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Abstract 

Understanding how floral traits covary with one another and with mating patterns 

is an important step in understanding how and why mating systems evolve. I examined 

the evolution of floral and mating system variation in Camissoniopsis cheiranthifolia 

(Onagraceae), a species that exhibits divergence in key floral traits expected to be 

associated with variation in the relative importance of outcrossing vs. self-fertilization.  

I combined geographic surveys of floral variation with genetic estimates of the 

proportion of seeds outcrossed (t) and confirmed that t covaried with corolla width and 

herkogamy in a predictable way both within and among populations. I then performed 

geographic surveys, manipulative experiments and genetic analyses to evaluate the 

potential role that; inbreeding depression (ID), interactions between flowers, pollinators 

and florivores, and reproductive assurance (RA) may have played in shaping and/or 

maintaining the geographic pattern of mating system variation in this species. 

The main selective factor maintaining outcrossing in large flowered (LF) populations 

appears to be ID, which was much stronger in LF compared to small flowered (SF) 

populations. These results are also consistent with purging of ID in SF populations. 

Increased selfing appeared to alleviate pollen limitation (PL) because it was associated 

with higher and less variable fruit set and reduced florivory by a microlepidopteran. 

However, evidence that florivores preferentially attacked larger flowers was equivocal. 

LF experienced stronger PL than SF populations suggesting that one condition for the 

evolution of selfing via RA is met in outcrossing populations. Floral emasculation 

experiments revealed that the timing of selfing also covaried with flower size among and 

within populations. SF self-pollinate before flowers open but LF do not, suggesting that 
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selfing evolved in response to chronic outcross PL. Negative side effects of emasculation 

were detected which prevented a clear interpretation of the RA value of selfing. Given 

that much of what is known about RA comes from emasculation experiments, my results 

suggest that the assumptions of this approach, which are rarely verified, require more 

serious consideration. Taken together my results suggest that C. cheiranthifolia has 

evolved multiple stable mixed mating systems perhaps in response to selection for RA. 
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CHAPTER 1. General Introduction 

Plants exhibit striking floral diversity and consequent mating system variation 

from self-incompatible obligate outcrossing to obligate selfing, and the transition from 

outcrossing to selfing is one of the most common evolutionary trends in the history of 

flowering plants (Stebbins 1974). Mating system transitions are also significant because 

they have manifold genetic and ecological consequences. The pattern of mating regulates 

the movement of genes through space (within and between populations) and time 

(between generations), and consequently the fitness of individuals (Charlesworth 1992) as 

well as the amount and distribution of genetic variation within and among populations 

(Hamrick and Godt 1990). Hence the mating system of a population may strongly 

influence how it responds to natural selection (Charlesworth 1992) and its long-term 

evolutionary potential (Stebbins 1974; Takebayashi and Morrell 2001). Because the 

mating system is both the cause and consequence of evolution, understanding the process 

by which mating systems change in response to selection has long been of interest to 

evolutionary biologists (Darwin 1876; Fisher 1941; Stebbins 1957; Grant 1958; Baker 

1959). 

Over the last 30 years, much theoretical work has attempted to identify the 

selective forces responsible for the evolutionary transition between outcrossing and self-

fertilization (Lloyd 1980b; Lande and Schemske 1985; Uyenoyama 1986; Schoen and 

Lloyd 1992; Uyenoyama et al. 1993; Holsinger 1996; Charlesworth et al. 1997; Cheptou 

and Dieckmann 2002; Porcher and Lande 2005a, b; Harder et al. 2008; Johnston et al. 

2009; Porcher et al. 2009). Experimental and comparative methods have been developed 

to test the predictions of these theoretical models (Schoen and Lloyd 1992; Schoen et al. 
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1996) but generally empirical work has lagged far behind theory (Goodwillie et al., 

2005).  

THEORETICAL FRAMEWORK 

The relative advantage of outcrossing versus selfing depends on both genetic 

factors responsible for the transmission of genes through generations and ecological 

factors that regulate potential mating opportunities (Stebbins 1970). From a genetic 

perspective, the major fitness cost associated with increased selfing is inbreeding 

depression (ID), the production of offspring with lower fitness than those produced by 

outcrossing (mating between unrelated individuals). This selective factor was well 

appreciated by Darwin (1876), who experimentally demonstrated ID in 57 plant species 

by comparing the performance of progeny produced via hand self- and cross-pollination. 

This simple experiment has since been performed in dozens of species, verifying that ID 

is ubiquitous and often very strong (Charlesworth and Charlesworth 1987; Husband and 

Schemske 1996). Experimental investigation has revealed that ID is typically caused by 

the expression of deleterious mutations that are at least partially recessive and thus 

expressed more strongly in the highly homozygous progeny produced by selfing 

(Charlesworth and Charlesworth 1987). Darwin (1876) viewed selfing as largely 

disadvantageous and proposed that selfing would only be beneficial if it provided 

reproductive assurance (RA) under conditions where opportunities for outcrossing are 

sometimes scarce due to low mate availability or pollinator visitation.  

Fisher (1941) provided a contrasting genetic perspective to Darwin’s view of 

selfing, by arguing that a mutation causing selfing in an otherwise outcrossing population 

increases its own transmission to the next generation because it is passed both maternally 
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and paternally through seed, whereas a comparable allele for outcrossing is only passed 

maternally through seed (transmission advantage). All else being equal (e.g. outcrossed 

siring success), this transmission bias should always allow a mutation for selfing to 

rapidly invade a population of outcrossers. However, although selfed seeds may 

potentially contain two copies of the selfing allele, ID will reduce the germination, 

survival, and performance of those selfed seeds compared to outcrossed seeds. This leads 

to the simple prediction that an allele for selfing will spread if selfed offspring are more 

than half as fit as outcrossed offspring, but will fail to spread and be eliminated otherwise 

(Nagylaki 1976; Lloyd 1979).  

Comparative surveys of empirical estimates of selfing and outcrossing in natural 

populations increasingly show that a large proportion of species exhibit a broad mixture 

of selfing and outcrossing, suggesting that mixed mating may also be evolutionarily 

stable under certain conditions and factors other than ID and the transmission advantage 

of selfing must be important in the evolution of the mating system (Barrett and Eckert 

1990; Barrett et al. 1996). This has spurred researchers to move beyond simple genetic 

models and begin to incorporate pollination ecology along with the correlated evolution 

of ID and selfing into new theoretical models designed to identify other selective factors 

that might explain the widespread existence of mixed mating systems (Morgan and 

Wilson 2005; Porcher and Lande 2005a; Aizen and Harder 2007; Harder et al. 2008; 

Cheptou and Massol 2009; Harder and Aizen 2010).  

Patterns of variation in floral traits and mating system parameters can be used to 

evaluate theoretical models for mating system evolution. Divergence in the mating system 

among populations often involves a syndrome of traits that regulate the amount and 

timing of self-pollination (e.g. herkogamy and dichogamy) vs. cross-pollination (e.g. size 
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of attractive structures, amount of reward, floral longevity) as well as post-pollination 

processes that influence the siring success of self- versus outcross-pollen (e.g. self-

incompatibility). Understanding how floral traits covary with one another and how they 

covary with mating patterns is an important step in understanding how and why mating 

systems evolve (Schoen et al. 1996). Some of the best experimental systems are species 

that exhibit variation in both floral traits and mating system because such variation 

provides the opportunity to test whether the putative selective costs and benefits of selfing 

vs. outcrossing vary with genetic, environmental and demographic factors while 

minimizing confounding effects introduced by distant phylogenetic relationships. 

However, experimental investigations of the actual fitness consequences of selfing versus 

outcrossing and the ecological factors that modify costs and benefits in these variable taxa 

are few (Elle and Carney 2003; Kennedy and Elle 2008). 

SELECTIVE FACTORS EXPECTED TO CAUSE AND/OR MAINTAIN MATING SYSTEM VARIATION 

Inbreeding depression: Theoretically, if an allele for selfing does invade, ID 

should evolve jointly with the level of selfing. As homozygosity increases through 

successive generations of selfing, recessive deleterious alleles should be exposed to 

selection and purged from populations (Charlesworth and Charlesworth 1987; Husband 

and Schemske 1996; Byers and Waller 1999, Winn et al 2011). In contrast, mutations that 

cause ID are sheltered from selection in heterozygote genotypes in predominantly 

outcrossing populations (Lande and Schemske 1985). Lande and Schemske (1985) 

modeled this evolutionary dynamic and showed that the mating system should evolve to 

one of two stable end points: predominant selfing associated with weak ID or 

predominant outcrossing associated with strong ID. However, empirical evidence for 
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purging in natural populations is mixed. Byers and Waller (1999) reviewed 52 studies that 

compared the levels of ID between species, populations, and/or lineages that differed in 

their history of selfing and found that there was no significant overall evidence for 

purging. They concluded that purging is an inconsistent selective force that is rarely if 

ever efficient enough to reduce ID even in highly selfing populations (Byers and Waller 

1999). In contrast Winn et al. (2011) compared the magnitude of ID from published 

estimates for highly selfing, mixed mating, and highly outcrossing populations across 58 

species and found that ID was greater for mixed mating and highly outcrossing than 

highly selfing taxa which is consistent with purging in many natural populations. These 

conflicting reports suggest that more investigation into the strength and timing of ID in 

variable species is warranted. 

Mutualism/Parasitism: There has been a growing interest in the evolutionary 

consequences of mutualism and parasitism for the evolution of plant mating systems. 

These dynamic relationships are expected to alter the evolutionary outcomes predicted by 

strictly genetic models of mating system evolution (reviewed in Strauss and Irwin 2004). 

In stochastic pollinator environments, female reproductive success might be limited by 

the availability of an adequate quantity or quality of outcross pollen (pollen limitation, 

PL). Pollen limitation appears to be common in natural populations, and is expected to be 

an important selective force responsible for the evolution of floral traits (Burd 1994; 

Ashman et al. 2004, Knight et al. 2005). Negative species interactions might also 

influence floral evolution, for example, if parasites respond to the same floral cues as 

pollinators, there might be a significant cost associated with producing larger flowers. 

Small-flowers capable of autonomous selfing, may alleviate not only pollen limitation, 

but also negative interactions with biotic and abiotic factors that reduce the reproductive 
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success of outcrossers, such as, rapid development and floral maturation (Guerrant 1989; 

Aarssen 2000), decreased risk of hybridization (Levin 1972) and/or reduced fruit/floral 

parasitism (Lloyd 1980a; Stephenson 1981; Kozlowski and Stearns 1989; McCall and 

Irwin 2006; Teixido et al. 2011). 

Reproductive assurance: Over the last decade, the role of RA in the evolution of 

selfing and the maintenance of mixed mating systems has received renewed attention 

(reviewed in Goodwillie et al., 2005; Eckert et al., 2006). There is diverse but usually 

indirect support for the RA hypothesis. For instance, compared to outcrossers, selfers 

represent a larger proportion of species found in populations occurring in disturbed, 

successional, marginal, and/or recently colonized habitat, where low mate availability, 

and unreliable pollinator service might be common (Baker 1955; Lloyd 1980b; Cheptou 

and Dieckmann 2002). However, considering the generally broad acceptance of the RA 

hypothesis, relatively few studies have experimentally tested the degree to which selfing 

increases seed set in natural populations (Bernhardt 1976; Motten 1982; Piper et al. 1986; 

Cruden and Lyon 1989; Klips and Snow 1997; Eckert and Schaefer 1998; Fausto et al. 

2001; Elle and Carney 2003). 

One of the critical assumptions of the RA hypothesis is that selfing increases seed 

production through the fertilization of ovules that would have otherwise gone unfertilized 

due to outcross pollen limitation. As many workers have emphasized, this would most 

likely involve floral mechanisms that cause self-pollination after opportunities for 

outcrossing have passed (Schoen and Lloyd 1992). However, selfing occurring before or 

during the period of floral life when outcrossing occurs may use up ovules that would 

have otherwise been outcrossed (ovule discounting). When these ovules mature as seed, 

resources and ovules that could have been used for outcrossed progeny will also be 
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usurped (seed discounting). The cost of this seed discounting will increase with 

increasing ID. How and when selfing occurs has been investigated for only a handful of 

species (Schoen and Lloyd 1992; Leclerc-Potvin and Ritland 1994; Eckert 2000; Levri 

2000; Herlihy and Eckert 2004) and the contribution of the various modes of selfing to 

mating in natural populations has been neglected, especially given its theoretical 

importance (Eckert and Herlihy 2004). In the only study to date to measure the cost of 

seed discounting along with the benefits of RA Herlihy and Eckert (2002) found very 

strong trade-offs between selfing and outcrossed seed production. Clearly more studies 

that combine experimental manipulation of the capacity for selfing (via emasculation) 

with genetic markers are needed, especially in species that exhibit among population 

variation in the mating system. 

Although not specifically dealt with in my thesis, self-pollination may also 

interfere with the ability of flowers to outcross as males by siring seeds on other plants in 

the population (Nagylaki 1976; Gregorius et al. 1987; Holsinger 1991; Harder and Wilson 

1998). Despite the importance of pollen discounting in counteracting the selection of 

selfing, the cost of pollen discounting has been investigated experimentally in only a 

handful of species (Chang and Rausher 1998; Fishman 2000).  

TESTING THEORETICAL PREDICTIONS 

In my thesis I examine the co-evolution of floral traits and the mating system by 

testing predictions of theoretical models designed to explain the evolution of self-

fertilization in a species that exhibits marked geographic variation in floral morphology 

presumably associated with the mating system among and sometimes within populations 

(Raven 1969; Linsley et al. 1973). 
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STUDY SPECIES 

Camissoniopsis cheiranthifolia (Onagraceae) is a short-lived herbaceous perennial 

endemic to Pacific coast dunes from northern Baja California, Mexico to Coos County 

Oregon, USA (Figure 1.1A). The growth form is highly variable, ranging from circular 

prostrate (Figure 1.1B), to branching decumbent, to highly branching and even bushy 

(Figure 1.1C). Stems are somewhat woody and develop an exfoliating rhytidome. 

Vegetative structures are densely pubescent on all parts, which is consistent with 

adaptation to dune habitats (reviewed in Maun 1994), though in a few populations 

glabrous plants occur at reasonably high frequency with pubescent plants. Fruits are 

quadrangular capsules often curled in spirals around the stems. Ovaries are sessile and 

fruits remained attached to the stem, seeds are dispersed by gravity. The species has a 

gametic chromosome number of seven (Raven 1969). 

The bright yellow flowers of C. cheiranthifolia consist of four petals sometimes 

with a red dot at the base of each, a shallow hypanthium, eight stamens in two whorls, 

with the globular stigma held either in contact with or well above the anthers. Raven 

(1969) described populations across the range to be; large flowered self-incompatible 

(LF-SI) in the San Diego area, large flowered self-compatible (LF-SC) in Orange, Los 

Angeles, Ventura and southern Santa Barbara Counties, and small flowered self-

compatible (SF-SC) between Point Conception, California and Coos County Oregon, and 

on several of the Channel Islands, off the coast of California. This geographic pattern of 

floral and putative mating system variation is consistent with that expected if selfing 

evolved to provide RA (Baker 1955; Raven 1969, Linsley et al. 1973).  
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In additions, as a result of my thesis we also identified SF-SC populations in Baja 

California Mexico and two highly variable (VAR) populations where both LF and SF 

phenotypes co-occur at sites near the towns of Morro Bay, Guadalupe, and Monterey in 

central California. Combined with the among population comparisons, these VAR 

populations will allow fine scale comparisons of the fitness consequences of floral 

variation under common environmental conditions. We have also discovered one 

population at Manchester Beach State Park (CMC), about 100 km North of San 

Francisco, California where cleistogamous (CL) plants (flowers never open) (SF-CL) co-

occur with the chasmogamous (CH) SF-SC plants (see Figure 1.1D for floral variation 

and 1.1A for population locations). Because CL flowers never open, they are obligately 

autogamous, which is the final step in the evolution of selfing.  

Synopsis of Raven’s Work:  

In his taxonomic revisions of the now split genus Camissonia, Raven (1969) 

suggested the following evolutionary scenario for C. cheiranthifolia. Based on the 

assumption that self-incompatibility (SI) is easily lost but not easily gained, and given 

that only two species in the section Holostigma are SI (C. bistorta the SI and putative 

sister taxa of C. cheiranthifolia and the LF-SI populations of C. cheiranthifolia), he 

proposed LF-SI as the ancestral state (Raven 1969) in this genus. He proposed that the 

LF-SI C. cheiranthifolia then gave rise to LF-SC through the loss of SI as the species 

range expanded along the mainland to the north. Presumably the loss of SI was 

accompanied by the ability to self facultatively, which allowed individuals of this 

phenotype to colonize new habitat, and the range expanded north towards Point 

Conception (about 100 km north of Los Angeles, California). Linsley et al. (1973) 

proposed that the SF-SC phenotype was selected, as the species moved beyond Point 
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Conception because they observed heavy morning fog that impedes pollinator visitation 

was more frequent to the north than to the south such that selfing might have been 

favoured in that part of the range because it provided RA when pollinators were scarce. 

SF-SC populations also occur on the Channel Islands off southern California suggesting 

that selfing was selected via RA during island colonization (Baker 1959). 

Several species that exhibit wide variation in key floral traits associated with the 

mating system have been used to examine the evolution of selfing however, very few 

other species have been found to span the entire spectrum of mating system variation. The 

C. cheiranthifolia system provides an opportunity to investigate the loss of SI, the 

evolution of selfing at range margins and on oceanic islands, the consequences of floral 

variation on the mating system, and the evolution of CL in natural populations. It would 

be impossible to explain all of this variation within the scope of a Ph.D. project. Instead I 

focused on 1) quantifying floral and mating system variation within and among 

populations across the entire geographic range (Chapter 2) and 2) testing theoretical 

predictions regarding the selective factors that may have caused or at least maintain 

differentiation in floral traits and the mating system (Chapters 3-5).  

CHAPTER OBJECTIVES 

1) Quantify the geographic pattern of covariation between floral traits and the mating 

system: 

Many studies that exploit intraspecific variation in floral traits and the mating 

system assume that the mating system varies with floral morphology in a predictable way; 

however although an association between flower size and the level of outcrossing was 

proposed by Raven (1969), the mating system of C. cheiranthifolia had not previously 
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been quantified. The first component of my thesis (Chapter 2) examines covariation 

between floral traits and the mating system across the geographic range of C. 

cheiranthifolia. I performed multi-year geographic surveys of floral traits in a large 

sample of LF, SF and phenotypically variable populations from across the range under 

both natural and glasshouse conditions and estimated outcrossing rates for a subset of 16 

populations using seven allozyme polymorphisms. This allowed me to test for covariation 

among floral traits and the mating system, compare how floral and mating system traits 

vary among phenotypes within and among populations and between years within 

populations. Genetic markers also enabled a wide range of experimental opportunities to 

quantify variation in inbreeding depression (Chapter 3), the functional modes of selfing, 

and the degree to which selfing provides RA (Chapter 4).  

 

2) Test theoretical expectation that selfing evolves jointly with inbreeding depression: 

The probability that deleterious, at least partially recessive mutations, responsible 

for ID will be purged from a population depends on when in the life cycle, and how 

strongly ID is expressed (reviewed in Husband and Schemske 1996; Byers and Waller 

1999; Winn et al., 2011). Strongly recessive lethal or badly deleterious mutations will 

typically be expressed early in the life cycle, and readily purged via inbreeding (Lande 

and Schemske 1985; Lande et al. 1994). In contrast, mildly deleterious only partly 

recessive mutations are more likely to be maintained in both selfing and outcrossing 

populations (Charlesworth et al. 1990; Husband and Schemske 1996; Porcher and Lande 

2005a). Therefore, the magnitude of early acting ID might be expected to vary between 

populations with different mating and demographic histories. Variation in the relative 
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strength of pre-dispersal versus post-dispersal ID is a key feature of new, untested models 

of mating system evolution (Harder et al. 2005; Porcher and Lande 2005b). 

Chapter 3 presents the results of a glasshouse experiment that compared the 

relative performance of self (S) and outcrossed (X) seed generated from experimental 

crosses performed in the glasshouse on plants grown from seed collected from a large 

sample of LF and SF populations across the range. Progeny were evaluated for fitness 

components across their life cycles in two glasshouse environments differing in soil water 

availability because the expression of ID is likely dependent on the severity of the 

environment (Roff 2000). Soil water availability is an environmental factor that is easily 

manipulated and appears likely to limit C. cheiranthifolia in its sand dune habitat. To test 

whether post-dispersal ID is stronger in LF compared to SF populations, performance was 

measured throughout the life cycle.  

Because ID can be difficult to detect under benign environmental conditions of the 

glasshouse I also used marker-gene analysis to confirm the results of the experiment and 

to further investigate the expected differences in the magnitude of ID between LF and SF 

populations. Inbreeding depression can be estimated from the inbreeding coefficient F, of 

mature plants relative to the expected F of progeny based on the selfing rate (Ritland 

1990). This alternative method is advantageous because it integrates differential survival 

of selfed versus outcrossed progeny across much of the life cycle under natural conditions 

(Ritland 1990). Very few studies combine both experimental and genetic approaches to 

quantifying ID.  

 

3) Test theoretical expectation that selfing alleviates pollen limitation by providing 

reproductive assurance and evaluate the likelihood that florivory played a role in 
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generating and/or maintaining the geographic pattern of floral and mating system 

divergence in C. cheiranthifolia: 

Chapter 4 focused specifically on evaluating to what degree pollen limitation 

and/or florivory may have been important in the transition from LF-SC to SF-SC across 

Point Conception California. I combined multi-year geographic surveys of fruit set and 

florivory involving a large sample of LF, SF and variable populations across the species’ 

range along with a two-year pollen supplementation experiment performed in a subset of 

these populations to test for among and within population associations between flower 

size, fruit set, pollen limitation and the frequency of florivory. 

