

ovules expanding or developing. The parameter estimates imply that ovules had a higher 

probability of expanding at the stylar end of the ovary, in denser patches, at site 1 and 2 

compared to site 3, if the plant was untreated, and in flowers higher up the raceme but 

only if the plant was treated. Ovules had a higher probability of becoming fully developed 
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Figure 3.3: The effect of ovule position on the mean proportion of ovules under certain fates for (A) control plants 
and (B) treated plants. Red points represent the proportion of ovules aborted. Black points represent the 
proportion of seeds set. Purple points represent the proportion of ovules expanded. Blue points represent the 
proportion of ovules developed. Error bars represent ±SE. For the control plants, n = 10165 ovules. For the treated 
plants, n = 8140 ovules. 

Figure 3.2: Effect of flower position on (A) mean proportion of ovules expanded, and (B) on proportion of ovules 
developed, between treated and untreated (control) plants. Black circles represent control plants and red circles represent 
treated plants. Error bars represent ±SE. For the control plants n=9841 ovules, for the treated plants, n=7387 ovules. 
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an H. non-scripta population in West Cornwall (Corbet, 1998). In that study, Corbet (1998) 

stated that the proportion of seeds going on to mature after initiation in hand cross-

pollinated plants and unpollinated plants was higher after the bud pruning treatments. The 

difference between that and the present study may possibly be explained by the 

contrasting experimental procedures. Corbet (1998) removed the flowers as buds from the 

plants, whereas in the present study, flower ovaries were removed after the flower had 

opened, in order to preserve the petals. Earlier bud removal could have given the plant 

time to re-adjust resource allocation to remaining buds compared to the later removal 

reported here. This is an interesting result as it suggests some possible time restraint to 

resource allocation in H. non-scripta.  

However, in Corbet (1998), the removal of buds under open pollination, relatable to our 

study, did not show any effect of bud removal on fruit maturation (and fruit numbers were 

too low to evaluate seed initiation and maturation), although that might be due to reduced 

pollinator attraction. Furthermore, the generalised linear mixed models performed showed 

that bud removal had no significant effect on fruit initiation and maturation or on ovule 

initiation and maturation under any of the pollination treatments, which echoes the results 

from the present experiment. Studies focusing on a range of other plants do clearly show 

removing some flowers on those plant species increased seed production on the remaining 

flowers (see Lee and Bazzaz, 1986; Gorchov, 1988; Ehrlén, 1992; Yang, 2005). However, 

other papers indicate that resource manipulation may not have much of an effect on fruit 

or seed set on a bulbous plant such as H. non-scripta within a single season, but may have 

more of an effect in the following fruiting season due to the additional resources able to be 

stored in its bulb (Vaughton, 1991; Corbet, 1998; Brookes et al., 2008). 

It is predicted that the treatment may affect flower number, fruit development, and ovule 

development if these were tested in the following year. Ovule initiation may not be 

affected the following year as it is a stage that is dependent upon fertilisation quantity and 

quality, whereas the fruit and seed development stage is a very strong resource sink 

(Brookes et al., 2010). As ovule development decreased with flower position up the 

raceme, it suggests an apical decrease in resources. There was found to be an interaction 

between flower position and treatment, as flower position had no effect on ovule 

expansion in untreated plants, but more basal flower positions had a negative effect on 

ovule expansion in treated plants (see Figure 2). This is odd as resources were only 

expected to affect ovule development, not expansion. It could therefore be assumed that 
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the treatment may have resulted in altering pollinator behaviour, reducing the pollination 

levels of lower flowers (lower flowers were more likely manipulated if not all flowers were 

open when the plant was treated). For example, the manipulation may have led to a 

reduction in nectar production, resulting in reduced pollinator attraction. 

