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Abstract 

Flowering plants display remarkable phenotypic diversity, especially in reproductive 

structures, much of which is thought to be associated with pollination by animals. Pollination 

syndromes are collections of floral traits (e.g. flower colour, shape, odour) that are associated 

with a plant attracting particular functional groups of animal pollinators. We explored the extent 

to which traits associated with the moth pollination syndrome translated into pollination by moths 

in the Pacific coast dune endemic Abronia umbellata and found mixed results: in one year of 

study, there was no difference in seed set by day- vs. night-pollinated inflorescences, but in 

another year of study, night-pollinated inflorescences set significantly more seed than those 

pollinated during the day. We integrate this work with tests of pollen and resource limitation of 

seed production and with seed set surveys of natural populations to address proximate and 

ultimate causes of low seed set, finding low rates of pollinator visitation, high pollen limitation of 

seed production in all populations studied, and no evidence of endogenous resource limitation of 

seed production. We propose that “excess” flowers may be functionally male, serving to increase 

outcross siring success.  

The transition from self-incompatibility and obligate outcrossing to self-compatibility 

and predominant selfing is the most common evolutionary transition among the flowering plants 

and traits associated with outcrossing may become reduced across such shifts, potentially through 

the action of natural selection, especially if pollinators are also herbivores, or if the signals that 

pollinators use to locate flowers are also used by herbivores. We examined the reduction of 

attractive visual and olfactory floral traits in A. umbellata across a shift from outcrossing to 

selfing and found a reduction of all floral traits considered. We found that floral volatile 

emissions were reduced more strongly than flower size or floral display (number of flowers per 

inflorescence), but there was no evidence of an ecological cost associated with conspicuousness: 

we did not find reduced leaf herbivory among selfers relative to outcrossers. 
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Chapter 1 

General Introduction 

Flowering plants display remarkable diversity in floral morphology and in reproductive 

strategy. This thesis explores both of these types of variation within a single plant species, 

Abronia umbellata Lam. (Nyctaginaceae) with the goals of integratively determining the extent to 

which floral phenotype predicts the pollinating fauna and the extent to which pollen and resources 

limit seed production in self-incompatible outcrossing populations (Chapter 2) and exploring 

vestigialization of attractive visual and chemical floral traits across a transition from obligate 

outcrossing to predominant selfing (Chapter 3). The purpose of this general introduction is to 

introduce the reader to core concepts, players, and techniques that will be referenced throughout 

the thesis: pollination, pollinators, pollination syndromes, floral attractiveness, and chemical 

analysis of floral volatiles. 

1.1 What is pollination? 

In the angiosperms, successful reproduction results in the production of viable seeds. 

Seed production results from deposition of pollen on receptive stigmas and successful fertilization 

of ovules by that pollen. Most flowers are hermaphroditic, containing both male and female 

reproductive organs within the same flower, which can promote high levels of self-fertilization 

and result in inbreeding depression (Schoonhoven, et al., 2005). Three strategies to prevent self-

fertilization have evolved: spatial separation of sexes (dioecy: male and female flowers borne on 

separate plants; monoecy: male and female flowers borne on the same plant), temporal 

segregation of sexes within a hermaphroditic flower (dichogamy), and genetic self-
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incompatibility mechanisms. For multi-ovulate flowers, multiple visits by pollinators are often 

required for successful fertilization of all ovules and for successful fruit production. This is often 

the case in important insect-pollinated agricultural crops, like tomatoes and squashes (Committee 

on the Status of Pollinators in North America, 2007). 

1.2 Animal-pollination 

There are at least 250,000 species of angiosperms and more than three-quarters of them 

rely on animals for cross-fertilization (Committee on the Status of Pollinators in North America, 

2007). Animal pollinators are diverse, including insects, birds, and mammals. Although many 

different animals may visit a flower to collect rewards like nectar or pollen, effective animal 

pollinators often possess specialized morphological or behavioural traits that improve their pollen 

transfer efficiency for particular plants (van der Pijl, 1961). In other words, flower visitation does 

not always equal successful pollination.  

1.3 Attracting pollinators 

Insects possess acute sensory abilities, using visual, olfactory, tactile, and gustatory 

information to locate food, mates, and sites for oviposition and nesting. Antennae are specialized 

chemosensory organs that, depending on the insect in question, may allow the animal to 

recognize chemical differences as subtle as the stereochemistry of a compound’s different 

enantiomers (Mori, 1996). Such sophisticated signal receptors have allowed insects to enhance 

their fitness by using specialized sex pheromones to find mates, as well as using plant volatiles to 

find food and sites for mating and oviposition (Mori, 1996; Baldwin, 2010). Some plants even co-

opt specialized communication channels that already existed for a completely different purpose, 

like the sexually-deceptive orchids with flowers that visually resemble female insects and emit 
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female insect sex pheromones to attract male insects that pollinate the flower while attempting to 

copulate with it (Schiestl, 2005).  

The pollination syndrome concept associates collections of floral traits with pollination 

by particular animals. For example, classical sphingophilous (hawkmoth-pollinated) flowers are 

tubular or spurred, with sweet, heavy odours, ample nectar, nocturnal anthesis, and white or pale 

colours (van der Pijl, 1961). The presence of particular chemical compounds in floral fragrances 

is also associated with pollination by specific animals. Even before the advent of finely-resolved 

chemical analysis techniques, workers described the scent of beetle-pollinated flowers as fruity or 

aminoid; the scent of bat-pollinated flowers as musty or fermented; and the scent of moth-

pollinated flowers as sweet (Knudsen & Tollsten, 1993). With modern technology, especially the 

development of sensitive coupled gas chromatography-mass spectrometry, separation and 

identification of chemical compounds in floral scent blends is now readily achieved.  

If we revisit the scents associated with different pollination syndromes with enhanced 

chemical analysis technology, we find that the scents of flowers pollinated by moths tend to 

contain acyclic terpene alcohols, associated hydrocarbons, benzenoid alcohols and esters, as well 

as some nitrogenous compounds (Knudsen & Tollsten, 1993). In contrast, the scent of bat-

pollinated flowers is usually dominated by sulphur-containing compounds, but some taxa also 

emit mushroom-scented fatty acid derivatives with C8-skeletons (Knudsen & Tollsten, 1995). 

Emission of a handful of benzenoids and terpenoids is associated with butterfly-pollination: 

Andersson et al. (2002) identified phenylacetaldehyde, 2-phenylethanol, linalool, furanoid 

linalool oxide I and II, and oxoisophorone in the floral scents of most of 22 butterfly-pollinated 

species.  
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Floral fragrance is generally considered a long-distance attractant, while visual and tactile 

cues help pollinators orient themselves to a flower at short-range and while handling a flower 

(Raguso & Willis, 2002; Goyret, 2010). Insect learning and memory is also enhanced by scent 

cues (Raguso, 2001). In bumble bees (Bombus impatiens), floral scent facilitates colour learning, 

suggesting that individual components of a complex trait may enhance an animal’s certainty 

about other aspects of the trait (Leonard et al., 2011). 

1.4 Analyzing floral volatiles 

Recent advances in technology for chemical analysis, especially the development of 

sensitive coupled gas chromatography-mass spectrometry (GC-MS), allow us to readily 

determine what compounds are present in a floral scent blend as well as the amounts of each 

compound in that blend.  

1.4.1 Collecting floral volatiles 

The most important distinction between methods for floral volatile collections is whether 

it is a “static” or a “dynamic” technique. Static headspace techniques collect volatiles from a plant 

or plant material enclosed in a chamber. The term ‘headspace’ refers to the airspace above and 

around the source of the volatiles of interest and is borrowed from the beer industry, which is to 

thank for pioneering studies of volatiles in the “head” of beer (Tholl & Röse, 2006). Because the 

air in the chamber is trapped, volatiles emitted by the tissue of interest can become more 

concentrated (Tholl & Röse, 2006). Static headspace collections also have lower levels of 

background contamination, but, over long sampling periods, humidity and a lack of gas exchange 

could interfere with physiological processes and alter volatile emissions (Tholl & Röse, 2006).   
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Instead of sampling volatiles from a confined air mass, dynamic headspace techniques 

collect volatiles from a continuously moving stream of air. Such techniques allow the collection 

of larger amounts of volatiles over longer time periods. A continuous flow of air over tissues 

being sampled prevents the build-up of compounds in the headspace that could affect the 

subsequent emission of volatiles (Tholl & Röse, 2006). The issue of introduction of background 

contaminants through incoming air can be solved by first passing the air through an appropriate 

filter (i.e. activated charcoal) (Tholl & Röse, 2006). The major dynamic headspace collection 

methods use closed-loop stripping, pull systems, push-pull systems, or online volatile collection 

systems. We use a pull system for our work with floral volatiles (Chapter 3). 

Pull systems combine a vacuum pump with an adsorbent trap. The trap is positioned next 

to the source of the volatiles of interest and the pump pulls air through the trap, where the 

volatiles are adsorbed. Enclosing the floral tissue to be sampled in a nylon resin or polyacetate 

bag (i.e. a bag used for roasting meats, like Reynolds
®
 Oven Bags) or a glass container can help 

to concentrate the headspace and exclude background contaminants. This method is easy to set up 

and can be used in both field and laboratory settings, but suffers from many opportunities to 

introduce unpurified air into the system (Tholl & Röse, 2006).  

1.4.2 Adsorbing and desorbing volatiles 

A variety of compounds are available for adsorbing volatiles. Porapak Q
®
 is one of the 

most popular and widely-used (Raguso & Pellmyr, 1998). Chemically, Porapak Q
®
 is 

ethylvinylbenzene-divinylbenzene; a compound with a high affinity for organic compounds of 

intermediate molecular weights that range from lipophilic to medium-polar and low affinity for 

compounds with low molecular weight and high polarity (Tholl & Röse, 2006). A volatile trap or 

cartridge is produced by sandwiching a known amount of adsorbent between bits of glass wool or 
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neoprene foam within a volatile-free vessel (often a glass Pasteur pipette). The cartridge is 

thoroughly cleaned of volatiles by flushing it with a solvent before using it for volatile collection. 

Once volatiles have been collected, they must be desorbed from the trap. Organic solvents like 

hexane, pentane, ether, and acetone are used to elute traps into clean, volatile-free glass vials.   

1.4.3 Gas chromatography 

Generally, chromatography is used to separate components of mixtures. All forms of 

chromatography rely on a stationary phase and a mobile phase: the mobile phase carries the 

mixture to be separated across the stationary phase. In gas chromatography, the stationary phase 

is a column, usually 30m long and 0.25mm in diameter, and the mobile phase is a gas, usually 

nitrogen (Tholl & Röse, 2006). The sample is injected onto the column and is carried through the 

column by the gas. Injection can be split or splitless: split injection transfers a small amount of 

the sample rapidly to the column, while splitless injections transfer an entire sample at a lower 

flow rate (Tholl & Röse, 2006). Splitless injections are preferred for analyzing samples with low 

concentrations at high sensitivity (Tholl & Röse, 2006).  

The GC machine is essentially an oven. The injection port of the GC-MS is extremely hot 

(230 – 250
°
C) to entirely vaporize the sample upon injection (Tholl & Röse, 2006). The sample is 

then carried through the column while the oven temperature increases, at a rate programmed by 

the investigator. Smaller compounds with lower boiling points come off the column first (when 

the oven temperature is lower), while larger compounds with higher boiling points come off the 

column later. The time at which a compound “comes off” is referred to as its retention time under 

a given oven program. Retention time is a reproducible characteristic of a compound on a 

particular column under a given GC protocol.  
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1.4.4 Mass spectrometry 

Mass spectrometry is used to identify compounds separated by gas chromatography. 

After a compound vaporizes off the column, it is directed to a mass spectrometer. The compound 

is shattered and the collection of resulting fragments is referred to as its mass spectrum. Each 

chemical compound has a unique mass spectrum, making mass spectra unparalleled identification 

tools.  

1.5 Thesis objectives 

In Chapter 2, I explore pollination ecology and limitation of seed production in the 

Pacific coast dune plant Abronia umbellata ssp. umbellata (Nyctaginaceae). To achieve this, I use 

a combination of temporal pollinator exclusion experiments, pollinator observations, resource 

manipulation experiments, and seed set surveys of natural populations. In Chapter 3, I assess 

vestigialization of attractive floral traits across a shift to self-compatibility within A. umbellata. 

Focusing on floral size and floral volatile emissions, I survey natural populations as well as 

collecting floral volatiles from plants grown in a common glasshouse environment.  
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Chapter 2 

Moth pollination and extremely low seed set in a Pacific coast dune 

plant 

Laura A. D. Doubleday
1
, Sara Lynskey

1
, and Christopher G. Eckert

1
 

 

1. Department of Biology, Queen’s University, Kingston, Ontario, Canada. 

2.1 Abstract 

 Background and aims. Flowering plants exhibit remarkably diverse floral characteristics 

and particular sets of traits are often associated with a particular group of animal pollinators 

(pollination syndromes). However, the extent to which a plant species’ pollination syndrome 

reflects its pollinators has been widely debated. The Pacific coast dune plant Abronia umbellata 

Lam. (Nyctaginaceae) provides an opportunity to test whether traits broadly associated with 

pollination by moths (narrow tubular flowers and emission of a sweet fragrance in the evening) 

translate into moth pollination. Methods. To test the moth pollination hypothesis, we combined 

observations of floral visitors throughout the day and night with experimental pollinator 

exclusions in multiple natural populations in 2010 and 2011. To evaluate the extent to which seed 

set is limited proximately by pollen and endogenous resource allocation, we performed 

experimental pollen and resource manipulations. Finally, we evaluated evolutionary constraints 

on seed set associated with outcrossing by comparing natural seed set of outcrossing populations 

with seed set of a selfing population. Key results. Floral visitation by potentially-pollinating 

insects was higher during the day than during the night in both years. In contrast, in one of two 

years, inflorescences excluded from pollinators by bagging during the day exhibited greater seed 

set than those bagged at night. Seed set was strongly pollen-limited in all populations in both 



 

 

 

10 

years, and even pollen-supplemented umbels exhibited relatively low seed set (mean = 31%). 

Neither flower nor inflorescence removal (endogenous resource manipulation) consistently 

increased seed set, suggesting that resource limitation of seed set is weak at best. Surveys of seed 

set in natural outcrossing populations revealed that low seed set is widespread (mean = 26%), but 

the selfing population exhibited seed set ~100%, suggesting that small-flowered selfing 

populations are free of the constraint on seed production impinging on large-flowered outcrossing 

populations. Conclusions. Despite higher insect visitation rates during the day, nocturnal 

pollinators contributed most to seed production in A. umbellata in one year of our study, 

highlighting both the need to distinguish vectors functioning as important pollinators among the 

diverse animals that commonly visit flowers as well as considerable year-to-year variation in how 

floral traits reflect the composition of pollinator faunas. Low seed set in A. umbellata is, in part, 

proximately due to pollen limitation, but it also seems to have evolved in association with 

outcrossing, possibly reflecting selection for the production of excess hermaphroditic flowers to 

increase male fitness (functional andromonoecy).  

Key words: Abronia umbellata, male fitness, moth pollination, Nyctaginaceae, outcrossing, 

pollen limitation, pollination ecology, pollination syndromes, resource limitation, temporal 

pollinator exclusion 

2.2 Introduction 

Floral morphology and development are thought to be under strong selection exerted by 

pollen vectors that contributes to the remarkable phenotypic diversity of flowering plants (Fenster 

et al., 2004). One of the most compelling pieces of evidence for this is the nonrandom association 

of floral traits among species that differ in the types of animals that mediate cross-pollination, a 

phenomenon generally referred to as pollination syndromes (van der Pijl, 1961). For example, 
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moth-pollinated flowers typically have medium to long narrow corolla tubes that contain dilute 

nectar, are white or pale in colour, lack nectar guides, and emit a sweet fragrance in the evening, 

while flowers typically pollinated by bees are bilaterally- or radially-symmetric with an exposed 

or short- to medium-length floral tube, dawn or daytime anthesis, sweet floral scent, medium 

volumes of mid-concentration nectar, nectar guides, and pink, purple, blue, white, or yellow 

corollas (Willmer, 2011).  

However, whether plants are as specialized with respect to their pollinator faunas as 

pollination syndromes suggest has generated much debate (Waser et al., 1996; Ollerton, 1996; 

Johnson & Steiner, 2000; Fenster et al., 2004). For example, Waser et al. (1996) used 

Robertson’s 1928 survey of flower visitors to plants of the Carlinville, Illinois flora to show that 

plants tend toward generalization as, on average, a plant species has 33.5 species of visitors. 

However, multiple visitor taxa may possess similar morphologies and behaviours that allow them 

to be placed in “functional groups” that differ in their pollination effectiveness for a focal plant 

species. Hence, Fenster et al. (2004) found that 75% of the plant species from Robertson’s 1928 

survey actually demonstrate specialization when floral visitors are classified according to their 

functional groups (e.g. long-tongued bees, nocturnal moths). There has been some development 

of theory to determine the conditions under which specialization might evolve (e.g. Waser et al., 

1996; Sargent & Otto, 2006; Muchhala et al., 2010), but diverse factors have been implicated and 

results are mixed. From a plant’s perspective, generalizing on multiple pollinating taxa or groups 

could provide reproductive assurance when individual pollinator species are rare or absent (Waser 

et al., 1996), but attracting many species could be costly if some common visitors proved 

ineffective or, worse, parasitic (e.g. consuming nectar, pollen; Hargreaves et al., 2009; Irwin et 

al., 2010).  
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The number of functional groups of animals observed visiting a plant species is a better 

indicator of that plant’s degree of specialization than the number of visiting taxa alone, but it 

remains critical to distinguish between functional groups of visitors that effect pollination and 

those that do not. Because of the difference between floral visitation and effective pollination, 

experimental approaches are useful in determining the importance of particular visitors or guilds 

of visitors to pollination and plant fitness. Different guilds of pollinators often visit specific plant 

taxa at different times of day, thus temporal pollinator exclusion may be used to determine the 

relative importance of temporally-divergent pollinators (Brunet & Holmquist, 2009; Bustamante 

et al., 2010; Walter, 2010). Combining such experiments with observations of floral visitors can 

determine which taxa are the most effective pollinators. However, many studies have 

demonstrated pronounced spatio-temporal variation in pollinator faunas (Herrera, 1988; Wolfe & 

Barrett, 1988; Fishbein & Venable, 1996; Eckert, 2002), requiring that temporal pollinator 

exclusion experiments be replicated across sites and years if they are to provide robust 

conclusions. However, only three experimental studies focus on more than one site in more than 

one year (Fleming et al., 2001; Holland & Fleming, 2002; and Bustamante et al., 2010).  