 

4) Test the theoretical expectation that autogamous selfing evolves because it provides 

reproductive assurance: 

The fitness benefits and costs of selfing will be strongly influenced by how and 

when it occurs. The contribution of each component of selfing to the mating system can 

be estimated using simple floral manipulations. The most basic experimental 

manipulation is to remove anthers from individual flowers to reduce the potential for 

autogamy, if seed production is reduced, then autogamous selfing provides RA. If the 

proportion of selfed seeds declines, then autogamy contributes to the mating system 

(whether or not it provides RA). This interpretation is based on the widely accepted, but 

rarely tested, assumption that removing anthers from flowers does not damage them, 

reduce their longevity, or make them less attractive to pollinators. Chapter 5 presents the 

results of a manipulative experiment designed to quantify variation in the timing of 

selfing combined with marker gene analysis to quantify seed discounting and the 

reproductive assurance benefit of selfing. However, marker gene analysis revealed that 
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removing anthers from flowers of C. cheiranthifolia might have reduced opportunities for 

outcrossing as well as selfing, which precluded a clear interpretation of the RA benefit of 

selfing. Given that most of what we know about the RA benefit of selfing in natural 

populations is based on this type of experiment, our results suggest that the assumptions 

of this approach, which are rarely quantified, require much more serious attention. 
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FIG. 1.1 A) The geographic location of large flowered self-incompatible (LF-SI), large 

flowered self-compatible (LF-SC), small flowered self-compatible (SF-SC) and three 

highly variable populations of Camissoniopsis cheiranthifolia where both LF-SC and SF-

SC phenotypes co-occur at high frequency (VAR),  B) small flowered, prostrate, rosette 

forming C. cheiranthifolia plant on San Nicolas Island, C) large flowered, upright 

branching C. cheiranthifolia plant at Coal Oil Point in Santa Barbara County and D) 

floral variation  exhibited across the geographic range of C. cheiranthifolia from 

cleistogamous (lower right corner) to large-flowered self-incompatible (upper left corner). 
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CHAPTER 2. Broad geographic covariation between floral traits and 

the mating system in Camissoniopsis cheiranthifolia (Onagraceae):  

Multiple stable mixed mating systems across the species’ range? 
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ABSTRACT 

• Background and Aims Plants vary widely in the extent to which seeds are produced via 

self-fertilization vs. outcrossing, and evolutionary change in the mating system is thought 

to be accompanied by genetic differentiation in a syndrome of floral traits. We quantified 

the pattern of variation and covariation in floral traits and the proportion of seeds 

outcrossed (t) to better understand the evolutionary processes involved in mating system 

differentiation among and within populations of the short-lived Pacific coastal dune 

endemic Camissoniopsis cheiranthifolia across its geographic range in western North 

America. 

• Methods We quantified corolla width and herkogamy, two traits expected to influence 

the mating system, for 48 populations sampled in the field and for a subsample of 29 

populations grown from seed in a glasshouse. We also measured several other floral traits 

for 9–19 populations, estimated outcrossing rate (t) for 16 populations using seven 

allozyme polymorphisms, and measured the strength of self-incompatibility for 9 

populations. 

• Key Results Floral morphology and self-incompatibility varied widely but nonrandomly, 

such that populations could be assigned to three phenotypically and geographically 

divergent groups. Populations spanned the full range of outcrossing (t = 0.001–0.992), 

which covaried with corolla width, herkogamy and floral lifespan. Outcrossing also 

correlated with floral morphology within two populations that exhibited exceptional floral 

variation.  

• Conclusions Populations of C. cheiranthifolia seem to have differentiated into three 

modal mating systems: (1) predominant outcrossing associated with SI and large-flowers, 
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(2) moderate selfing associated with large but self-compatible flowers and (3) higher but 

not complete selfing associated with small, autogamous, self-compatible flowers. The 

transition to complete selfing has not occurred even though the species appears to possess 

the required genetic capacity. We hypothesize that outcrossing populations in this species 

have evolved to different stable states of mixed mating.  

Key words: allozymes, Camissoniopsis cheiranthifolia, corolla width, flower size, 

herkogamy, geographic variation, mating system, Onagraceae, outcrossing, self-

fertilization, self-incompatibility.  

INTRODUCTION 

The extent to which seeds are produced via self-fertilization versus outcrossing 

with unrelated individuals is a major axis of mating system variation in plants, with 

important consequences for the genetic structure and evolutionary potential of 

populations (Barrett, 2002). Estimates of the proportion of seeds outcrossed derived from 

marker-gene analyses reveal that, as a group, plants exhibit tremendous mating system 

variation, which often occurs among closely related species, and sometimes among 

populations within species (Goodwillie et al., 2005). Much of this variation is linked to 

evolutionary differentiation in floral traits that regulate the amount and timing of self-

pollination (e.g. herkogamy and dichogamy) vs. cross-pollination (e.g. size of attractive 

structures, amount of reward, floral longevity) as well as post-pollination processes that 

influence the siring success of self- versus outcross-pollen (e.g. self-incompatibility). 

Understanding how floral traits covary with one another and how they covary with 

mating patterns is an important step in understanding how and why mating systems 

evolve (Schoen et al., 1996). 
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Divergence in the mating system among populations often involves a syndrome of 

traits. Some of these traits directly affect the relative importance of outcrossing vs. selfing 

and may have been the targets of selection during mating system differentiation, whereas 

others likely evolved secondarily in response to changes in the mating system. For 

instance, herkogamy is a trait thought to directly limit self-pollination, and its reduction is 

often accompanied by what are likely secondary changes such as reduced floral attractive 

structures, diminished reward production and shorter floral lifespan (Ornduff, 1969; 

Dudley et al., 2007). These secondary changes occur because the effect of some floral 

traits on female and male fitness declines as selfing spreads in the population. 

Determining the extent to which variation and covariation in floral traits is 

associated with variation in the proportion of selfed versus outcrossed seeds requires 

retrospective analysis of mating patterns using marker genes. Marker-gene studies on 

species exhibiting marked floral variation among populations have provided evidence that 

outcrossing generally increases, as expected, with greater levels of dichogamy, 

herkogamy and flower size (e.g. Schoen, 1982; Holtsford and Ellstrand, 1992; 

Belaoussoff and Shore, 1995; Goodwillie and Ness, 2005; Eckert et al., 2009). It is 

possible that selection on these traits has caused divergence in the mating system among 

populations. (Brunet and Eckert, 1998; Brunet and Sweet, 2006; Herlihy and Eckert, 

2007).  

Patterns of variation in floral traits and mating system parameters can be used to 

evaluate theoretical models for mating system evolution. For example, several theoretical 

models predict that species should evolve either predominant outcrossing or predominant 

selfing and, more rarely, mixed mating systems (e.g. Lande and Schemske, 1985; Porcher 

et al., 2009). This prediction has been challenged by broad surveys of mating system 
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variation, which show that mixed mating is exhibited by a substantial proportion (>40%) 

of species (reviewed in Goodwillie et al., 2005). However, interpreting the distribution of 

mating systems among plant species is difficult owing to biases in the types of species 

studied; highly selfing and obligately outcrossing species may be understudied and 

underrepresented (Igic and Kohn, 2006; Goodwillie et al., 2010). Theoretical predictions 

regarding the endpoints of mating system evolution can also be evaluated using the 

distributions of mating systems among populations within species that exhibit broad 

variation in key floral traits. Again, most of the relatively modest number of species 

studied to date exhibit continuous variation in outcrossing with little evidence of 

bimodality (Barrett and Eckert 1990). However, very few studies involve a large sample 

of populations from across species’ geographic ranges (e.g. Barrett and Husband, 1990; 

Eckert and Herlihy, 2004). The lack of bimodality could also be an artifact of taxonomic 

classification, if taxa exhibiting bimodal mating system variation by virtue of floral 

divergence tend to be split into multiple species. Studies of floral traits and mating system 

variation across the geographic range of well-defined taxa are required to test predictions 

concerning the endpoints of mating system evolution. 

In this study, we quantify geographic variation in key floral traits and the mating 

system among and within populations across the geographic range of Camissoniopsis 

cheiranthifolia (Hornemann ex Sprengel) W. L. Wagner & Hoch, comb. nov. 

(Onagraceae), a diploid, short-lived plant endemic to Pacific coastal dune habitat of 

California (U.S.A.), southern Oregon (U.S.A.) and northern Baja California (Mexico). In 

his taxonomic revision of the now-split genus Camissonia, Raven (1969) reported that C. 

cheiranthifolia is a well-defined species that exhibits considerable floral variation among 

populations. He reported that plants from populations in the south-central portion of the 
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range in San Diego County, California produce large, self-incompatible flowers, whereas 

further north and south plants are large-flowered but self-compatible. North of Point 

Conception plants produce small, self-compatible flowers that he describes as highly 

autogamous. Small, self-compatible flowers are also characteristic of populations from 

the Channel Islands off the coast of southern California. Based primarily on this 

geographic variation in floral morphology, Raven (1969) defined two subspecies: large-

flowered ssp. suffruticosa, which includes mainland populations from Point Conception 

to the southern range limit in Baja California, and small-flowered ssp. cheiranthifolia, 

which includes island populations and mainland populations beyond Point Conception to 

the northern range limit in southern Oregon. However, Raven (1969) considered the 

species as a whole to be distinct from other taxa in the genus. 

The main goal of this study is to describe the pattern of variation and covariation 

in floral traits and proportion of seeds outcrossed, to help identify the evolutionary 

processes and selective factors involved in mating system differentiation in C. 

cheiranthifolia. To this end we (1) quantify the pattern of variation in two key aspects of 

floral morphology (corolla size and herkogamy) within and among populations across the 

geographic range of the species; (2) determine the extent to which phenotypic variation in 

these floral traits among populations across the range reflects genetic differentiation as 

opposed to environmental variation; (3) test for phenotypic associations between these 

traits and other floral traits expected to influence or at least coevolve with the mating 

system; (4) quantify geographic variation in the degree of self-fertilization versus 

outcrossing estimated using marker-gene polymorphisms, and test for an association 

between outcrossing and among-population variation in floral morphology; and (5) test 
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for within-population covariation between floral traits and outcrossing in two populations 

near the transition between subspecies that exhibit exceptional floral variation. 

MATERIALS AND METHODS 

STUDY SPECIES 

Camissoniopsis cheiranthifolia produces diurnal, actinomorphic flowers, with a 

shallow hypanthium, four bright yellow petals, eight stamens in two whorls with the 

epipetalous stamens slightly longer than the episepalous stamens, and a large capitate 

stigma either in contact with or extending well beyond the anthers. Flowers are primarily 

visited by pollen-collecting females and nectar-collecting males of several oligolectic 

species of Andrenid bees (Linsley et al., 1973). The inferior ovaries are sessile and fruits 

remain attached to the stem even after seeds have matured and are dispersed by gravity 

(Raven, 1969). We studied 60 natural populations of C. cheiranthifolia from across the 

geographic range (Fig. 2.1). Population locations and a summary of characteristics 

measured for each populations are in the [Supplementary Information 1, Table A1.1]. 

PHENOTYPIC AND GENETIC VARIATION IN FLORAL TRAITS ACROSS THE SPECIES’ RANGE 

During 2002–2005, we randomly chose a single flower on each of 10–200 

randomly sampled plants in each of 48 of the 60 populations (total n = 1674 flowers). On 

each flower we measured corolla width as the diameter (to 0.01 mm) of a fully opened 

flower at two randomly chosen but perpendicular axes across the corolla, and herkogamy 

as the distance (to 0.01 mm) from the base of the stigma to the closest dehisced anther. 

We chose these two traits because they are expected to have a direct effect on the mating 
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system. Increased corolla width may enhance the attractiveness of flowers to pollinators 

and thus the deposition of outcross pollen on stigmas. Increased herkogamy is likely to 

reduce the amount of self-pollen deposited on stigmas. Both should, therefore, correlate 

positively with the proportion of seeds outcrossed. For a large sample of flowers we 

performed replicate measurements to verify that they were highly correlated with little 

measurement error (corolla width: r = +0.99, P < 0.00001, n = 1375; herkogamy: r = 

+0.99, P < 0.00001, n = 1363). The two perpendicular measures of corolla width also 

correlated strongly (r = +0.99, P < 0.00001, n = 1674) and were averaged to yield one 

measure per flower. We tested for variation in floral traits among populations using 1-

way analysis of variance (ANOVA). We tested for variation among groups of populations 

revealed by this analysis (Large- and small-flowered, see below) using nested ANOVA 

with population group as a fixed effect and population nested within group as a random 

effect (estimated using restricted maximum likelihood, REML), and compared population 

groups using Tukey HSD contrasts. All analyses were performed using JMP (version 

8.0.1, SAS Institute Inc., Cary, North Carolina, U.S.A.). Data did not violate the 

assumptions of the various analyses used (e.g. normally distributed residuals independent 

from predicted values) unless otherwise indicated. We performed 1-tailed tests of 

significance (P value denoted as P1) when we had an a priori directional expectation and 

2-tailed tests otherwise (P). 

To determine the extent to which geographic variation in flower size and 

herkogamy is due to genetic rather than environmental variation, we performed a series of 

common garden experiments involving 29 of these 48 populations using field-collected 

seed [Supplementary Information 2]. The experiments involved 14 populations in 2003, 

five in 2004 and 10 in 2007, and each population was grown in only one year. Corolla 
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width and herkogamy were measured as in the field on ≥ 1 flower from each of 5–30 

plants per population, and trait means were calculated for each plant (n = 433 plants). To 

test for genetic differentiation in floral morphology among populations we performed a 1-

way ANOVA on plant means for both traits. To test for a genetic basis for the 

geographical pattern of floral variation observed in the field, we estimated the Pearson 

correlation coefficient between population means calculated from plants grown in the 

glasshouse and means from field measurements using only the 17 populations for which 

seed was collected in the year that floral measurements were made in the field. Because 

we used field-collected seed in this experiment, the genetic component of floral variation 

will be inflated if non-genetic maternal effects influence floral morphology. However, we 

consider strong late-acting maternal effects unlikely in this small-seeded species. 

GEOGRAPHIC VARIATION IN SELF-INCOMPATIBILITY 

We quantified variation in self-incompatibility (SI) among populations using 

plants grown in the glasshouse from field-collected seed (conditions as in 

[Supplementary Information 2]). We used four populations from San Diego County, 

which according to Raven (1969) are likely to be SI, four from Ventura and Santa 

Barbara Counties (reported as self-compatible, SC) plus three populations of C. bistorta, 

the SI annual that Raven (1969) suggested is the sister species to C. cheiranthifolia. For 

each population, we pollinated two freshly opened flowers on each of 4–11 plants (n = 79 

plants). One flower on each plant was self-pollinated using pollen from dehisced anthers 

within the flower. The other was outcrossed using pollen from three anthers from another 

individual in the same population. The order of treatments was randomly assigned. 

Peroxidase tests (Kearns and Inouye, 1993) indicated that stigmas were receptive when 
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flowers were hand-pollinated (0630–1030 h). Flowers were emasculated before 

pollination to prevent accidental self-pollination. Fruits were collected when mature (~ 3 

wks. after pollination) and stored at room temperature. Only filled seeds were counted.  

As a measure of self-incompatibility, we calculated the difference in the number 

of seeds produced between the cross- and the self-pollinated flower for each plant. We 

contrasted pollination treatments within each population by testing whether the mean 

difference deviated from zero. We tested for variation in SI among populations with a 1-

way ANOVA on these differences. To further analyze variation in SI among groups of 

populations (C. bistorta vs. putatively SI C. cheiranthifolia vs. putatively SC C. 

cheiranthifolia), we performed nested ANOVA with Tukey HSD contrasts as above. 

OTHER FLORAL TRAITS EXPECTED TO COVARY WITH THE MATING SYSTEM 

In 2005, we measured a suite of floral traits in a subset of the 48 populations for 

which corolla width and herkogamy were measured in the field. We measured floral 

display as the number of flowers open simultaneously on a given day for 25–110 

reproductively active plants in each of 18 populations (n = 535 plants). A large proportion 

(> 25%) of these plants had no open flowers when they were scored, but the presence of 

spent flowers and well-developed buds indicated that they were still ‘in flower’. Plant 

size, which may positively influence display size, is typically larger in populations of C. 

cheiranthifolia with larger flowers (Samis and Eckert, 2007). Hence we partially 

controlled for the effect of plant size by also measuring display as the number of flowers 

open simultaneously on one randomly selected lateral branch on each plant. Flowers 

usually open for more than one consecutive day while closing at night. We measured 

floral longevity (in days) by marking several buds on each of 20–60 randomly selected 
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plants in each of nine populations and following each from bud opening to final closing 

(n = 2011 buds on 321 plants). Replicate buds on each plant were averaged to yield one 

value per plant. When a flower closes, the anthers may come into contact with the stigma 

thereby potentially causing delayed self-pollination (Lloyd, 1992). By looking into the 

narrow tube formed by petals when flowers closed, we scored whether anthers were 

touching the stigma in a single flower that had closed at the end of anthesis on each of 

52–317 randomly selected plants in each of 17 populations (n = 2816 plants). We grew 

plants from field-collected seed in a pollinator-free glasshouse (conditions in 

[Supplementary Information 2]) and recorded the proportion of flowers that set mature 

fruits at senescence for each of 7–34 plants for each of 12 populations (n = 240 plants). 

Previous glasshouse experiments indicate that C. cheiranthifolia has no capacity for 

spontaneous seed production via apomixis (C.G. Eckert, unpublished data), so we 

assumed that all spontaneous fruit set occurred via self-fertilization. Using population 

means, we estimated Pearson correlation coefficients between both corolla width and 

herkogamy measured in the field and each of these five traits: display size [per plant and 

per branch], floral longevity, anther-stigma contact, spontaneous fruit set via selfing. 

Because the distribution of all these variables usually departed strongly from a normal 

distribution (even after standard data transformations), we could not use nested ANOVA 

to test for variation among groups of populations. Instead we used Wilcoxon tests on 

population means with multiple contrasts performed using pairwise Wilcoxon tests while 

holding the type I error rate at 0.05 (Rice, 1989). 
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GEOGRAPHIC VARIATION IN OUTCROSSING AND ITS CORRELATION WITH FLORAL TRAITS 

For 16 populations from across the geographic range that represented the full 

spectrum of variation in floral morphology, we estimated the proportion of seeds 

produced through outcrossing (t) from the segregation of polymorphisms at seven 

allozyme loci among open-pollinated progenies assayed as seedlings [Supplementary 

Information 3, Table A1.2]. Outcrossing (t) was estimated for each population with data 

from all loci (tm) using the mixed mating model as implemented by the maximum 

likelihood (ML) program MLTR (Ritland, 2002). Pollen and ovule allele frequencies 

were constrained to be equal, parental genotypes were inferred from progeny genotypes, 

Newton-Raphson iteration was used to find ML values, and 95% confidence limits for the 

ML estimates were derived as the 2.5- and 97.5-percentile of the distribution of 1000 

bootstrap values generated using the seed family as the unit of re-sampling. For all 

populations, estimates of tm converged on a single ML value regardless of initial 

parameter values. We contrasted tm between groups of populations by comparing ML 

estimates among populations within each group. Differences among groups were 

evaluated statistically by averaging randomly paired bootstrap estimates across 

populations within groups, and calculating the proportional overlap between averaged 

bootstrap distributions between groups, which is roughly equivalent to a P-value. The 

mean estimate of tm for one group was considered significantly different from that of 

another group if P was < 2.5% for a 2-tailed test, or < 5% for a 1-tailed test. We 

calculated Pearson correlations between population estimates of tm and population means 

for floral traits. 
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COVARIATION BETWEEN OUTCROSSING AND FLORAL TRAITS WITHIN POPULATIONS 

In populations CGN1C and CSP1C, we observed striking variation in flower size 

among individual plants, so we measured corolla width and herkogamy on 85–110 

randomly selected plants per population. Based on the bivariate distribution of corolla 

width and herkogamy, we categorized the plants in each population as large-flowered 

(corolla width > 20 mm) or small-flowered (≤ 20 mm) [Supplementary Information 4]. 

We measured display size, floral longevity, stigma-anther contact in closed flowers and 

spontaneous fruit set for ≥ 30 plants in each phenotypic category in both populations, and 

contrasted floral traits between small- and large-flowered plants using t-tests.  

We screened 8–10 progeny from each of 12–61 plants per phenotypic category per 

population for variation at seven allozyme loci (as above), and simultaneously estimated 

tm for the large- and small-flowered groups separately using MLTR (assuming common 

pollen allele frequencies), and compared these estimates of tm by calculating the 

proportional overlap between the bootstrap distributions (1-tailed P, as above).  

RESULTS 

PATTERN OF GEOGRAPHIC VARIATION IN FLORAL MORPHOLOGY 

Camissoniopsis cheiranthifolia exhibits marked phenotypic variation in corolla 

width (Fig. 2.2A) and herkogamy across its geographic range. Among the 1674 flowers 

measured in the field, corolla width ranged from 6.6–41.8 mm (CV = 35%) and 

herkogamy ranged from 0–9.2 mm (CV = 114%). Among the 48 populations surveyed, 

both traits varied significantly (corolla width: F47,1626 = 111.4, P < 0.0001, r
2 

= 0.76; 

herkogamy: F47,1626 = 39.4, P < 0.0001, r
2 

= 0.53). For 18 populations surveyed in more 
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than one year, both traits correlated strongly between years across populations (corolla 

width: r = +0.94, P < 0.0001; herkogamy: r = +0.75, P < 0.0001 [Supplementary 

Information 5]). 

The pattern of geographic variation in both corolla width (Fig. 2.2B) and 

herkogamy was maintained when plants were grown in a common glasshouse 

environment. Across 433 plants from 29 populations grown in the glasshouse, corolla 

width ranged from 9.8–45.5 mm (CV = 37%), herkogamy ranged from 0–13.9 mm (CV = 

99%), and both traits varied significantly among populations (corolla width: F28,404 = 

122.5, P < 0.0001, r
2 

= 0.89; herkogamy: F28,404 = 25.7, P < 0.0001, r
2 

= 0.64). For the 17 

populations where plants were grown in the glasshouse from seed collected in the same 

year as flower measurements were obtained in the field, both traits correlated strongly 

between environments (corolla width: r = +0.88, P < 0.0001; herkogamy: r = +0.89, P < 

0.0001 [Supplementary Information 2]). For 11 populations grown in the glasshouse in 

more than one year from seeds collected in the same year, both floral traits correlated 

strongly between years across populations (corolla width: r = +0.98, P < 0.0001; 

herkogamy: r = +0.90, P = 0.0001 [Supplementary Information 5]). 