Inflorescence size and plant density 

Larger inflorescences were associated with a higher proportion of fruit developing, and 

plant density had a positive effect on ovule expansion. Increased flowers on a raceme, or 

display size, generally increases the number of plant visits by pollinators (Grindeland et al., 

2005; Ishii et al., 2008). Similarly, insect plant visitation rate has been seen to increase with 

local plant density (Kunin, 1993; Mustajärvi et al., 2001). Therefore, although inflorescence 

size and plant density may influence pollinator visitation in the same way, it is odd that the 

first has been found to affect fruit set and the second has been found to affect ovule 

expansion. Further experimentation between years may help to identify reasons for these 

contrasting effects, but it is clear both are related to pollination, and perhaps the 

proportion of ovules fertilised or fertilisation quality.  

Site 

Sites 1 and 2 had higher fruit set and ovule expansion than site 3. The sites differed in time 

of flowering as site 1 flowered slightly earlier than site 2, and site 3 flowered last (for an 

indication of the flowering time period between sites, see the dates that inflorescences 

were collected in the Methods section). The sites also differed spatially, as the sites were 

between 10 and 15m apart (horizontally) in a small valley in the woodland.  

Temporal differences in flowering will be important for plant fitness as pollinator visitation 

typically varies within the season, which could be exacerbated by changing weather 

conditions. Furthermore, resource production could vary over time as light levels change 

with weather, altering photosynthesis in fruit or leaves. Habitat differences between sites 

could also affect pollination and resources. Site 3 was much more populated with 

heterospecifics, most noticeably by Urtica dioica (Stinging nettle; Urticaceae). The high 

density of U. dioica may influence resources available to H. non-scripta. U. dioica were seen 

to significantly shade H. non-scripta infructescences, possibly reducing photosynthesis. H. 

non-scripta plants did appear to be taller in site 3, however measurements were not taken. 

Although not tested, H. non-scripta stems may have grown through etiolation when shaded 

(Huber et al., 2004). Thus, there are potentially a number of factors causing variation in 
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resource availability and production for H. non-scripta, suggesting that the 

microenvironment may be an important source of variation in fruit and seed maturation. 

This is the case for all plants, as their sessile nature mean they experience environmental 

heterogeneity on a very fine scale (Huber et al., 2004). 

 

Conclusions 

 

Resources are critical for fruit and seed production, and it is therefore important that we 

better understand how plants allocate resources to their developing fruit and seeds. This 

study has highlighted the need to incorporate knowledge of pollination and fertilisation 

limitation when investigating resource limitation, as our seed production data could not be 

fully explained by the resource manipulations alone. Other researchers agree that 

resources and fertilisation should be investigated in conjunction in order to fully 

understand each (Haig and Westoby, 1988; Ehrlén, 1992; Casper and Niesenbaum, 1993; 

Corbet, 1998; Yang et al., 2005; Brookes et al., 2008). This study has additionally indicated 

the importance of phenology when investigating resource limitation. By comparing results 

from our later removal of ovaries, to the earlier removal of buds by Corbet (1998), it 

appears that resource allocation to various functions including fruit and seed development 

varies over time. Therefore, any future studies should consider the age of the flower or 

fruit developmental stage when manipulating resources.  

 

The present study has highlighted how variable seed production is in H. non-scripta across 

its range. Firstly, when comparing our results to those from Corbet (1998), open pollinated 

plants in Durham had much higher fruit set than those in West-Cornwall, which may be 

attributed to a lower pollinator visitation rate during the experimental period in West 

Cornwall. Secondly, the present results suggest that the Durham population has minimal 

resource limitation relative to Cornwall. Finally, it appears from the results presented in 

this chapter that the first-fertilised first-served resource allocation mechanism is taking 

place, as predicted in Chapter 2. This can be seen in Figure 3.3, as the probability of seed 

set clearly declines towards the basal end of the fruit.  

Further studies would be beneficial to understanding resource allocation in this system. 

Simply the act of repeating the experiments over many more years would be useful, as 

pollination and resource levels in natural environments can vary significantly over time. 

Furthermore, the resource manipulations could be expanded to include a reduction of 
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resources by removal of leaves early in the season before flower buds emerge. Resources 

could also be reduced by reducing light levels on the whole plant or exclusively on the fruit. 

Reduction of resources may provoke more of a response than increasing resources in terms 

of fruit and seed set (Brookes et al., 2008), particularly as the H. non-scripta population 

appears to have very little resource limitation already. Chapter 5 provides additional 

avenues for future research investigating the role of resource limitation on plant fitness.  