There is evidence of declining pollinator populations worldwide (Kearns et al., 1998) 

and, for plant species specialized on a small number of pollinating taxa, loss of pollinators could 

result in severe pollen limitation of plant reproduction, and ultimately in pollination failure 

(Wilcock & Neiland, 2002). Pollen limitation of plant reproduction has ecological and 

evolutionary implications. Recent meta-analyses have shown that habitat fragmentation has a 

large negative effect on reproduction in self-incompatible plant species (Aguilar et al., 2006) and 

that anthropogenic disturbances reduce outcrossing in plant populations which could have 

evolutionary effects on plant mating systems (Eckert et al., 2010). To develop a more integrated 
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understanding of pollination-related factors affecting seed production, pollinator exclusion 

experiments are often coupled with pollen-supplementation experiments to test for pollen 

limitation (Bustamante et al., 2010; de Avila & Freitas, 2011; Larrea-Alcázar & López, 2011).  

In their 2005 meta-analysis, Knight et al., found significant pollen limitation in 63% of 

482 studies (see also Burd, 1994). Although pollen limitation is clearly widespread in nature, 

seeds are energetically costly (Lloyd, 1980) and resources required for seed maturation may also 

limit seed production. Theoretical work by Haig and Westoby (1988) suggested that, at 

equilibrium, a plant’s fertility should be limited by both pollen and resources. Resource limitation 

of seed production can, in principle, be tested by supplementing individual plants with resources 

(e.g. water and nutrients). However this may lead to undesired consequences, like 

disproportionate stimulation of vegetative growth (Campbell & Halama, 1993) or the 

enhancement of intra- or inter-specific competition (Goldberg & Novoplansky, 1997). An 

alternative approach uses endogenous resource manipulation: more resources can be made 

available to focal flowers by removing flowers or fruits on the same stem or inflorescence that 

might otherwise have acted as resource sinks (Guitián & Navarro, 1996). Resource limitation and 

pollen limitation may interact. For instance, the effects of pollen supplementation might be more 

pronounced in inflorescences that have more available resources. 

If pollen and resource supplementation fail to maximize seed set (~ 100%), there may be 

evolutionary constraints on seed set. For instance, the male fitness hypothesis posits that plants 

that produce perfect hermaphroditic flowers may produce many more flowers than can be 

matured as fruits because “excess” flowers enhance pollen dissemination and hence outcross 

siring success (Sutherland & Delph, 1984). In Asclepias syriaca, Bell (1985) demonstrated that 

pollen export increased proportionately with the number of flowers per inflorescence, whereas the 
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number of fruits produced did not. Comparing seed set of closely related selfing and outcrossing 

species, or populations within species may provide insight into ultimate causes of low seed set. In 

highly selfing populations, there is little or no opportunity for outcrossed siring because most 

ovules would be self-fertilized, often before flowers open. As a result, the production of 

functionally male flowers would not be favoured, thus the proportion of flowers setting fruit 

should be much higher than in comparable outcrossing populations. Although there is a great deal 

of evidence that flowers of selfing species produce fewer pollen grains than those of closely 

related outcrossing taxa (Cruden, 1977), there have been relatively few comparisons of fruit to 

flower ratios in selfing versus outcrossing populations. 

The Pacific coast dune plant Abronia umbellata Lam. (Nyctaginaceae) provides an 

excellent opportunity to study the extent to which floral traits consistent with the moth pollination 

syndrome translate into a specialized pollinator fauna and to integrate this with a broader 

examination of fertility limitation. Abronia umbellata exhibits some traits that typify the moth 

pollination syndrome: it has narrow, tubular flowers that contain deeply recessed stigmas (A. 

umbellata flowers have reverse herkogamy: anthers close to the mouth of the floral tube with 

stigmas recessed deeply in the floral tube) and emits a sweet fragrance in the evening. On the 

other hand, the flowers are pink-purple with white eyespots, which might suggest diurnal 

pollination by bees or butterflies. Unrelated to any particular pollination syndrome, the flowers 

are uniovulate and borne on umbellate inflorescences; fruits are tough, winged diclesia, a type of 

anthocarp. Discontinuous geographic variation in floral morphology has resulted in the taxonomic 

division of the species into the two currently-recognized subspecies: the large-flowered A. 

umbellata ssp. umbellata, distributed along the Pacific coastal dunes from Baja California, 

Mexico to the San Francisco Bay, CA, USA, and the small-flowered A. umbellata ssp. breviflora 
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(Standl.) Munz, found north of the San Francisco Bay (Tillett, 1967). Most plants from large-

flowered populations of A. umbellata (ssp. umbellata) are strongly self-incompatible and thus 

near-obligately outcrossing, although preliminary evidence suggests that some individuals from 

populations near the southern range margin in Baja California, Mexico produce somewhat 

smaller flowers with weakened self-incompatibility (Darling et al., 2008). Small-flowered 

populations (ssp. breviflora) are self-compatible, with negligible separation between receptive 

stigmas and dehiscing anthers within flowers (herkogamy), and likely very highly selfing 

(Darling et al., 2008).  

The pollination biology of A. umbellata is unknown, although Tillett (1967) speculated 

that noctuid and, to a lesser extent, sphingid moths are likely the most important pollinators. Moth 

pollination may be widespread within the genus Abronia, as the floral display of most species is 

typified by umbels of fragrant tubular flowers with recessed stigmas, requiring pollinators with 

long, narrow tongues for effective pollen deposition. Jabis et al. (2011) suggested that the 

sphingid moth Hyles lineata was the most effective potential pollinator of A. alpina, but that 

diurnal taxa also contributed substantially to pollination, and Saunders and Sipes (2006) 

suggested that several species of noctuid and sphingid moths were likely the most important 

pollinators of A. ammophila, but that butterflies were also likely to effect some pollination. 

Similarly, Williamson et al. (1994) speculated that noctuid and sphingid moths were key 

pollinators of A. macrocarpa as multiple moth species were observed visiting flowers and bearing 

A. macrocarpa pollen in the field.  

This study has three main objectives. First, we determine the extent to which a pollination 

syndrome translates into a specialized pollinator fauna, by quantifying insect visitation to flowers 

and by using temporal pollinator exclusion experiments to more directly quantify the relative 
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importance of nocturnal vs. diurnal pollination to seed set. Second, we investigate the extent to 

which outcross pollination versus resources limit seed production through pollen supplementation 

and endogenous resource manipulation experiments. Third, we survey natural levels of seed set in 

multiple large-flowered self-incompatible, outcrossing populations and a single small-flowered 

self-compatible, selfing population, serving two purposes. First, the seed set survey allows us to 

quantify spatial variation in seed set among outcrossing populations. Given that resources and 

pollination vary spatially, we should observe considerable variation among populations and 

among individuals within populations if seed set is predominantly limited by pollination and/or 

resources, with some individuals achieving near maximal seed set. Second, the seed set survey 

allows us to examine evolutionary limits to seed set associated with outcrossing by comparing 

seed set of self-incompatible populations with that of a self-compatible population. 

2.3 Methods 

Pollinator observations 

 

We estimated the rate at which insects visited individual flowers of A. umbellata during 

standardized 3- or 5-min observation periods in nine populations (Table 1). For each period, we 

randomly selected a patch of A. umbellata inflorescences within a circular plot with a diameter of 

~ 2 m within which we counted the total number of flowering umbels and the number of flowers 

on each of three randomly chosen umbels, which we used to estimate the total number of flowers 

in the plot. We recorded each floral visitor’s taxonomic identity, to the lowest level possible in 

the field, and behaviour, including the number of umbels visited and the number of flowers 

visited on each umbel. We stood about 1 m from the observation area so that our presence did not 

seem to influence the behavior of the insects visiting flowers, and we used red headlamps (Petzl
®
 

TIKKA PLUS2
®
) for evening (sunset – 0200 h) observations because nocturnal insects are 
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relatively insensitive to red light (Briscoe & Chittka, 2001). A total of 508 observation periods 

occurred during the day (28.1 h) and 934 observation periods occurred at night (56.8 h). Sampling 

effort was unbalanced across the nine populations (eight large-flowered and one small-flowered), 

ranging from 0.10 h at population CGNA to 27.92 h at population CMNA (Table 2). Whenever 

possible, we collected a sample of insects observed visiting A. umbellata and identified these to 

the lowest taxonomic level possible.  

We calculated total visitation by all insect groups as visits per flower per hour, and tested 

for a difference in visitation rate between night and day using randomization tests in the base 

installation of R (version 2.15.1, R Development Core Team, 2012). We calculated the observed 

difference in mean floral visitation rate between day and night and then randomly reshuffled the 

visitation rates of individual observation periods between times of day and populations and 

calculated the difference between mean day and night visitation rates for 10,000 permutations. 

The observed difference was considered significant if it was greater than or equal to 95% of the 

differences calculated from randomized data.  

Pollinator exclusion & pollen supplementation experiments 

We studied four large-flowered, self-incompatible populations between Los Angeles, CA 

and San Francisco, CA over two years (CCOA and CMNA in 2010 and CMGA, CCOA, and 

CSPA in 2011; Table 1) to evaluate whether large-flowered populations are pollinated 

nocturnally, specifically by moths, as some aspects of the floral syndrome would suggest. We 

quantified the relative contributions of different temporal guilds of flower visitors (i.e. day-

visiting vs. night-visiting animals) to seed production as well as the extent of pollen limitation of 

seed production, by crossing temporal exclusion of insect visitors to umbels with cross-

fertilization by hand. For the temporal pollinator exclusion treatment, we imposed bagging during 
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the day (0600–1800 h) or bagging during the night (1800–0600 h). In both years of experiments 

we included umbels that were never bagged as positive controls and in 2011 we added a negative 

control of umbels that were bagged at all times. Pollinator exclusion was combined with a pollen 

supplementation treatment comparing open-pollinated umbels with those hand-pollinated with 

outcross pollen. We randomly assigned individual umbels just at anthesis (1–2 flowers open) to 

each of the treatment groups. Only one umbel per plant was used. Bagged umbels were entirely 

enclosed in a wire cage covered with fine bridal veil for the duration of flowering. It takes one to 

four days for all the flowers on an umbel to open and each umbel seems to include open, 

functional flowers for seven to ten days (L. A. D. Doubleday, personal observation). We 

pollinated all flowers on half the umbels in each bagging treatment (factorial combination of 

bagging and pollen supplementation) with pollen from a different individual using a nylon broom 

bristle trimmed and reduced in diameter to mimic a moth proboscis. For each recipient umbel, the 

pollen donor umbel was selected from a plant within a 5-metre radius and substantially more 

outcross pollen than should have been required to fertilize each flower’s single ovule was 

deposited on the stigma of each flower of the recipient umbel.  

Developing infructescences were bagged with bridal veil to capture all mature diclesia as 

A. umbellata infructescences shatter at maturity. For each focal umbel in the experiment, we 

counted the number of flowers that produced a seed and the number that failed to produce a seed. 

The latter included flowers from which a diclesium never developed and those from which a 

diclesium developed but failed to contain a filled seed. Typically, in large-flowered populations, 

only a small proportion of developed diclesia contain seeds (mean ± 1SD: 29.52 ± 30.00%; 

Doubleday et al., unpublished data).  
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To evaluate the effects of pollinator exclusion and pollen supplementation on seed set 

(the proportion of flowers producing a seed), we analyzed the number of flowers setting a seed 

and the number not setting a seed as a binomial response using generalized linear models (GLMs) 

in R with exclusion treatment, pollination treatment, population, and all possible interactions 

between these main effects as potential predictors. We used quasi-likelihood to account for 

overdispersion and evaluated the significance of each term in the model using likelihood ratio 

tests. Data from 2010 and 2011 were analyzed separately because of differences in experimental 

design between years: only one population was studied in both years and the negative control 

“bagged all the time” (with and without pollen supplementation) treatment was added in 2011. 

However, to test for variation between years, we analyzed the pollinator exclusion data for the 

population CCOA, where we performed experiments in both years of the study, with 

quasibinomial GLMs as above, replacing population with year as a main effect and including 

only pollinator exclusion treatments common to both years.  

When flowers or inflorescences on a plant are supplementally-pollinated, higher seed set 

may be induced in these focal flowers or inflorescences, but this may come at the cost of reduced 

seed set in other flowers on the same plant, due to resources being reallocated to the pollinated 

flowers or inflorescences for seed development (Knight et al., 2006). Hence, pollination may 

limit the seed set of individual flowers, but might not limit seed production by a whole plant. To 

test for this resource reallocation, we compared the seed set of inflorescences that might be 

competing for resources (the subsequent umbel on the same primary stem as the focal umbel: 

treatment umbels in our within-inflorescence endogenous resource manipulation experiments at 

populations CMGA and CSPA, see below) between plants that had received pollen 

supplementation and those that had not. If there is no difference in seed set of these non-focal 
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flowers between pollination treatments, we will conclude that resource reallocation did not inflate 

estimates of pollen limitation. We analyzed these data using quasibinomial GLMs, as above, with 

pollination treatment, population, and their interaction as main effects.    

Experimental manipulation of endogenous resources  

 Resource limitation can be investigated by experimentally manipulating the exogenous 

resources available in the substrate surrounding individual plants (e.g. watering, fertilization) or 

by manipulating the endogenous resources available to individual flowers and inflorescences. 

Because the addition of water and/or fertilizer would likely lead to unwanted ecological side-

effects in dry dune habitats (proliferation of competitors, additional production of inflorescences, 

and vegetative growth), would be logistically impossible to apply over long timespans when 

working at multiple sites separated by hundreds of kilometres, and were usually prohibited at our 

study populations, most of which were in state parks (CMGA, CSPA, CMNA) or nature reserves 

(CCOA), we opted for manipulating endogenous resources. We attempted to increase resources 

available to individual flowers (Corbet, 1998) by removing half the flowers in a focal umbel 

before anthesis (within-inflorescence manipulation). We attempted to increase the resources 

available to whole inflorescences by removing previous inflorescences on the same branch as the 

focal inflorescence (among-inflorescence manipulation). Because one would expect a greater 

effect of pollen supplementation when individual flowers have access to more resources, we 

hand-outcrossed half of the umbels in each resource manipulation treatment (as above) to 

examine potential interactions between the effects of pollen and resource supplementation. 

Within-inflorescence flower removals consisted of cutting the floral tube just above the ovary, so 

that ovule fertilization could not occur. To avoid confounding the removal treatment with 

potential variation in resources and pollination among flowers at different positions within the 
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umbel (Horovitz et al., 1976), we removed flowers from both the centre and periphery of umbels. 

We performed within-inflorescence resource manipulations at two populations in 2011 (CMGA 

and CSPA; Table 1).  

Among-inflorescence manipulations consisted of randomly selecting focal umbels that 

were just at anthesis and cutting off all the inflorescences that had previously developed on the 

same primary stem. Because umbels are borne on long scapes in A. umbellata, they could be 

removed easily without damaging leaves or the primary stem. We performed among-

inflorescence resource manipulation experiments at four populations in 2011 (CMGA, CCOA, 

CSPA, and CMNA; Table 1). Experimental design was slightly different at each population: at 

CMGA, focal umbels on both control and removal treatments were open-pollinated; at CMNA, 

due to logistical constraints, focal umbels on all experimental plants were hand-outcrossed in the 

same manner as above; at CCOA, control and removal treatments were applied to umbels on 

different primary stems on the same 26 plants; and at CSPA we performed a factorial 

combination of inflorescence removal and pollen supplementation on focal umbels from 

independent plants, allowing us to test for an interaction between pollen and among-inflorescence 

resource limitation.  

For each resource manipulation experiment, we analyzed seed set as a binomial response 

with GLMs in R (as above) using quasi-likelihood whenever the data were overdispersed. We 

analyzed each of the among-inflorescence resource manipulation experiments separately because 

of the differences in experimental design. For the experiment at population CCOA, however, seed 

set was extremely low. Hence, we performed a randomization test to assess differences in seed set 

because average seed set was very low, such that most of the values were zero. We calculated the 

difference in seed set between control and removal umbels for each plant and calculated the mean 
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of these observed differences, then randomly reshuffled seed set values across plants and 

treatments and took the mean of these randomized differences. We considered the observed 

difference significant if it was greater than or equal to 95% of the differences calculated from 

randomized data.  