Corolla width covaried positively with herkogamy among populations measured 

in the field (r = +0.90, n = 48, P < 0.0001) and in the glasshouse (r = +0.78, n = 29, P < 

0.0001). This pattern of covariation suggested two potentially distinct groups of 

populations (Fig. 2.3). What we will call small-flowered (SF) populations exhibited mean 

corolla width < 20 mm and mean herkogamy < 1.6 mm, whereas large-flowered (LF) 

populations exhibited mean corolla width > 22 mm and herkogamy > 1.8 mm. LF 

populations occurred on mainland California south of Point Conception, except for two 

populations (CGN1C and CSP1C) that exhibited wide within-population variation among 
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plants in both floral traits and lay just north of the point (Fig. 2.1, see below). SF 

populations occurred in three distinct regions: Baja California (Mexico), the Channel 

Islands, and north of Point Conception all the way to the northern range limit in southern 

Oregon (Fig. 2.1). Within these two groups, the among-population covariation between 

corolla width and herkogamy measured in the field was much weaker (Fig. 2.3; LF: r = 

+0.42, n = 14, P = 0.13; SF: r = +0.40, n = 34, P = 0.019). Among individual flowers 

measured in the field, there was little overlap in the distributions of corolla width between 

large- and small-flowered populations: only 2.5% of flowers from LF populations had 

corolla widths below the 90
th

 percentile of flowers from SF populations. There was 

somewhat more overlap for herkogamy: 18.4% of flowers from LF populations had 

herkogamy values below the 90
th

 percentile of flowers from SF populations.  

GEOGRAPHIC VARIATION IN SELF-INCOMPATIBILITY 

The degree of SI measured by the difference in the number of seeds produced 

after paired hand cross- vs. self-pollination varied markedly among the 11 populations 

assayed (F10,68 = 6.09, P < 0.0001), including three populations of C. bistorta and eight 

LF populations of C. cheiranthifolia. All populations of C bistorta and the two most 

southerly of the four C. cheiranthifolia populations from San Diego County exhibited 

very strong SI with negligible seed production after self-pollination (Fig. 2.4). The two 

more northerly populations from San Diego County exhibited weaker SI but still set 

substantially fewer seeds after self compared to cross-pollination. Only one of 29 C. 

bistorta plants and five of 31 C. cheiranthifolia plants from San Diego County produced 

any seed after self-pollination. In contrast, there was no difference in seed set between 

pollination treatments for any of the four populations of C. cheiranthifolia from further 
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north. All 29 plants produced a substantial number of seeds after selfing. The strength of 

SI varied significantly among these three groups of populations (C. bistorta, C. 

cheiranthifolia from San Diego County and C. cheiranthifolia from further north; F2,6.8 = 

31.2, P = 0.0004) and all pairwise contrasts were significant.  

Although there seemed to be considerable variation among populations in seed 

production after cross-pollination, with C. cheiranthifolia plants from San Diego County 

setting fewer seeds (mean ± 1 s.e. = 35.8 ± 4.0) than those from further north (53.9 ± 4.1) 

or plants of C. bistorta (57.3 ± 5.8), seed production after cross-pollination did not vary 

among populations (F10,68 = 1.4, P = 0.18) or among the population groups (F2,0.5 = 13.6, 

P = 0.34). 

Assuming that, within California, SI populations are restricted to San Diego 

County, comparisons of floral traits measured in the field reveal that although the three SI 

and nine SC LF populations surveyed did not differ in corolla width, flowers from SC 

populations exhibited more pronounced herkogamy (Table 2.1). 

ASSOCIATION AMONG FLORAL TRAITS  

Both corolla width (CW) and herkogamy (HK) covaried with other floral traits 

expected to influence the mating system (correlations with CW in Fig. 2.5). Among 

populations, corolla width and herkogamy measured in the field correlated positively with 

floral longevity (rCW = +0.75, P1 = 0.0092; rHK = +0.82, P1 = 0.0032; n = 9 populations) 

and floral display size measured as number of flowers open simultaneously per plant (rCW 

= +0.74, P1 = 0.0005; rHK = +0.75, P1 = 0.0004; n = 16) or per stem (rCW = +0.65, P1 = 

0.00075; rHK = +0.57, P1 = 0.0032; n = 21), and negatively with anther-stigma contact in 

closed flowers (rCW = –0.81, P1 < 0.0001, rHK = –0.90, P1 < 0.0001, n = 17), and 
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spontaneous fruit set in the glasshouse (rCW = –0.82, P1 = 0.0006, rHK = –0.42, P1 = 

0.085, n = 12). The correlations with spontaneous fruit set were stronger when only SC 

populations were analyzed (rCW = –0.91, P1 = 0.0008, rHK = –0.93, P1 = 0.00035, n = 8).  

GEOGRAPHIC VARIATION IN OUTCROSSING AND CORRELATION WITH FLORAL TRAITS 

Among the 16 populations assayed for allozyme variation, the proportion of seeds 

outcrossed (tm) ranged from 0.001–0.992 and was associated with variation in floral 

morphology (Fig. 2.6). Although there was substantial variation in tm among populations 

within groups, LF-SI populations from San Diego County exhibited more outcrossing, on 

average, than LF-SC populations (Table 2.1, P1 < 0.002) and both groups of LF 

populations outcrossed more than SF populations (comparison with SI populations P1 < 

0.001, SC populations P1 < 0.001). However, all populations, except one SI population 

(CTP1C), exhibited significant self-fertilization (tm < 1, Fig. 2.6). Across all populations, 

tm correlated positively with both corolla width and herkogamy (corolla width; r = +0.69, 

P1 = 0.0014, herkogamy; r = +0.42, P1 = 0.05, n = 16 populations). The correlation with 

herkogamy was somewhat stronger when the analysis was restricted to SC populations (r 

= +0.52, P1 = 0.035, n = 13). Outcrossing correlated negatively with spontaneous fruit set 

(r = –0.72, P1 = 0.015, n = 9). Correlations with floral longevity (r = +0.54, P1 = 0.11, n = 

7) and anther stigma contact in closed flowers (r = –0.25, P1 = 0.24, n = 10) were in the 

expected direction but not significant. Although the correlation between outcrossing and 

floral display per plant was positive and close to significant (r = +0.56, P1 = 0.06, n = 9), 

the correlation with the per-stem display was weak, negative and far from significant (r = 

–0.12, P1 > 0.50, n = 11).  
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COVARIATION BETWEEN OUTCROSSING AND FLORAL TRAITS WITHIN POPULATIONS 

Populations CGN1C and CSP1C, located just north of Point Conception, exhibited 

wide variation in corolla width and herkogamy among plants, such that we were able to 

classify plants as large-flowered (LF) or small-flowered (SF) [Supplementary 

Information 4]. Marked floral variation within both populations was also observed in the 

glasshouse (data not shown). In addition to differences in corolla width and herkogamy, 

LF plants exhibited greater floral longevity, larger floral display, lower frequency of 

anther-stigma contact and lower spontaneous fruit set, and most of these differences were 

significant (Table 2.2). In both populations, estimates of tm were higher for large- than 

small-flowered plants (CGN1C P1 < 0.001; CSP1C P1 < 0.001; Fig. 2.7). 

DISCUSSION 

Camissoniopsis cheiranthifolia exhibits marked variation in floral morphology 

across its geographic range, which is associated with the relative importance of outcross- 

vs. self-fertilization. Populations in southern California produce large flowers (mean LF 

corolla width = 28 mm), whereas those towards the southern range limit in Baja 

California, on the Channel Islands and north from Point Conception to the northern range 

limit in southern Oregon produce small flowers (mean SF corolla width = 15 mm). LF 

plants from populations in San Diego County tend to be strongly self-incompatible (SI), 

whereas those from further north towards Point Conception produce large flowers but are 

fully self-compatible (SC). Our results support the taxonomic evaluation of C. 

cheiranthifolia by Raven (1969), with one major exception. Raven (1969) reported that 

all mainland populations south of Point Conception are LF and should be considered 
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subspecies suffruticosa, and all populations north of Point Conception and on the Channel 

Islands are SF and constitute subspecies cheiranthifolia. However, we show that 

populations in Baja California are SF, largely selfing and, in terms of floral morphology, 

very similar to populations Raven (1969) included in subspecies cheiranthifolia. Below 

we discuss the pattern of variation and covariation among floral traits and the proportion 

of seeds outcrossed (tm), and consider what this pattern of variation suggests about the 

evolutionary processes involved in mating system differentiation. 

COVARIATION BETWEEN FLORAL TRAITS AND THE MATING SYSTEM 

The pattern of covariation among the floral traits we measured is consistent with 

the syndrome of floral traits that is expected to differ between selfing and outcrossing 

populations or taxa (Ornduff, 1969; Morgan and Barrett, 1989; Busch, 2005; Dudley et 

al., 2007). In addition to a marked difference in corolla width, LF populations exhibited 

much greater herkogamy (mean LF = 3.14 mm, mean SF = 0.63 mm), display size and 

floral longevity. In addition to reopening for a greater number of days, LF populations 

also stay open much longer during the day (~ 0800–1800 h) compared to flowers from SF 

populations (~ 1000–1400 h, S. Dart and C.G. Eckert, personal observation; see also 

Raven, 1969). Both corolla width and herkogamy correlated negatively with spontaneous 

fruit set via selfing, and the correlation was even stronger when considering SC 

populations only. Observations from both the field and glasshouse suggest that the 

mechanism of spontaneous self-fertilization probably differs between LF and SF 

populations. Flowers from SF populations self-pollinate in the bud, and peroxidase tests 

indicate that stigmas are receptive well before flowers open. Thus self-pollination 

probably occurs before opportunities for outcrossing in these populations (‘prior selfing’ 
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Lloyd, 1992). In contrast, dehisced anthers in LF flowers only come into contact with the 

stigma when flowers close for the night. Thus selfing will occur during and/or after 

opportunities for outcrossing (‘competing’ and ‘delayed’ selfing). It is expected that 

delaying selfing will reduce the extent to which selfing compromises female and male 

outcross fitness (Lloyd, 1992; Schoen et al., 1996). 

Although the proportion of seeds outcrossed estimated using marker-gene analysis 

(tm) covaried with floral traits in the expected way, there was considerable unexplained 

variation. For instance, corolla width and herkogamy accounted for only 50% and 18% of 

the variation in tm and variation, respectively. Some of this unexplained variation in tm 

might be accounted for by entering additional floral traits in a multivariate analysis. For 

example, corolla width and herkogamy together account for 59% the variance in tm in a 

multiple regression (F2,13 = 9.2, P = 0.0032). However, a powerful analysis involving all 

the potentially relevant floral traits would require a much larger sample of populations. 

On average, LF-SI populations outcrossed more frequently than LF-SC 

populations, but two of the three SI populations assayed exhibited significant selfing (~ 

20% in population CCB1C, and ~ 40% in population CSO1C). Deviation from perfect 

outcrossing has been demonstrated in other SI species (e.g. Ellstrand et al., 1978; 

Goodwillie and Ness, 2005) and may arise because marker-gene estimates of selfing often 

include a component due to mating between close relatives (biparental inbreeding) that 

mimics selfing (Griffin and Eckert, 2003). However, biparental inbreeding is unlikely to 

have led to overestimating selfing in our study given the relatively large sample of loci 

used for our multi-locus mating system estimates (Ritland, 2002). Leaky SI is a more 

likely explanation than biparental inbreeding for the apparent selfing in SI populations of 

C. cheiranthifolia. Of the four SI populations crossed in the glasshouse, the two that 



 

 44 

produced some seed after self-pollination were from further north, towards the region 

where SC populations predominate, than the two more strongly SI populations. We 

estimated tm for only two of these four SI populations, but population CTP1C exhibited 

very strong SI in the glasshouse (Fig. 2.5) and near-complete outcrossing in the field (tm = 

0.99), whereas population CCB1C produced substantial seed after self-pollination in the 

glasshouse (~ 30% of that produced from cross-pollination) and significant selfing in the 

field (tm = 0.78). The SI population with the lowest tm (CSO1C, tm = 0.62) is the most 

northerly SI population of C. cheiranthifolia, suggesting that weak SI might account for 

selfing in this population as well.  

Some of the ‘unexplained’ variation in outcrossing among populations might have 

resulted from geographic variation in the pollination environment, owing to variation in 

demographic features of the plant populations and/or the abundance and foraging 

activities of pollinators (Fausto et al. 2001; Campbell and Husband, 2007; Eckert et al., 

2009). The density of flowering conspecifics varies widely among C. cheiranthifolia 

populations, but does not consistently differ between LF and SF populations (Samis and 

Eckert, 2007). However, qualitative surveys of bees visiting C. cheiranthifolia flowers at 

mainland sites throughout California revealed significant geographic variation in the 

frequency and species composition of flower visitors (Linsley et al., 1973). Bees likely to 

be important pollinators of C. cheiranthifolia were often seen visiting flowers in LF but 

not SF populations (see also Raven, 1969). Variation in pollinator visitation may also 

account for significant variation in outcrossing among SF-SC populations of C. 

cheiranthifolia. Although self-pollination occurs before flowers open, and dehiscing 

anthers and receptive stigmas are in close proximity throughout floral life in these 

populations, three of six populations assayed produced ~ 30–60% of seed via outcrossing, 
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suggesting a relatively high rate of outcross pollen deposition (Fig. 2.6). Although flower 

visitors are generally infrequent in SF populations, Linsley et al. (1973) report that 

visitation rates can be quite high in SF populations under favourable conditions (see also 

Raven, 1969). However, our field observations do not clearly indicate what these 

favourable conditions might be. The three SF populations that exhibited substantial 

outcrossing are scattered throughout the northern half of the species range and are not 

remarkable in terms of their size or density. 

The two populations north of Point Conception with marked phenotypic variation 

in floral traits allow a more direct test of whether floral variation affects outcrossing that 

is not confounded by variation in population demography and pollinator abundance. Both 

populations occur in a region where all other populations surveyed consisted of SF plants. 

LF plants are also relatively rare within both of these populations and interspersed with 

SF plants. Our results show that LF plants outcrossed 5–6 times more frequently than SF 

plants within these populations (Fig. 2.7). We cannot parse out the effect of single floral 

traits on outcrossing within these populations because the same syndrome of traits that 

differed between LF and SF populations also distinguished LF and SF plants within these 

variable populations (compare Tables 1 and 2). However, it is notable that LF plants did 

not suffer stronger pollen limitation of seed production (quantified by pollen 

supplementation experiments) than SF plants in these populations (S. Dart and C.G. 

Eckert, unpublished data). Moreover, LF plants in these populations did not exhibit lower 

estimates of tm than self-compatible LF populations further south (compare Figs. 6 and 7). 

These observations suggest that the covarying suite of floral traits can directly influence 

the mating system, and that pollinator service is sufficient to allow relatively high levels 

of outcrossing in at least some populations north of Point Conception.  
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MULTIPLE STABLE STATES OF MATING SYSTEM EVOLUTION ACROSS THE GEOGRAPHIC RANGE? 

There has been considerable debate about the extent to which wide variation in the 

mating system, as occurs among populations of C. cheiranthifolia, represents a species in 

transition from predominant outcrossing to predominant selfing vs. stable mixed-mating 

equilibrium (Goodwillie et al., 2005). Taking the results of this study together, we 

suggest that C. cheiranthifolia exhibits three potentially stable states with respect to floral 

and mating system evolution: (1) predominant outcrossing associated with SI and large-

flowers, (2) moderate selfing associated with large but self-compatible flowers, and (3) 

higher but not complete selfing associated with small, autogamous, self-compatible 

flowers.  

Raven (1969) suggested that C. cheiranthifolia diverged as an SI outcrosser from 

its SI sister species C. bistorta in southern California. The LF-SI populations that 

currently occur in San Diego County may represent this ancestral condition. As the 

species spread north along the mainland coast, populations lost SI but retained large 

flowers. Our results support this scenario and further indicate that the loss of SI is 

associated with higher levels of selfing in some but not all populations. Theoretical 

models suggest reproductive assurance as the most likely selective force favouring the 

loss of SI in populations where pollinators or mates are scarce, and/or where low S-allele 

diversity reduces mate availability (Vallejo-Marin and Uyenoyama, 2004; Porcher and 

Lande, 2005a; Busch and Schoen, 2008). However, the ecological conditions that might 

compromise outcross pollination in mainland habitats north of San Diego County but 

south of Point Conception are not obvious. In fact, plant density in LF-SC populations is 

relatively high compared to SI populations in this region (C.G. Eckert, K.E. Samis and A. 
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Lopez-Villalobos, unpublished data), which is not consistent with selection favouring 

reproductive assurance via selfing. It is, however, possible that higher density in LF-SC 

populations occurs as a result of reproductive assurance increasing population growth rate 

(Cheptou, 2004). Experimental analysis has revealed quite strong inbreeding depression 

in LF-SC populations of C. cheiranthifolia (ws/wx = relative fitness of selfed compared to 

outcross offspring ~ 0.4; S. Dart and C.G. Eckert, unpublished data), which might 

forestall selection for even higher selfing but is inconsistent with a history of selection for 

selfing in these populations. A large proportion of plant species engage in both 

outcrossing and selfing even though many of these appear to express inbreeding 

depression strong enough to make selfing disadvantageous (i.e. ws/wx < 0.5; Scofield and 

Schultz, 2006). There are several theoretical explanations for the evolution of mixed 

mating when inbreeding depression is moderate (0.4 < ws/wx < 0.5; Goodwillie et al., 

2005) as seems to be the case in LF-SC populations of C. cheiranthifolia. Experimental 

evaluation of the costs and benefits of selfing will be required to test these hypotheses 

(Eckert et al., 2010). 

The second transition in the mating system in C. cheiranthifolia involves a major 

reduction in flower size, herkogamy and changes to floral development leading to 

autogamy and much higher levels of self-fertilization in some populations. This transition 

may have occurred three times from at least two different starting points. The southward 

colonization of Baja California may have led directly to the evolution of small flowers 

and predominant selfing from an LF-SI ancestor. In contrast, northward colonization 

likely led to loss of SI but the maintenance of large flowers and outcrossing, as discussed 

above. It is not clear what ecological gradient occurs along these coastal dune habitats 

that could have generated divergent selection on the mating system. The dry summers 
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characteristic of coastal California’s Mediterranean biome become longer and drier 

moving from southern California into Baja California, thus southward colonization may 

have required adaptation to an environment with more seasonal variation in water 

availability. A reduction in flower size might reduce water loss and thus be favoured in 

drier habitats. Greater seasonality in water availability could also generate selection for 

rapid progression to flowering and hence small flowers and selfing (Guerrant, 1989). In 

support of this hypothesis, glasshouse experiments with many of the C. cheiranthifolia 

populations studied here revealed that time to and size at flowering decrease strongly 

from north to south among California populations (C.G. Eckert and S. Dart, unpublished 

data), and less quantitative observations in the glasshouse suggest that the Baja 

populations continue this trend.  

 Small flowers and predominant selfing are also associated with the colonization 

of the Channel Islands in C. cheiranthifolia. It has long been observed that selfing taxa 

apparently derived from outcrossing ancestors are especially common on oceanic islands, 

suggesting that island colonization may spur a shift to selfing (Barrett, 1996). However, 

the ecological factors that favour selfing on islands (e.g. Allee effects during colonization, 

depauperate pollinator faunas on islands) have not been studied in much detail (Schueller, 

2004). In the case of C. cheiranthifolia, it is not yet possible to determine whether 

colonists came from mainland SF-SC populations in Baja California or north of Point 

Conception or from LF-SI or LF-SC populations in southern California, in which case 

island SF-SC populations would represent an independent transition towards selfing. We 

found a LF population on one of the islands (San Nicolas Island) for which we could not 

obtain floral data or seeds for mating system analysis. We are currently using population-

genetic analysis to test whether this population represents ancestral colonizers, a 
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secondary colonization of islands by outcrossing founders (possibly mediated by 

humans), or a reversion to outcrossing from selfing on the islands (e.g. Barrett and Shore, 

1987). Based on records summarized by Raven (1969), this population has been in 

existence for > 100 yrs.  

According to Raven’s (1969) evolutionary scenario, a shift to smaller flowers and 

higher selfing was also associated with the colonization of coastal dunes north of Point 

Conception. Based on observations of flower-visiting bees in populations across much of 

geographic range of C. cheiranthifolia, Raven (1969) and Linsley et al. (1973) suggested 

that this shift may have been spurred by selection for reproductive assurance, because the 

coastal dunes north of Point Conception are exposed to strong winds and more frequent 

bouts of fog that would reduce the foraging activity of bee species that frequent C. 

cheiranthifolia flowers. Our results are consistent with this hypothesis in that reduced 

flower size is associated with increased capacity for autonomous seed production via self-

pollination and, in turn, increased self-fertilization. However, we also found evidence of 

outcrossing LF phenotypes being maintained in two populations just north of Point 

Conception where SF plants predominate. This might suggest that outcross pollination 

occurs relatively frequently in at least some of the populations in this region (see above).  

Reproductive assurance is commonly invoked to explain the occurrence of selfing 

under conditions where outcross pollination may be unreliable, often with little 

supporting evidence (Lloyd, 1980, Eckert et al., 2006). We are currently using pollination 

experiments combined with marker-gene analysis to test the reproductive assurance 

hypothesis. However, reproductive assurance alone is unlikely to account for the pattern 

of floral and mating system variation across northern SF-SC populations of C. 

cheiranthifolia. The occurrence of significant outcrossing in six of the seven northern SF-
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SC populations suggests that the transition to smaller more autogamous flowers 

coincident with colonization of the habitats north of Point Conception does not represent 

the final step in the evolution of selfing, but a transition from mixed mating involving 

moderate outcrossing (mean = 64%, Table 2.1) to mixed mating involving somewhat less 

outcrossing (mean = 33%). For these SF-SC populations, however, experimental 

estimates of inbreeding depression are very low (ws/wx ~ 1; S. Dart and C.G. Eckert, 

unpublished data), so it is not clear what selective factor(s) maintains outcrossing in these 

populations. A lack of genetic variability to fuel further evolutionary reductions in flower 

size and thus outcrossing is probably not a viable explanation. The transition to full 

selfing does occur in one northerly population of C. cheiranthifolia, which contains a 

high frequency of phenotypes that only produce cleistogamous (closed) flowers. Marker-

gene analysis confirms that these cleistogamous phenotypes are fully self-fertilizing (S. 

Dart and C.G. Eckert, unpublished data). The evolutionary potential for progression to 

greater selfing is also evident elsewhere in the genus Camissoniopsis; Fig. 2.8 presents 

estimates of corolla width and herkogamy for all Camissoniopsis species taken from 

Raven (1969) as well as our own data. It is clear that many other Camissoniopsis species 

have evolved much smaller flowers than we observed in SF-SC C. cheiranthifolia 

populations, suggesting that northern populations of this species exhibit an evolutionarily 

stable mixed mating system with significant outcrossing despite low inbreeding 

depression. Theory suggests that some degree of outcrossing can be maintained by 

selection when inbreeding depression is weak, but only if the advantage of reproductive 

assurance is opposed by a trade-off in male fitness between selfing and outcrossing 

(pollen discounting) that remains strong even though most ovules in the population are 

self-fertilized (Porcher and Lande, 2005b). However, this constraint seems to have been 
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overcome in at least one population of C. cheiranthifolia in which cleistogamy has 

spread. The evolution of mixed mating systems has been an enduring and largely 

unresolved issue in plant evolutionary biology (Goodwillie et al., 2005). The wide 

geographic variation in floral traits and the mating system among and within populations 

of C. cheiranthifolia presents many different facets of this problem, and provides useful 

opportunities to explore it. 