As mentioned above, pollen limitation is the accompanying partner to resource limitation 

in determining patterns of seed production. Chapter 4 therefore investigates pollen quality 

and quantity effects on seed production, which allows further testing of the predictions 

made by the simulation model presented in Chapter 2. 
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Chapter 4 
 

Manipulation of pollen quantity and quality: altering ratios of self - to 
outcross -pollen in hand pollination experiments in H. non-scripta . 
 
Introduction  

 

Wild plants often exhibit high levels of seed, ovule and fruit abortions, which may be 

caused by pollen limitation (Nakamura, 1988; Mena-Alí and Rocha, 2005a; Alonso et al., 

2013). Through influencing fruit, ovule and seed abortions, pollen limitation can then affect 

plant abundance and population viability (Knight et al., 2005; Silveira and Fuzessy, 2014). 

Pollen limitation acts through two mechanisms: limited pollen quantity (enabled by a set 

ovule number) and low pollen quality (see Chapter 1). Surprisingly, pollen quality has 

received limited investigation in wild populations (Alonso et al., 2013). Pollen quality and 

quantity limitations need to be better understood, as they are predicted to escalate with 

increasing habitat fragmentation, climate warming and pollinator decline (Aguilar et al., 

2006; Memmott et al., 2007; Hegland et al., 2009; Potts et al., 2010; Winfree et al., 2011; 

Gilman et al., 2012). In this Chapter pollen quality and quantity are investigated conjointly 

in order to better understand their combined effect on fruit and seed abortions. 

As discussed in Chapter 1, pollen quantity may limit seed and fruit production when there 

are not enough pollen grains to fertilise all of the available ovules. Pollen quality may limit 

seed and fruit production when ovules are fertilised by self-pollen or pollen from a closely-

related plant. Inbreeding depression leads to selfed ovules having reduced growth or being 

aborted, and the abortion of ovules fertilised by lower quality pollen is termed early-acting 

inbreeding depression. 

Research on pollen quality and pollen quantity has found interesting effects on fruit and 

seed production. For example, Snow (1986) showed that seed production in Epilobium 

canum (Zauschneria; Onagraceae) was not affected by additional pollen on the stigma after 

a certain adequate amount of compatible pollen was added. This finding suggests that 

pollen quantity can only increase seed production up to a certain level in E. canum. This 

makes sense as there are a finite number of ovules in fruit and ovule number would then 

be limiting seed production. Fruit set in Myrtus communis (Myrtle; Ericaceae) has been 
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found to be mostly constrained by pollen quantity, whereas the seed set was largely limited 

by pollen quality (González-Varo et al., 2009; González-Varo and Traveset, 2010). It is 

interesting to note that fruit and seed set can be constrained by differing aspects of pollen 

limitation.  

However, many past papers are restricted to utilising only three pollen qualities, full 

outcross, full self, and open pollination (e.g. Corbet, 1998; Yang et al., 2005; Hegland and 

Totland, 2008; Brookes et al., 2010; Shi et al., 2010; Fulkerson et al., 2012; Abdala-Roberts 

et al., 2014). All of these studies found a similar result, namely that self-pollination 

produced fewer or smaller seeds and fruit than outcross-pollination, and open pollinated 

plants produced results in-between that of self- and outcross-pollen. Only Harder et al. 

(2011) consider a fuller-range of pollen qualities, by varying ratios of self- and outcross-

pollen. Their results for two species of Orchidaceae indicated that the genetic costs of 

selfing is better estimated using a range of self- and outcross-pollen mixtures than simply 

complete self- and outcross-pollen because the shape of the relation between the outcross 

fraction and the fraction of fertilisations and seed development are informative with 

regards to inbreeding depression and resource limitation. For example, they discovered 

that using a range of self- and outcross-pollen mixtures allows detection of a plateau 

indicating ovule limitation, when measuring ovule expansion in higher proportions of 

outcross-pollen. This may also allow detection of a plateau in seed set arising from 

resource limitation in predominantly outcrossed fruits. It is important to indentify plateaus 

indicating limitations as the relation between ovule development (in Harder et al., 2011 

termed zygote survival) and pollen mixture ratio only provides the necessary information 

on the inbreeding depression measurement when under fertilisation limitation (ideally 

pollen limitation rather than ovule limitation), not resource limitation. 