Seed set survey 

 If there is spatial variation in the degree of pollen and resource limitation of seed set, we 

should observe considerable variation in seed set of naturally-pollinated inflorescences among 

populations and differences in seed set between self-incompatible and self-compatible 

populations could reveal evolutionary constraints on seed set associated with outcrossing. In A. 

umbellata, seed set can be quantified retrospectively from mature, intact infructescences, because 

flowers that fail to produce a seed leave a persistent shriveled ovary. To examine natural variation 

in seed set among populations of A. umbellata, we randomly sampled an open-pollinated 

infructescence possessing at least one expanded diclesium from 15–49 plants at six large-

flowered, self-incompatible populations and one small-flowered, self-compatible population 

(Table 1). Data from our survey will overestimate seed set to some extent, as we only sampled 

infructescences with at least one developed diclesium, ignoring inflorescences that had been 

completely aborted; in our temporal exclusion experiments, 26% of open-pollinated 

inflorescences failed to produce a single expanded diclesium. To test for variation in seed set 

among populations, we modeled seed set as a binomial response (as above) using a quasi-

likelihood GLM with population as a fixed effect. 
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2.4 Results 

Pollinator observations 

We performed a total of 84.91 h of pollinator observations, totaling 1442 observation 

periods, which amounted to 37444.81 flower-hours of observation (number of flowers observed 

during a given observation period multiplied by length of observation period), of which 28.10 h 

(508 periods, 16509.71 flower-hours) occurred during the day and 56.81 h (934 periods, 20935.10 

flower-hours) occurred at night (Table 2). Combining years and populations, visits per flower per 

hour was 833% higher during the day (mean ± 1SE = 0.028 ± 0.005 visits/flower/hour) than at 

night (0.003 ± 0.001; randomization P < 0.0001). Visitation rates were also higher during the day 

than at night in both years analyzed separately: 417% higher in 2010 (day: 0.0279 ± 0.0052; 

night: 0.0054 ± 0.0024; P < 0.0001) and 3093% higher in 2011 (day: 0.0447 ± 0.0150; night: 

0.0014 ± 0.0007; P = 0.0088). When we analyzed each of three populations with more than 100 

observation periods for each time period separately, we found a higher rate of visitation during 

the day than at night at CCOA (day: 0.0519 ± 0.0109; night: 0.0033 ± 0.0015; P < 0.0001), but no 

significant difference between day- and night-visitation rates at CSPA (day: 0.0228 ± 0.0072; 

night: 0.0105 ± 0.0075; P = 0.13) or at CMNA (day: 0.0013 ± 0.0008; night: 0.0020 ± 0.0009; P 

= 0.50). Because most of the diurnal floral visitors were honeybees (Apis mellifera: Apidae), an 

introduced species that is unlikely to be an effective pollinator of A. umbellata by virtue of its 

short tongue, we performed a randomization test after removing honeybee visits. If honeybee 

visits are excluded from the analysis (pooling years and populations), visitation no longer differs 

between day and night (day: 0.0011 ± 0.0006; night: 0.0029 ± 0.0011; P = 0.13).  

We caught 81 floral visitors after observing them probe flowers of A. umbellata. We 

identified 70 to species, nine to genus, and two to order (Appendix A). During the day, we caught 
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49 visitors representing at least seven species and three orders; most were honey bees (Apis 

mellifera; n = 33). At night, we caught 32 visitors, all of which were Lepidoptera representing at 

least seven species from four families. Among the dusk- and night-flying taxa observed, noctuid 

moths were most common (n = 16), with three out of four species appearing in only one 

population each and the fourth species present in two populations.  

Pollinator exclusion experiments 

Unbagged open-pollinated umbels set (mean ± 1 SE) 0.102 ± 0.013 seeds per ovule on 

average, with years and populations pooled. However, there was substantial variation among 

populations and years, with seed set for unbagged open-pollinated umbels ranging from 0.000 at 

CMNA in 2010 to 0.170 ± 0.041 at CSPA in 2011. Because unbagged open-pollinated controls in 

the 2010 experiment at CMNA set no seeds, the temporal bagging treatments cannot be 

informative for that iteration of the experiment. GLM did not detect heterogeneity in seed set 

among temporal bagging treatments in 2010 (Table 3, Figure 1, raw data in Appendix B). 

However, pollen supplementation increased seed set 297% (mean ± 1 SE open-pollinated pooled 

across bagging treatments: 0.036 ± 0.009; pollen-supplemented pooled across bagging treatments: 

0.143 ± 0.015). Pollen supplementation increased set set by 132.08% at CCOA, but the percent 

increase at CMNA is potentially less informative (infinite % increase from [mean ± 1SE] 0.000 to 

0.395 ± 0.050), with no unmanipulated open-pollinated umbels setting a single seed.  

In 2011, GLM detected significant effects of exclusion treatment, pollination treatment, 

and population, with a two-way interaction between exclusion treatment and pollination treatment 

such that the effect of pollen supplementation was greater for umbels bagged all the time and 

umbels bagged at night than day-bagged and unbagged umbels (Table 4; Figure 2, raw data in 

Appendix B). Day-bagged umbels set 268.68% more seed on average (mean seed set ± 1SE = 

0.099 ± 0.021) than night-bagged umbels (0.019 ± 0.006) under natural pollination conditions. On 
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average, pollen-supplemented umbels set 432.46% more seed (0.296 ± 0.014) than open-

pollinated umbels (0.056 ± 0.007). When we analyzed only the data for pollen-supplemented 

umbels, we found a significant effect of population (F1,314 = 30.36; P < 0.0001) on seed set, but 

no effect of exclusion treatment (F1,314 = 1.64; P = 0.18). After running our quasibinomial GLMs 

for the 2011 data, we recoded the data to contrast the day-bagged and never-bagged treatments 

with the night-bagged and always-bagged treatments and found that unbagged or day-bagged 

umbels had significantly higher seed set than always-bagged or night-bagged umbels for both 

open-pollinated umbels (P < 0.0001) and pollen-supplemented umbels (P = 0.04). The GLM on 

data from both years at the CCOA population did not detect a significant effect of year or bagging 

treatment; pollen supplementation treatment was the only significant predictor of seed set across 

years for this population (Table 5; Figure 3). 

Endogenous resource manipulations 

Removing half of the flowers from each inflorescence increased seed set by 18% on 

average (Figure 4), though this difference was not quite significant (Table 6). Contrary to 

expectations, there was no interaction between the effect of flower removal and pollen 

supplementation. Testing for evidence of resource reallocation to subsequent umbels on the same 

branch as the focal umbel, we found no difference in seed set between subsequently-developing 

naturally-pollinated umbels (mean ± 1 SE: 0.15 ± 0.04 seeds per ovule) and pollen-supplemented 

umbels (0.11 ± 0.03) on the same primary stem as focal umbels that had received the within-

inflorescence removal treatment (F1,72 = 0.75, P = 0.39; Appendix C).  

Removing previous umbels increased seed set by 83% at CMGA (F1,87 = 4.72, P = 0.03; 

Figure 5) but did not affect seed set at CMNA (F1,41 = 1.50, P = 0.23). At CCOA, where both 

treatments (control and inflorescence removal) were applied to separate branches of the same 
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plant, mean seed set was very low. Only 12 of 52 inflorescences set any seed: six of these were 

controls and six were removals. A randomization test did not reveal any difference between 

treatments (P = 0.25). At CSPA, where we applied a factorial combination of inflorescence 

removal and pollen supplementation, pollen supplementation increased seed set by 170% (F1,143 = 

53.40; P < 0.00001), but there was no difference in seed set between removal treatments, nor was 

there a significant interaction between pollen supplementation and removal treatment (Figure 6).  

Seed set survey 

Mean seed set (± 1SE) ranged from 0.163 ± 0.029 at population CSPA (large-flowered 

and self-incompatible) to 0.918 ± 0.021 at population CGBA (small-flowered and self-

compatible; Figure 7) and varied significantly among populations (F6,182 = 34.16, P < 0.00001). 

In general seed set of self-incompatible plants was low except at one population (CWRA: 0.566 ± 

0.047). The effect of population was still significant when we removed either population CWRA 

(F5,158 = 34.41, P < 0.00001) or population CGBA (F5,159 = 9.46, P < 0.00001) from the analysis, 

but not when we removed both CWRA and CGBA (F4,135 = 0.95, P = 0.43). 

2.5 Discussion 

Day- vs. night-pollination 

Abronia umbellata possesses some traits suggestive of pollination by nocturnal moths but 

does not completely conform to the classic moth pollination syndrome. Typical of the moth 

pollination syndrome, A. umbellata flowers have long, narrow floral tubes, and emit a sweet 

fragrance in the evening. However, unlike many moth-pollinated flowers, the corolla is pink with 

a white eyespot. Moreover, our pollinator observations suggest that the plant is visited by many 

different types of insects, with unexpectedly higher rates of floral visitation during the day than at 

night in some populations. However, the results of our temporal pollinator exclusion experiments 
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suggest that diurnal versus nocturnal pollinators may vary in their effectiveness. In 2011, night-

pollinated umbels had higher seed set than day-pollinated umbels, although we did not detect a 

significant difference in seed set in 2010.  

There are at least two possible explanations for the different effect of temporal pollinator 

exclusion in 2010 versus 2011: fluctuations in pollinator populations that resulted in lower moth 

numbers in 2010 and not having large enough sample sizes to detect an existing effect in 2010. 

Each iteration of our temporal pollinator exclusion experiment represents a “snapshot” of the 

pollination environment during a particular seven- to ten-day period of a given A. umbellata 

population’s flowering season. Pollinator populations can fluctuate over the course of a single 

season (Gross & Werner, 1983; Ashman & Stanton, 1991) or across years (Price et al., 2005), so 

intra-seasonal and inter-annual fluctuations in pollinator populations could be responsible for the 

difference we observed between years. However, our analysis of population CCOA, that was 

studied in both 2010 and 2011, failed to demonstrate a significant difference in seed set between 

years.  

Although there was no significant effect of year on seed set at population CCOA in 2010 

vs. 2011, we do not know if the same would have been true of other populations. In fact, no 

unbagged open-pollinated control umbels at population CMNA set a single seed in 2010, 

rendering comparisons among exclusion treatments uninformative for that population, as, 

theoretically, unbagged control umbels should have seed set values equal to the sum of the seed 

set of day-bagged and night-bagged umbels. We also had more than twice as many replicates of 

each treatment in 2011 than 2010 and when seed set under natural pollination conditions and 

floral visitation rates are low to begin with, detecting a difference in seed set between day-bagged 
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and night-bagged umbels could require larger sample sizes, simply due to the sampling error 

associated with a small fraction of the treatment umbels actually being visited by insects.  

Observing low seed set in day-pollinated umbels in both years, and significantly higher 

seed set in night-pollinated umbels in one year, despite higher daytime floral visitation rates in 

some populations, suggests that the nocturnal floral visitors (moths from four families; Appendix 

A) we observed visiting flowers in the field were responsible for the bulk of seed production in A. 

umbellata in the populations where we performed temporal exclusion experiments. Of the taxa 

we observed visiting flowers at night, noctuid moths were most common, but we also observed 

sphingid, pyralid, and geometrid moths. Average tongue lengths were available for members of 

three of the four moth families we collected from A. umbellata flowers: 25–33mm for Hyles 

lineata, the sphingid species we observed; 10–20 mm for most temperate noctuids; and 4–9 mm 

for a different pyralid species than the one we observed (Willmer, 2011). Stigmas are recessed 

(mean ± 1 SD) 14.07 ± 1.01 mm (C. G. Eckert, unpublished data) from the floral face in large-

flowered A. umbellata, suggesting that sphingids and noctuids would be effective pollinators. 

During the day, we observed much higher frequencies of visitation by honey bees than by 

other taxa and, when performing pollen-supplementations, we found it increasingly difficult to 

obtain sufficient donor pollen, which we speculate may have been due to pollen theft by honey 

bees (Apis mellifera) (L. A. D. Doubleday, personal observation). The combination of recessed 

stigmas in flowers of A. umbellata, the relatively short glossae of A. mellifera (mean ± 1 SD = 

5.15 ± 0.47mm, n = 28; L. A. D. Doubleday, unpublished data), and our observation of low seed 

set among day-pollinated umbels makes it extremely unlikely that honey bees are vectoring 

substantial amounts of outcross pollen. It is also unlikely that they are successfully extracting 

nectar from flowers, because only a small volume of nectar is available at the base of the floral 
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tube. This, and the close proximity of dehiscing anthers to the mouth of the floral tube suggests 

that these visitors may gather pollen as pollen thieves, but further study would be required to 

confirm this speculation.  

The effects of introduced pollinators, like honey bees, on native ecosystems are not yet 

clear. Honey bees have been shown to dominate the spectrum of flower-visiting taxa in 

fragmented habitats (Aizen & Feinsinger, 1994) and habitat loss has negative effects on the 

abundance of unmanaged bee species but not on honey bee abundance (Winfree et al., 2009). 

There is evidence that honey bees are ineffective pollinators of some native plants, but effective 

pollinators of others and that the presence of introduced honey bees can introduce competition for 

nesting sites with native bees (reviewed in Goulson, 2003). Most studies of honey bee 

competition with native pollinators focuses on introduced vs. native bees, and little is known 

about the effects of honey bees on moth pollinators and moth-pollinated plants. Roubik (1978) 

demonstrated that adding hives of Africanized honey bees to habitats in French Guiana reduced 

visitation to particular plants by native stingless bees, while removing the honey bee hives 

reversed the trend, due to honey bees outcompeting native bees for limited floral resources, but 

did not discuss the consequences on plant reproduction. It is likely that pollen theft has negative 

effects on plant fitness: Hargreaves et al. (2010) demonstrated that pollen theft by bees decreases 

plant reproductive success in Aloe maculata. The presence of honey bees in Pacific coastal dune 

systems is likely to have a negative effect on reproductive success in large-flowered populations 

of A. umbellata because high frequencies of pollen theft will induce pollen limitation.  

Pollen vs. resource limitation of seed set 

 Very low flower visitation rates corroborate our experimental evidence of strong pollen 

limitation in these populations, but pollen supplementation did not increase seed set to anywhere 
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near 100%. We found very limited support for resource limitation: removing previous 

inflorescences increased seed set of focal inflorescences, but only in one population, and within-

inflorescence flower removal failed to increase seed set of remaining flowers in either of two 

populations. However, failure of experimental pollen supplementation to completely maximize 

seed production is common (Burd, 1994). Some studies that have simultaneously manipulated 

pollen and resources have also failed to increase seed set to values near 100% (e.g. McCall & 

Primack, 1987; Corbet, 1998; Brookes et al., 2008). Brookes et al. (2008) interpreted sub-

maximal seed set among pollen- and resource-supplemented Stylidium armeria plants as evidence 

that individual flowers contained “excess” ovules; more ovules than could be developed into 

seeds even with an abundance of pollen and resources.  

 Endogenous resource manipulations that involve removing floral units have been regularly 

shown to increase resources available to individual flowers and inflorescences (e.g. Guitián & 

Navarro, 1996; Diggle, 1997; Medrano et al., 2000; and Kliber & Eckert, 2004). However, 

applied to A. umbellata, these treatments had a very weak and inconsistent effect on the seed set 

of focal flowers and inflorescences in our experiments. Hence, we conclude that resources do not 

greatly limit seed production in A. umbellata, at least at the level of the individual flowers and 

inflorescences. As well, because resource reallocation can bias estimates of pollen limitation in 

pollen supplementation experiments conducted below the whole plant level (i.e. at the 

inflorescence or single flower level) when resources are diverted to flowers that received more 

pollen (Knight et al., 2006), the facts that our removal treatments generally failed to increase seed 

set and that we found no evidence of resource reallocation from younger umbels suggest that our 

observations of pollen limitation are relatively unbiased.  
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Ultimate causes of low seed set in outcrossing populations 

Our seed set survey revealed that low seed set, ranging from 16 – 25%, is the norm in 

most large-flowered populations. The extremely low seed set we observed in both pollen- and 

resource-supplemented flowers of A. umbellata, a predominantly annual plant, is anomalous 

given that, in general, annuals tend to mature about 85% of ovules, compared with perennials, 

which mature only 50% of ovules (Wiens, 1984).  In contrast to the pattern in the large-flowered, 

self-incompatible populations, the single small-flowered, self-compatible population that we 

studied had very high seed set (92%) approaching 100%. Only a very small fraction of large-

flowered plants (4%) exhibited seed set within the range of plants in the small-flowered 

populations and 50% of these were sampled from population CWRA, where seed set was 

unexpectedly high (mean = 57%) for an outcrossing population. This population is located 300 

km south of any selfing populations, but clearly displays enhanced productivity compared to the 

other outcrossing populations we surveyed. One potential explanation for this observation is the 

lower disturbance level at this population. At CWRA, the A. umbellata plants are difficult to 

access and their habitat is not open to the public, unlike the other outcrossing populations we 

surveyed. Previous observations of this population suggest that this population is frequently more 

productive than would be expected for an outcrossing population (C. G. Eckert, personal 

observation). If pollinator populations are variable through time and space (Herrera, 1988; Wolfe 

& Barrett, 1988; Fishbein & Venable, 1996; Eckert, 2002), we would expect substantial variation 

in the natural level of seed set among populations. The fact that there was no significant variation 

in seed set among five of the six large-flowered populations we surveyed suggests that extrinsic 

environmental factors are unlikely to explain the generally low seed set in large-flowered 

populations. In contrast, seed set was extremely high in the single small-flowered population that 
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we surveyed, suggesting that the small-flowered population is free of whatever factor constrains 

seed set in large-flowered populations. 

 Although we sampled only one small-flowered population, data (Samis & Eckert, 2007) 

and field observations from many others suggest that very high seed set is the norm in small-

flowered populations of A. umbellata. Moreover, these differences in seed set are clearly 

maintained when plants are grown from seed in a common glasshouse environment (C. G. Eckert 

and L. A. D. Doubleday, personal observation). In small-flowered populations, pollen limitation 

is probably alleviated entirely through self-fertilization, as we know that small-flowered 

populations of A. umbellata are self-compatible and probably highly selfing (there is negligible 

herkogamy between receptive stigmas and dehiscing anthers; Darling et al., 2008) and they are 

highly auto-fertile under pollinator-free glasshouse conditions (C. G. Eckert and L. A. D. 

Doubleday, personal observation). However, pollen limitation explained only a modest fraction of 

the seed set difference between large- and small-flowered populations of A. umbellata. 