SUPPLEMENTARY INFORMATION – APPENDIX 1 

We provide five appendices as supplementary information: (1) a list of 

populations studied, their locations and what data were collected for each; (2) methods 

and detailed results for a comparison of floral traits between natural populations in the 

field and plants grown from seed collected from the same populations in a common 

glasshouse environment; (3) a description of methods used to assay variation at seven 

allozyme loci among open-pollinated progeny plus a table containing sample sizes and 

estimated allele frequencies; (4) text and a figure describing the pattern of variation in 

floral traits within two phenotypically variable populations; (5) text and a figure 

describing an analysis of the stability of variation in floral morphology between years in 

both field and glasshouse environments. 
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TABLE 2.1. Comparison of floral traits, spontaneous fruit set via selfing, floral longevity, frequency of stigma-anther contact in closed 

flowers, floral display size (number of simultaneously open flowers per plant or per lateral branch), and the proportion of seeds 

outcrossed (tm) among populations of Camissoniopsis cheiranthifolia in relation to floral variation and geographical region. Values 

are means ± 1 s.e. Numbers of populations sampled are presented in parentheses along with total number of plants (or seed families in 

the case of tm). Groups that do not share a letter are significantly different as revealed by multiple contrasts (see text). 

 
San Diego 

County 

North of San 

Diego 

North of Point 

Conception 
Channel Islands 

Baja 

California 

Flower size  LF LF SF SF SF 

Self-incompatibility  SI SC SC SC SC 

Corolla width (mm) 
29.64 ± 2.71

a 

(3,80)
 

27.69 ± 0.99
a 

(9,361) 

14.68 ± 0.29
c 

(27,865) 

18.00 ± 0.74
b 

(4,110) 

17.20 ± 0.37
bc 

(3,82) 

Herkogamy (mm) 
2.36 ± 0.31

b 

(3,80) 

3.27 ± 0.26
a 

(9,361) 

0.54 ± 0.06
c 

(27,865) 

0.84 ± 0.12
c 

(4,110) 

0.78 ± 0.12
c 

(3,82) 

Spontaneous fruit set (fruit 

per flower) 

0.08 ± 0.04
c 

(4,63) 

0.43 ± 0.01
b 

(4,80) 

0.96 ± 0.01
a 

(2,25) 
  

Floral longevity (days) 
1.56 ± 0.12

b 

(1,20) 

1.99 ± 0.08
a 

(2,56) 

1.41 ± 0.05
b 

(3,86) 
  

Stigma-anther contact 

(ppn of flowers) 

0.48 ± 0.07
b 

(3, 208) 

0.21 ± 0.03
c 

(7, 901) 

0.93 ± 0.05
a 

(6, 665) 
  

Floral display (open 

flowers per plant) 

3.78 ± 0.81
ab 

(3,90) 

5.57 ± 0.63
a 

(5,150) 

1.77 ± 0.47
b 

(9,319) 
  

Floral display (open 

flowers per stem) 

0.52 ± 0.09
ab 

(3,90) 

0.57 ± 0.04
a 

(8,235) 

0.30 ± 0.04
b 

(12,408) 
  

Outcrossing (tm) 
0.82 ± 0.01

a 

(3, 93) 

0.64 ± 0.01
b 

(4, 114) 

0.33 ± 0.02
c 

(5, 155) 

0.15 ± 0.09
d 
 

(1, 22) 

0.16 ± 0.08
d 

(1, 26) 
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TABLE 2.2. Comparison of floral traits, spontaneous fruit set via selfing, floral longevity, frequency of stigma-anther contact in closed 

flowers, floral display size (number of simultaneously open flower per plant or per lateral branch), and the proportion of seeds 

outcrossed (tm) between large-flowered and small-flowered plants within two phenotypically variable populations of Camissoniopsis 

cheiranthifolia. Values are means ± 1 s.e. Numbers of plants (or seed families in the case of tm) sampled are presented in parentheses. 

Significant differences between large-and small-flowered plants revealed by t-tests are indicated with asterisks. 

Population  CGN1C CSP1C 

Floral phenotype  Large-flowered  Small-flowered Large-flowered  Small-flowered 

Corolla width (mm) 27.20 ± 0.35
 
(62) * 13.51 ± 0.50

 
(29) 26.76 ± 0.41

 
(57) * 15.77 ± 0.58

 
(28) 

Herkogamy (mm) 3.55 ± 0.13
 
(62) * 0.11 ± 0.19

 
(29) 3.29 ± 0.15

 
(57) * 0.65 ± 0.22

 
(28) 

Spontaneous fruit set 

(fruit per flower) 
0.62 ± 0.04

 
(22) 

* 
0.95 ± 0.04

 
(19) 0.60 ± 0.04

 
(20) 

* 
0.98 ± 0.05

 
(12) 

Floral longevity (days) 2.00± 0.07
 
(30) * 1.34 ± 0.07

 
(28) 2.18 ± 0.08

 
(30) * 1.02 ± 0.08

 
(28) 

Stigma-anther contact 

(ppn of flowers) 
0.11± 0.05

 
(211) 

* 
0.98 ± 0.02

 
(106) 0.25 ± 0.05

 
(104) 

* 
0.90 ± 0.01

 
(100) 

Floral display (open 

flowers per plant) 
4.05 ± 0.38

 
(64) 

* 
1.93 ± 0.57

 
(29) 3.87 ± 0.33

 
(77) 

 
2.82 ± 0.51

 
(33) 

Floral display (open 

flowers per stem) 
0.66 ± 0.07

 
(64) 

 
0.52 ± 0.11

 
(29) 0.74 ± 0.08

 
(77) 

* 
0.42 ± 0.12

 
(33) 

Outcrossing (tm) 0.55± 0.07
 
(61, 484) * 0.14 ± 0.04

 
(29, 232) 0.65 ± 0.12

 
(12, 92) * 0.13 ± 0.05

 
(12, 95) 
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FIG. 2.1. Locations of Camissoniopsis cheiranthifolia populations sampled across its 

geographic range, from northern Baja California, Mexico to southern Oregon, U.S.A. 

Hatched horizontal lines indicate the species’ geographic range limits (Samis and Eckert, 

2007). Open circles are large-flowered self-incompatible populations (LF-SI), closed 

circles are large-flowered, self-compatible populations (LF-SC), closed triangles are 

small-flowered, self-compatible populations (SF-SC) and squares indicate the two 

populations just north of Point Conception that exhibit exceptional floral variation (Table 

2.2).  
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FIG. 2.2 Geographic variation in flower size (as measured by corolla width) among 

populations of Camissoniopsis cheiranthifolia across the species’ geographic range from 

flowers sampled in natural populations (A) on plants grown in a common glasshouse 

environment (B). The hatched vertical line indicates the location of Point Conception. 

Open circles are large-flowered self-incompatible populations (LF-SI), closed circles are 

large-flowered, self-compatible populations (LF-SC), closed triangles are small-flowered, 

self-compatible populations (SF-SC) and squares indicate the two populations just north 

of Point Conception that exhibit very wide floral variation (Table 2.2). Points are 

population means ± 1 s.e. (error bars often do not extend beyond the points). Note the two 

clusters of SF-SC populations south of Point Conception: one cluster (33–34°N latitude) 

is on the Channel Islands and the other (30–31°N) is in northern Baja California (see Fig. 

2.1). 
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FIG. 2.3. Correlation between corolla width and the minimum distance between dehiscing 

anthers and the receptive stigma within flowers (herkogamy) among 48 populations of 

Camissoniopsis cheiranthifolia. Points are population means ± 1 s.e. Symbols (indicated 

above the figure) are as in Figs. 1 and 2. The Pearson correlation between traits among 

populations is in the lower right hand corner. 
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FIG. 2.4. Comparison of the number of seeds produced after paired self-pollination 

(closed circles) versus cross-pollination (open circles), a measure of self-incompatibility, 

on plants grown in the glasshouse from seed collected from three populations of 

Camissoniopsis bistorta, and eight large-flowered populations of C. cheiranthifolia. 

Points are population means ± 1 s.e. Populations for which the number of seeds differed 

significantly between pollination treatments are marked with asterisks. The number of 

plants pollinated for each population (n) is presented below the x-axis. 
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FIG. 2.5. Correlations between corolla width and other floral traits expected to influence 

the mating system among populations of Camissoniopsis cheiranthifolia. (A) The 

consecutive days individual flowers remained open. (B) Proportion of freshly closed 

flowers in which anthers were in contact with the stigma. (C) Number of flowers open 

simultaneously per plant (floral display). (D) The proportion of flowers setting fruit via 

spontaneous self-fertilization in a pollinator-free glasshouse. Points are population means 

± 1 s.e. Symbols are as in Figs. 1 and 2. Pearson correlations and the number of 

population in each analysis are presented in each panel. Correlations involving 

spontaneous fruit set are reported for all populations and for self-compatible populations 

only (closed symbols).
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FIG. 2.6. Correlations between the proportion of seeds produced by outcrossing (tm) and (A) corolla width and (B) the distance 

separating dehiscing anthers and receptive stigmas within flowers (herkogamy) among populations of Camissoniopsis cheiranthifolia. 

Points for tm are population-level maximum-likelihood estimates with 95% confidence limits derived from the distribution of 1000 

bootstrap replicates per population. Symbols are as in Figs. 1 and 2. Pearson correlation coefficients and number of populations 

sampled are presented in each panel.
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FIG. 2.7. Comparison of the proportion of seeds produced by outcrossing (tm) between 

two groups of plants differing in corolla width and herkogamy within two phenotypically 

variable populations of Camissoniopsis cheiranthifolia. Points are maximum-likelihood 

estimates and error bars are 95% confidence limits derived from the distribution of 1000 

bootstrap replicates per estimate. Estimates of tm differed significantly between large- and 

small-flowered plants within both populations. Number of seed families (progeny arrays) 

and progeny assayed are presented for each phenotypic group in each population. 
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FIG. 2.8. Range of evolutionary diversification in floral morphology within the genus 

Camissoniopsis. This figure shows covariation between corolla width and herkogamy 

among taxa. Closed circles are the midpoints between phenotypic values provided by 

Raven (1969). Open circles are midpoints calculated from data collected in this study. 

The acronyms indicating species identity are as follows: ch.su = C. cheiranthifolia 

suffruticosa, ch.ch = C. cheiranthifolia cheiranthifolia, bi = C. bistorta, pa.ha = C. pallida 

hallii, pa.pa = C. pallida pallida, co = C. confusa, ig = C. ignota, lu = C. luciae, in = C. 

intermedia, hi = C. hirtella, gu = C. guadalupensis, mi = C. micrantha, ha = C. 

hardhamiae, pr = C. proavita, ro = C. robusta.  
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CHAPTER 3. Experimental and genetic analyses reveal that inbreeding 

depression declines with increased self-fertilization among populations 

of a coastal dune plant 
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ABSTRACT 

Theory predicts that inbreeding depression (ID) should decline via purging in self-

fertilizing populations. Yet, intraspecific comparisons between selfing and outcrossing 

populations are few and provide only mixed support for this key evolutionary process. 

We estimated ID for large-flowered (LF), predominantly outcrossing vs. small-flowered 

(SF), predominantly selfing populations of the dune endemic Camissoniopsis 

cheiranthifolia by comparing selfed and crossed progeny in glasshouse environments 

differing in soil moisture, and by comparing allozyme-based estimates of the proportion 

of seeds selfed and inbreeding coefficient of mature plants. Based on lifetime measures of 

dry mass and flower production, ID was stronger in nine LF populations (mean  = 1 – 

fitness of selfed compared to outcrossed seed = 0.39) than 16 SF populations (mean δ = 

0.03). However, ID during seed maturation was not stronger for LF populations, and ID 

was not more pronounced under simulated drought, a pervasive stress in sand dune 

habitat. Genetic estimates of d were also higher for four LF (δ = 1.23) than five SF (δ = 

0.66) populations, however broad confidence intervals around these estimates overlapped. 

These results are consistent with purging, but selective interference among loci may be 

required to maintain strong ID in partially selfing LF populations, and trade-offs between 

selfed and outcrossed fitness are likely required to maintain outcrossing in SF 

populations. 

Keywords: Camissoniopsis cheiranthifolia; inbreeding depression; inbreeding coefficient, 

geographic variation; mating system; outcrossing; self-fertilization; self-incompatibility 



 

 69 

INTRODUCTION 

Mating system evolution depends on a dynamic interplay between ecological and 

genetic factors. Whether self-fertilization is favoured over outcrossing will depend on 

aspects of pollination ecology that determine the prospects of gaining male and female 

fitness through self- vs. outcross-pollination (Lloyd, 1992), as well as the extent to which 

the expression of genetic load reduces the fitness of progeny produced through self- 

compared to outcross-fertilization (i.e. inbreeding depression, Charlesworth & 

Charlesworth, 1987). Self-fertilization is potentially advantageous because it increases the 

maternal plant’s genetic representation in its offspring and because it may allow offspring 

production when pollinators and/or mates are scarce (i.e. reproductive assurance, Eckert 

et al., 2006). Given that these advantages can be substantial, a strong selective force is 

likely required to prevent the spread of selfing. Hence, inbreeding depression (hereafter 

ID) is generally viewed as the major selective factor maintaining outcrossing. However, 

ID is not a static selective force because it is expected to covary with selfing (Lande & 

Schemske, 1985).  

Experimental investigation has revealed that ID is typically caused by at least 

partially recessive deleterious mutations expressed in the highly homozygous progeny 

produced by selfing (Charlesworth & Charlesworth, 1987; Charlesworth & Willis, 2009). 

As homozygosity increases through successive generations of selfing recessive 

deleterious alleles should be exposed to selection and “purged” from populations, thus the 

magnitude of ID is reduced. Early theoretical work modeling joint evolution of the mating 

system and ID predicted that purging should destabilize mixed mating systems thereby 

yielding two evolutionarily stable end points: predominant selfing associated with weak 
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ID and predominant outcrossing associated with strong ID (Lande & Schemske, 1985; 

Charlesworth et al., 1990). However, in a large proportion of plant species (41% of 350 

species) individuals engage in substantial amounts of both selfing and outcrossing 

(“mixed mating”) (Goodwillie et al., 2005). Moreover, evidence for purging derived from 

experimental studies comparing the performance of self-fertilized vs. outcrossed progeny 

in natural populations is mixed. Husband & Schemske (1996) demonstrated the expected 

negative correlation between ID and the proportion of seeds self-fertilized (s) among 

plant species, although the relation was not strong (r
2
 = 0.18 among all 44 species; r

2
 = 

0.14 among 35 angiosperms species). Byers & Waller (1999) reviewed 52 studies that 

compared ID between species, populations, and/or lineages that differed in inbreeding 

history and concluded that purging is an inconsistent selective force that is rarely if ever 

efficient enough to reduce ID, even in highly selfing populations. A recent and 

comprehensive meta-analysis involving experimental results from 100 populations of 58 

species (Winn et al., 2011) found only a weak and non-significant negative correlation 

between s and ID measured across the life cycle (r
2
 = 0.032, n = 56 populations). 

Moreover, ID measured as  = 1 – (ws/wx), where ws and wx represent mean fitness of 

selfed and outcrossed progeny, respectively, was just as strong in populations that 

engaged in mixed mating (0.2 < s < 0.8, mean  = 0.58) as in predominantly outcrossing 

populations (s < 0.2, mean  = 0.54). Only populations that engaged in very high levels of 

selfing (s > 0.8) exhibited relatively weak ID (mean  = 0.26). Theory suggests that 

strong ID may be maintained in partially selfing populations if deleterious alleles at 

different loci have a synergistic (as opposed to multiplicative) effect on fitness 

(Charlesworth et al., 1991). Strong ID can also be maintained despite substantial selfing 
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via selective interference if ID is so strong that selfed progeny are never recruited, 

thereby preventing purging until some quite high threshold level of s occurs (Lande et al., 

1994). 

In addition to experimental comparisons of selfed vs. outcrossed progeny, ID can 

be inferred from the relation between s and the inbreeding coefficient (F) of 

reproductively mature plants estimated using genetic markers (Ritland, 1990). In the 

absence of ID (δ = 0), F at equilibrium should be a simple function of s (Fe = s/[2 – s]). 

However, data for a large sample of plant species shows that, in general, F << Fe, 

indicating strong ID even for species that exhibit high s (Goodwillie et al., 2005; Scofield 

& Schultz, 2006). Here again, evidence for purging is weak, especially for large and/or 

long-lived species (Scofield & Schultz, 2006). There also appears to be a high threshold 

level of selfing (s ~ 0.80) below which ID is not effectively purged (Lande et al., 1994; 

Scofield & Schultz, 2006). 

The relative strength of ID acting at different stages of the life cycle should also 

coevolve with the mating system. Strongly recessive and deleterious mutations are 

expected to be expressed early in the life cycle and readily purged, whereas mildly 

deleterious, partly recessive mutations may often be expressed later in the life cycle and 

can be maintained in partially selfing populations (Lande & Schemske, 1985; 

Charlesworth & Charlesworth, 1987; Charlesworth et al., 1990; Lande et al., 1994). The 

difference in ID expressed early in the life cycle (i.e. “pre-dispersal” ID during seed 

maturation) vs. late in the life cycle (“post-dispersal” ID) is a cornerstone of some models 

of mating system evolution that explain the maintenance of mixed mating (Porcher & 

Lande, 2005a; Harder & Routley 2006; Aizen & Harder, 2007; Harder et al., 2008) 

however, empirical support is mixed. Husband & Schemske (1996), found that, as 



 

 72 

predicted, pre-dispersal ID was much stronger in outcrossing than selfing populations 

whereas post-dispersal ID was not. In contrast, a more recent meta-analysis with a larger 

number of species (Winn et al., 2011) found that the difference in pre-dispersal ID 

between outcrossing taxa was the result of extremely strong ID for seed set among 

gymnosperms. Early-acting ID did not covary with the mating system among angiosperm 

species.  

Broad interspecific surveys have failed to provide strong support for some of the 

fundamental predictions concerning how ID should coevolve with the mating system. 

More direct tests of theory are provided by species that exhibit wide variation in s among 

populations (e.g. Busch 2005). Within these variable species, variation in the mating 

system is less likely to be confounded with differences in life history and long-term 

demography that might also effect the magnitude of ID independently of the mating 

system (Bataillon & Kirkpatrick, 2000; Scofield & Schultz, 2006). However, taking 

together the relatively small sample of species (n = 9) for which both ID and s have been 

directly estimated for more than one population does not support the expected negative 

relation that should be generated by purging (Winn et al., 2011). Among species that 

exhibit broad variation in genetic estimates of s among populations, ID correlates 

negatively with s for some (Clarkia tembloriensis – Holtsford, 1990; Eichhornia 

paniculata – Toppings, 1989; Barrett & Husband, 1990; Leptosiphon jepsonii – 

Goodwillie, 2000; Goodwillie & Knight, 2006) but not others (Lupinus perennis – Shi, 

2004; Michaels et al., 2008; Salvia pratensis – van Treuren et al., 1993; Ouborg & van 

Treuren, 1994). However, firm conclusions are not possible because relatively few studies 

have estimated these parameters for a large sample of populations that vary widely in the 

mating system. Even fewer studies have inferred ID from the relation between F and s 
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among populations, and the scant results do not suggest a reduction in ID in chronically 

selfing populations (Eckert & Herlihy, 2004). 

Here we quantify variation in the magnitude and timing of ID among populations 

that exhibit broad variation in floral morphology and s across the geographic range of the 

short-lived coastal dune endemic Camissoniopsis cheiranthifolia. We compare the fitness 

of selfed and outcrossed progeny produced by hand pollination for a large sample of 

populations that vary widely in s to test the predictions that small-flowered (SF), 

predominantly selfing populations should exhibit weaker ID than large-flowered (LF), 

predominantly outcrossing populations; and that the difference in ID between LF and SF 

populations should be most pronounced early in the life cycle during seed maturation 

(pre-dispersal). We also compare the performance of selfed vs. outcrossed progeny in two 

glasshouse environments that differ strongly in soil moisture: a key and often limiting 

environmental factor in coastal dune habitats (reviewed in Maun, 1994). It is generally 

expected that ID will be expressed more strongly in more challenging environments, and 

the dependence of ID on the environment might significantly affect the outcome of 

mating system evolution (Lloyd, 1980; Cheptou & Donohue, 2011). However, this 

prediction has received only mixed support (Armbruster & Reed, 2005; Willi et al., 2007; 

Waller et al., 2008; Fox & Reed, 2011). Finally, we complement our experimental 

analysis of ID by comparing s to the inbreeding coefficient (F) of mature plants within 

and among populations to estimate ID following Ritland (1990). Population genetic 

estimates of ID reflect processes that occur across the life cycle under natural conditions, 

yet very few studies have compared population-genetic estimates with those obtained 

experimentally (Eckert & Barrett, 1994; Kohn & Biardi, 1995).  
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MATERIALS AND METHODS 

STUDY SPECIES AND POPULATION SAMPLING 

Camissoniopsis cheiranthifolia (Hornemann ex Sprengel) W. L. Wagner & Hoch 

(Onagraceae) is a short-lived perennial endemic to Pacific coastal dunes of western North 

America, from northern Baja California, Mexico, throughout the coast of California to 

southern Oregon, USA (Raven, 1969; Samis & Eckert, 2007; Chapter 2: Dart et. al., 

2012). The species produces diurnal, actinomorphic flowers, with a shallow hypanthium, 

four bright yellow petals, eight stamens in two whorls, and a large capitate stigma either 

in contact with or extending well beyond the anthers. Flowers are primarily visited by 

pollen-collecting females and nectar-collecting males of several oligolectic species of 

Andrenid bees (Linsley et al., 1973). The multi-ovulate, inferior ovaries are sessile and 

fruits remain attached to the stem even after the small seeds (~0.1mg) have matured and 

dispersed by gravity. Flowers not setting fruit leave behind a persistent, shriveled ovary 

and thus are readily counted in retrospect. Based on previous analyses of floral variation 

and estimates of outcrossing based on genetic markers (Chapter 2: Dart et al., 2012), 

populations can be organized into three groups: those containing (1) large-flowered, self-

incompatible plants that occur exclusively in San Diego County, CA (LF-SI, 

gametophytic SI, mean corolla width = 29.6 mm, n = 3 populations, data from Chapter 2: 

Dart et al., 2012); (2) large-flowered, self-compatible plants that occur north of San 

Diego County to Point Conception in northern Santa Barbara County, CA (LF-SC, mean 

corolla width = 27.7 mm, n = 9); and (3) small-flowered, self-compatible plants (SF-SC) 

that occur north of Point Conception to the northern range limit in Coos County Oregon 

(mean corolla width = 14.7 mm, n = 27), on the Channel Islands (mean = 18.0 mm, n = 
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4), and in Baja California (mean = 17.2 mm, n = 3). SF-SC flowers bear stigmas and 

anthers in close proximity and anthers dehisce before flowers open. This results in 

substantial self-pollination in the bud, mostly on the underside of the stigmatic surface (S. 