In Chapter 3, H. non-scripta showed the general seed maturation pattern of higher seed 

development towards the stylar end of the fruit, and higher ovule abortion and unfertilised 

ovules towards the basal end of the fruit. However, that result was exclusively under open 

pollination, and only Corbet (1998) has tested seed development under self-, outcross- and 

open pollination in H. non-scripta. She observed that outcross-pollination produced highest 

seed and fruit development, followed by open pollination, and lastly self-pollination 

produced the lowest seed and fruit set. However, none have looked at how the seed 

development pattern changes with different pollen qualities and quantities. 
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This investigation aimed to shed more light on how pollen limitation can affect the 

development of seeds in linear fruit, and sexual reproduction and mechanisms in H. non-

scripta. Pollen quantity and quality limitation in H. non-scripta was investigated by hand-

pollinating flowers with a range of ratios of self- and outcross-pollen.  

I test the hypothesis that increasing both pollen quality and quantity (in a range from below 

to above natural open-pollination conditions) will increase fruit set and seed set in H. non-

scripta. It is hypothesised that increasing pollen quantity affects the proportion of ovules 

initially expanded, but not the proportion of ovules developed because fertilisations are 

limited by pollen quantity. Furthermore, increasing pollen quality affects the proportion of 

ovules developed because development is limited by inbreeding depression. Thus, it is 

hypothesised that the highest fruit set and seed set will be achieved under the conditions 

of the highest pollen quality and the highest pollen quantity when combined. 

Pollen limitation is thought to be stronger in environments where pollinators are 

uncommon or unreliable (Ashman et al., 2004; Burd et al., 2009; Fulkerson et al., 2012). 

Pollen limitation may therefore be quite strong in H. non-scripta which is pollinated in the 

very changeable weather of April-June in Britain, which directly affects pollinator numbers. 

Furthermore, hybridising, decreasing pollinator numbers, increasing habitat fragmentation 

and climate change may mean H. non-scripta becomes rarer and more pollen-limited in the 

future (Aguilar et al., 2006; Memmott et al., 2007; Hegland et al., 2009; Potts et al., 2010; 

Winfree et al., 2011; Gilman et al., 2012). It is therefore of interest to investigate the role of 

pollen limitation in H. non-scripta. 

 

Methods  

Study species and site 

A population of H. non-scripta was studied in Great High Wood and Little High Wood, 

County Durham, United Kingdom (54°45'42.8"N 1°34'13.1"W in Great High Wood, and 

54°45'54.8"N 1°34'26.6"W in Little High Wood). Semi-ancient oak and beech woodland are 

present in both locations, but H. non-scripta plants appeared to grow in higher densities 

and be composed of larger inflorescences in Great High Wood, although data were not 

taken to support this. 
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Plant manipulations 

 

Inflorescences were tagged in pairs in five separate areas that were at least 10m apart in a 

small valley in Great High Wood and one 10m2 area in Little High Wood. In Great High 

Wood, both plants in the pairs chosen were neighbours with similar numbers of flower 

buds in a similar stage of development (e.g. see Figure 4.1). One plant in each pair was left 

as a control, while the other plant was treated by hand-pollination with self- and outcross-

pollen. The control plants were left to be open pollinated. There were 96 plant pairs in 

total. Each ratio of self- to outcross-pollen was designated to eight plants, five in Great High 

Wood, and three in Little High Wood. The partner plants were not neighbours in Little High 