 It seems likely that low seed set in large-flowered populations of A. umbellata is an 

evolved strategy, possibly associated with an outcrossing mating system. One possibility is that 

the production of more flowers than will form fruit is favoured because these “excess” flowers 

increase pollen export, bolstering male fitness (Sutherland & Delph, 1984). Producing “excess” 

flowers may use resources that would otherwise have been devoted to seed maturation thus 

reducing female fitness. However, this cost would be repaid in terms of male fitness. It is possible 

that these additional flowers could be implicated in functional andromonoecy. Despite the 

widespread trend of excess flower production among plants with hermaphroditic flowers (Bawa 

& Beach, 1981), andromonoecy (staminate and hermaphroditic flowers on the same plant) is 

relatively rare and best known in the Solanaceae (Anderson & Symon, 1989). The difference 
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between andromonoecy and functional andromonoecy is that, in the latter, male flowers also bear 

ovaries and thus the cost of making and maintaining them. This cost may be relatively low in 

species like A. umbellata where each ovary contains only one ovule. Functional andromonoecy, 

where some flowers function exclusively as pollen donors, yet maintain female function, could be 

adaptive in unpredictable pollination environments, where it may be disadvantageous to 

selectively abort pistils in flowers before pollination occurs (Lloyd, 1980). There is evidence of 

functional andromonoecy in Asclepias syriaca (Bell, 1985), where “extra” flowers on an 

inflorescence increase pollen export, but in general the prevalence of functional andromonoecy 

among plant families is poorly understood. However, large-flowered outcrossing populations of 

A. umbellata may be functionally andromonoecious, because the probability of a flower being 

visited by an effective pollinator is extremely low, seed set does not appear to be resource-

limited, and it might be relatively cheap to produce “excess” uniovulate flowers.  
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Table 1: Locations of, identification codes for, and activities performed at Abronia umbellata study populations in California, USA in years 2010 

and 2011. C = pollinator collections, E = temporal pollinator exclusion and pollen supplementation experiment, F = within-inflorescence 

endogenous resource manipulation experiment, I = among-inflorescence endogenous resource manipulation experiment, M = floral morphology 

survey, O = pollinator observations, S = seed set survey. 

Population name Population code County Latitude (°N) Longitude (°W) Mating type Activities 

McGrath State Beach CMGA Ventura 34.21876 119.25853 Outcrossing 2010: CMO; 2011: 

CEFIMOS 

San Buenaventura State Beach CBVA Ventura 34.26788 119.27815 Outcrossing 2010: CMO; 2011: MS 

Coal Oil Point Reserve CCOA Santa Barbara 34.40824 119.87909 Outcrossing 2010: CEMO; 2011: IMO 

Guadelupe-Nipomo FWS Reserve CGNA San Luis Obispo 35.01129 120.60439 Outcrossing 2010: MO 

Coreopsis Hill CGN2A San Luis Obispo 35.02181 120.62203 Outcrossing 2010: CMO; 2011: M 

Montaña de Oro State Park (Morro Bay 

Sandspit) 

CSPA San Luis Obispo 35.30072 120.87560 Outcrossing 2010: CMO; 2011: 

CEFIMOS 

Manresa Uplands State Beach CMNA Santa Cruz 36.91531 121.85155 Outcrossing 2010: CEMO; 2011: CIMOS 

Seacliff State Beach CSEA Santa Cruz 36.96854 121.90492 Outcrossing 2010: MO; 2011: CMOS 

Wilder Ranch State Park CWRA Santa Cruz 36.95381 122.07581 Outcrossing 2010: M; 2011:MS 

Samoa-Fairhaven (City of Eureka) CSMA Humboldt 40.77914 124.20403 Selfing 2010: M 

Prairie Creek Redwoods State Park: 

Gold Bluffs Beach 

CGBA Humboldt 41.35679 124.07548 Selfing 2011: CMOS 

Prairie Creek Redwoods State Park: 

Ossagon Trail 

COSA Humboldt 41.36177 124.07475 Selfing 2011: CM 
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Table 2: Mean floral visitation rates, number of observation periods, total sampling time, and sampling effort at each Abronia 

umbellata population for pollinator observations during the day and night pooled across two years (2010 and 2011). Pollinator 

observations consisted of observing visitation to all of the flowers in a circular patch of ~ 2 m diameter for 3 or 5 minutes. “Flower-

hours,” the product of number of flowers observed during each observation period and the length of that observation period in hours is 

used as a measure of sampling effort. Populations are arranged by latitude, from southern-most (CMGA) to northern-most (CGBA) and codes 

used correspond to Table 1. 

 Day (0600 – 1800h) Night (1800 – 0600h) 

Population Mean 

visitation rate 

(visits/flower/

hour) 

SE # 

observation 

periods 

Total 

sampling 

time 

(hours) 

Total 

sampling 

effort 

(flower-

hours) 

Mean visitation 

rate 

(visits/flower/ 

hour) 

SE # 

observation 

periods 

Total 

sampling 

time 

(hours) 

Total 

sampling 

effort 

(flower-

hours) 

CMGA 0.0000 0.0000 15 0.75 293.5 0.0012 0.0012 143 9.62 1918.9 

CBVA – – 0 0.00 – 0.0000 0.0000 14 0.70 347.1 

CCOA 0.0519 0.0109 159 7.95 7394.8 0.0033 0.0015 220 13.27 6144.5 

CGNA 0.0000 0.0000 2 0.10 14.8 – – 0 – – 

CGN2A 0.0000 0.0000 4 0.20 148.4 – – 0 – – 

CSPA 0.0228 0.0072 202 12.47 4494.6 0.0105 0.0075 119 7.02 2670.1 

CMNA 0.0013 0.0008 116 5.80 3794.7 0.0020 0.0009 389 22.12 8955.2 

CSEA 0.2847 0.0948 10 0.83 368.8 – – 0 – – 

CGBA – – 0 0.00 – 0.0000 0.0000 49 4.08 899.2 

Mean 0.028 0.005 – – – 0.003 0.001 – – – 

Total – – 508 28.10 16509.7 – – 934 56.81 20935.1 
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Table 3: Quasibinomial generalized linear modeling of seed set of Abronia umbellata 

umbels in temporal pollinator exclusion and pollen-supplementation experiments at two 

natural populations in 2010. The temporal pollinator exclusion treatments consisted of 

bagging umbels from 0600 – 1800h; bagging umbels from 1800 – 0600h; or leaving 

umbels unbagged for the duration of the experiment. Half of the umbels that received 

each temporal pollinator exclusion treatment were naturally-pollinated, while the other 

half were cross-fertilized by hand. Terms indicated with bold-face type were included in 

the minimum adequate model used to predict the treatment means shown in Figure 1. F is 

the test statistic associated with each likelihood ratio test where a term’s significance is 

tested by comparing the likelihoods of two models that differ only in the presence or 

absence of the focal term; P represents the statistical significance of each likelihood ratio 

test. 

Term Likelihood ratio F P 

Exclusion treatment (E) F2,188 = 1.29 0.28 

Pollination treatment (Poll) F1,190 = 10.74 0.001 

Population (Pop) F1,190 = 6.94 0.009 

E * Poll F2,184 = 1.77 0.17 

E * Pop F2,184 = 0.22 0.80 

Poll * Pop F1,190 = 9.89 0.002 

E * Poll * Pop F2,182 = 2.17 0.12 
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Table 4: Quasibinomial generalized linear modeling of seed set of Abronia umbellata 

umbels in temporal pollinator exclusion and pollen-supplementation experiments at three 

natural populations in 2011. The temporal pollinator exclusion treatments consisted of 

bagging umbels from 0600 – 1800h; bagging umbels from 1800 – 0600h; bagging 

umbels for the duration of the experiment; or leaving umbels unbagged for the duration 

of the experiment. Half of the umbels that received each temporal pollinator exclusion 

treatment were naturally-pollinated, while the other half were cross-fertilized by hand. 

Terms indicated with bold-face type were included in the minimum adequate model used 

to predict the treatment means shown in Figure 2. F is the test statistic associated with 

each likelihood ratio test where a term’s significance is tested by comparing the 

likelihoods of two models that differ only in the presence or absence of the focal term; P 

represents the statistical significance of each likelihood ratio test. 

Term Likelihood ratio F P 

Exclusion treatment (E) F3,684 = 15.04 <0.001 

Pollination treatment 

(Poll) 

F1,684 = 117.21 <0.001 

Population (Pop) F2,684 = 35.00 <0.001 

E * Poll F3,684 = 7.85 <0.001 

E * Pop F6,676 = 0.80 0.57 

Poll * Pop F2,676 = 1.65 0.19 

E * Poll * Pop F6,670 = 1.89 0.08 
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Table 5: Quasibinomial generalized linear modeling of seed set of Abronia umbellata 

umbels across two years of temporal pollinator exclusion and pollen supplementation 

experiments at population CCOA. For this analysis, the temporal pollinator exclusion 

treatments consisted of bagging umbels from 0600 – 1800h; bagging umbels from 1800 – 

0600h; or leaving umbels unbagged for the duration of the experiment. Half of the 

umbels that received each temporal pollinator exclusion treatment were naturally-

pollinated, while the other half were cross-fertilized by hand. Terms indicated with bold-

face type were included in the minimum adequate model. F is the test statistic associated 

with each likelihood ratio test where a term’s significance is tested by comparing the 

likelihoods of two models that differ only in the presence or absence of the focal term; P 

represents the statistical significance of each likelihood ratio test. 

Term Likelihood ratio F P 

Exclusion (E) F2,252 = 1.85 0.16 

Pollination (P) F1,255 = 36.33 <0.0001 

Year (Y) F1,252 = 0.08 0.78 

E * P F2,247 = 0.34 0.71 

E * Y F2,247 = 0.30 0.74 

P * Y F1,247 = 1.58 0.21 

E * P * Y F2,245 = 0.70 0.50 
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Table 6: Quasibinomial generalized linear modeling of seed set of Abronia umbellata 

umbels in within-inflorescence endogenous resource manipulation experiments 

conducted in two natural populations: CMGA and CSPA (Figure 4). The removal 

treatment consisted of removing half of the flowers within each focal umbel by clipping 

the floral tube between the ovary and stigma, while controls were unmanipulated. Umbels 

receiving the pollination treatment were cross-fertilized by hand, while controls were 

exposed to natural pollination. F is the test statistic associated with each likelihood ratio 

test where a term’s significance is tested by comparing the likelihoods of two models that 

differ only in the presence or absence of the focal term; P represents the statistical 

significance of each likelihood ratio test. 

Term Likelihood ratio F P 

Pollination (Poll) F1,196 = 76.50 <0.00001 

Population (Pop) F1,196 = 3.61 0.059 

Removal (R) F1,196 = 2.87 0.092 

Poll * Pop F1,193 = 0.019 0.89 

Poll * R F1,193 = 0.19 0.67 

Pop * R F1,193 = 0.65 0.42 

Poll * Pop * R F1,192 = 0.45 0.50 
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Figure 1: Mean seed set estimated from a quasibinomial generalized linear model (Table 3) for 

the 2010 pollinator exclusion and pollen supplementation experiments at two natural populations 

of Abronia umbellata: CCOA and CMNA. Pollinators were excluded from umbels with wire 

cages covered with fine bridal veil from 0600 – 1800h, from 1800 – 0600h or not at all from 

floral anthesis until all flowers on the focal umbel had closed. Half of the umbels in each 

exclusion treatment were only exposed to natural pollination (dark circles), while the other half 

were cross-fertilized by hand (open circles). Exclusion treatment was not a significant predictor 

of seed set, so umbels from all three exclusion treatments were pooled within pollination 

treatments and populations. Sample sizes: CCOA open-pollinated = 56; CCOA pollen-

supplemented = 59; CMNA open-pollinated = 37; CMNA pollen-supplemented = 42. Each point 

is a predicted treatment mean (see Table 3) and error bars are 95% confidence intervals.  
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Figure 2: Mean seed set (seeds/ovules) estimated from a quasibinomial generalized linear model 

(Table 4) for pollinator exclusion experiments conducted in 2011 at three natural populations of 

Abronia umbellata: CMGA, CCOA, and CSPA. Pollinators were excluded from umbels with 

wire cages covered with fine bridal veil all the time (exclusion treatment A), from 1800 – 0600h 

(N), from 0600 – 1800h (D), or not at all (C) from floral anthesis until all flowers on the focal 

umbel had closed. Half of the umbels in each exclusion treatment were only exposed to natural 

pollination (dark circles), while the other half were cross-fertilized by hand (open circles). 

Sample sizes: CMGA open-pollinated A = 29, N = 29, D = 23, C = 69; CMGA pollen-

supplemented A = 28, N = 24, D = 29, C = 26; CCOA open-pollinated A = 28, N = 28, D = 25, C 

= 31; CCOA pollen-supplemented A = 28, N = 28, D = 25, C = 28; CSPA open-pollinated A = 

27, N = 29, D = 28, C = 28; CSPA pollen-supplemented A = 27, N = 29, D = 28, C = 20. Each 

point is a predicted treatment mean (see Table 4) and error bars are 95% confidence intervals. 
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Figure 3: Mean seed set (seeds/ovules) of umbels of Abronia umbellata in temporal pollinator 

exclusion and pollen supplementation experiments from the natural population CCOA in years 

2010 and 2011. Pollinators were excluded from umbels with wire cages covered with fine bridal 

veil from 0600 – 1800h (exclusion treatment D), from 1800 – 0600h (N) or not at all (C) from 

floral anthesis until all flowers on the focal umbel had closed. Half of the umbels in each 

exclusion treatment were only exposed to natural pollination (dark circles), while the other half 

were cross-fertilized by hand (open circles). Sample sizes: 2010 open-pollinated C = 17, D = 10, 

N = 13; 2010 pollen-supplemented C = 16, D = 19, N = 17; 2011 open-pollinated C = 31, D = 25, 

N = 28; 2011 pollen-supplemented C = 28, D = 25, N = 28. Each point is a raw treatment mean 

and bars represent one standard deviation. 
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Figure 4: Seed set (seeds/ovules) of Abronia umbellata umbels in within-inflorescence 

endogenous resource manipulation experiments conducted in two natural populations: CMGA, 

upper panel; and CSPA, lower panel. Half of the flowers on umbels that received the “Removal” 

treatment were removed by clipping the floral tube between the ovary and the stigma. The 

pollination treatments consisted of open pollination (“Open”), where umbels were exposed to 

natural pollination, and pollen supplementation (“Suppl”), where flowers were cross-fertilized by 

hand. Each data point represents an infructescence. Horizontal lines indicate medians, boxes 

extend to 25
th 

and 75
th
 percentiles, whiskers encompass the most extreme points or 1.5 

interquartile ranges from the box, whichever is less. Sample sizes: CMGA: CO = 24, CS = 25, 

RO = 26, RS = 27; CSPA: CO = 26, CS = 28, RO = 21, RS = 23 (note C, R = control, removal; 

O, S = open, supplemented). 
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Figure 5: Seed set (seeds/ovules) of Abronia umbellata umbels in among-inflorescence 

endogenous resource manipulation experiments conducted in two natural populations: CMGA, 

upper panel; and CMNA, lower panel. For focal umbels receiving the “Removal” treatment, all 

previous umbels on the same primary stem were removed. All umbels were exposed to natural 

pollination. Each data point represents an infructescence. Horizontal lines indicate medians, 

boxes extend to 25
th 

and 75
th
 percentiles, whiskers encompass the most extreme points or 1.5 

interquartile ranges from the box, whichever is less. Sample sizes: CMGA: 46 control, 43 

removal; CNMA: 20 control, 23 removal. 
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Figure 6: Seed set (seeds/ovules) of Abronia umbellata umbels in among-inflorescence 

endogenous resource manipulation and pollen supplementation experiment conducted in the 

natural population CSPA. For focal umbels receiving the “Removal” treatment, all previous 

umbels on the same primary stem were removed. Umbels receiving “Open” pollination were 

exposed to natural pollination, while umbels receiving “Suppl” pollination were cross-fertilized 

by hand. Sample sizes are given below treatment labels and each data point represents an 

infructescence. Horizontal lines indicate medians, boxes extend to 25
th 

and 75
th
 percentiles, 

whiskers encompass the most extreme points or 1.5 interquartile ranges from the box, whichever 

is less.
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Figure 7: Seed set (seeds/ovules) survey of seven natural Abronia umbellata populations. Each data point is seed set of an infructescence. Site 

CGBA is a population of small-flowered, self-compatible A. umbellata ssp. breviflora, while all other sites are populations of large-flowered, self-

incompatible A. umbellata ssp. umbellata. Populations are listed left to right in order of increasing latitude and sample sizes are given beneath 

population codes. Horizontal lines indicate medians, boxes extend to 25
th 

and 75
th
 percentiles, whiskers encompass the most extreme points or 1.5 

interquartile ranges from the box, whichever is less.  
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Chapter 3 

In fragrante delicto: vestigialization of attractive floral traits across a 

transition from outcrossing to selfing in Abronia umbellata 
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3.1 Abstract 

When a trait that enhanced individual fitness no longer confers as much benefit, it may 

become reduced or “vestigialized.” Floral traits (e.g. size, scent) are implicated in attracting 

animal pollinators, which may be antagonists as well as mutualists: in many moth-pollinated 

plants, pollinating adult moths oviposit on the plants and developing larvae feed on the foliage. If 

herbivory is an unavoidable cost of attracting moth pollinators, there could be selection for 

reduced attractive traits after a transition from outcrossing, where moths are both pollinators and 

herbivores, to selfing, where they are only herbivores. We studied the vestigialization of attractive 

visual and olfactory floral traits across a transition from outcrossing to selfing in the moth-

pollinated Pacific coast dune plant Abronia umbellata (Nyctaginaceae). We surveyed 12 natural 

populations (nine outcrossing, three selfing) to assess differences in flower size (floral face 

diameter and floral tube length) and floral display (number of flowers per umbel) between 

outcrossers and selfers and found that selfers have significantly smaller flowers, with floral faces 

0.6 times as wide and floral tubes 0.5 times as long as flowers of outcrossers. Selfers also have 

smaller displays, with 0.8 times as many flowers per umbel as outcrossers. Using dynamic 

headspace sampling of floral volatiles in natural populations and a common glasshouse 

environment combined with gas chromatography-mass spectrometry for their analysis, we 
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characterized the floral scent of outcrossers and selfers and quantified their emissions. Floral 

volatiles were more strongly reduced than flower size or display size: selfers emitted less than 

0.01 times as many volatiles per flower per hour as outcrossers in both sampling environments 

and this reduction was consistent across classes of volatiles. The chemical composition of floral 

volatile emissions also differed between outcrossers and selfers. The consistent reduction of floral 

volatiles with flower size that we observed in both the field and glasshouse suggests a strong 

genetic basis to this differentiation. Surveys of leaf herbivory in 10 natural populations (eight 

outcrossing and two selfing) did not support the hypothesis that outcrossers, by virtue of being 

more conspicuous than selfers, suffer greater herbivory.  