Dart & C.G. Eckert, unpublished). The proportion of seeds outcrossed (t) estimated using 

genetic analysis of progeny arrays revealed significant differences in the mating system 

among these population groups (LF-SI: range = 0.62–0.99, mean = 0.80, n = 3 

populations; LF-SC; range = 0.47–0.96, mean = 0.74, n = 9; SF-SC: range = 0.001–0.57, 

mean = 0.24, n = 10; Chapter 2: Dart et al., 2012).  

 As is typical of Mediterranean biomes, there is strong seasonal variation in 

precipitation across the geographic range of C. cheiranthifolia, and the species exhibits 

several traits that seem to be adaptations to severe seasonal variation in soil moisture, 

such as deep tap roots and densely pubescent leaves. Almost all rainfall on the coastal 

dunes occurs from November to March, the dunes then experience a prolonged dry season 

during which soil moisture can rarely be detected with standard instruments and drought 

stress appears to cause significant mortality and reduced growth of C. cheiranthifolia (S. 

Dart & C.G. Eckert, pers. obs.). We tested whether drought enhances the expression of ID 

because geographic variation in drought may have influenced the expression of ID and 

hence the evolution of the mating system in this species. The duration and intensity of 

drought increases from north to south along the Pacific coast, such that a concomitant 

increase in ID could favor the maintenance of large flowers and predominant outcrossing 

in southern California while selfing may be more likely to evolve in populations 

occurring in moister habitat north of Point Conception. 
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EXPERIMENTAL ANALYSIS OF INBREEDING DEPRESSION IN CONTRASTING GLASSHOUSE 

ENVIRONMENTS 

We sampled open-pollinated maternal seed families from five LF-SI, 11 LF-SC, 

and 23 SF-SC populations across the species’ geographic range (Supporting Information 

Table A2.1). The main goal of this study was to contrast ID between population groups 

that differ in mating system. Hence, we maximized the number of populations included in 

the experiment at the cost of using a modest number of families from each population 

(~5/population). We sowed eight seeds from each of 28 LF-SI, 59 LF-SC and 130 SF-SC 

families in a common glasshouse environment and grew these plants to flowering 

(Supporting Information Appendix 2B). From September 2004 to March 2005, we 

performed paired self- and outcross-pollinations on 217 maternal plants from a total of 16 

LF and 23 SF populations (mean = 5.4 plants/population). We collected fruits when 

mature and counted the filled seeds in each. Fruits were defined as containing ≥ 1 filled 

seed. 

Analysis of fruit set — Results indicated quite strong self-incompatibility among 

plants from the five LF-SI populations, hence these populations were excluded from the 

analysis of ID for fruit set and seeds/fruit. Observations of pollen tube growth have not 

indicated post-pollination, pre-zygotic barriers to seed production in LF-SC populations 

(Y. Chang, A. Lopez & C.G. Eckert, unpublished). Hence we used the data for paired 

self- and cross-pollinations on 180 maternal plants from nine LF-SC and 23 SF-SC 

populations (Supporting Information Table A2.1) where at least one flower set a fruit. We 

contrasted relative fruit set after self-pollination (S) vs. outcross-pollination (X) between 

LF and SF populations using a generalized linear model (GLM) with fruit set as a 
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binomial response variable and pollination treatment and population flower size and their 

interaction as potential categorical predictors. We tested the significance of each term 

using likelihood ratio tests contrasting models with and without the term in question. All 

analyses were performed using the statistical software R (version 2.13.0, R Core 

Development Team 2011). 

Analysis of seeds per fruit — From the 314 pollinated flowers that matured at 

least one fruit we chose maternal plants where both self- and cross-pollination yielded a 

fruit for a total of 110 maternal plants from eight LF-SC and 17 SF-SC populations 

(Supporting Information Table A2.1). We contrasted relative seed production in S vs. X 

fruits between LF and SF populations using a GLM with pollination treatment and 

population flower size and their interaction as potential categorical predictors. Modeling 

the data with Poisson errors resulted in fits where the residual deviance was 

overdispersed. Hence, we modeled a negative binomial error distribution using the glm.nb 

command in the MASS R package (following Zuur et al., 2009, pp. 234–235). 

Significance of individual terms was determined using likelihood ratio tests as above. 

Analysis of progeny performance in glasshouse environments with contrasting 

soil moisture — In September 2006, we individually sowed about eight randomly 

selected seeds for each pollination treatment (S and X) from each of 107 maternal 

families from 10 LF and 15 SF populations (Supporting Information Table A2.1; 1647 

seeds sown, growth conditions in Supporting Information Appendix 2B). We randomly 

assigned half of the seeds from each family to each of two soil moisture environments 

(hereafter “moist” and “dry”; four seeds/family/pollination treatment/environment). To 

simulate seasonal variation in soil moisture, we imposed the soil moisture treatment 65 d 

after sowing which roughly corresponds to the onset of summer drought in the North 
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American Pacific coastal dune habitat where this species occurs. Plants in the moist 

environment experienced soil moisture previously determined to be optimal for growth 

and flowering of C. cheiranthifolia in the glasshouse (Supporting Information Appendix 

2B). Plants in the dry environment were watered only half as often. This simulated 

drought treatment dramatically reduced plant growth and flowering (see below). 

After sowing, pots were checked daily to record seedling emergence. The survival 

of emerged seedlings was scored 35 and 65 d after sowing. Plants of C. cheiranthifolia 

typically start to senesce after four months of growth in a glasshouse environment, which 

was the case in this experiment. We harvested plants 125 d after sowing, scored whether 

each had survived to harvest, whether each had flowered, if so, how many flowers each 

produced, and quantified aboveground biomass (to 0.001 g) after drying at 60 °C for two 

weeks. We also attempted to measure belowground dry mass by washing the roots free of 

soil and drying them as above. However roots could not be extricated from the potting 

medium for all surviving plants, thus we analyze aboveground mass only. The two 

components of total dry mass correlated strongly among the plants for which we obtained 

both measures (r = +0.86, P < 0.0001, n = 1204) suggesting that aboveground mass 

captures much of the variation in total biomass and hence one aspect of fitness for this 

short-lived plant. 

We calculated two fitness measures: aboveground biomass produced per seed 

sown (hereafter “dry mass”), and total flowers produced per seed sown (hereafter “flower 

number”). Both response variables were highly skewed because a substantial proportion 

of seeds did not emerge as seedlings, did not survive to harvest or did not flower. Hence 

the data were zero-inflated and strongly overdispersed when analyzed using a GLM with 

Poisson or negative binomial error distributions. We addressed this problem by using the 
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ASTER model in R (Shaw et al., 2008). ASTER uses a maximum likelihood algorithm 

that accounts for each of the final fitness measures resulting from the compounding of 

Bernoulli variables (emergence, survival, flowering) with variables that roughly exhibit 

zero-truncated Poisson distributions (flower number and dry mass [converted to integer 

units of 10 mg]). As a result, ASTER analyses multiplicative fitness, from sowing to 

senescence, and can make use of data from all the 1647 individuals in the experiment. We 

tested the significance of each potential fitness predictor (i.e. pollination treatment, soil 

moisture treatment, population flower size and their 2-way and 3-way interactions) using 

likelihood ratio tests as above. We also analyzed survival, from sowing up to soil 

moisture treatment application (day 65), using ASTER with pollination treatment, 

population flower size and their interaction as potential predictors. Population was not 

included in this analysis or any of the analyses described above because ASTER cannot 

accommodate random effects and replication of families within populations was low so as 

to maximize the number of populations included in the experiment. The mean and 

standard error are not accurate measures of central tendency and reliability for skewed 

data; hence we used ASTER to estimate their unconditional expectations and 95% 

confidence intervals for each fitness measure following Geyer et al. (2007). Cumulative 

post-dispersal ID, from sowing to harvest, was calculated from each of the two final 

fitness measures as  = 1 – (ws/wx), where ws and wx are the unconditional expectations 

for selfed and outcrossed progeny, respectively. Pre-dispersal fitness components (fruit 

set and seeds/fruit) were not included in the calculation of cumulative ID because these 

variables did not differ between outcross- and self-pollination (see below). R scripts for 

these analyses are available by request from the corresponding author. 
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POPULATION-GENETIC ANALYSIS OF INBREEDING DEPRESSION 

We jointly estimated the proportion of seeds self-fertilized (s) and the inbreeding 

coefficient of reproductively mature plants (F) using the mixed mating model as 

implemented by the maximum likelihood (ML) program MLTR (Ritland, 2002) for a 

subset of 16 populations from across the geographic range that represented the range of 

variation in floral morphology (same populations studied in Chapter 2: Dart et al., 2012; 

Supporting Information Table A2.1). We assayed 10 newly germinated seedlings for each 

of ~ 30 seed families per population for variation at seven polymorphic allozyme loci 

following Chapter 2: Dart et al. (2012). Pollen and ovule allele frequencies were 

constrained to be equal, parental genotypes were inferred from progeny genotypes, 

Newton-Raphson iteration was used to find ML estimates, and 95% confidence limits for 

ML estimates were derived as the 2.5- and 97.5-percentile of the distribution of 1000 

bootstrap values generated with the seed family as the unit of re-sampling. We only 

analyzed s and F estimates for which the bootstrap distribution estimates did not exhibit 

substantial irregularity. We then compared these F estimates between LF and SF 

population groups by averaging randomly paired bootstrap estimates across populations 

within groups, and calculating the proportional overlap between averaged bootstrap 

distributions between groups, which is roughly equivalent to a P-value. The mean F for 

one group was considered significantly different from another group if P was < 2.5% for 

a 2-tailed test, or < 5% for a 1-tailed test.  

ID was calculated from the ML estimates of s and F using Ritland’s (1990) 

equilibrium estimator:  = 1 – (2F(1 – s)/s(1 – F)). This method is most appropriate for 

use on populations that practice a mixture of both selfing and outcrossing (i.e. 0.1 < s < 
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0.9; Ritland, 1990), hence only populations for which ML estimates of s were within this 

range and F estimates seemed reliable were included (see above). We contrasted  

estimates between LF and SF populations by comparing the averaged bootstrap 

distributions values as above.  

RESULTS 

PRE-DISPERSAL INBREEDING DEPRESSION FOR FRUIT SET AND SEEDS PER FRUIT 

Among the 360 flowers pollinated on 180 maternal plants, fruit set was 87.2% and 

did not differ between self- vs. cross-pollination or between plants from LF vs. SF 

populations (Fig. 3.1, Table 3.1). The number of seeds per fruit ranged from 1–116 and 

averaged (± 1 SE) 47.5 ± 1.7 among the 110 maternal plants that produced both selfed 

and outcrossed fruits, but did not differ between pollination treatments or between LF vs. 

SF populations (Fig. 3.1, Table 3.1).  

POST-DISPERSAL INBREEDING DEPRESSION BEFORE SOIL MOISTURE TREATMENT 

Of 1647 seeds sown, 51.3% emerged as seedlings of which 65.7% survived to day 

35 and 62.6% survived to day 65 (32.1% of seed sown). Analysis using the ASTER 

model (Fig. 3.2) revealed higher cumulative survival to day 65 among seeds from LF 

populations (42.5%, 95% confidence interval = 38.7–46.2%) compared to SF populations 

(25.5%, 22.9–28.2%; likelihood ratio = 56.28, df = 1, P < 0.00001) and slightly higher 

survival of outcrossed seed (34.3%, 31.2–37.5%) compared to selfed seed (29.9%, 26.9–

33.0%; likelihood ratio = 4.0, df = 1, P = 0.046). Although our data suggest somewhat 

higher ID in LF than SF populations (Fig. 3.2), the interaction term was not significant 



 

 82 

(likelihood ratio = 2.5, df = 1, P = 0.11). Inbreeding depression based on the 

unconditional expected values of survival to day 65 calculated using ASTER was 0.128. 

CUMULATIVE POST-DISPERSAL INBREEDING DEPRESSION ACROSS SOIL MOISTURE TREATMENTS 

Of the 1647 seeds sown, 31.6% survived to harvest and aboveground dry mass 

ranged 0.11–7.83 g and averaged (± 1 SE) 3.15 ± 0.06 g among the survivors. ASTER 

analysis revealed that cumulative aboveground dry mass (in 10 mg units) per seed sown 

was higher under moist conditions (expected value, 95% confidence interval = 128.81, 

118.20–139.41) than dry conditions (70.05, 61.08–79.02), higher for LF populations 

(136.59, 124.44–148.74) than SF populations (75.95, 67.62–84.29), and higher for 

outcrossed progeny (111.90, 101.49–122.31) than selfed progeny (87.50, 77.92–97.09; 

Fig. 3.3, Table 3.2). There was also a significant interaction between the effects of 

population flower size and pollination treatment indicating stronger cumulative ID in LF 

than SF populations. ID estimates based on unconditional expected values of dry mass 

calculated using ASTER were 0.300 for LF and 0.087 for SF populations. The interaction 

between soil moisture treatment and pollination treatment was not significant (Table 3.2). 

 Of the 520 plants that survived to harvest, 44% flowered and the number of 

flowers produced ranged 1–124 and averaged (± 1 SE) 20.7 ± 1.6. ASTER analysis 

revealed that total flowers produced per seed sown were higher for SF plants (3.52, 3.03–

4.02) than LF plants (1.85, 1.39–2.31) and higher under moist conditions (4.17, 3.59–

4.76) than dry conditions (1.57, 1.20–1.94; Fig. 3.3, Table 3.2). Although there was no 

overall effect of pollination treatment, the interaction between pollination treatment and 

population flower size was, again, significant with LF populations expressing more ID 

than SF populations (Table 3.2). Estimates of ID based on unconditional expected values 
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of flower number were 0.467 for LF and –0.030 for SF populations. Again, the interaction 

between soil moisture treatment and pollination treatment was not significant (Table 3.2). 

POPULATION GENETIC ANALYSIS  

The proportion of seeds self-fertilized (s) ranged from 0.01–1.00 among the 16 

populations assayed, and was significantly higher for SF than LF populations (Table 3.3). 

The inbreeding coefficient of parental plants (F) ranged –0.13 – 0.51 and correlated 

positively though not quite significantly with s (Pearson r = +0.424, n = 12, 1-tailed P = 

0.065; Fig. 3.4). F was, on average, twice as high for SF than LF populations, though the 

comparison was only marginally significant (Table 3.3). There was considerable variation 

in F within population flower size groups, and most maximum likelihood estimates had 

large 95% confidence intervals.  

 Of the 14 populations for which F could be reliably estimated (see Methods), ML 

estimates were lower than that expected with no ID for 11 populations and lower than 

expected if the relative fitness of selfed progeny (ws) was half that of outcrossed progeny 

(wx) for 8 populations (Fig. 3.4). As a result, ID (δ = 1 – ws/wx) calculated using Ritland’s 

(1990) equilibrium estimator was typically strong, although individual population 

estimates were associated with very wide 95% confidence intervals, and the mean across 

all populations (δ = 0.78) had 95% confidence intervals that overlapped both zero and one 

(95% CI = –0.92 – 1.19). Hence, the almost 2-fold difference in maximum likelihood 

estimates of d for LF compared to SF populations was not significant (Table 3.3). 
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DISCUSSION 

The “purging” of genetic load that causes inbreeding depression (ID) is a 

fundamental component of most genetically realistic theoretical models investigating 

mating-system evolution (Goodwillie et al., 2005; Eckert et al., 2006). Although the most 

recent interspecific analyses do not support the prediction that ID correlates negatively 

with s, the proportion of seeds self-fertilized (Winn et al., 2011), species like C. 

cheiranthifolia that exhibit wide variation in s among populations provide a much more 

direct test of this prediction. However results from these variable species are mixed (see 

Introduction). 

According to biosystematics work by Raven (1969), C. cheiranthifolia diverged as 

a large-flowered (LF), self-incompatible (SI) species from its LF-SI sister taxon C. 

bistorta in southern California and subsequently evolved self-compatibility (SC) and 

smaller-flowers (SF) during colonization of the mainland coast to both the north and 

south as well as the Channel Islands. The end result is marked and discontinuous 

variation in floral morphology, and to a lesser extent, the mating system (Chapter 2: Dart 

et al., 2012). Our results from both an experimental comparison of selfed and outcrossed 

offspring in two glasshouse environments as well as a population genetic analysis based 

on s with the inbreeding coefficient of mature plants (F) support the prediction of higher 

ID in LF predominantly outcrossing populations than SF predominantly selfing 

populations. Given Raven’s (1969) evolutionary scenario, these results are consistent with 

the purging of ID associated with a shift from outcrossing to selfing. Below, we compare 

our results from experimental vs. population-genetic analyses, discuss what our results 

say about the timing of ID in outcrossing vs. selfing populations and the effect of 
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environmental stress on the expression of ID, challenge the extent to which the difference 

in ID between LF and SF populations is a result of inbreeding history alone, and consider 

the implications of our results for the maintenance of broad mating system variation in 

this species. 

EXPERIMENTAL VS. POPULATION-GENETIC ESTIMATES OF INBREEDING DEPRESSION 

Our understanding of the expression of ID in plant populations is based almost 

entirely on comparisons of performance between selfed vs. outcrossed progeny produced 

by hand pollination (Husband & Schemske, 1996; Winn et al., 2011). However, 

inferences from these experiments are usually limited because experimental material is 

derived from a small sample of populations and fitness is assayed under artificial 

conditions that may underestimate ID. This is a problem for researchers investigating 

mating system evolution because they are typically interested in an accurate estimate of 

ID (e.g. whether d > 0.5 or d < 0.5, see below) rather than just whether ID is expressed (d 

> 0; see Eckert & Herlihy, 2004). Population-genetic estimates derived from s and F can 

complement experimental studies because they should reflect differential mortality 

operating across much of the life cycle under natural conditions (Ritland, 1990). Yet, 

these two approaches have rarely been used together on the same set of populations 

(Eckert & Barrett, 1994) or to compare ID between populations that differ in floral 

morphology or inbreeding history (Herlihy & Eckert, 2005). The use of both approaches 

in this study provides two independent lines of evidence for the predicted negative 

correlation between ID and s among populations of C. cheiranthifolia. It also suggests, 

consistent with other studies that have used both approaches, that ID is underestimated 

under artificial conditions (e.g. Eckert & Barrett, 1994). Estimates of ID for LF and SF 
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populations averaged 0.39 and 0.03, respectively, in the glasshouse and 1.23 and 0.66, 

respectively, based on population-genetic analysis. The main drawback of the marker-

based approach is large confidence intervals (Ritland, 1990), as seen here (Table 3.3). 

Confidence intervals for LF and SF populations overlapped each other, estimates from the 

glasshouse and zero. This appears to have resulted from substantial variation in estimates 

of s, F and ID among populations within LF and SF groups (Table 3.3) rather than from 

issues related to sample sizes, which were high in this study (16 populations, 552 progeny 

arrays, 4410 progeny, 7 polymorphic loci).  

Population-genetic estimates of ID are also based on assumptions (Ritland, 1990; 

Charlesworth, 1991), especially that populations are at inbreeding equilibrium with little 

fluctuation in s between years within populations. The marked variation in s among 

populations with similar floral morphology (Table 3.3; Chapter 2: Dart et al., 2012) as 

well as observations of variation in pollinator visitation within and among closely situated 

sites (Linsley et al., 1973) suggests that this assumption may not be met by populations of 

C. cheiranthifolia. Violation of inbreeding equilibrium is unlikely to systematically bias 

ID estimates unless there is a rapid and concerted shift in s across populations. However, 

it should contribute to the statistical uncertainty of the estimates by causing random 

mismatches between s and F within populations. Although our genetic estimates of ID 

concur with experimental estimates in suggesting stronger ID in LF than SF populations, 

we treat inferences of the absolute strength of ID based on genetic markers with caution. 
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VARIATION IN THE EXPRESSION OF INBREEDING DEPRESSION ACROSS THE LIFE CYCLE AND IN 

DIFFERENT ENVIRONMENTS 

Theory predicts differential purging of deleterious alleles that affect fitness early 

vs. late in the life cycle (Charlesworth & Charlesworth, 1987) and this has become a key 

assumption of models that explain the maintenance of mixed mating (Porcher & Lande, 

2005a; Harder & Routley, 2006; Aizen & Harder, 2007; Harder et al., 2008). Specifically, 

outcrossing and selfing populations should differ strongly for pre-dispersal ID expressed 

before seed maturation but only weakly for post-dispersal ID expressed later. This allows 

partially selfing individuals to potentially compensate for the disproportionate death of 

selfed embryos by replacing them with more vigorous but less ‘genetically valuable’ 

outcrossed progeny. Hence mixed mating can maximize both the number of seeds 

produced as well as maternal genetic representation in surviving seed (Harder & Routley, 

2006). However, our results do not suggest stronger ID at earlier than later stages. 

Although we detected much stronger ID in LF than SF populations after seed maturation, 

we did not detect ID for fruit set or seeds per fruit for either LF or SF populations (Fig. 

3.1, Table 3.1). As such, our results agree with recent meta-analysis showing that elevated 

early ID, though common in outcrossing gymnosperms, does not distinguish outcrossing 

and selfing populations among angiosperms (Winn et al., 2011).  

Our results also failed to support the widely held expectation of stronger ID in 

more stressful environments (Roff, 1997; Cheptou & Donohue, 2011). We compared the 

expression of ID between soil moisture treatments because soil moisture is thought to 

strongly limit plant growth in dune habitats (Maun, 1994), and the duration of 

Mediterranean summer drought varies strongly across the geographic range of C. 
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cheiranthifolia. Restricting soil moisture strongly reduced the growth and flowering in 

our glasshouse experiment but did not enhance ID (Fig. 3.3). Although, some meta-

analyses suggest that effects of stress on ID are inconsistent (Armbruster & Reed, 2005; 

Willi et al., 2007), recent analysis by Fox & Reed (2011) suggests that the likelihood of 

detecting increased ID under stress depends on the severity of experimental stress 

imposed. Enhanced ID is generally not detected until the imposed stress is sufficient to 

decrease fitness by 25% among outcrossed individuals. In our experiment, restricted soil 

moisture reduced dry mass per outcrossed seed sown from 2050 to 1170 mg for LF 

populations (a 43% reduction) and 1060 to 530 mg for SF populations (50% reduction), 

and reduced the number of flowers produced per seed sown from 3.35 to 1.44 for LF 

(57% reduction) and 4.63 to 2.05 for SF populations (56% reduction). The stress 

generated by our soil moisture manipulation was well within the range expected to 

enhance ID in most species studied to date.  