Wood as they were not abundant or dense enough. The treated plants were manipulated 

in two stages, firstly before any flowers opened, the stamens were removed from the 

bottom-most flower buds, dependent upon how many were present (usually three or four 

had stamens removed) with one lower flower bud left with its stamen to act as the self-

pollen donor flower. As soon as this was performed, hand-made plastic mesh-netting bags 

were placed over individual racemes and secured below the raceme with a garden tie 

around the plant stalk (see Figure 4.1). The net bags were put in place to block pollinators 

from the flowers, and were left on until the flower buds matured and the anthers on the 

self-pollen donor flower had dehisced. At that point (usually at just over a week), the hand-

pollinations were performed.  
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stigma. The self-pollen was sourced from the appointed flower on the raceme, and the 

outcross-pollen was sourced from a mixture of random flowers at least 20 m away from the 

focal areas. The self-pollen and mixed-source outcross-pollen were freshly gathered each 

day, and were placed into eppendorf tubes. After the hand-pollination had been 

performed, the bag was replaced on the treated plant until the fruit had reached its full 

size. The racemes of the treated and control plants were then collected.  

 

In Great High Wood the plants in areas 1, 2 and 3 were hand pollinated between 24th April 

and 27th April 2015 and were harvested on 1st June 2015. The plants in area 4 in Great High 

Wood were hand pollinated on 1st May 2015 and harvested on 5th June 2015. The plants in 

area 5 in Great High Wood were hand pollinated between 5th and 8th May 2015 and were 

harvested on 13th June 2015. In Little High Wood the plants were hand pollinated between 

6th and 9th May 2015 and were harvested on 13th June 2015. 

 

Data collection and statistical analysis 

 

From the racemes gathered, the fruit and ovules inside the fruit were counted, classified 

and their positions noted. The fruit were recorded as either developed fruit, which had 

significantly increased in size compared to an undeveloped ovary (these had at least one 

developed ovule inside), or undeveloped fruit, which appeared not to have developed 

much or at all, as gauged from the ovary size (these had no developed ovules inside). 

Flower positions corresponded to flower positions and were numbered from the base to 

the apex of the raceme, and included failed fruit. All three locules from the developed fruits 

had ovule number, position and fate recorded. The ovule positions were numbered from 

the stylar end (position 1) to the basal end of the fruit. The ovules fates were categorised in 

the same way as in Chapter 3, i.e. either: 

1) undeveloped (these ovules appeared not to have grown at all) 

2) partially expanded (these ovules appeared to have undergone an initial expansion 

but not grown as much as fully developed ovules, they were at least half as small as 

the fully developed ovules) 

3) fully developed (these ovules had grown to the largest size). 

The ovules that had partially expanded were assumed to have had the potential to become 

fully developed if they were not limited by some limiting factor, as they had increased in 

size from the undeveloped ovaries. Data from plants at all of the areas were combined as 
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within-population variation was not a covariate that explicitly formed part of our 

hypothesis. 

 

Generalised linear mixed models were fit by maximum likelihood using the binomial family 

of the GLMER framework (logistic regression was performed). Generalised linear mixed 

models were used to evaluate how the flower or ovule position (covariate), pollen quantity 

(discrete, fixed factor for fruit development, continuous fixed factor for ovule expansion 

and development), pollen quality (discrete, fixed factor for fruit development, continuous 

fixed factor for ovule expansion and development) and plant identity (random factor) 

impacted: 

1)  fruit development (probability of a flower growing into a fruit) 

2) ovule expansion (probability of an undeveloped ovule growing into a partially 

developed ovule) 

3)  ovule development (probability of a partially developed ovule growing into a fully 

developed ovule). 

Pollen quantity and pollen quality were treated as continuous fixed factors when analysing 

ovule expansion and development as the pre-analysis data plots (not shown) did not 

suggest they had discrete non-linear effects. In order to display results in graphs, 

measurements were used for: 

1) Fruit set (proportion of flowers that matured into fruits) 

2) Ovules expanded (proportion of undeveloped ovules that matured into partially 

developed ovules) 

3) Ovules developed (proportion of partially developed ovules that matured into fully 

developed ovules) 

4)Ovules aborted(proportion of partially developed ovules that did not mature into fully 

developed ovules) 

5) Seed set (proportion of all ovules that matured into fully developed ovules). 

 

The formulas of the models used in the analysis were as follows: 

1) Fruit set = pollen quantity + pollen quality + pollen quantity*pollen quality + flower 

position + plant identity 
















































