Key words: Abronia umbellata, floral attractiveness, floral volatiles, mating system transition, 

moth pollination, outcrossing, self-compatibility, self-incompatibility, selfing, trait reduction, 

vestigialization 

3.2 Introduction 

 Evolutionary change involves both the building up and tearing down of adaptive traits as 

the abiotic and biotic context experienced by a species changes. Selection can lead to the creation 

and elaboration of traits, but may also favour the reduction of existing traits that no longer confer 

fitness benefits in their current context. However other processes, like genetic drift, could also 

cause trait reduction. Although trait vestigialization may be exceedingly common, less attention 

has been paid to it than to the build-up of novel traits (Lahti et al., 2009). The best-studied 

example of vestigialization is troglomorphy, the syndrome of traits (no eyes or pigments) 

possessed by multiple animal species that have undergone a shift to cave-dwelling (Porter & 

Crandall, 2003). There are three general hypotheses for how traits become vestigialized: (1) 

fixation by drift of now-neutral mutations that reduce the trait; (2) trait reduction favoured by 
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selection because of reduced material or ecological cost(s) associated with the trait; and (3) 

release from antagonistic pleiotropy such that alleles that cause a beneficial modification of 

another trait but have negative pleiotropic effects on the focal trait can spread when the focal trait 

no longer enhances fitness (Fong et al., 1995). Over time, such traits become reduced and if the 

trait’s vestigial form proves maladaptive, it may disappear altogether (Lahti et al., 2009).  

Biotically-pollinated flowers are multimodal advertisements that combine visual, tactile, 

and chemical cues to attract pollen vectors. Outcrossing animal-pollinated plants invest in 

producing a variety of attractive signals to promote cross-fertilization by pollinators, and their 

configuration and covariation may be shaped by pollinator-mediated selection. The different 

signaling modalities often have different effects (i.e. long- vs short-range attraction) and may 

vary in importance temporally; some may be more important during the day and others more 

important during the evening. There is also growing evidence that not only mutualists, but also 

antagonists, exert selection on floral traits (Adler & Bronstein, 2004). The same traits that attract 

pollinators also make plants apparent to herbivores, and in some cases pollinators are also 

herbivores (Bronstein et al., 2009). Altermatt and Pearse (2011) demonstrated that 54% of adult 

Lepidoptera species in Europe include their larval host plant species as a source of nectar and 

adults nectar-feed on their larval host plant significantly more often than would be expected if 

they fed on available nectar sources at random, further evidence of a link between pollination and 

herbivory by larvae of pollinating species. 

Floral scent is especially important for night-blooming plants that attract nocturnal 

animals (e.g. moths, bats) in dim light conditions when flowers have less visual contrast with 

their surroundings. The nocturnal hawkmoths (Sphingidae) provide the best-known examples of 

trade-offs between pollination and herbivory by the same species (Adler & Bronstein, 2004). In 
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the plant Datura wrightii, Manduca sexta pollinators are also herbivores: females oviposit on the 

plants and developing larvae feed on the foliage. Experimentally-increased nectar reward was 

associated with higher oviposition rates which could translate into more herbivory (Adler & 

Bronstein, 2004). Plants of Nicotiana attenuata appear to escape herbivory by changing 

pollinators: after being exposed to herbivory by Manduca sexta larvae, plants produced a greater 

proportion of morning-opening flowers that are pollinated by hummingbirds (Kessler et al., 

2010). Interestingly, this shift was not only phenological: night-opening flowers emitted a large 

pulse of the moth-attractant volatile benzyl acetone, but morning-opening flowers did not 

(Kessler et al., 2010).  

A shift from outcrossing to selfing is one of the most common evolutionary transitions in 

plants (Stebbins, 1974; Busch, 2005). As the proportion of ovules self-fertilized increases, the 

pay-off, through female and male fitness, of investing in attractive traits is greatly reduced. If 

there are material or ecological (e.g. herbivory) costs associated with these attractive traits, we 

expect selection to favour trait reduction. As a result, selfing taxa very often have smaller petals 

and other attractive floral structures than closely related outcrossing taxa (Ornduff, 1969). This 

widespread trend was reviewed recently by Goodwillie et al. (2010), who found a strong 

correlation between the degree of outcrossing as estimated using genetic markers and the product 

of floral size and floral display among 154 species of angiosperms. The correlation also exists 

both among closely-related species (e.g. Ornduff & Crovello, 1968; Wyatt, 1984; Ritland & 

Ritland, 1989; Johnston & Schoen, 1996; Goodwillie, 1999; Armbruster et al., 2002) and among 

populations within single species (e.g. Lyons & Antonovics, 1991; Goodwillie & Ness, 2005; 

Dart et al., 2012). However, relatively few morphological traits have been studied in this context, 

and very little is known about how the allometric relations among traits change during a shift to 
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selfing; are some traits reduced much more than others? Moreover, some important and 

conspicuous components of floral display, colour and fragrance in particular, remain virtually 

unstudied (Button et al., 2012). Finally, the ecological consequences of reduced floral attraction 

with respect to floral antagonists are poorly understood (but see Kessler et al., 2010). 

Study system 

Abronia umbellata Lam. (Nyctaginaceae) is a predominantly annual Pacific coast dune 

endemic that grows prostrate on open sandy habitat, with multiple stems radiating from a central 

rootstock. As the species name implies, inflorescences are umbellate with an average of 15 

flowers per umbel (L. A. D. Doubleday, unpublished data). Fruits are tough, winged diclesia. 

Based on variation in flower size and self-compatibility, A. umbellata is currently subdivided into 

two subspecies: large-flowered ssp. umbellata and small-flowered ssp. breviflora (Standl.) Munz. 

The nominate subspecies umbellata is found from Baja California, Mexico to the San Francisco 

Bay in California and is strongly self-incompatible (with the exception of some self-compatible 

individuals in populations in Baja California, Mexico; Darling et al., 2008) and emits a strong, 

sweet fragrance in the evening (Tillett, 1967). Subspecies breviflora consists of populations north 

of the San Francisco Bay where plants produce flowers that are highly self-compatible and much 

smaller. Although genetic estimates of the mating system are not available for either subspecies, 

strong self-incompatibility combined with pronounced reverse herkogamy (stigma recessed 

within floral tube, anthers close to floral face) within flowers probably results in very high levels 

of outcrossing in ssp. umbellata, and self-compatibility combined with close proximity of 

receptive stigmas and dehiscing anthers within a very narrow abbreviated floral tube likely results 

in the self-fertilization of an extremely high proportion of seeds in ssp. breviflora (Darling et al., 
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2008). Hereafter, plants and populations of ssp. umbellata will be referred to as outcrossing and 

plants and populations of ssp. breviflora will be referred to as selfing. 

 The narrow, tubular perianths, evening emission of a sweet floral fragrance, and reverse 

herkogamy of outcrossing populations of A. umbellata suggest pollination by crepuscular or 

nocturnal moths (Tillett, 1967). Although flowers are visited by diverse taxa both during the day 

and at night, temporal pollinator exclusion experiments demonstrated that nocturnal pollinators 

are responsible for nearly all seed production in some years. We have previously found (Chapter 

2) that there was no difference in seed set of day-bagged (night-pollinated) and night-bagged 

(day-pollinated) umbels in one year, but that day-bagged umbels had 5.2 times higher seed set 

(mean  ± 1SE = 0.099 ± 0.021 seeds per ovule) than night-bagged umbels (0.019 ± 0.006 seeds 

per ovule) in the next year (2011). In that year, seed production by day-bagged umbels was on par 

with seed production by umbels that were available to pollinators at all times. This work also 

demonstrated that a variety of nocturnal moths visit flowers in outcrossing populations of A. 

umbellata (mostly noctuids, but also some sphingids, geometrids, and pyralids), and that these 

populations are strongly pollen-limited. Anecdotal reports from local naturalists suggest that 

pollinating moths might also be herbivores in outcrossing populations of A. umbellata: females 

oviposit on plants and developing larvae feed on the foliage (C. Sandoval, personal 

communication). If true, outcrossing plants would be faced with conflicting selection pressures: 

simultaneously needing to attract pollinating insects and avoid herbivores. Floral volatiles attract 

pollinators, but they can also make a plant more apparent to herbivores (Baldwin, 2010) and, in 

this case, one or more of the key pollinators may be herbivores. 

In this study, we explore vestigialization of flower size, floral display, and floral scent, 

three components of floral attractiveness, across a shift from outcrossing to selfing in A. 
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umbellata. First, we survey floral morphology in natural populations across the species’ 

geographic range to determine the extent to which outcrossing and selfing populations are 

differentiated for flower size and floral display. Next, we characterize and contrast the floral 

fragrances of outcrossing and selfing plants using dynamic headspace samples collected from 

living plants in natural populations and from a common garden in the glasshouse. We compare 

emission rates and composition of floral scents between outcrossers and selfers and test them 

against the null hypothesis that emission is simply reduced in selfers in proportion to the 

reduction in flower size and display size. We compare trends in the field with those observed in 

the glasshouse to test the hypothesis that geographic differentiation in scent emission and 

composition has a genetic basis. We survey leaf herbivory in natural populations to evaluate the 

potential for an ecological cost of moth attraction. We predict a decline in herbivory 

commensurate with any reduction in attractive floral traits. If herbivory is a cost of volatile 

emissions, we expect compounds associated with moth attraction to be strongly reduced or absent 

from the floral scent of selfing plants. 

3.3 Methods 

Floral Morphology 

We randomly collected one umbel from at least 30 plants in each of nine outcrossing 

populations and three selfing populations (Appendix D). Here, a population is defined as plants 

growing on a dune system isolated from other dune systems by at least 5 km, usually much more. 

As an estimate of floral display, we counted the number of flowers per umbel, and used calipers 

to measure (to 0.01 mm) two dimensions of flower size: diameter of floral face and floral tube 

length (distance from top of ovary to bottom of floral face) on two flowers per umbel. A total of 
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five observers made measurements across the two years of surveys (2010 & 2011). Each 

measurement was made twice to allow estimation of measurement error, which accounted for 

only 0.49% of the total phenotypic variation in floral face diameter and 0.29% of the total 

phenotypic variation in floral tube length (Appendix E). We modeled variation in floral face 

diameter, floral tube length, and number of flowers per umbel using linear mixed-effects models 

implemented with the lme function of the nlme: Linear and Nonlinear Mixed Effects Models 

Package (version 3.1-104; Pinheiro et al., 2012) in the statistical software R (version 2.15.1, R 

Development Core Team, 2012). For floral face diameter and floral tube length, we used values 

averaged across replicate measurements for each flower as the response, subspecies was a fixed 

effect, and random effects consisted of population nested within subspecies, umbel nested within 

population, and flower nested within umbel (the residual error). For number of flowers per umbel, 

subspecies was a fixed effect and population nested within subspecies and umbel nested within 

population (residual error) were random effects. We used likelihood ratio tests to test for the 

significance of the fixed effect (subspecies). When comparing models with different fixed effects, 

we estimated the parameters using maximum likelihood as opposed to restricted maximum 

likelihood (REML) as suggested by Zuur et al. (2009). We estimated our final models using 

REML to correctly estimate the random variances (Zuur et al., 2009). 

Floral Volatiles 

Common Glasshouse Environment 

We sampled seed from 16 natural populations that had been collected in the years 2002, 

2003, 2009, and 2010. Because a large proportion of diclesia from outcrossing populations do not 

contain seeds (74% of diclesia are empty, on average; L. A. D. Doubleday, unpublished data), 

maternal families from each population were selected if they yielded at least one undamaged 
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filled seed. Because germination success was low, (~ 5%, L. A. D. Doubleday, personal 

observation; Kaye, 1999), we only obtained successful germinants from 12 populations (seven 

outcrossing and five selfing). We removed field-collected seed from their tough diclesia 

following Kaye (1999) and cold-stratified them in the dark for two weeks at 4°C on filter paper 

moistened with tap water in Petri dishes before moving seeds to a germination cabinet with a 12-

hour photoperiod of low light (50µE), with a temperature of 28°C during the day and 20°C at 

night, and 75% humidity. Once a germinant’s radicle grew ≥ 1 cm long, we transplanted the 

seedling to a 7.5-cm pot filled with a 50:50 mix of potting soil (ProMix
®
 Bx, Premier Tech 

Horticulture, Rivière-du-Loup, QC, Canada) and Turface
®
 MVP

®
 calcined clay (Turface 

Athletics
™

, PROFILE Products LLC, Buffalo Grove, IL, USA). Seedlings were treated with the 

fungicide No-Damp (Oxine benzoate 3.2%, Plant Products Co. Ltd., Brampton, ON, Canada) at 

the time of transplanting to prevent damping off. Once seedlings had reached the four-leaf stage, 

they were transplanted to 15-cm pots filled with the same growth medium. Plants were grouped in 

cohorts based on germination date, individuals within cohorts were randomized on a glasshouse 

bench, and cohorts were randomized across the glasshouse benches. The glasshouse was 

generally maintained at a minimum of 20°C and a maximum of 26°C, and ≥ 40% humidity 

(maintained with misting when required) and 14 h light/day, supplemented with 1000W high-

pressure sodium lights when required. To control thrips, plants were occasionally treated with the 

general insecticide Trumpet 80WP (Bendiocarb, Plant Products Co. Ltd., Brampton, ON, 

Canada). 

We collected dynamic headspace samples of floral volatiles (Raguso & Pellmyr, 1998) 

from plants from seven outcrossing populations and five selfing populations (mean = 7.9 

plants/population, range = 1–39) from May to December 2011 (Appendix D). Plants were chosen 
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for fragrance collection opportunistically given that they possessed adequate numbers of 

inflorescences in flower. We used PAS-500 Micro Air Samplers (Spectrex Coporation, Redwood 

City, CA, USA) and adsorbent traps consisting of glass Pasteur pipettes containing 10mg of 

Porapak™ Q (#20331, Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) to collect volatiles. 

Nylon resin bags (Reynolds
®
 Oven Bags, Reynolds Kitchens, Richmond, VA, USA) cut to 11 cm 

by 13 cm enclosed the sampled inflorescences to concentrate the volatiles. We collected volatiles 

from two umbels of each large-flowered plant and four umbels of each small-flowered plant, 

allowing us to roughly standardize the fresh biomass being sampled between subspecies (based 

on a regression between number of umbels and fresh mass). To distinguish floral volatiles from 

background contaminants and vegetative volatiles, we collected ambient air controls and 

headspace samples from inflorescences still in bud (1–6 d from first anthesis) each time we 

sampled. We collected samples from 1845–2015 h, because qualitative observations (human 

nose) clearly indicated that scent emission was strongest in the evening and negligible at other 

times for A. umbellata. We eluted volatiles from the scent traps with 300 μL of hexane 

(Chromasolv for HPLC ≥ 95%: #270504, Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) 

immediately after the sampling period, into 0.25 mL glass inserts (#24701, Sigma-Aldrich 

Canada Ltd., Oakville, ON, Canada) placed inside 1.5 mL amber glass autosampler vials (Sigma-

Aldrich Canada Ltd.: vials: #z291641; screw-thread caps: #z291668; septa: #27191, Oakville, 

ON, Canada), then stored the eluted samples at 4°C until they could be transferred to a freezer at 

–20°C. At the end of the sampling period we weighed the fresh umbels (to 0.1 mg), dried each at 

~25°C for several weeks and weighed the dried tissue (to 0.1 mg).   
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Field Collections 

In June and July 2011, we collected dynamic headspace samples from naturally–

occurring plants at five populations, (four outcrossing and one selfing) along the coast of 

California, USA (Appendix D). Four of these natural populations were also represented in the 

glasshouse (populations CMGA, CCOA, CMNA, and CGBA). We collected samples in the same 

manner as above, for about 1.5 h between 1840–2100h while noting the duration of collection for 

each sample. To estimate emission rates per gram of fresh biomass, we collected all sampled 

umbels and dried them at ambient temperature in a plant press until they could be weighed. We 

estimated the fresh mass of tissues sampled in the field using the equation for the linear 

regression (forced through the origin) between fresh and dry mass for the umbels sampled in the 

glasshouse (outcrossers: fresh mass (g) = 6.4619*dry mass (g), R
2
 = 0.727; selfers: fresh mass (g) 

= 5.9571*dry mass (g), R
2
 = 0.895). We immediately eluted scent traps with hexane as above and 

stored the eluted samples on ice until they could be transferred to –20°C. 

In both the field and glasshouse, our sampling schemes were unbalanced (details in 

Appendix D). In the field, it was difficult to gain access to selfing populations because A. 

umbellata ssp. breviflora shares its habitat with the endangered western snowy plover 

(Charadrius alexandrinus nivosus), is heavily managed, and is itself listed as endangered in 

Oregon (Oregon Department of Agriculture, 2012). As such, we were only able to collect samples 

of floral volatiles from seven individuals in a single natural selfing population. In the glasshouse, 

germination was very protracted and we had little control over how many germinants we obtained 

from each population and from each seed family within each population. However, the 

consistently large difference we observed between outcrossers and selfers in both the field and 
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glasshouse suggests (see below) that this lack of balance does not hamper the interpretation of our 

results. 