Waller et al. (2008) suggested that stress may sometimes fail to enhance the 

expression of ID if it reduces overall phenotypic variability and hence opportunity for 

selection against inbred individuals. At the limit, for instance, a very severe stress may 

kill or severely impair all individuals, greatly limiting opportunities for any fitness 

differential between selfed and outcrossed progeny (Armbruster & Reed, 2005). Waller et 

al. (2008) provide experimental evidence from Brassica rapa that the strength of 

inbreeding depression increases with the amount of phenotypic variation expressed in an 

environment or for any given trait. Perhaps our simulated drought treatment did not 

enhance ID because it severely limited phenotypic variability. However, in our 

experiment, phenotypic variability for both measures of fitness, calculated as the trait 

variance divided by the square of the trait mean (following Waller et al., 2008), was 
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higher under dry conditions (dry mass = 3.29; flowers = 21.37) than moist conditions (dry 

mass = 2.19, flowers = 12.31). Levene’s test of relative variation (centered on either the 

mean or median) indicated significantly higher phenotypic variation under simulated 

drought for both variables (all P < 0.00001). There is no obvious explanation for why 

drought did not lead to more pronounced ID in C. cheiranthifolia. 

MAINTENANCE OF INBREEDING DEPRESSION DESPITE CHRONIC SELFING? 

Our results are consistent with purging through chronic self-fertilization in C 

cheiranthifolia. Although LF and SF populations differ markedly in syndrome of floral 

traits that typify strong mating system differentiation (corolla width, herkogamy, floral 

longevity, floral display size, capacity for spontaneous self-fertilization), and genetic 

estimates of s are much higher for SF populations (mean s = 0.72) than LF populations 

(mean s = 0.28; Table 3.3), there is much variation in s within both population groups. 

Some LF populations exhibit substantial selfing (s > 0.50, populations COR1C and 

CBV1C), and significant selfing was even detected in two of three SI populations (Table 

3.3). Perhaps all populations of C. cheiranthifolia experience regular opportunities for 

purging, which may explain the absence of strong ID for fruit set and seeds per fruit (see 

discussion above). This suggests that the difference in ID between LF and SF populations 

is not simply accounted for by a history of closer inbreeding in SF populations. Strong ID 

in partially selfing LF populations could maintained by selective interference (Lande et 

al., 1994), until populations exceed some high threshold s. Meta-analyses of ID based on 

both experimental (Winn et al., 2011) and population-genetic data (Scofield & Schultz, 

2006) support the existence of a threshold s below which strong ID is maintained. 

However, the comparative evidence for selective interference is strongest for large and/or 
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long-lived plant species (Scofield & Schultz, 2006) and quite weak for small, short-lived 

species like C. cheiranthifolia. The magnitude of ID in partially selfing populations will 

also be increased if deleterious alleles at different loci have synergistic effects on fitness 

(Charlesworth et al., 1991). However it is not clear how this would account for the 

relatively marked decline in ID between LF and SF populations of C. cheiranthifolia. 

The frequency of deleterious recessive alleles that cause ID may be influenced by 

population size in addition to the mating system (Busch, 2005). Theory suggests that ID 

may be reduced in small populations, especially the late-acting component due to mildly 

deleterious alleles (Bataillon & Kirkpatrick, 2000), the predominant component of ID in 

C. cheiranthifolia. A history of population bottlenecks during the transition to selfing may 

have contributed to lower ID in SF populations. However empirical studies have failed to 

demonstrate an effect of contemporary population size on ID (Kennedy & Elle, 2008; 

Coutellec & Caquet, 2011) or have revealed higher ID due to segregating recessive alleles 

in larger than smaller populations (Paland & Schmid, 2003). Moreover, surveys of plant 

density in contemporary populations across the geographic range of C. cheiranthifolia 

have not reveled any consistent difference in size or density between SF and LF 

populations (Samis & Eckert, 2007). Only SF populations from Baja California exhibited 

lower density than LF populations, and these SF populations were not included in our 

glasshouse analysis of ID expressed beyond seed set (Supporting Information Table 

A2.1). Population genetic analysis of neutral polymorphisms may provide insight into the 

long-term demography of populations across the mating system spectrum in this species 

(Foxe et al., 2010). 
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THE ROLE OF INBREEDING DEPRESSION IN MAINTAINING MATING SYSTEM VARIATION 

All else being equal, d ≥ 0.5 can prevent the spread of alleles that increase selfing. 

The threshold d value for maintaining outcrossing will be higher if selfing increases seed 

production via reproductive assurance (Lloyd 1992; Morgan & Wilson, 2005) or lower if 

self-pollination is associated with reduced outcrossed siring (pollen discounting; Lloyd 

1992; Harder & Wilson, 1998). Estimates of d for LF populations of C. cheiranthifolia 

based on lifetime performance in glasshouse environments approach the threshold to 

maintain outcrossing (0.467 for flower production and 0.300 for aboveground dry mass), 

and population-genetic estimates for some of these same populations were much higher 

(mean d > 1.0, albeit with broad confidence intervals). ID might be more strongly 

expressed in the field than glasshouse, but our failure to detect more strongly expressed 

ID under simulated drought (see above) does not support this. Nevertheless, theory 

suggests that predominant outcrossing may be maintained even when d is somewhat less 

than 0.5 (Goodwillie et al., 2005). For instance, substantial outcrossing might be 

evolutionarily stable if the expression of ID is frequency- or density-dependent (Chang & 

Rausher, 1998; Cheptou & Dieckmann, 2002), varies among lineages (Uyenoyama et al., 

1993; Cheptou & Mathias, 2001) or differentially affects male vs. female fitness (Rausher 

& Chang, 1999). Meta-population dynamics, which may occur in chronically disturbed 

coastal dune habitats, can also explain the maintenance of outcrossing when ID is 

relatively weak (Schoen & Busch, 2008). 

The mating system exhibited by SF populations of C. cheiranthifolia is more 

enigmatic. Although these populations self-fertilize much more than LF populations, they 

often exhibit significant and sometimes high levels of outcrossing (Table 3.3). Yet, we 
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did not detect significant ID in the glasshouse (–0.030 for lifetime flower production, 

0.087 for dry mass). One explanation for the occurrence of outcrossing despite negligible 

ID is that these populations are in the process of evolving higher levels of selfing. 

Although we cannot reject this hypothesis, there is no obvious reason to suspect that these 

populations are not at equilibrium with respect to mating system evolution. Given that 

these populations might be at equilibrium, what has prevented the spread of alleles that 

increase s further by reducing flower size and herkogamy? A comparison of floral traits 

between these SF populations and other more highly selfing species of Camissoniopsis 

suggests that genetic or developmental constraints are unlikely to prevent SF populations 

from completing the evolutionary transition to higher selfing (Chapter 2: Dart et al., 

2012). Other closely related species seem to have progressed much further down the 

evolutionary road to complete self-fertilization. In fact, we found one SF population of C. 

cheiranthifolia in Mendocino County California with high frequencies of plants that 

produce only cleistogamous, obligately selfing flowers (D. Denley, S. Dart, L. Doubleday 

& C.G. Eckert, unpublished). Although the maintenance of substantial outcrossing 

without significant ID seems to occur in other taxa (e.g. Collinsia verna, Kalisz et al., 

2004) few published theoretical models have provided explanations for this. The few 

models that do involve trade-offs between s and outcross fitness through female and/or 

male function (Porcher & Lande, 2005b; Johnston et al., 2009). Evaluating these trade-

offs in natural populations poses a major challenge en route to a better understanding of 

mating system evolution. 
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Additional supporting information may be found in the online version of this article. 

Table A2.1 Populations of Camissoniopsis cheiranthifolia sampled for this study, and the 

type of data collected for plants from each. 

Appendix 2B Glasshouse conditions and methods for experimental crosses.
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TABLE 3.1. Analysis of variation in inbreeding depression expressed for fruit set and seeds 

per fruit between predominantly outcrossing large-flowered and predominantly selfing 

small-flowered populations of Camissoniopsis cheiranthifolia. Values are likelihood 

ratios comparing models with and without the term in question (df = 1) with P values in 

parentheses. No model including any of these predictors accounted for a significant 

component of variance for either response variable. The likelihood ratio comparing the 

full model with a model including only an intercept (df = 3) was 1.69 (P = 0.64) for fruit 

set and 0.77 (P = 0.83) for seeds per fruit. The data upon which these analyses are based 

are summarized in Fig. 3.1. 

Response variable Error distribution 
Flower size 

(LF vs. SF) 

Treatment  

(S vs. X) 
Interaction 

Fruit set Binomial 0.20 (0.65) 0.40 (0.53) 1.86 (0.17) 

Seeds per fruit 
Negative 

binomial 
0.62 (0.70) 0.17 (0.70) 0.01 (0.93) 
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TABLE 3.2. Analysis of variation in inbreeding depression expressed for two measures of 

lifetime fitness in two soil moisture environments for large-flowered vs. small-flowered 

populations of Camissoniopsis cheiranthifolia. Likelihood ratio test results (df = 1) are 

presented for the effects of population flower size (large- vs. small-flowered), pollination 

treatment (self versus cross) and soil moisture treatment (moist vs. dry) plus the 

interactions between these main effects. The data upon which these analyses are based 

are summarized in Fig. 3.3. 

Fitness measure / term in model Likelihood ratio P 

Aboveground dry mass per seed sown 

Population flower size (F) 68.51 < 0.00001 

Pollination treatment (P) 11.47  0.00071 

Soil moisture treatment (S) 69.27 < 0.00001 

F x P  6.17  0.013* 

F x S  0.16  0.69 

P x S  0.67  0.41 

F x P x S  0.37  0.54 

Flowers produced per seed sown 

Population flower size (F) 23.03 < 0.00001 

Pollination treatment (P)  0.42  0.52 

Soil moisture treatment (S) 56.23 < 0.00001 

F x P  5.87  0.015 

F x S  0.18  0.67 

P x S  1.30  0.25 

F x P x S  0.28  0.60 
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TABLE 3.3. Maximum likelihood estimates of the proportion of seeds self-fertilized (s), the 

inbreeding coefficient of mature plants (F) and inbreeding depression () for 16 

populations of Camissoniopsis cheiranthifolia. Populations sampled include seven large-

flowered (LF) (four self-compatible [SC] and three self-incompatible [SI]), seven small-

flowered (SF), and two phenotypically variable (Var). 95% confidence intervals for each 

estimate are in parentheses. Estimates of F for CBV1C and CMK1C are not presented 

(na) because bootstrap distributions were highly irregular.  was only calculated for 

populations with reliable estimates of F, moderate estimates of s (0.1–0.9) and 

reasonable bootstrap distributions. Means for LF and SF populations and a comparison 

between them (P value) appear in the bottom three rows of the table. 

Population Type s F  

CTP1C LF-SI 0.01 (–0.03 – 0.03) 0.28 (0.13 – 0.43) na 

CCB1C LF-SI 0.16 (0.00 – 0.33) –0.13 (–0.20 – 0.05) 2.16 (–3.35 – 7.55) 

CSO1C LF-SI 0.38 (0.19 – 0.52) –0.01 (–0.20 – 0.19) 1.04 (0.13 – 1.60) 

CDW2C LF-SC 0.26 (0.05 – 0.40) –0.10 (–0.20 – 0.17) 1.51 (–3.07 – 2.06) 

COR1C LF-SC 0.53 (0.38 – 0.63) 0.31 (0.16 – 0.48) 0.21 (–1.47 – 0.65) 

CMG1C LF-SC 0.11 (0.02 – 0.18) 0.37 (0.20 – 0.66) na 

CBV1C LF-SC 0.53 (0.37 – 0.68) na na 

CGN1CV Var-SC 0.67 (0.56 – 0.76) 0.36 (0.25 – 0.48) 0.45 (–0.16 – 0.73) 

CSP1CV Var-SC 0.58 (0.43 – 0.72) 0.47 (0.27 – 0.77) –0.23 (–3.76 – 0.54) 

BES1C SF-SC 0.84 (0.72 – 0.96) 0.33 (0.12 – 0.51) 0.81 (0.50 – 0.97) 

CSC1C SF-SC 0.85 (0.66 – 0.95) 0.25 (0.02 – 0.49) 0.88 (0.44 – 0.99) 

CMS1C SF-SC 0.37 (0.15 – 0.59) 0.20 (–0.04 – 0.44) 0.12 (–4.94 – 1.07) 

CST1C SF-SC 0.68 (0.57 – 0.79) 0.34 (0.01 – 0.58) 0.52 (–0.47 – 1.00) 

CMC1C SF-SC 0.87 (0.77 – 1.00) 0.09 (–0.2 – 0.23) 0.97 (0.89 – 1.01) 

CMK1C SF-SC 0.43 (0.23 – 0.60) na na 

ONO1C SF-SC 1.00 (0.81 – 0.99) 0.51 (0.20 – 0.80) na 

Mean LF 0.28 (0.22 – 0.32) 0.12 (0.06 – 0.21) 1.23 (–2.75 – 2.59) 

Mean SF 0.72 (0.66 – 0.77) 0.23 (0.15 – 0.32) 0.66 (–0.47 – 0.90) 

LF vs. SF P value < 0.001 0.050 0.158 
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FIG. 3.1 Comparison of fruit set and seeds per fruit between experimental self- and cross-

pollinations in large-flowered vs. small-flowered populations of Camissoniopsis 

cheiranthifolia. Points are expected values from generalized linear models and bars are 

95% confidence intervals. Fruit set was estimated from paired self- and cross-pollinations 

on 180 maternal plants representing nine large- and 23 small-flowered populations. Seeds 

per fruit was estimated from paired selfed and outcrossed fruits on 110 maternal plants 

from eight large- and 17 small-flowered populations. Analysis of these data is in Table 

3.1. 
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FIG. 3.2 Comparison of survival from sowing to the application of the soil moisture 

treatment (day 65) of selfed and outcrossed seed from large- vs. small-flowered 

populations of Camissoniopsis cheiranthifolia. Points are unconditional expected values 

and bars are 95% confidence intervals estimated from ASTER models. The number of 

selfed and crossed seeds sown was 322 and 321, respectively for large-flowered 

populations and 514 and 495 for small-flowered populations. See text for analysis of 

these data. 
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FIG. 3.3 Comparison of two measures of lifetime fitness of selfed vs. crossed seed grown 

in contrasting soil moisture environments for large-flowered vs. small-flowered 

populations of Camissoniopsis cheiranthifolia. Points are unconditional expected values 

and bars are 95% confidence intervals estimated from ASTER models. Number of seed 

sown is indicated in Fig. 3.2. The number of selfed and crossed progeny surviving to 

harvest was 108 and 143, respectively for large-flowered and 134 and 135 for small-

flowered populations. The number of selfed and outcrossed progeny flowering was 34 

and 58 for large-flowered and 72 and 65 for small-flowered populations. Analysis of 

these data is in Table 3.2. 
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FIG. 3.4 Comparison of maximum likelihood estimates of the inbreeding coefficient of 

parental plants (F) and the proportion of seeds self-fertilized (s) for 14 populations of 

Camissoniopsis cheiranthifolia. Symbols indicate population flower size and self-

compatibility as follows: LF-SI = large-flowered and self-incompatible, LF-SC = LF and 

self-compatible, SF-SC = small-flowered and SC, Variable = phenotypically variable. 

95% confidence intervals for these estimates are in Table 3.3. The solid line indicates the 

expected parental F at equilibrium with no inbreeding depression (δ = 0); and the dashed 

line indicates the expected F with δ = 0.
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CHAPTER 4. Pollen limitation and floral parasitism as possible factors 

underlying striking differentiation of the mating system in a Pacific 

coastal dune plant 
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ABSTRACT 

The reproductive assurance (RA) benefit of selfing when pollination is unpredictable is 

often invoked to explain the frequently observed transition from outcrossing to 

autonomous self-fertilization in flowering plants. However, despite the recent 

acknowledgement that gamete consumption by floral parasites can induce conditions of 

pollen limitation (PL) and therefore potentially impose selection on the mating system, 

empirical evidence is lacking. We conducted a series of field surveys and pollen 

supplementation experiments to test for an association between flower size, fruit set, bud 

parasitism, and pollen limitation within and among populations of the highly variable 

short lived perennial plant Camissoniopsis cheiranthifolia (Onagraceae). As expected, 

fruit set was lower and more variable and bud parasitism was higher for large- (LF) 

compared to small-flowered (SF) plants among populations. Pollen addition (self or 

outcross) increased seed production compared to open pollination in LF but not SF 

populations, however fruit set was neither self- nor outcross-pollen limited. Instead, we 

found a strong negative correlation between corolla width and bud parasitism among 

populations suggesting that bud parasitism may be responsible for generating the observed 

geographical pattern of fruit set variation. Among population comparisons were consistent 

with the hypothesis that selfing and smaller flowers provide RA and freedom from 

parasitism. However, evidence for pollinator and/or parasite-mediated selection on flower 

size was equivocal as we failed to detect a consistent association between flower size and 

either PL or bud parasitism within variable populations or within LF populations where 

both flower size and bud parasitism were measured on the same plants.  
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Key words: Beach Evening Primrose (Camissoniopsis cheiranthifolia), coastal dunes, 

fruit set, geographic variation, mating system variation, bud parasitism, pollen limitation, 

reproductive assurance.  

INTRODUCTION 

One of the most prominent evolutionary trends in the history of flowering plants 

involves a transition from large, showy, outcrossing flowers to small, less conspicuous, 

self-fertilizing flowers. This appears to have occurred thousands of times in flowering 

plants (Stebbins 1974), which has generated sustained interest in the ecological and 

evolutionary causes and consequences of this transition. The most widely invoked 

adaptive explanation for selfing is that it is favored as a mechanism of reproductive 

assurance under conditions where pollinators and/or mates are scarce (Eckert et al. 2006). 

This hypothesis is supported by observations that selfing taxa tend to occur in 

geographically or ecologically marginal habitats where outcross pollination may be 

unreliable (Baker 1955, Jain 1976, Lloyd 1980, Busch 2005). Selfing species are also 

overrepresented among the invasive plants that may often experience allee effects during 

long-distance colonization (Rambuda and Johnson 2004, van Kleunen et al. 2008). Broad 

support for reproductive assurance as a selective factor also comes from comparative 

analyses of results from pollen supplementation experiments (PSE) showing that outcross 

pollen limitation is common and often severe in plant populations (Burd 1994, Ashman et 

al. 2004, Knight et al. 2005), and that traits that promote self-fertilization (e.g. self-

compatibility) seem to alleviate pollen limitation (Larson and Barrett 2000).  

The theoretical and empirical work on the role of reproductive assurance in plant 

mating system evolution has strongly focused on pollen limitation and interactions 
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between plants and pollinators. However, there has been growing interest in understanding 

how other biotic interactions involving flowers, such as herbivory, might influence floral 

evolution (Eckert et al. 2006, Strauss and Whittall 2006). Florivory is very common in 

plant populations and can strongly affect fitness, either directly though the consumption of 

pollen, ovules and seeds or indirectly through consumption of attractive structures and 

rewards that can alter pollinator visitation and foraging behavior (Krupnick et al. 1999, 

McCall and Irwin 2006, Steets et al. 2007). It is also likely that the same floral traits that 

attract pollinators also attract herbivores (Adler and Bronstien 2004, Theis and Adler 

2012). Hence, interactions between flowers and herbivores might influence the evolution 

of floral traits that dictate the mating system. A better understanding of plant mating 

system evolution may come from studies that consider both mutualistic and agonistic 

biotic interactions involving flowers (Ashman 2002, Eckert et al. 2006).  

Floral traits that influence the mating system often vary strikingly between closely 

related species and sometimes among populations within species (Jain 1976). This 

intraspecific variation has provided excellent opportunities for investigating mating 

system evolution because variation in the ecological and genetic factors that cause or at 

least maintain mating system differentiation are less likely to be confounded with major 

differences in phylogenetic history, life history and ecology. Species that also exhibit 

floral variation within as well as among populations are particularly useful because the 

effect of floral variation on mating patterns can be more directly evaluated. There have 

been detailed studies of how floral traits covary with the mating system among and within 

populations (reviewed in Chapter 2: Dart et al. 2012, Button et al. 2012) and the extent to 

which variation in the mating system is associated with the expression of inbreeding 

depression, the most important selective factor opposing the evolution of selfing (Husband 
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and Schemske 1996, Winn et al. 2011, Dart & Eckert in review). However there has been 

relatively little work contrasting the pollination ecology of small-flowered selfing and 

large-flowered outcrossing populations within species (Inoue et al. 1996, Fausto et al. 

2001) or phenotypes within populations (Piper et al. 1986). For instance, few studies have 

tested the simple expectation that selfing is associated with higher and less variable fruit 

or seed set (Barrett et al. 1989, Lyons and Antonovics 1991, Hererra et al. 2001, Schueller 

2004, Busch 2005) and that enhanced fruit set is due to selfing alleviating pollen 

limitation (Lyons and Antonovics 1991, Hererra et al. 2001, Schueller 2004, Kennedy and 

Elle 2008). Moreover the studies published to date yield mixed results. Whether variation 

among populations in floral morphology and mating system is associated with altered 

relations with and fitness effects of floral agonists is virtually unstudied.  