Gas chromatography-mass spectrometry of floral volatiles 

We concentrated samples to a volume of 50 μL using a flow of nitrogen gas and added 5 

μL of 0.03% toluene in hexane as an internal chromatographic standard. Samples were analyzed 

on a Shimadzu GC-17A gas chromatograph equipped with a QP5000 quadrupole mass 

spectrometer as a detector (Shimadzu Corporation, Canby, OR, USA). We introduced 1 μL 

aliquots of hexane-eluted scent samples into the injection port at 240°C using splitless injection, 

then separated component peaks on a polar EC-wax fused capillary GC column (W. R. Grace & 

Associates, Wawkeegon, IL, USA) using the following temperature program optimized for peak 

separation and total run time: hold at 40°C for 2 min, then increase by 20°C per min from 40°C to 

110°C, by 10°C per min from 110°C to 230°C, and by 20°C per min from 230°C to 260°C, then 

hold at 260°C for 3 min. 

We generated Kovats retention indices (KI) for the 23 compounds present in our samples, 

using the retention times for authentic alkane standards (alkanes from C8 – C36) on the same GC 

column and temperature program. Volatile identifications were verified by matches to mass 

spectral libraries (all compounds; Adams, 2006; computerized NIST & Wiley libraries), co-

injection of authentic standards (13 compounds), and comparison of retention time and mass 

spectrum with published KI and mass spectra for all GC peaks (all compounds). We generated 

external standard calibration curves using 5-point serial dilutions (0.1 to 0.00001 mg/mL) of 

authentic standards in hexane to calculate accurate emission rates for each compound. When 

standards were not available, we used a placeholder compound with a similar retention index 

under our GC program (after Raguso et al., 2003). We first calculated the mass of volatiles (ng) 
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emitted per hour, standardized by amount of toluene, our internal standard, to control for small 

differences in final sample volume (Appendix F). We then calculated the amount of volatiles 

emitted per hour per flower, for comparison with differences in floral organs between selfers 

described above. Lastly, we calculated emission rates per gram of fresh inflorescence tissue 

sampled.  

Because of our unbalanced sampling scheme, we pooled samples across populations 

within each subspecies (selfing vs. outcrossing) for analysis. Our field and glasshouse samples 

involved different sets of populations and different sample sizes, so samples from each 

environment were analyzed separately when comparing selfers and outcrossers. We tested for a 

difference in emission rates between plants from selfing populations vs. those from outcrossing 

populations using randomization tests on emission rates (adjusted for length of collection and 

number of flowers or fresh mass of tissue sampled) because of an extremely non-normal 

distribution of values. We calculated the mean total emission rates and the observed differences 

in emission rates between selfers and outcrossers, and then randomly reshuffled emission rates 

among all plants sampled and recalculated the difference in emission rate between selfers and 

outcrossers , repeating this process 10,000 times. The observed difference was considered 

significant if it was ≥ 95% of the differences calculated from randomized data. Different classes 

of compounds are products of different biosynthetic pathways and may have different ecological 

functions, so we also decomposed total emissions into the three major classes of compounds 

present: benzenoids, terpenoids, and cinnamics, and compared differences between selfers and 

outcrossers for each compound class separately using randomization tests as above. We were 

interested in whether emission rates were conserved across sampling environments (field vs. 

glasshouse), so we performed separate randomization tests (as above) between the two 
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environments on selfers and outcrossers, testing total emissions and benzenoid, terpenoid, and 

cinnamic emissions. 

We tested for differences in relative scent composition between selfers and outcrossers by 

calculating Bray-Curtis similarity indices for distance measures between pairs of samples and 

performing permutational multivariate analysis of variance on these distances using the adonis 

command in version 2.0-2 of the vegan: Community Ecology Package (Oksanen et al., 2011) in 

R. This procedure tests whether there are significant compositional differences among pre-

specified groups (subspecies or sampling environment in our case) (Oksanen et al., 2011).  

Herbivory 

 To examine a potential ecological cost of floral attractiveness in A. umbellata, we 

surveyed leaf herbivory in 10 natural populations (eight outcrossing and two selfing; Appendix 

D). A single observer randomly selected one stem on randomly-selected plants and inspected the 

leaves at the third, fifth, seventh, and ninth nodes from the growing tip for evidence of herbivory, 

which was scored as 1 if damaged and 0 if undamaged (n = 4 leaves/plant when branches had at 

least nine nodes, except for population CCOA where only the 5
th
, 7

th
, and 9

th
 nodes were 

sampled). We tested for a difference in proportion of leaves at each node with herbivore damage 

between subspecies by modeling whether leaves were damaged or not as a binary response 

variable using quasibinomial generalized linear models in R with subspecies as a predictor and 

damage at a particular node as the response. We pooled populations within subspecies for these 

analyses and took this approach because of non-independence between data for different nodes 

(because we sampled multiple nodes per individual), because we did not always have a complete 

set of data for each individual, and because we did not have enough power to nest population 

within subspecies as a random effect (only two selfing populations were surveyed).  
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3.4 Results 

Floral Morphology 

Flowers sampled from selfing populations have floral faces 0.58-fold narrower in 

diameter (mean ± 1 SE = 5.99 ± 0.61 mm, n = 200 flowers) than those from outcrossing 

populations (mean ± 1 SE = 10.37 ± 1.37 mm, n = 1732 flowers; effect of subspecies LR = 7.69, 

P = 0.006; Figure 1). This amounts to a 0.31-fold difference in the projected area of the face of 

the flower. Flowers of selfing plants possess 0.47-fold shorter floral tubes (6.23 ± 0.44 mm, n = 

200 flowers) than those of outcrossing plants (13.27 ± 0.97 mm, n = 1732 flowers; LR = 10.98, P 

< 0.0001; Figure 2). Umbels from selfing populations consist of 0.85 times fewer flowers (13.30 

± 2.01, n = 100 umbels) than umbels from outcrossing populations (15.63 ± 1.13, n = 866 

umbels; LR = 4.79, P = 0.029; Figure 3). Populations on either side of the San Francisco Bay are 

strongly differentiated for floral face diameter and floral tube length: only 0.12% of flowers from 

outcrossing populations had floral tubes as short or shorter than the longest-tubed flower from a 

selfing population, while 11.72% of outcrossers had floral faces as narrow or narrower than a 

selfer.  

Floral Volatiles 

We identified 23 different chemical compounds in our floral volatile samples: eight 

benzenoids, 11 terpenoids, three cinnamics, and one lactone (Table 1). Total floral volatile 

emission was reduced dramatically in selfers across both sampling environments (Figure 4). 

Selfers emitted 0.0094-fold fewer total volatiles per flower per hour (mean ± 1 SE = 0.044 ± 

0.020 ng/flower/hour) than outcrossers (4.659 ± 0.516) in the field (randomization P < 0.0001) 

and 0.0076-fold fewer total volatiles per flower per hour (0.042 ± 0.0008) than outcrossers (5.504 

± 0.167) in the glasshouse (P < 0.0001). In terms of volatiles emitted per gram of fresh tissue, 
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outcrossing plants emitted (mean ± 1SE) 18085.67 ± 2412.98 ng/hr/g of volatiles in the field and 

29209.56 ± 5230.13 ng/hr/g in the glasshouse, significantly more than selfing plants, which 

emitted 170.41 ± 69.49 ng/hr/g in the field (P < 0.0001) and 572.44 ± 94.23 ng/hr/g in the 

glasshouse (P < 0.0001). This amounted to a 0.0094-fold difference in total emission rate per 

gram of tissue sampled between subspecies for our field samples and a 0.0020-fold difference in 

the glasshouse. The per-flower and per-gram differences were comparable for the field samples, 

but not for the glasshouse. This may have occurred because, in the field, the total fresh biomass 

sampled from selfers was 1.08 times heavier than the total fresh biomass sampled from 

outcrossers (selfers: mean ± 1 SE = 0.8666 ± 0.0531 g; outcrossers: 0.7991 ± 0.0512 g), while in 

the glasshouse the total fresh biomass sampled from selfers was 0.71 times as heavy as the tissue 

sampled from outcrossers (selfers: 0.3392 ± 0.0108 g; outcrossers: 0.4809 ± 0.0264 g) and the 

difference in the number of flowers sampled from selfers and outcrossers was also larger in the 

glasshouse (1.96-fold difference; selfers: mean ± 1SE = 48.26 ± 0.72 flowers; outcrossers: 24.64 

± 0.85 flowers) than in the field (1.36-fold difference; selfers: 39.14 ± 1.71 flowers; outcrossers: 

28.82 ± 1.07 flowers). 

The same trend held when we decomposed total scent emissions into benzenoid, 

terpenoid, and cinnamic emissions, the major compound classes we observed (Figure 5). In the 

field, selfers emitted, on a per-flower basis, 0.0086 times fewer nanograms of benzenoids 

(randomization P < 0.0001), 0.0126 times fewer nanograms terpenoids (P < 0.0001), and much 

fewer nanograms of cinnamics (P = 0.0003; we did not detect any cinnamics in field samples 

from selfers) than outcrossers. In the glasshouse, selfers emitted 0.0062 times fewer nanograms of 

benzenoids (P < 0.0001), 0.0090 times fewer nanograms of terpenoids (P < 0.0001), and 0.0070 

times fewer nanograms of cinnamics (P < 0.0001). The differences were very similar for 
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emission rates controlled for fresh mass of tissue sampled. In the field, selfers emitted 0.0083 

times fewer benzenoids per gram of fresh mass (randomization P < 0.0001), 0.0129 times fewer 

terpenoids (P < 0.0001), and much fewer cinnamics (P < 0.0001). In the glasshouse, outcrossers 

emitted 0.0187 times fewer benzenoids (P < 0.0001), 0.0211 times fewer terpenoids (P < 0.0001), 

and 0.0213 times fewer cinnamics (P < 0.0001) than outcrossers.  

There was a significant difference in scent composition irrespective of emission rates 

between outcrossers and selfers in both field (R
2 
= 0.20, P < 0.0001) and glasshouse; (R

2 
= 0.17, P 

= 0.0001; Figure 6). Scent composition also differed significantly within each subspecies between 

field and glasshouse environments (outcrossing: R
2 
= 0.27, P < 0.0001; selfing: R

2
 = 0.05, P = 

0.0067; Figure 6). There were many differences in the mean relative percent composition of floral 

fragrances between outcrossers and selfers and between plants sampled from the field and the 

glasshouse (Appendix G).  

Mean total emission by outcrossers was 1.6 times higher per gram of fresh mass in the 

glasshouse than in the field (randomization P = 0.04; Figure 7) and mean total emission by selfers 

was 3.4 times higher in the glasshouse than the field (P = 0.02; Figure 7). This difference is 

largely attributable to higher terpenoid emissions by glasshouse-grown plants of both mating 

types (Figure 5). Within both the outcrossers and the selfers, significantly more terpenoids were 

emitted in the glasshouse than in the field (outcrossers P = 0.0002; selfers P < 0.0001), but there 

were no significant differences in benzenoid (outcrossers P = 0.49; selfers P = 0.40) or cinnamic 

emission (outcrossers P = 0.44; selfers P = 0.69) between environments.  

Herbivory 

For selfing plants, 21.92% of the leaves at the third node, 34.21% of leaves at the fifth 

node, 60.42% of leaves at the seventh node, and 69.70% of the leaves at the ninth node were 
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damaged, compared with 27.27% of third-node leaves, 35.01% of fifth-node leaves, 42.59% of 

seventh-node leaves, and 46.86% of ninth-node leaves for outcrossing plants (Figure 8). 

Outcrossers did not display a higher proportion of damaged leaves: there was no difference 

between subspecies at the third (F1,1345 = 1.15; P = 0.28) and fifth (F1,1702 = 0.02; P = 0.89) nodes, 

and, unexpectedly, selfing plants showed significantly more herbivory at the seventh (F1,1558 = 

5.95; P = 0.02) and ninth nodes (F1,1367 = 6.85; P = 0.009) than outcrossers.  

3.5 Discussion 

Reduction of flower size and floral display 

It is generally expected that attractive floral traits become reduced (i.e. vestigialized) after 

a shift from outcrossing to selfing (Ornduff, 1969). Hundreds of plant genera contain relatively 

small-flowered putatively selfing taxa that are assumed to have been derived from large-flowered 

outcrossing ancestors (Stebbins, 1974; Jain, 1976). The magnitude of flower size reduction is 

expected to relate to the mating system differential between so-called “selfing” and “outcrossing” 

populations. Few studies have quantified the extent of trait reduction between populations among 

which mating system differentiation was measured using genetic markers. Morgan and Barrett 

(1989) found that perianths were 1.2 times heavier for outcrossing (mean t = proportion of seed 

outcrossed = 0.99) than selfing populations (mean t = 0.11) and that outcrossers produced 1.7 

times more flowers on average. Dart et al. (2012) found a 2-fold reduction in corolla width 

between large-flowered self-incompatible populations of Camissoniopsis cheiranthifolia (mean t 

= 0.82) and small-flowered self-compatible populations (mean t = 0.33). Other studies have 

contrasted floral traits between populations thought to be strongly diverged in mating system. Elle 

and Carney (2003) found a 2.5-fold difference in flower width between the most extreme 

populations of Collinsia parviflora and larger flowers were visited much more frequently by 
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pollinating insects. In Clarkia xantiana, petals of outcrossers are 2.6-times longer and 3.2-times 

wider than those of selfers (Moore & Lewis, 1965). In the only previous study to combine 

measurements of flower size and floral volatiles, Raguso et al. (2007) documented a 3.0-fold 

reduction of flower width and an 11-fold reduction of scent per flower (3.5-fold reduction per 

gram of fresh mass) between putatively-outcrossing and putatively-selfing subspecies of 

Oenothera flava. Although we do not have genetic estimates of A. umbellata’s mating system, 

selfers autonomously set seed under pollinator-free glasshouse conditions while outcrossers do 

not (L. A. D. Doubleday & C. G. Eckert, personal observation) and the 0.58-fold reduction of 

floral face diameter, 0.47-fold reduction of floral tube length, and significant reduction of 

herkogamy (Darling et al., 2008) are in line with findings from studies that combine 

morphological measurements with genetic mating system estimates of highly outcrossing and 

highly selfing populations (e.g. Dart et al., 2012). We do not have morphological measurements 

for glasshouse-grown plants, but our experience growing over 100 plants from seven outcrossing 

populations and five selfing populations suggests that flower size is likely to have a strong 

genetic basis in A. umbellata. 

Reduction of floral scent 

We documented a dramatic reduction in volatile emissions by selfing compared to 

outcrossing A. umbellata, with outcrossers emitting more than 100 times as much total scent as 

selfers on a per-flower basis. This is a much greater difference than the comparatively modest 

differences in aspects of flower size and display between outcrossing and selfing populations. 

Previous studies of floral scent chemistry that have documented the evolution of “scentless” or 

weakly-scented flowers focused on the transition to bird-pollination (Knudsen et al., 2004), not 

the reduction of scent associated with a shift to selfing that we describe here. This is the first 
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account of floral volatiles for any Abronia species, but the floral volatiles of several other 

members of the Nyctaginaceae, many of which are moth-pollinated, have been studied (Levin et 

al., 2001). There is clearly evolutionary lability in volatile production among the Nyctaginaceae 

and differences in the magnitude of floral scent emission are most extreme at the coarsest 

taxonomic level (between genera), as expected, where there has been the most time for 

evolutionary divergence. For example, Acleisanthes acutifolia was the most strongly scented of 

the 20 species from the Nyctaginaceae sampled by Levin et al. (2001), emitting 14388.5 times 

more floral volatiles (corrected for floral mass) than the most weakly-scented species sampled: 

Mirabilis greenei. Within the three genera studied by Levin et al. (2001), Mirabilis species 

showed the greatest emission differential, with the most strongly-scented species emitting 1894.5 

times more floral scent than the most weakly-scented species. In Acleisanthes, the most strongly-

scented species emitted 55.3 times more floral scent than the most weakly-scented species and in 

Selinocarpus, the most strongly-scented species emitted 392.0 times more floral scent than the 

most weakly-scented species (Levin et al., 2001). Our finding of a 100-fold volatile emission 

difference within A. umbellata, a single species, is comparable to differences observed among 

species within other genera of Nyctaginaceae. One possible explanation for this extreme 

reduction of floral volatile emissions in selfing A. umbellata is that this trait may have been under 

strong selection, given the likely recent divergence of the selfing and outcrossing subspecies.  

The floral volatile emissions of outcrossing and selfing A. umbellata have different 

chemical compositions, but because of the extreme differences in emission rates between 

outcrossers and selfers and the extremely low emissions of selfers in general, the importance of 

this result is unclear. Because of the low emission rates of selfers, it is possible that the chemical 

composition of their floral volatiles could fluctuate dramatically simply because many 
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compounds may be emitted at levels close to the threshold of detection. However, previous 

studies have shown differences in the composition of floral volatiles between subspecies of other 

plant species in the context of potential attraction of different pollinating fauna. Johnson et al. 

(2005) showed differences in the composition of floral volatiles between two sexually-deceptive 

subspecies of Disa spathulata with different morphologies and different species of specialist 

Anthrephorid bee pollinators. Chess et al. (2008) reported significant differences in floral volatile 

composition between vespertine moth-pollinated and diurnal bee- and fly-pollinated subspecies of 

Linanthus dichotomus that are geographically isolated. Suchet et al. (2011) described 

compositional differences in the floral volatile profiles of two subspecies of Antirrhinum majus 

that differ in flower colour, which may be more or less attractive to the Bombus and Xylocopa 

bees that visit them.  

We found that benzyl acetate, a compound commonly associated with moth pollination 

(Knudsen & Tollsten, 1993; Raguso & Pichersky, 1995), dominates the spectrum of floral 

volatiles emitted from outcrossing A. umbellata and also makes up a substantial fraction of the 

volatiles emitted by selfers (Appendix G). Indeed, benzyl acetate is an effective moth attractant; it 

can be used as a chemical lure to increase trap catch of alfalfa looper moths (Autographa 

californica: Landolt et al., 2006). Electroantennography has shown benzyl acetate to be one of 

the most effective antennal stimulants for field-collected male Sphinx perelegans hawkmoths 

(Raguso & Light, 1998). However, benzyl alcohol is even more commonly associated with 

hawkmoth-attraction and was not a major component of our samples from A. umbellata 

(Appendix G), but benzyl alcohol is a precursor of benzyl acetate, which can be derived through 

the action of the acetyl-CoA:benzyl alcohol acetyltransferase enzyme (Dudareva & Pichersky, 

2006). Strikingly, nerolidol and 2-phenylethanol, two classic moth pollination compounds 
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(Knudsen & Tollsten, 1993; Miyake et al., 1998), did not appear in our samples at all (Table 1). 

Levin et al. (2001) found 2-phenylethanol in 11 species of Nyctaginaceae: four species of the 

genus Acleisanthes; two of Mirabilis; and five of Selinocarpus. Nerolidol epoxyaceate was the 

only form of nerolidol that Levin et al. (2001) identified in the Nyctaginaceae and it was only 

observed in one species: Acleisanthes wrightii. 

Moth-pollinated flowers can be differentiated into those pollinated by larger-bodied 

sphingids versus those pollinated by smaller noctuids by their morphologies and volatile 

emissions. Sphingophilous (sphingid moth-pollinated) flowers tend to be deeper, with functional 

depths greater than 3 cm, while phalaenophilous (noctuid moth-pollinated) flowers have 

functional depths of less than 3 cm (Knudsen & Tollsten, 1993). In our study, outcrossers had 

floral tubes 1.337 cm long on average, so we would classify A. umbellata as phalaenophilous. 

Chemically, the presence of oxygenated sesquiterpenes and nitrogen-containing compounds in 

the floral volatiles of a moth-pollinated taxon tends to indicate sphingophily: of seven studied 

sphingophilous taxa (members of the Rubiaceae, Scrophulariaceae, Solanaceae, and 

Zingiberaceae), six emitted at least one oxygenated sesquiterpene and five emitted at least one 

nitrogen-containing compound (Knudsen & Tollsten, 1993). We did not identify any oxygenated 

sesquiterpenes or nitrogen-containing compounds in the floral volatile spectrum of A. umbellata. 

Pollinator observations have shown that A. umbellata is visited by moths from at least four 

families (Geometridae, Noctuidae, Pyralidae, and Sphingidae), and that noctuids and sphingids 

are likely to be effective pollinators, given their tongue lengths (Tillett, 1967; L. A. D. 

Doubleday, unpublished data). Combining these pollinator observations with floral morphology 

and our chemical analysis of floral scent, we have consistent evidence that outcrossing 
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populations of A. umbellata are chiefly pollinated by moths; noctuids may be most important, as 

flower shape and floral scent would suggest. 

Differences between sampling environments 

The striking difference in overall emission rate between selfing and outcrossing A. 

umbellata and the differences in emission rates of the three major volatile classes were observed 

in both the field and a common glasshouse environment. This strongly suggests that the 

differentiation in volatile emission between selfers and outcrossers has a genetic basis. However, 

we also detected differences in volatile emission between environments. Glasshouse-sampled 

flowers of both subspecies emitted more scent overall and more terpenoids, in particular, than 

flowers sampled in natural populations. To our knowledge, no studies have examined differences 

in volatile emissions between plants from natural populations and plants grown in artificial 

common gardens. There are many differences between the growing conditions in the field versus 

glasshouse that could have contributed to the emission differences we observed. In the 

glasshouse, our substrate was a 50:50 mixture of ProMix
®
 potting soil and Turface Athletics

TM
 

calcined clay, compared to sand in natural populations. Plants became severely pot-bound in the 

glasshouse as evidenced by extremely tightly-packed root masses that held the shape of their pots 

after being removed from them (n = 23, L. A. D. Doubleday, personal observation), potentially 

eliciting stress responses which could alter plant biochemistry. In the glasshouse, plants were 

fertilized and watered on a regular schedule, potentially receiving more nutrients and water than 

they would under natural conditions. Soil amendments can lead to increased terpene emissions. 

Ormeño et al. (2009) found that Rosmarinus officinalis and Quercus coccifera both emitted more 

terpenes after they had been supplemented with a moderate amount of compost (50 t ha
–1

), but 

that unamended controls and plants from plots that had received the maximum compost dose (100 
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t ha
–1

) did not differ in terpene emissions. Terpenoids are ubiquitous and diverse plant volatiles, 

emitted by both vegetation and flowers, and are associated with direct plant defences as well as 

indirect signals in defence against herbivores (Cheng et al., 2007). We observed pathogen 

damage to leaves in the glasshouse that we did not observe in the field and the increased 

terpenoid emissions we observed in the glasshouse could be implicated in a response to being 

challenged by pathogens. Higher nutrient availability may also have allowed glasshouse-grown 

plants to emit more volatiles in total. Although there were differences in emission rates and scent 

composition within subspecies between the field and glasshouse, major trends were conserved 

across both environments.  

Costs of attractiveness 

The reduction in floral volatile emissions that we observed across a shift from 

outcrossing to selfing in A. umbellata was much more extreme than the reduction in flower size 

and display, which would seem to suggest that the material or ecological costs of emitting floral 

scent are particularly high, or that the benefits attenuate more strongly with increased selfing 

compared to other attractive traits. This might be expected if olfactory signals were more 

important than visual cues in attracting moth pollinators and are a cost of herbivory associated 

with attracting this particular guild of pollinators or other herbivores that respond to the same 

signals. We expected to find higher levels of leaf herbivory in outcrossing populations, as we 

have demonstrated that these populations possess larger flowers, more flowers per umbel, and 

emit more than 100 times more floral volatiles than selfing populations per flower, and larval 

noctuids (important pollinators of A. umbellata) can be deleterious herbivores (Usmani & 

Knowles, 2001). However, contrary to our expectation, we found no evidence that outcrossers 
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experienced more herbivory than selfers; and in fact found that selfers suffered more damage than 

outcrossers on older leaves.  

While adult Manduca sexta and Hyles lineata hawkmoths are often important pollinators, 

their larvae can defoliate entire hostplants (Adler & Bronstein, 2004). In the M. sexta–Datura 

wrightii system, individual M. sexta larvae can eat more leaf tissue than an individual hostplant 

possesses, but plants regrow leaf tissue rapidly after herbivory and the cost of herbivory by larvae 

of this important pollinating species is unknown (Bronstein et al., 2009). Our herbivory surveys 

did not reveal particularly high levels of damage (38% of leaves, on average, sustained some 

damage by herbivores), nor were we able to confirm that observed damage was due to 

lepidopteran larvae (we never observed caterpillars damaging leaves, but did see snails feeding on 

foliage at population CSPA; L. A. D. Doubleday, personal observation), but they represent a first 

attempt to assess ecological costs associated with pollination and the potential advantage of 

inconspicuousness when populations are predominantly selfing.  

We have documented that visual and, to a much greater extent, olfactory floral traits 

thought to be attractive to insect pollinators are reduced across a shift to self-compatibility in A. 

umbellata, but have not presented direct evidence that these traits are important to pollinating 

insects in the wild. The results of pilot behavioural studies involving several trials show that naïve 

captive-bred Hyles lineata (Sphingidae: Lepidoptera), a species we have observed visiting 

flowers in outcrossing populations, clearly prefers an umbel of the large-flowered outcrossing 

ssp. umbellata when presented with one umbel of each subspecies in a simple dual choice assay, 

but will eventually visit umbels from selfers as well (L. A. D. Doubleday, unpublished data). 

Although this is a coarse comparison, where all aspects of floral display at the umbel level are 

confounded, it provides a starting point for disentangling the relative contributions of visual 
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versus chemical traits in promoting floral attractiveness and successful cross-fertilization in A. 

umbellata.  
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Table 1: Twenty-three chemical compounds were identified in the floral volatile emissions of 

Abronia umbellata; eight benzenoids, 11 terpenoids, three cinnamics, and one lactone. Retention 

times are given under the GC-MS program described in the methods. Kovats indices were 

calculated from authentic alkane standards run on the same GC-MS program and column as the 

floral volatiles. 

Compound Retention 

time (min.) 

Chemical 

formula 

Kovats 

index 

Name of external 

standard for quantitation 

Aromatics 

Benzaldehyde 9.45 C7H6O 1534 Benzaldehyde 

Methyl benzoate 10.50 C8H8O2 1633 Methyl benzoate 

Benzyl acetate 11.62 C9H10O2 1744 Benzyl acetate 

Methyl salicylate 12.25 C8H8O3 1797 Methyl salicylate 

Benzyl alcohol 13.20 C7H8O 1883 Benzyl alcohol 

Dimethyl salicylate 15.17 C9H10O3 2080 Dimethyl salicylate 

E-3-hexenyl benzoate 15.81 C13H16O2 2143 Dimethyl salicylate 

Benzyl benzoate 20.05 C14H12O2 2676 Benzyl benzoate 

Terpenoids 

α-pinene 4.45 C10H16 1028 Z/E-β-ocimene 

Z-β-ocimene 6.40 C10H16 1236 Z/E-β-ocimene 

E-β-ocimene 6.60 C10H16 1257 Z/E-β-ocimene 

Z-furanoid linalool oxide 8.50 C10H18O2 1448 Z/E-furanoid linalool 

oxide 

Pyranoid linalool oxide ketone 8.75 C10H16O2 1479 Z/E-furanoid linalool 

oxide 

Linalool 9.51 C10H18O 1540 Z/E-furanoid linalool 

oxide 

Z-pyranoid linalool oxide 11.70 C10H18O2 1743 Z/E-furanoid linalool 

oxide 

E-pyranoid linalool oxide 11.89 C10H18O2 1761 Z/E-furanoid linalool 

oxide 

     

E,E-4,8,12-trimethyl-1,3,7,11-

tridecatetraene 

12.44 C16H26 1809 E/E-farnesol 

Farnesol isomer 1 17.00 C15H26O 2281 E/E-farnesol 

Farnesol isomer 2 18.75 C15H26O 2509 E/E-farnesol 

Cinnamics 

Cinnamic aldehyde 15.02 C9H8O 2065 Cinnamic acetate 

Cinnamic acetate 16.03 C11H12O2 2165 Cinnamic acetate 

Cinnamic alcohol 17.25 C9H10O 2306 Cinnamic acetate 

Lactones 

Unknown lactone(s) 17.13 unknown 2294 E/E-farnesol 
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Figure 1: Variation in diameter of floral face (mm) of Abronia umbellata flowers sampled from nine natural outcrossing (left of the dotted vertical 

line) and three natural selfing populations (right). Each box represents the samples collected at each population and populations are arranged from 

southern-most (left) to northern-most (right). Sample sizes are indicated below each population code. Horizontal lines indicate medians, boxes 

extend to the 25
th
 and 75

th
 percentiles, whiskers extend to the most extreme points or 1.5 interquartile ranges from the box, whatever is less. 
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Figure 2: Variation in floral tube length (mm) of flowers of Abronia umbellata sampled from nine natural outcrossing (left of the dotted vertical 

line) and three natural selfing populations (right). Each box represents the samples collected at each population and populations are arranged from 

southern-most (left) to northern-most (right). Sample sizes are indicated below each population code. Horizontal lines indicate medians, boxes 

extend to the 25
th
 and 75

th
 percentiles, whiskers extend to the most extreme points or 1.5 interquartile ranges from the box, whatever is less. 
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Figure 3: Variation in the number of flowers per umbel for Abronia umbellata umbels sampled from nine natural outcrossing (left of the dotted 

vertical line) and three natural selfing populations (right). Each box represents the samples collected at each population and populations are 

arranged from southern-most (left) to northern-most (right). Sample sizes are indicated below each population code. Horizontal lines indicate 

medians, boxes extend to the 25
th
 and 75

th
 percentiles, whiskers extend to the most extreme points or 1.5 interquartile ranges from the box, 

whatever is less. 
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Figure 4: Total floral volatile emission rates (ng/hr/g fresh biomass) of outcrossing and selfing 

Abronia umbellata plants from natural populations (“Field,” upper panel) and grown in a 

common glasshouse environment (“Glasshouse,” lower panel). Horizontal lines indicate medians, 

boxes extend to the 25
th
 and 75

th
 percentiles, whiskers extend to the most extreme points or 1.5 

interquartile ranges from the box, whatever is less. Sample sizes – field: 28 outcrossing plants, 7 

selfing plants; glasshouse: 22 outcrossing plants, 72 selfing plants. 
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Figure 5: Floral emission rates of benzenoids, terpenoids, and cinnamics by outcrossing (O) and 

selfing (S) Abronia umbellata plants in natural populations (“Field,” upper panel) and a common 

glasshouse environment (“Glasshouse,” lower panel). Emission rates are controlled for the fresh 

mass of tissues sampled and the duration of collection. Sample sizes – field: 28 outcrossing 

plants, 7 selfing; glasshouse: 22 outcrossing, 72 selfing. 

 

 



 

88 

 

 

 

           

 

      

Figure 6: Compositional differences in the floral volatile emissions of Abronia umbellata between 

outcrossing vs. selfing subspecies and sampling environments (field vs. glasshouse). Each pie 

slice represents the mean percent of a given compound in the floral volatiles, pooled across 

populations within subspecies. Benzenoids are pinkish-purplish slices; terpenoids are greenish-

bluish slices; lactones are shown in yellow. 

Glasshouse 

Field 
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Figure 7: Total floral volatile emissions, corrected for fresh mass of tissues sampled and duration 

of sampling, for outcrossing (upper panel) and selfing (lower panel) Abronia umbellata plants in 

natural populations (Field) and common glasshouse (Glasshouse) conditions. Horizontal lines 

indicate medians, boxes extend to the 25
th
 and 75

th
 percentiles, whiskers extend to the most 

extreme points or 1.5 interquartile ranges from the box, whatever is less. Samples sizes are: 

outcrossing: Field = 28, Glasshouse = 22; selfing: Field = 7; Glasshouse = 72. 
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Figure 8: Leaf herbivory in natural outcrossing (open circles) and selfing (filled circles) Abronia 

umbellata populations. Each point represents the proportion of sampled leaves that showed 

evidence of herbivory at a given node in each population. Node number refers to node position 

relative to the growing tip of a primary stem: node 3 is the youngest node and node 9 is the oldest 

node. Total sample sizes (pooled across populations) for selfing plants: node 3 = 82; node 5 = 76; 

node 7 = 48; node 9 = 32. Sample sizes for outcrossing plants: node 3 = 1265; node 5 = 1628; 

node 7 = 1512; node 9 = 1336. Only one selfing population is shown for node 9 because only one 

leaf was sampled at the ninth node in the other selfing population.  
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Chapter 4 

General Discussion 

In this thesis, I have used the Pacific coast dune plant Abronia umbellata to explore the 

extent to which traits suggestive of moth pollination translate into pollination by moths in natural 

populations, how strongly pollen and endogenous resources limit fecundity in self-incompatible 

populations, and what the fate of attractive floral traits is when plants are released from obligate 

outcrossing across an evolutionary transition from self-incompatibility to self-compatibility. In 

this general discussion I highlight our major findings, discuss their implications in a broader 

context, and suggest directions for future work. 

Using temporal pollinator experiments at multiple sites in two years, we found mixed 

evidence of nocturnal pollination of A. umbellata, a plant that displays traits classically-associated 

with pollination by moths. In 2010, we found no difference in seed set between umbels pollinated 

during the day and at night: natural levels of seed set were universally low. In 2011, we found 

significantly higher seed set among umbels pollinated at night than those pollinated during the 

day and umbels pollinated during the day showed extremely low seed set, on par with umbels that 

had been bagged for the duration of the experiment. However, we observed higher floral 

visitation rates during the day, largely because of the non-native honey bees that we frequently 

saw visiting flowers. Our study is one of only a handful that examine pollination ecology in 

multiple populations over multiple years and contributes to the growing body of evidence that 

pollinator populations are variable in time and space (Herrera, 1988).  

We found evidence that seed set at the inflorescence level is limited by pollen but not by 

endogenous resources. Despite increasing seed production through the addition of outcross pollen 

by hand, our manipulations (both pollen and resources) failed to increase seed set to 100%, so we 
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conclude that other factors also contribute to the low seed set we observe in outcrossing 

populations of A. umbellata. As previously discussed, most worthy of further study is the male 

fitness (functional andromonoecy) hypothesis: that overproduction of ovules occurs because 

possessing extra hermaphroditic flowers enhances siring success.  

Self-compatible populations of A. umbellata (ssp. breviflora) have near 100%-seed set, in 

contrast with outcrossing populations, yet selfing populations are in decline: A. umbellata ssp. 

breviflora is listed as endangered in Oregon (Oregon Department of Agriculture, 2012). Given 

that seed set is very low in outcrossing populations and that selfing populations have extremely 

high seed set (> 90%), it seems enigmatic that the selfing populations would be suffering. 

Ecological differences between dune habitats in southern California, where we find outcrossing 

populations, and northern California and Oregon, where we find selfing populations, may 

contribute to this. In southern California, these habitats tend to be highly disturbed; many beaches 

could be described as urban. Carpobrotus edulis, an invasive ice-plant from South Africa, exerts 

competition pressure on native species. In northern California, there tends to be less human 

disturbance in the habitats, but there is no escape from competitive invaders: Ammophila 

arenaria, European beach grass, is the major competitor in selfing populations. Baker’s Law may 

explain the establishment of small selfing populations: after long-distance dispersal, only a single 

self-compatible propagule is required to start a sexually-reproducing population (Baker, 1955). 