In this study, we combine multi-year surveys of fruit set and florivory in the form 

of bud parasitism with pollen supplementation experiments to investigate the causes and 

consequences of mating system differentiation in Camissoniopsis cheiranthifolia 

(Hornemann ex Sprengel) W. L. Wagner & Hoch (Onagraceae). This short-lived, 

herbaceous species is endemic to the Pacific coastal dunes of western North America, 

from northern Baja California Mexico to southern Oregon USA (Raven 1969, Samis and 

Eckert 2007). Across it’s geographic range, C. cheiranthifolia exhibits extremely wide 

variation in floral traits and the mating system both among and within populations 

(Chapter 2: Dart et al. 2012). In southern California (San Diego County), plants produce 

large flowers (LF, mean corolla width [CW] = 30 mm) that are self-incompatible (SI) and 

predominantly outcrossing (mean proportion of seeds outcrossed = t = 0.82). Further north 

along the mainland coast to Point Conception in northern Santa Barbara County plants are 

LF (mean CW = 28 mm) but fully self-compatible (SC) and somewhat less outcrossing 
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(mean t = 0.64). North of Point Conception to the northern range limit in southern Oregon, 

plants are small flowered (SF, mean CW = 15 mm), SC and predominantly selfing (mean t 

= 0.33). Populations south of San Diego County in Baja California Mexico and on the 

Channel Islands are also SF (mean CW = 17 mm) and predominantly selfing (mean t = 

0.16). Common garden experiments conducted in a glasshouse verify that there is a strong 

genetic basis to geographic variation in floral morphology (Chapter 2: Dart et al. 2012). In 

addition to striking among-population variation, three populations just north of Point 

Conception contain a mixture of LF-SC and SF-SC phenotypes that exhibit the same 

differentiation in floral traits and outcrossing as their counterparts among populations 

(Chapter 2: Dart et al. 2012).  

There is some evidence that geographic differentiation in floral traits and the 

mating system may have occurred in response to geographic variation in pollinator service 

(Raven 1969, Linsley et al. 1973). For instance, Linsley et al. (1973) surveyed insect 

visitation to C. cheiranthifolia across much of its range, they noted that flowers were 

visited primarily by small oligolectic bees of the genus Andrena, and that visitation was 

much lower in SF populations north of Point Conception than LF populations to the south, 

probably because this part of the coast experiences heavy morning fog, not conducive to 

insect activity, throughout the flowering season. These observations led Linsley et al. 

(1973) to hypothesize that selfing may have evolved north of Point Conception as a 

mechanism of reproductive assurance in response to reduced pollinator visitation (Linsley 

et al. 1973). However, glasshouse pollination experiments conducted in Chapter 2 (Dart et 

al. 2012) suggest that LF-SC populations south of Point Conception can set substantial 

seed in the absence of pollinators via autonomous selfing, suggesting that other selective 
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factors in addition to or instead of RA might have been involved in mating system 

differentiation across Point Conception. 

In addition to their mutualistic associations with solitary bees, flowers of C. 

cheiranthifolia are exploited by a specialist floral herbivore that consumes developing 

anthers within developing buds, causing flowers to abscise before anthesis. Because buds 

are not consumed outright we refer to this form of florivory as bud parasitism. DNA 

barcoding of >200 larval specimens collected from across the range of C. cheiranthifolia 

indicated that the bud parasite is very likely a single undescribed microlepidopteran 

species in the genus Mompha (Coleophoridae, Emery et al. 2009), a group of moths 

known for species-specific association with plants in the Onagraceae. LF plants may be 

more prone to bud parasitism if adult moths are attracted to larger flowers or if LF plants 

produce larger buds that provide more resources for larval development. 

The main objective of this study is to gain a better understanding of the role that 

reproductive assurance, in the form of alleviating pollen limitation and/or avoiding 

parasitism may have played in causing and/or maintaining the transition from large 

outcrossing flowers to small selfing flowers in C. cheiranthifolia. Specifically, we address 

the following predictions: (1) Fruit set will, on average, be higher and less variable for SF 

than LF plants both within and among populations. (2) The frequency of bud parasitism 

will be greater for LF than SF populations both within and among populations. (3) Fruit 

set and seed production will be pollen limited to a greater extent in LF than SF both within 

and among populations. 
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MATERIALS AND METHODS 

STUDY SPECIES 

Plants of C. cheiranthifolia produce actinomorphic flowers that consist of four 

sepals, four bright yellow petals, a shallow hypanthium, eight stamens in two whorls, with 

the stigma held either in contact with or well above the anthers (stigma-anther separation 

0–9.2 mm). Individual flowers are produced from leaf axils, primarily along lateral stems 

extending from a central rosette. Flowers are diurnal, opening at sunrise and closing in late 

afternoon or early evening and both the number of hours flowers are open each day and 

the number of consecutive days flowers re-open is substantially reduced in SF compared 

to LF populations (Chapter 2: Dart et al. 2012). Peak flowering occurs from May to July 

in all populations included in this study (S. Dart, unpublished data). Both mature fruits 

and undeveloped ovaries remain attached to stems, which allows retrospective 

measurement of fruit set without following the fate of individually marked flowers. 

Because there is geographic segregation of LF and SF population across the 

geographic range of C. cheiranthifolia (Chapter 2: Dart et al. 2012), differences in fruit 

and seed set, bud parasitism and pollen limitation may arise from geographic variation in 

the abundance and activity of mutualists and parasites in addition to or instead of variation 

in floral morphology. Hence, it is not possible to verify a causative influence of floral 

morphology from geographic surveys alone. However LF and SF phenotypes co-occur in 

close proximity within three populations such that a within-population comparison of 

phenotypes will allow a more direct test for an association between floral morphology and 

fruit set, pollen limitation and bud parasitism.  
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PATTERNS OF VARIATION IN FRUIT SET 

We surveyed fruit set in 78 populations of C. cheiranthifolia spanning the entire 

geographic range from May to July 2002–2005 (Table A3.1). In each population we 

randomly selected a single lateral branch on each of 10-75 randomly selected plants (total 

n = 1851 branches). We usually visited populations late in the flowering season and 

focused on flowers that had gone through anthesis long enough ago to be unambiguously 

aborted or clearly developing into a mature fruit. We counted the maturing and aborted 

fruits, and calculated fruit set as the number of mature or developing fruits divided by the 

total number of ovaries. Chapter 2 (Dart et al. 2012) classified populations as large-

flowered (LF), small-flowered (SF) or variable based on a large sample of flowers 

measured for both corolla width (measured from one tip of a randomly selected petal to 

the tip of the opposing petal) and herkogamy (distance from the base of the stigma to the 

closest dehiscing anther). Based on this 15 of 78 populations were LF, 60 were SF and 

three variable. Because the distribution of fruit set both among and within populations was 

highly right-skewed we used the median fruit set as a measure of central tendency for each 

population.  

We tested the prediction that fruit set should be higher in the 60 SF than the 15 LF 

populations using a nonparametric Kruskal-Wallis rank sum tests (KW test) on the median 

fruit set for each population using the statistical software JMP (version 9.0.1, SAS 

Institute Inc. Cary, North Carolina, U.S.A.), which we used for all analyses unless 

otherwise noted. We also calculated Pearson correlations between corolla width and 

median fruit set among the 43 populations (LF and SF only) for which both variables were 

measured. 
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We tested the prediction that fruit set should be more variable among LF than SF 

populations by performing a KW test on median ratios calculated for each population 

within its respective flower size group following Schultz (1985): MdRi = |Xi – Md|/Md, 

where MdRi is the median ratio for the i
th

 population, Xi is the median fruit set value for 

the i
th

 population and Md is the group median.  

We analyzed year-to-year variation in fruit set by using a KW test to evaluate the 

difference in median fruit set between years within each of 40 populations sampled in 

more than one year (nine LF and 31 SF), and calculating the between-year Pearson 

correlation in fruit set across populations. We then tested the prediction that between-year 

variation in fruit set was larger for LF than SF populations by calculating the absolute 

difference in median fruit set between years for each population and comparing these 

differences between LF and SF populations using a KW test. Very similar, strongly 

significant results were obtained using the absolute difference scaled by the median fruit 

set in the first year. 

In 2005 individuals within each of three variable populations (CGN1C, CSP1C 

and CMN1C) were classified as either LF (corolla width > 20 mm) or SF (≤ 20 mm) 

following Chapter 2 (Dart et al. 2012). The number of flowers yielding mature fruit versus 

aborted fruit was counted, as above, on at least 30 plants for each category (total n = 263 

plants). We modeled fruit set as a binomial response variable with generalized linear 

models (GLM) with population, floral phenotype (LF vs. SF) and their interaction as 

potential predictors using the R statistical software (version 2.15.0, R Core Development 

Team 2012). Because the data were overdispersed, we used quasi-likelihood estimation 

(Fox and Weisberg 2011). We tested the prediction that fruit set would be less variable 
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among SF than LF plants within each population using KW tests on median ratios, as 

above. 

ASSOCIATIONS BETWEEN FLOWER SIZE, BUD PARASITISM AND FRUIT SET 

We estimated the frequency of bud parasitism for 41 populations (16 LF and 25 

SF) across the geographic range by sampling a single bud at a stage just before floral 

anthesis from each of 20–98 plants (mean = 42) per population from May to July of 2005–

2007 (n = 1706 buds). We measured the length of each bud (to 0.01 mm), dissected it and 

scored whether it was parasitized as determined by the presence of a moth larva, larval 

frass or characteristic damage to developing floral organs. We tested for variation in the 

frequency of bud parasitism between LF and SF populations with a 40x2 contingency chi-

squared test, and then tested the prediction that bud parasitism was more frequent in LF 

than SF populations by contrasting population values for the proportion of buds 

parasitized using a KW test (again the distribution of population values was skewed). We 

tested for variation in bud length among 35 of the 41 populations for which buds were 

measured using 1-way ANOVA, and then contrasted bud length between 10 LF and 25 SF 

populations by performing a t-test on population means (within flower size groups, mean 

bud length did not deviate from a normal distribution). We calculated Pearson correlations 

between; mean corolla width and mean bud length, mean corolla width and proportion of 

buds parasitized and mean bud length and proportion of buds parasitized among the 19, 24 

and 35 populations respectively for which both were measured. We tested the prediction 

that bud parasitism should reduce fruit set by calculating the Pearson correlation between 

the proportion of buds parasitized and median fruit set among the 23 populations in which 

both were measured in the same year. 
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We tested whether bud parasitism was more variable among LF than SF 

populations using a KW test on the absolute differences between the proportion of buds 

parasitized and the population group median calculated for each population (|Xi – Md|). 

We could not use median ratios as above because the median for SF populations was very 

close to zero, which greatly inflated median ratio values for individual SF populations. We 

analyzed year-to-year variation in bud parasitism by calculating the between-year Pearson 

correlation in bud parasitism across populations and then, compared the proportion of 

buds parasitized between years in each of the 13 populations that were sampled in 

multiple years using a 2x2 chi-squared test. We tested whether the absolute difference in 

bud parasitism between years was greater for seven LF than six SF populations using a 

KW test as above.  

We tested the prediction that plants with larger flowers would be more prone to 

bud parasitism in two ways. First, in 2005 we sampled the most mature bud from LF and 

SF plants within each of the three variable populations (CGN1C, CSP1C and CMN1C, n = 

230 buds), measured bud length and scored buds as parasitized or not (as above). We 

tested for a difference in bud length between LF and SF plants using linear models (in R) 

and for a difference in the frequency of parasitism between LF and SF using GLM with 

binomial errors to model parasitism as a binary response and population, floral phenotype 

and their interaction as potential predictors. We also tested for an association between bud 

size and parasitism using GLM with population as a categorical predictor and bud length 

as a continuous predictor. Second, we sampled a single flower and the most mature bud 

adjacent to that flower for a large sample of plants in each of three LF populations 

(CCO1C, CIV1C, and CBV1C) during 2007. We sampled on five occasions at CCO1C, 

two at CIV1C and a single occasion at CBV1C and sampled 60 randomly chosen plants 
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for each population at each visit. The corolla width of the sampled flower was measured 

(as above) and the adjacent bud was measured and scored as parasitized or not (as above). 

For each population, we used GLM with binomial errors to model parasitism as a binary 

response, corolla width (or bud length) as a continuous predictor and sampling date as a 

categorical predictor.  

POLLEN SUPPLEMENTATION EXPERIMENT 

To quantify pollen limitation (PL) and test for the predicted positive association 

between flower size and the magnitude of PL among populations, we conducted a pollen 

supplementation experiment in three LF and two SF populations in each of two years 

(2004 and 2006; Table A3.1). In each population, we selected 34–115 plants of similar 

size spread throughout each site across the full range of variation in soil moisture and 

plant density (S. Dart, unpublished data). Each plant had at least one open flower. We 

randomly assigned 16–63 experimental plants to each of two treatments: cross-pollen 

supplementation (+X) or open pollination (OP). Pollen limitation is usually quantified by 

comparing naturally-pollinated and cross-supplemented flowers, whereas the extent to 

which selfing might alleviate PL must be determined by comparing naturally-pollinated 

flowers to those supplemented with self-pollen (Eckert et al. 2010). Accordingly, we 

added a self-supplemented treatment (+S) in 2006. For supplemented plants we hand-

pollinated every open flower by brushing pollen from three anthers across the stigmatic 

surface, using one anther from each of three donor plants located ≥ 3 m away for cross-

supplemented flowers and three anthers from another flower on the same plant for self-

supplemented flowers. For each plant, a single treated flower was randomly selected as the 

focal flower and marked with a spot of acrylic paint on the ovary. To avoid confounding 
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effects of flower position (Wesselingh 2007) and phenological variation in pollination all 

focal flowers were located on the central part of the flowering stem and were treated on a 

single day during peak flowering. We recorded whether each focal flower set fruit and 

counted the filled seeds in each mature fruit produced.  

We used GLM with binomial errors to model the effect of pollination treatment, 

population flower size and their interaction on fruit set as a binary variable. We conducted 

analyses separately for 2004 and 2006 because different populations were used for each 

year. The number of seeds produced per focal flower was highly skewed because a 

substantial number of focal flowers failed to set fruit, hence the data on the number of 

seeds produced per flower were too overdispersed to analyze using a GLM with a Poisson 

error distribution. We addressed this problem by using the ASTER model (Shaw et al. 

2008) in R. ASTER uses a maximum likelihood algorithm that accounts for seeds per 

flower consisting of a Bernoulli variable (fruit set) compounded with a zero-truncated 

Poisson variable (seeds per mature fruit). We tested the significance of each potential 

effect in the model (i.e. pollination treatment, population flower size and the interaction) 

using likelihood ratio (LR) tests comparing models without the effect in question. LR is 

distributed as chi-squared with degrees of freedom equal to the difference in number of 

parameters between the two models. We tested the significance of the interaction term by 

comparing models with and without this term, and then tested each of the main effects by 

comparing models without that effect to a model with both effects but no interaction. 

Because conventional calculations of the mean and standard error are not accurate 

measures of central tendency for overdispersed and skewed data, we used ASTER to 

estimate their unconditional expectations and 95% confidence intervals following Geyer et 

al. (2007). We did not include population as a nested random term in the models described 



 

 122 

above because ASTER does not accommodate random effects. However, supplementary 

analysis substituting population for flower size category (not shown) revealed no 

heterogeneity in response to pollination treatments among populations within flower size 

categories that would complicate the interpretation of our results. 

We also compared PL between LF and SF phenotypes within two of the three 

variable populations (CGN1C and CSP1C). LF and SF plants were randomly selected 

throughout both populations as above (S. Dart, unpublished data). In 2004, experimental 

plants were randomly assigned to each of +X or OP treatments. In 2006, we added a +S 

treatment. We used a similar combination of ASTER and GLM analyses to compare the 

effects of supplemental pollination on seeds per flower and fruit set (respectively) between 

LF and SF phenotypes. We evaluated the effect of population (CGN1C versus CSP1C), 

pollination treatment, individual flower size (LF versus SF) and all interactions using LR 

tests as above. 

Meta-analysis of results from pollen supplementation experiments indicate that 

supplementally pollinating only a sample of flowers on treated plants and comparing these 

to flowers on open-pollinated plants may overestimate PL (Knight et al. 2006). Resource 

reallocation among developing fruits within plants may elevate fruit and seed set of 

supplemented flowers at the expense of unsupplemented flowers. To evaluate this 

experimental bias, we also monitored and recorded fruit set and seeds per fruit for the two 

flowers produced after the focal flower and tested for reduced seed production by these 

flowers by supplemented compared to control plants. Due to manpower constraints, fruits 

from the two flowers were packaged together and average seed production was calculated. 

This precluded the use of the ASTER model for analysis, hence we contrasted the number 

of seeds per flower between treatments for each population separately using KW tests but 
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found no evidence that the seed set of supplemented flowers was boosted by resource 

reallocation in any population (Appendix 3B). 

DEPRESSION OF FRUIT SET BY BUD PARASITISM ALONE 

We estimated the extent to which bud parasitism alone depresses fruit set by 

comparing the fruit set of flowers that had been potentially exposed to parasitism versus 

those that had not. The most direct way of doing this is to compare fruit set on plants 

where parasites have been eliminated using repeated insecticide applications with control 

plants that have been potentially exposed to parasitism. This was not possible because we 

were working with hundreds of plants in several populations separated by hundreds of km, 

and our study populations were located in state parks and nature reserves whose mandate 

precludes the use of insecticides in experiments. We approximated this comparison using 

an indirect approach as follows. First, fruit set was estimated retrospectively (as above) for 

all flowers on the focal stem on all plants selected for the 2004 pollen supplementation 

experiment before the application of the experimental pollination treatments. These 

flowers would have had the opportunity to experience both natural pollination and bud 

parasitism. The open-pollinated focal flowers used in the pollen supplementation 

experiment were also exposed to natural pollination, but could not have experienced bud 

parasitism because they must have reached anthesis to be included in the experiment (bud 

parasitism almost always causes abscission before anthesis). Hence reductions in fruit set 

of “retrospective” flowers compared to “focal” flowers could be due to bud parasitism, but 

only if we can assume that the background level of fruit abortion does not vary 

temporally. However, several studies on a range of species have shown that fruit abortion 

increases on plants across the flowering sequence (Diggle 1995). This would reduce the 
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fruit set of focal compared to retrospective flowers and lead to an underestimate of the 

effect of bud parasitism. However, the results of our geographic surveys suggest very low 

rates of parasitism in SF populations, which should allow us to evaluate the temporal 

reduction in fruit set alone. 

We were able to monitor fruit set of retrospective and focal flowers on 360 plants 

in three LF populations (COR1C, CBV1C and CCO1C) and two SF populations (CGN3C 

and CMS1C). A direct statistical comparison of the fruit set of retrospective versus focal 

flowers was not possible because the former was based on a sample of flowers for each 

plant while the latter was based on a single flower per plant. Instead, we calculated and 

compared maximum likelihood estimates of the expected value and 95% confidence 

intervals for fruit set of each type of flower for each population using a GLM with 

binomial errors in R. 

RESULTS 

ASSOCIATION BETWEEN FLOWER SIZE AND FRUIT SET 

Across 1851 plants sampled from pure LF and SF populations, fruit set ranged from 0–1.0 

and varied significantly among the 75 populations surveyed (Fig. 4.1; range of medians = 

0.16–1.0, median of medians = 1.0, KW test 
2
 = 880.26, df = 74, P < 0.0001). As 

predicted, fruit set was lower for LF populations (range of medians = 0.16–0.91, median 

of medians = 0.52, n = 15) than SF populations (range of medians = 0.60–1.0, median of 

medians = 1.0, n = 60; 
2
 = 54.56, df = 1, P < 0.0001). Median fruit set correlated 

negatively with mean corolla width among all 43 populations for which both variables 

were measured in the same year (r = –0.83, P < 0.0001, Fig. 4.2). A negative correlation 
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also occurred among the 11 LF populations in this sample, though it was not significant (r 

= –0.40, P = 0.21). It was not possible to compute the correlation among the 32 SF 

populations in this sample because median fruit set was uniformly one. As predicted, 

median fruit set varied more strongly among LF than among SF populations (Fig. 4.1; 
2
 

= 43.61, df = 1, P <0.0001).  

Across all 40 populations, median fruit set correlated strongly between years (r = +0.94, P 

< 0.0001) and differed significantly between years for only two populations (Fig. 4.3). As 

predicted, the absolute between-year difference in median fruit set was greater for the nine 

LF than the 31 SF populations (Fig. 4.3; KW test 
2
 = 22.78, df = 1, P <0.0001). 

Across 263 plants sampled in the three variable populations, fruit set ranged from 0.17–

1.0 (median = 0.89). As predicted, GLM analysis detected a significant effect of 

population (F2,259 = 5.02, P = 0.0072) and floral phenotype (F1,259 = 124.7, P < 0.00001) 

with LF plants suffering lower fruit set than SF plants in all populations (Fig. 4.4; no 

interaction F2,257 = 1.50, P = 0.22). Fruit set appeared to vary more among LF plants than 

among SF plants, but the difference in the median ratio was not significant in any of the 

three populations (KW tests: CGN1C 
2
 = 0.57, df = 1, P = 0.45; CMN1C 

2
 = 1.07, df = 

1, P = 0.30; CSP1C 
2
 = 0.08, df = 1, P = 0.78). 

ASSOCIATION BETWEEN FLOWER AND BUD SIZE, BUD PARASITISM AND FRUIT SET 

Among populations. — Overall, 23% of the 1706 buds sampled from across the 

geographic range were parasitized and the frequency of parasitism varied significantly 

among the 41 populations sampled (range = 0–0.90, mean ± 1 SE = 0.19 ± 0.04; 2 = 

703.47, df = 40, P < 0.0001, Fig. 4.1). As predicted, bud parasitism was more frequent in 
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LF populations (range of frequencies = 0.03–0.90, median = 0.395, n = 16) than SF 

populations (range = 0–0.24, median = 0.028, n = 25; K-W test 2 = 
23.33, df = 1, P < 

0.0001). Corolla width and the frequency of bud parasitism correlated positively (r = 

+0.79, P < 0.0001, n = 24, Fig. 4.2), although correlations were not significant for LF or 

SF populations analyzed separately (LF r = +0.14, P = 0.68, n = 11; SF r = –0.12, P = 

0.70, n = 13). The proportion of buds parasitized varied to a greater extent among LF 

populations than SF populations (Fig. 4.1; 2 = 
8.03, df = 1, P = 0.0048). Among the 13 

populations for which bud parasitism was measured in more than one year, the frequency 

of bud parasitism correlated strongly between years (r = +0.76, P = 0.0026), and differed 

significantly between years for only three populations (Fig. 4.3). As predicted, the 

absolute differences in the proportion of buds parasitized between years were greater for 

the seven LF than six SF populations (
2
 = 9.00, df = 1, P = 0.0027; Fig. 4.3). 