Abronia umbellata’s tough, winged diclesia are wind-dispersed and a previous study found that 

plants from populations towards the range edges had larger wings (i.e. increased dispersal 

capabilities) than plants from populations in the middle of the range, after controlling for flower 

size (Darling et al., 2008). It is interesting that this trend held for both range margins, as many of 

the populations at the southern range edge are self-incompatible (Darling et al., 2008) and self-

incompatible plants would not benefit as much from long-distance dispersal events, needing 

multiple individuals in close proximity for reproduction to occur to sustain a new population.  
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We observed a significant reduction of flower size, display size, and floral scent across a 

transition from obligate outcrossing to predominant selfing. Outcrossers had floral faces with 

projected areas three-times larger and floral tubes about twice as long as selfers. Floral scent was 

more strongly reduced: in the field, outcrossers emitted 100 times more total volatiles per gram of 

fresh mass than selfers; and in the glasshouse, outcrossers emitted 50 times more total volatiles 

per gram of fresh mass than selfers. We also observed significant differences in scent 

composition between outcrossers and selfers, irrespective of emission rate.  

Estimating the mating system of outcrossing and selfing populations using genetic 

markers (e.g. single nucleotide polymorphisms, microsatellites) would allow us to compare 

reductions in attractive floral traits with reductions in outcrossing rates. As well, assessing neutral 

vs. non-neutral genetic variation at the population level across A. umbellata’s entire geographic 

range would allow us to determine the roles of selection, gene flow, and genetic drift in the 

vestigialization of floral attractiveness, which we could then link to observed among-population 

variation in attractive floral signals. It would also be useful to pursue electroantennography and 

further behavioral studies of A. umbellata’s pollinators to determine which components of A. 

umbellata’s floral volatile emissions are most biologically-active. Knowing this, we could design 

manipulative experiments to determine which components of floral attractiveness are most 

relevant for different pollinators in natural populations as well as in more controlled laboratory 

conditions.  

 Having demonstrated significant divergence for several morphological characters and for 

floral volatile emissions between outcrossers and selfers, one final question is whether the 

outcrossers and selfers are on the path to speciation. When a communication channel thought to 

be important for attracting a plant’s chief pollinators is minimized, we would predict that there 

would be fewer visits by pollinators and, accordingly, fewer outcrossing events. Differences in 
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floral volatiles between closely-related taxa could arise after reproductive isolation had occurred 

(Grant, 1994), but in the sexually-deceptive Ophrys orchids, Schiestl and Ayasse (2002) suggest 

that changes in floral volatiles may lead to reproductive isolation in sympatry, and hence to 

speciation. Selfers and outcrossers are allopatric in the populations of A. umbellata that we have 

studied here. However, there is preliminary evidence that some populations in Baja California, 

Mexico contain both mating types (Darling et al., 2008) and it would be interesting to explore 

variation in attractive floral traits between outcrossers and selfers where they are sympatric. 
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Chapter 5 

Summary 

Chapter 2: Moth pollination and extremely low seed set in a Pacific coast dune plant 

1. Floral visitation rates: day vs. night 

a. Floral visitation rates were significantly higher during the day than during the 

night, with populations and years pooled. 

b. There was variation among populations (for populations with large numbers of 

observation periods): floral visitation was higher during the day than at night for 

one population, but there was no difference between daytime and nighttime 

visitation rates for two other populations. 

c. Honey bees (Apis mellifera) contributed to higher daytime visitation rates across 

populations and years: there was no longer a significant difference between 

daytime and nighttime visitation rates for pooled data when honey bee visits were 

removed. 

2. Floral visitors 

a. Abronia umbellata flowers received visits from a variety of taxa during the day 

and at night. 

b. Of the nocturnal visitors, moths in the Sphingidae and Noctuidae are likely to be 

effective pollinators based on their tongue lengths. 

3. Pollination: day vs. night 

a. In one year of temporal pollinator exclusion experiments at two populations, we 

did not find a significant effect of exclusion treatment (excluding floral visitors 

during the day or during the night). 

b. In the next year, working at three populations, we found that night-pollinated 

umbels set significantly more seed than day-pollinated umbels.  

4. Pollen limitation of seed production 

a. Pollen supplementation (adding outcross pollen by hand) significantly increased 

seed set consistently across years and populations, suggesting strong pollen 

limitation of seed set. 

5. Endogenous resource limitation of seed production 



 

96 

 

a. Neither within-inflorescence nor among-inflorescence endogenous resource 

manipulation experiments yielded evidence of resource limitation of seed set. 

6. Evolutionary constraints on seed set 

a. Surveys of seed set in several outcrossing populations and a single selfing 

population demonstrated that selfers have significantly higher seed set than 

outcrossers, with values nearing 100%. 

b. Selfing populations are free of whatever constraint limits seed production in 

outcrossing populations. 

c. Producing “excess” flowers (flowers that are produced beyond the maximum 

number that can be fertilized and successfully develop a mature seed) could be 

part of a strategy to enhance outcross siring success, with these “excess” flowers 

serving a male function, despite being hermaphroditic. 

Chapter 3: In fragrante delicto: vestigialization of attractive floral traits across a transition from 

outcrossing to selfing in Abronia umbellata 

1. Reduction of visual components of floral attractiveness 

a. Selfers possessed floral faces 0.6 times as wide as outcrossers. 

b. Selfers possessed floral tubes 0.5 times as long as outcrossers. 

c. Selfers had 0.8 times as many flowers per umbel as outcrossers. 

2. Reduction of olfactory components of floral attractiveness 

a. Per flower, selfers emitted 0.0094 times as many nanograms of floral volatiles as 

outcrossers in the field and 0.0076 times as many in the glasshouse. 

b. Per gram of fresh biomass, selfers emitted 0.0094 times as many nanograms of 

floral volatiles as outcrossers in the field and 0.0020 times as many in the 

glasshouse. 

c. Per flower, selfers emitted 0.0086 times as many nanograms of benzenoids, 

0.0126 times as many nanograms of terpenoids, and much lower levels of 

cinnamics as outcrossers in the field and 0.0062 times as many nanograms of 

benzenoids, 0.0090 times as many nanograms of terpenoids, and 0.0070 times as 

many nanograms of cinnamics as outcrossers in the glasshouse. 

d. Per gram of fresh biomass, selfers emitted 0.0083 times as many nanograms of 

benzenoids, 0.0129 times as many nanograms of terpenoids, and much lower 

levels of cinnamics as outcrossers in the field and 0.0187 times as many 
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nanograms of benzenoids, 0.0211 times as many nanograms of terpenoids, and 

0.0213 times as many nanograms of cinnamics as outcrossers in the glasshouse. 

3. Assessment of ecological costs of attractiveness: leaf herbivory 

a. There was no evidence of outcrossers having more frequent leaf damage than 

selfers. 
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Appendix A 
Composition of floral visitors collected from flowers of Abronia umbellata growing in natural populations in coastal California, USA. Taxa were 

identified to the lowest taxonomic level possible and species are grouped by Order and Family. Locations and years are given for each specimen 

collected and we indicate if the specimen was diurnal or nocturnal. For more detail on sampling locations, consult Table 1 in Chapter 2. If the 

taxon was unidentified, a short description is provided in lieu of the species name. The numbers of specimens collected of each taxon are listed in 

the same order as the populations where they were collected. 

Order Family Species 

 

Day- or night-flying? Year Locations of collections 

(population codes) 

Number of specimens 

collected 

Hymenoptera Apidae Apis mellifera Day 2010 CCOA, CSPA, CMGA, 

CGN2A 

12; 16; 2; 3 

2011 CBVA. CMGA, CSPA 1; 1; 2 

Bombus sp.  Day 2010 CCOA, CMNA 1; 1 

2011 CGBA, COSA 2; 1 

Unknown Small long-tongued solitary bee Day 2011 CSPA 1 

Lepidoptera Hesperiidae Hylephila phyleus Day 2010 CMGA 2 

Nymphalidae Vanessa cardui Day 2010 CMGA 1 

2011 CSEA 1 

Unknown Small brown and orange butterfly Day 2011 CSPA 1 

Geometridae Euphyia sp. Night 2010 CBVA, CMNA 2; 1 

Noctuidae Trichoplusia ni Night 2010 CMNA 2 

Copablepharon robertsoni Night 2010 CSPA 1 

Copablepharon sanctaemonicae Night 2010 CBVA, CSPA 3; 6 
2011 CSPA 1 

Autoplusia egenoides Night 2010 CMNA 3 

Pyralidae Phobus funerellus Night 2010 CMNA 11 

Sphingidae Hyles lineata Night 2010 CMGA, CMNA 1; 1 

Diptera Acroceridae Eulonchus sp. Day 2010 CSPA 1 
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Appendix B 

 

Mean seed set (seeds/ovules) of Abronia umbellata ssp. umbellata umbels in temporal pollinator 

exclusion and pollen supplementation experiments conducted in 2010 in two natural populations: 

CCOA and CMNA. Pollinators were excluded from umbels with wire cages covered with fine 

bridal veil none of the time (exclusion treatment C), from 1800 – 0600h (N) or from 0600 – 

1800h (D) from floral anthesis until all flowers on the focal umbel had closed. Filled circles 

denote naturally-pollinated umbels and open circles denote pollen-supplemented umbels. Sample 

sizes: CCOA open-pollinated C = 19, D = 18, N = 19; CCOA pollen-supplemented C = 19, D = 

21, N = 19; CMNA open-pollinated C = 11, D = 10, N = 16; CMNA pollen-supplemented C = 

12, D = 15, N = 15. Each point is a raw treatment mean and bars represent one standard deviation.  
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Mean seed set (seeds/ovules) of Abronia umbellata ssp. umbellata umbels in temporal pollinator 

exclusion and pollen supplementation experiments conducted in 2011 in three natural 

populations: CMGA, CCOA, and CSPA. Pollinators were excluded from umbels with wire cages 

covered with fine bridal veil at all times (exclusion treatment A), from 1800 – 0600h (N), from 

0600 – 1800h (D) or not at all (C) from floral anthesis until all flowers on the focal umbel had 

closed. Filled circles denote naturally-pollinated umbels and open circles denote pollen-

supplemented umbels. Sample sizes: CMGA open-pollinated A = 29, N = 29, D = 23, C = 69; 

CMGA pollen-supplemented A = 28, N = 24, D = 29, C = 26; CCOA open-pollinated A = 28, N 

= 28, D = 25, C = 31; CCOA pollen-supplemented A = 28, N = 28, D = 25, C = 28; CSPA open-

pollinated A = 27, N = 29, D = 28, C = 28; CSPA pollen-supplemented A = 27, N = 29, D = 28, 

C = 20. Each point is a raw treatment mean and bars represent one standard deviation.  
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Appendix C 

 

 

 

Seed set (seeds/ovules) of subsequent umbels of Abronia umbellata on the same primary stem as 

focal umbels from which half of the flowers were removed by clipping between the ovary and 

stigma at two natural populations: CMGA (upper panel) and CSPA (lower panel). Subsequent 

umbels relative to focal umbels that had been exposed to natural pollination are indicated as 

“Open,” while subsequent umbels relative to focal umbels that were cross-fertilized by hand are 

denoted as “Suppl.” Each data point represents an infructescence. Horizontal lines indicate 

medians, boxes extend to 25
th 

and 75
th
 percentiles, whiskers encompass the most extreme points 

or 1.5 interquartile ranges from the box, whichever is less.
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Appendix D 
Abronia umbellata  population names, codes, and locations relevant to Chapter 3, activities performed at each population, and number of individuals from 

which floral volatiles were collected for each population (in the field and in the glasshouse). F: floral volatiles collected in the field; G: floral volatiles 

collected in the glasshouse; H: herbivory surveys conducted in the field; M: floral morphology surveys conducted in the field. 

Population name Population 

code 

Latitude (°N) Longitude (°W) Mating 

type 

Activities Number of individuals 

sampled for floral volatiles 

Field  

(total = 35) 

Glasshouse 

(total = 94) 

Camp Pendleton CCPA 33.23514 

 

117.41781 

 

Outcrossing G 0 1 

San Nicolas Island CSNA 33.25719 

 

119.56172 

 

Outcrossing G 0     1 

McGrath State Beach CMGA 34.21876 119.25853 Outcrossing FGHM 8 2 

San Buenaventura State Beach CBVA 34.26788 119.27815 Outcrossing GHM 0 1 

Coal Oil Point Reserve CCOA 34.40824 119.87909 Outcrossing FGHM 4 8 

Guadelupe-Nipomo FWS 

Reserve 

CGNA 35.01129 120.60439 Outcrossing M 0 0 

Coreopsis Hill CGN2A 35.02181 120.62203 Outcrossing HM 0 0 

Montaña de Oro State Park 

(Morro Bay Sandspit) 

CSPA 35.30072 120.87560 Outcrossing FHM 8 0 

Manresa Uplands State Beach CMNA 36.91531 121.85155 Outcrossing FGHM 8 5 

Seacliff State Beach CSEA 36.96854 121.90492 Outcrossing HM 0 0 

Wilder Ranch State Park CWRA 36.95381 122.07581 Outcrossing GHM 0 4 

Big River State Beach CBRA   Selfing G 0 39 

Samoa-Fairhaven (City of 

Eureka) 

CSMA 40.77914 124.20403 Selfing MG 0 13 

Prairie Creek Redwoods State 

Park – Gold Bluffs Beach 

CGBA 41.35679 124.07548 Selfing GHM 7 1 

Prairie Creek Redwoods State 

Park – Ossagon Trail 

COSA 41.36177 124.07475 Selfing HM 0 0 

Carruther’s Cove CCCA 41.46442 

 

124.06514 

 

Selfing G 0 3 

Port Orford OPOA 42.74122 
 

124.49892 Selfing G 0 16 
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Appendix E 

Sources of total phenotypic variation in floral measurements in surveys of natural populations of Abronia umbellata. Each trait was measured on 

two flowers from each umbel sampled from each population and all measurements were made twice. Five observers made measurements. Due to 

rounding error, rows may not sum to 100%. 

Trait Source of Variation 

Between 

subspecies 

Among populations 

within subspecies 

Among umbels 

within populations 

Among flowers 

within umbels 

Measurement 

error 

Floral face diameter 72.97 12.36 1.45 12.73 0.49 

Floral tube length 90.45 2.83 3.02 3.40 0.29 
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Appendix F 

Calculation of standardized emission rates 

First, peak areas were integrated using GC-MS Solutions software and exported to a spreadsheet. 

We then completed a series of calculations to convert peak areas into emissions amounts (in ng) 

standardized for small differences in final sample volume.  

We concentrated our samples to 50 μL, using a flow of nitrogen gas and then added 5 μL of 

0.03% toluene in hexane, which amounts to 23.4ng of toluene per μL of our 55 μL samples. Our 

final sample volume is 55 μL and 1 μL is injected into the GC-MS for analysis. Running serial 

dilutions of toluene in the GC-MS under the same oven program as for our samples of floral 

volatiles tells us that 23.4 ng of toluene equates to a peak area of 5114333.906.  

This is what the process would look like for a compound X: 

Step 1: Convert unstandardized peak area of X to standardized peak area (by internal standard, 

toluene): 

                             

                    
   

Step 2: Convert standardized peak area of X to standardized peak area in 1 μL: 

                 

Step 3: Convert peak area of X in 1 μL to nanograms of X in 1 μL: 

                                       

Step 4: Convert nanograms of X in 1 μL to nanograms in final sample volume (55 μL): 
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Appendix G 

Mean relative percent composition of floral volatile emissions for field and glasshouse-collected 

samples from outcrossing and selfing Abronia umbellata plants (see Appendix D for details of 

sampling scheme). Due to rounding error, columns do not sum to 100%. If a compound 

contributed less than 0.01% to a scent blend, its contribution was marked as “trace.” 

 Field Glasshouse 

Compound Outcrossing Selfing Outcrossing Selfing 
Aromatics 
Benzaldehyde 4.88 3.86 3.11 4.21 

Methyl benzoate 0.70 0.00 1.97 0.03 

Benzyl acetate 63.12 59.02 33.00 25.16 

Methyl salicylate 7.52 0.72 7.05 1.38 

Benzyl alcohol 3.34 7.74 3.14 13.63 

Dimethyl 

salicylate 

0.41 0.61 0.31 0.30 

Z-3-hexenyl 

benzoate 

0.14 0.00 0.31 0.40 

Benzyl benzoate 0.17 0.00 0.37 1.02 

Terpenoids 

α-pinene 0.02 0.00 0.00 0.03 

Z-β-ocimene 0.01 0.00 0.01 0.00 

E-β-ocimene 9.15 0.00 3.85 0.00 

Z-furanoid linalool 

oxide 

0.62 2.94 32.74 8.32 

Pyranoid linalool 

oxide ketone 

0.32 5.41 0.42 13.81 

Linalool 0.00 0.00 2.01 4.50 

Z-pyranoid linalool 

oxide 

7.19 18.25 2.88 26.87 

E-pyranoid 

linalool oxide 

1.81 0.00 10.41 4.40 

E,E-4,8,12-

trimethyl-1,3,7,11-

tridecatetraene 

0.03 0.00 0.04 0.00 

Farnesol isomer 1 0.03 0.00 0.03 0.07 

Farnesol isomer 2 0.01 0.00 0.01 0.00 

Cinnamics 

Cinnamic aldehyde Trace 0.00 trace 0.04 

Cinnamic acetate 0.07 0.00 0.01 0.00 

Cinnamic alcohol 0.45 0.00 0.34 0.33 

Lactones 

Unknown 

lactone(s) 

Trace 1.45 0.00 0.00 

 