Among the 1293 buds sampled across the geographic range, bud length ranged 2.66–15.35 

mm, and varied significantly among the 35 populations sampled (r
2
 = 0.810, F34,1258 = 

158.70, P < 0.0001). Buds were, on average, 40% shorter in SF populations (6.17 ± 0.12 

mm, n = 25 populations) than LF populations (10.68 ± 0.27 mm, n = 10; t-test: t = 17.84, 

df = 33, P < 0.0001). Among populations, corolla width and bud length correlated 

positively (r = +0.94, P < 0.0001, n = 19), though correlations were weaker and not 

significant among LF or SF populations analyzed separately (LF r = +0.29, P = 0.57, n = 

6; SF r = +0.41, P = 0.16, n = 13). Bud length and the frequency of bud parasitism 

correlated positively (r = +0.75, P < 0.0001, n = 35), however again correlations were 

weaker and not significant among LF or SF populations analyzed separately (LF r = 

+0.24, P = 0.50, n = 10; SF r = +0.28, P = 0.17, n = 25).  
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Among the 23 populations for which bud parasitism and fruit set were quantified in the 

same year, median fruit set correlated negatively with the proportion of buds parasitized (r 

= –0.71, P = 0.0001, Fig. 4.2) though the correlation was not significant among the LF or 

SF populations analyzed separately (LF r = –0.13, P = 0.69, n = 12; SF r = +0.27, P = 

0.43, n = 11). 

Within populations — Across 230 buds sampled within the three variable populations, 

19% had been parasitized. GLM revealed a significant effect of population on parasitism 

(
2
 =8.57, df = 2, P = 0.014), and higher parasitism of buds on LF than SF plants (

2
 = 

3.99, df = 1, P = 0.046). However the difference between floral phenotypes was only 

evident in one of three populations (Fig. 4.4), although the interaction was not quite 

significant (
2
 = 4.96, df = 2, P = 0.084). Bud length was, on average 40% lower among 

SF than LF plants (r
2
 = 0.733, F1,224 = 521.93, P < 0.0001). This difference varied 

significantly in magnitude but not direction among populations (F2,224 = 12.41, P < 

0.0001), being somewhat smaller in CSP1C (31%) than CGN1C (42%) or CMN1C (47%). 

GLM did not reveal an association between bud length and parasitism across these three 

populations (
2
 = 0.049, df = 1, P = 0.82). 

Across 834 buds sampled within the three LF populations in which both bud parasitism, 

bud length and corolla width of the adjacent flower were measured, 41% had been 

parasitized. In all populations, bud length covaried positively with corolla width (range of 

r among populations and sampling dates = +0.37 – +0.59, all P < 0.01, average r = +0.48). 

Although parasitism varied among populations and sampling dates, in none of these 

populations was there a significant correlation between corolla width and parasitism 

(Table 4.1). The same type of analysis did not reveal any association between bud length 
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and parasitism within populations (CCO1C: 
2
 = 0.89, df = 1, P = 0.35; CIV1C: 

2
 = 2.26, 

P = 0.13; CBV1C: 
2
 = 0.83, P = 0.36). 

POLLEN SUPPLEMENTATION EXPERIMENT 

In both 2004 and 2006, supplemental pollination increased the number of seeds 

produced per flower to a greater extent in LF than SF populations (Fig. 4.5), although the 

interaction between population flower size and pollination treatment was not quite 

significant in 2004 (Table 4.2). For both years, the effect of pollination treatment was 

strongly significant in LF populations (2004: 
2
 = 51.27, df = 1, P < 0.0001; 2006: 

2
 = 

39.52, df = 1, P < 0.0001) but far from significant in SF populations (2004: 
2
 = 0.14, df = 

1, P = 0.71; 2006: 
2
 = 2.55, df = 1, P = 0.28). Further analysis of the data from 2006 

revealed supplemental cross-pollination did not increase seeds per flower to a greater 

extent than supplemental self-pollination. In fact, the trend was in the opposite direction 

(Fig. 4.5), although the effect of pollination treatment was not quite significant (
2 = 

3.73, 

df = 1, P = 0.053).  

The effect of supplemental pollination on seeds per flower in LF populations was 

due primarily to an increase in seeds per fruit rather than fruit set. Fruit set was generally 

high in both years (2004 = 89.3%; 2006 = 87.0%). Although GLM analysis (Table 4.2) 

detected significantly higher fruit set in SF than LF populations in both years (2004: LF = 

82.3%, SF = 96.3%; 2006: LF = 76.6%, SF = 97.9%), supplemental pollination did not 

increase fruit set nor was there an interaction between the effect of pollination treatment 

and population flower size.  
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Comparison of the effects of supplemental pollination on LF versus SF plants 

within the two variable populations was more complex. In 2004, the 3-way interaction 

between the effects of population, flower size and pollination treatment on seeds per 

flower was significant (Fig. 4.6, Table 4.3). However, the form of this interaction did not 

indicate stronger treatment effects for LF than SF plants. Instead, supplemental cross-

pollination increased seed production of SF but not LF plants in population CGN1C and 

decreased seed production of SF but not LF plants in CSP1C. For instance, analyzing SF 

plants only, there was a significant interaction between population and pollination 

treatment (
2
 = 10.42, df = 1, P = 0.0012), whereas this interaction was not significant in 

an analysis of LF plants only (
2
 = 0.09, df = 1, P = 0.76). In 2006, the 3-way interaction 

was not significant but all 2-way interactions were strongly significant (Fig. 4.6, Table 

4.3). Again, the form of the interaction between the effects of flower size and pollination 

treatment did not clearly indicate stronger treatment effects for LF plants. Rather, the 

interaction seems to arise from the difference between self-supplementation versus both 

natural pollination and cross-supplementation being somewhat larger for LF than SF 

plants. Analyzing LF plants only, there was a significant interaction between the effect of 

population and pollination treatment (
2
 = 11.52, df = 2, P = 0.0031) as well as a strongly 

significant effect of treatment (
2
 = 10.37, df = 2, P = 0.0056). In contrast, for SF plants 

only the interaction was marginally significant (
2
 = 6.42, df = 2, P = 0.040) and the effect 

of treatment was not (
2
 = 4.73, df = 2, P = 0.094).  

Variation in treatment effects among floral phenotypes in these two variable 

populations resulted from variation in seeds per fruit rather than fruit set. Fruit set of 

flowers in all pollination treatments was high in both 2004 (93.5%, n = 387) and 2006 
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(92.0%, n = 138). GLM analysis detected only a difference between populations and only 

in 2004 (Table 4.3). 

DEPRESSION OF FRUIT SET BY BUD PARASITISM ALONE 

For all three LF populations, fruit set of early “retrospective” flowers exposed to 

bud parasitism was lower than that of “focal” flowers for which losses could not have 

involved bud parasitism, and in two of these populations there was no overlap in the 95% 

confidence intervals derived from GLMs (Fig. 4.7). In contrast, fruit set was very high (> 

90%) in both SF populations with no difference between retrospective and focal flowers. 

DISCUSSION 

COVARIATION BETWEEN THE MATING SYSTEM AND POLLEN LIMITATION 

A fundamental prediction of theoretical models of reproductive assurance is that 

self-fertilization should be associated with higher and less variable fruit and seed 

production that may, in turn, positively influence population growth and persistence 

(Cheptou 2004, Morgan et al. 2005). Our results appear supportive. Fruit set was much 

higher on average and much less variable among SF than LF populations of C. 

cheiranthifolia. Although LF and SF populations are geographically separated, it is 

unlikely that the contrast in fruit set is more directly due to corresponding geographic 

variation in a key abiotic factor like temperature or precipitation because the marked 

increase in fruit set was observed in three geographically disjunct groups of SF 

populations: north of Point Conception, Baja California and the Channel Islands. We also 

found higher and less variable fruit set among SF than LF phenotypes within three 

variable populations where divergent phenotypes are in very close proximity and almost 
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certainly experience the same spectrum of abiotic and biotic environments. Relatively few 

studies have compared fruit set or seed set between populations differentiated in floral 

traits expected to influence the mating system. Piper et al. (1986) showed that self-

fertilizing homostylous floral morphs of Primula vulgaris enjoy higher seed set than 

outcrossing heterostylous morphs. Higher fruit and/or seed set have been observed among 

populations with higher capacities for self-fertilization in two species of Leavenworthia 

(Lyons and Antonovics 1991, Busch 2005) and Helleborus foetidus (Hererra et al. 2001) 

but not in Eichhornia paniculata (Barrett et al. 1989) or Nicotiana glauca (Schueller 

2004). 

The main premise of the reproductive assurance hypothesis is that the capacity for 

self-fertilization results in higher fruit and seed set because fertility is no longer 

constrained by pollinator visitation or mate availability. Although several broad-scale, 

interspecific comparative analyses have shown that pollen limitation is weaker in species 

with a higher potential for self-fertilization (Burd 1994, Larson and Barrett 2000, Knight 

et al. 2005), evidence from pollen supplementation experiments comparing populations 

with divergent mating systems within species or between closely related species is 

equivocal. Piper et al. (1986) found lower pollen limitation among selfing homostyle than 

outcrossing heterostyle Primula vulgaris, however most other studies have failed to 

conclusively demonstrate reduced PL as a consequence of higher selfing (Leavenworthia 

crassa – Lyons and Antonovics 1991, Helleborus foetidus – Hererra et al. 2001, Nicotiana 

glauca – Schueller 2004, Collinsia parviflora – Kennedy and Elle 2008, see also 

Goodwillie 2001 for a comparison between closely related species). In contrast, our results 

strongly support the prediction that selfing alleviates pollen limitation in C. 
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cheiranthifolia. LF predominantly outcrossing populations experienced significant PL of 

seeds per flower whereas PL was not detected in SF predominantly selfing populations. 

Taken together, these results seem consistent with Linsley et al.’s (1973) 

conjecture that selfing and smaller flowers evolved in C. cheiranthifolia to provide 

reproductive assurance in the face of reproductive losses caused by pollen limitation (see 

also Raven 1969). If pollen limitation is common in LF populations south of Point 

Conception, then decreased pollinator visitation in the colder and foggier environment to 

the north could tip the balance of selective factors towards favoring higher levels of 

selfing. However, there are caveats associated with this interpretation. First, pollen 

limitation does not adequately explain the striking geographic pattern of variation in fruit 

set; at least the contrast between populations south (LF) versus north (SF) of Point 

Conception. Meta-analysis of results from many pollen supplementation experiments 

indicates that pollen limitation is expressed most strongly in reduced fruit set and to a 

much lesser degree in seeds per fruit of seeds per flower (Knight et al. 2006). In contrast, 

pollen supplementation in LF populations of C. cheiranthifolia increased seeds per flower 

primarily through increasing seeds per fruit and not the probability of a flower forming a 

fruit (fruit set). Rather it seems that much of the difference in fruit set between LF and SF 

populations is due to differential floral parasitism by Mompha (discussed in more detail 

below). Nevertheless, the difference between LF and SF populations in fruit set is also 

evident in seeds per fruit and seeds per flower among the subset of populations used in our 

pollen supplementation experiment. Although pollen limitation does not account for 

variation in fruit set, fruit set correlates with other components of seed production that do 

seem affected by pollen limitation. 
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Second, our results provide only correlative support for the hypothesis that 

selection for reproductive assurance is responsible for mating system differentiation in this 

species. A more direct test of this hypothesis would involve transplant experiments to test 

the prediction that LF phenotypes would suffer even stronger pollen limitation in habitats 

north of Point Conception (e.g. Geber and Eckhart 2005, Moeller and Geber 2005). To 

some extent our analysis of the phenotypically variable populations north of Point 

Conception provide an analogous natural experiment. These three populations contain 

high frequencies of LF phenotypes in a region where all other known populations are 

purely SF. Moreover LF phenotypes are differentiated from co-occurring SF phenotypes 

in floral traits that influence the degree of selfing vs. outcrossing to about the same extent 

as LF versus SF phenotypes occurring in geographically disjunct populations. Moreover, 

floral morphology is a good predictor of the proportion of seeds self-fertilized in these 

variable populations (Chapter 2: Dart et al. 2012). However, we did not find clear 

evidence that LF phenotypes suffer higher pollen limitation than SF phenotypes in the two 

variable populations involved in the pollen supplementation experiment. This experiment, 

however, is an imperfect analogue of a transplant experiment because it is possible that 

these populations in particular experience ecological conditions (e.g. unusually frequent 

pollinator visitation) conducive to the maintenance of LF phenotypes. Raven (1969, p. 

266) noted that some populations north of Point Conception in San Luis Obispo County 

contained larger-flowered individuals resembling phenotypes found much further south. 

This suggests that LF phenotypes have been maintained locally for at least 45 years. It 

remains possible that LF phenotypes would fare much worse and experience strong pollen 

limitation when transplanted into most other SF populations north of Point Conception. 
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 FITNESS EFFECTS OF FLORAL PARASITISM 

The ecological and evolutionary impacts of floral herbivores have attracted 

considerable recent interest and there is growing evidence that the floral traits generally 

viewed as evolving from the benefits of attracting pollinators may also incur the costs of 

attracting floral herbivores (McCall and Irwin 2006, Strauss and Whittall 2006, Theis and 

Adler 2012). However, the role of florivores in the evolution of plant reproductive 

systems remains relatively unstudied (Ashman 2002). This is the first study to investigate 

the incidence and fitness consequences of floral herbivory across a transition from 

outcrossing to selfing, probably the most common trend in plant reproductive evolution. 

Overall, our results revealed broad geographic covariation between flower size (and the 

mating system) and floral parasitism by Mompha larvae among populations of C. 

cheiranthifolia. The frequency of buds parasitized by Mompha larvae correlated strongly 

with corolla width (r = +0.79) and was 10-fold higher in LF than SF populations. Genetic 

analysis of diversity of mitochondrial DNA haplotypes showed that genetic diversity was 

much higher south than north of Point Conception (Emery et al. 2009) suggesting that 

over longer timeframes the Mompha populations were much larger in LF than SF 

populations of C. cheiranthifolia. This geographic covariation between floral morphology 

and parasitism is probably not due to a spurious match between the latitudinal trends in 

both variables because Mompha parasitism was low in both geographically disjunct 

groups of SF populations: Baja California and north of Point Conception. We also 

observed a strong negative correlation between parasitism and fruit set (r = –0.71) 

suggesting that Mompha parasitism might strongly reduce individual fitness. This 

correlation occurs because Mompha larvae consume developing anthers and other floral 
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organs in the bud causing the flowers to almost always abscise before opening. Abscised 

flowers leave behind their inferior ovaries, hence Mompha parasitism can reduce our 

retrospective measure of fruit set because it reduces the ratio of mature fruit to flowers 

produced, the latter being estimated by counting the number of ovaries (developed or not) 

on reproductive branches. A connection between floral morphology, bud parasitism and 

fruit set was also implied by the pattern of variation among populations. Compared to SF 

populations, LF populations exhibited higher among population variation in both bud 

parasitism and fruit set.  

The geographic patterns of covariation we documented imply causative links 

between floral morphology, parasitism and fruit set. However, direct evidence for these 

links is still lacking. Definitive evidence could come from experimental exclusion of 

florivores (e.g. Galen 1999, Herrera et al. 2002). This was not possible due to the large-

geographic scale of this study and, more importantly, that most of our study sites were in 

state parks or nature reserves where the intensive application of insecticides to keep 

Mompha off experimental plants during a long flowering season would not be permitted. 

However, a closer analysis of patterns within and among populations suggests that 

Mompha parasitism is responsible for the wide variation in fruit set among populations of 

C. cheiranthifolia. It is clear that Mompha parasitism can cause substantial losses of 

reproductive potential before flowers open, but in many plant species individuals only 

mature a fraction of flowers into fruit such that a reduction in the number of flowers that 

successfully open may not translate into reduced whole-plant fruit production (Stephenson 

1981).  

The strong correlation between parasitism and fruit set (r = –0.71) results primarily 

from the contrast between LF and SF populations. The correlation among just LF 
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populations was much weaker (r = –0.13) and far from significant, even though both 

parameters varied widely among LF populations (Fig. 4.2). There may be other factors 

that cause fruit set to differ among these groups of populations. In the absence of 

experimental manipulations, our best evidence that parasitism reduces fruit set comes 

from comparing fruit set between flowers that experienced only post-anthesis losses (focal 

flowers in Fig. 4.7) with those that experienced both pre- and post-anthesis losses 

(retrospective flowers), with Mompha parasitism contributing only to pre-anthesis losses. 

Fruit set was much higher for flowers experiencing only post-anthesis losses in two of 

three LF populations studied, whereas fruit set was near 100% and did not differ between 

classes of flowers in SF populations. Field observations suggest that Mompha parasitism 

is the only appreciable source of pre-anthesis fruit abortion in C. cheiranthifolia, and this 

is supported by the negligible difference in fruit set between retrospective and focal 

flowers in SF populations. The lack of experimental proof notwithstanding, we conclude 

that Mompha parasitism can reduce fruit set in populations of C. cheiranthifolia and has 

played a large part in causing the contrast in fruit set between LF and SF populations. 

DOES FLORAL MORPHOLOGY INFLUENCE THE RISK OF PARASITISM? 

If the floral traits that promote outcrossing, such as large attractive structures, 

bright colours, fragrance and extended periods of anthesis, also make flowers more 

vulnerable to florivory (McCall and Irwin 2006, Teixido et al. 2011), then floral herbivory 

might be a selective pressure favouring the evolution of smaller, less conspicuous flowers 

and consequent self-fertilization in C. cheiranthifolia. Additionally, our results show that 

plants with larger flowers also bear larger buds, which potentially provide more resources 

for Mompha larvae. Hence there may be indirect selection of floral traits mediated by 
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differential parasitism based on bud traits. Although the role of florivores in the evolution 

of selfing from outcrossing has remained largely uninvestigated (Eckert et al. 2006, Penet 

et al. 2009), the evolutionary scenario is similar to situations where selfing seems to have 

evolved in response to heterospecific pollination and hybridization (Levin 1972, Lloyd 

1980, Fishman and Wyatt 1999). Although, plants in LF populations clearly experience 

more Mompha parasitism than those in SF populations, our attempts to determine whether 

the moth preferentially attacks outcrossing over selfing flowers when both occur together 

did not generally support the hypothesis that floral parasites may have played a role in 

mating system evolution by causing direct or indirect selection on floral morphology 

and/or development. We did not detect any association between flower size (measured as 

corolla width) and the likelihood of parasitism across a gradient of phenotypic variation in 

flower size within any of the three LF populations where flowers and buds were assayed 

on the same plants. This does not suggest that a mutant with less conspicuous flowers 

would avoid parasitism.  

We also compared the frequency of parasitism among LF and SF phenotypes 

within three variable populations and only detected lower parasitism among SF 

phenotypes in one. LF and SF phenotypes in these populations differ in all the traits that 

distinguish LF and SF populations, including flower size and the duration of flower 

opening (Chapter 2: Dart et al. 2012). The likelihood that parasites will respond to 

variation in a particular floral trait will presumably depend on the foraging, oviposition 

and mating behavior of adult moths. Hence, behavioral observation of ovipositing female 

Mompha would aid in interpreting our results. For instance, morphological examination of 

adult Mompha specimens indicated that they might have functional feeding proboscises 

such that adult moths may respond to floral traits indicating the presence of nectar (Emery 
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et al. 2009). It also seems likely that females might be active in the evening or at night and 

the extent to which they are nocturnal is likely to influence the floral traits that they would 

use as cues when choosing oviposition sites. In variable populations of C. cheiranthifolia, 

large flowers tend to produce more nectar than small flowers and large flowers have an 

extended period of opening, closing for the day in the early evening whereas small-

flowers close in mid-afternoon. Both these trait differences may make large flowers more 

vulnerable to moth oviposition. However, both large and small flowers are closed at night 

hence floral attractive traits would be unlikely to influence moth activity if females were 

strictly nocturnal. Unfortunately, we have not been able to settle these issues because 

observing the activities of these tiny microlepidopterans in natural populations of C. 

cheiranthifolia has proven extremely difficult (see also Artz et al. 2010).  

An alternative interpretation of the higher rates of florivory on large- than small-

flowered C. cheiranthifolia is that LF populations are better able to support populations of 

Mompha. Our results show that plants with larger flowers also bear larger bud that are 

likely to provide more resources for developing Mompha larvae. Buds from LF plants are 

40% larger than buds from SF plants. Field surveys of Mompha prevalence in buds at 

different developmental stages suggests that an individual larva may use more than one 

bud during its development (C.G. Eckert unpublished) and moving from bud to bud 

during development may expose larvae to predation or parasitism. Hence larger buds may 

increase larval survival.  

CONCLUSIONS 

This study has provided one of the very few examples of the reduced pollen 

limitation in selfing compared to outcrossing populations that is generally predicted by 
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theoretical models and broad interspecific comparative analyses. Our results are consistent 

with a role for reproductive assurance in the transition from outcrossing to selfing in this 

species, a hypothesis that requires testing with transplant experiments. We also show a 

striking association between large flowers and other traits promoting outcrossing and 

florivory by the larvae of a microlepidopteran Mompha species. However, the available 

evidence suggests that differential floral parasitism is likely a consequence rather than a 

cause of mating system evolution. Nevertheless, the role that Mompha parasitism might 

play as a proximate influence on the mating system (e.g. Penet et al. 2009) awaits further 

investigation. In particular, we hypothesize that the very high rates of flower loss caused 

by Mompha may influence the mating system by strongly reducing mate availability and 

pollinator visitation (Krupnick et al. 1999) and thus opportunities for outcross pollination. 

This may contribute to the substantial variation in outcrossing observed among LF 

populations of C. cheiranthifolia that remains unexplained by key aspects of floral 

morphology (Chapter 2: Dart et al. 2012). 

ACKNOWLEDGEMENTS 

We thank Karen Samis, Emily Austen, Sarah Yakimowski, Colleen Inglis, and Kyle 

Lauersen for help in the field; Alisa Yokum, Virginia Emery, Jeffrey Lam, Johanna 

McGlaughlin, Adam Kwok, and William Mi for help in the lab; Peter Raven, Peter Hoch, 

Dave Hubbard and Jenny Dugan for logistic support and advice; the U.S. National Park 

Service, California State Parks and Oregon State Parks for research permits and logistic 

support in the field; the Natural Sciences and Engineering Council of Canada for a 

Discovery Grant to C.G.E. 

2
Author for correspondence (e-mail: chris.eckert@queensu.ca) 



 

 140 

LITERATURE CITED 

Adler, L. S. and J. L. Bronstein. 2004. Attracting antagonists: Does floral nectar increase 

leaf herbivory? Ecology 85:1519-1526. 

Artz, D. R., C. A. Villagra, and R. A. Raguso. 2010. Spatiotemporal variation in the 

reproductive ecology of two parapatric subspecies of Oenothera cespitosa 

(Onagraceae). American Journal of Botany 97:1498–1510. 

Ashman, T. L. 2002. The role of herbivores in the evolution of separate sexes from 

hermaphroditism. Ecology 83:1175-1184. 

Ashman, T. L., T. M. Knight, J. A. Steets, P. Amarasekare, M. Burd, D. R. Campbell, M. 

R. Dudash, M. O. Johnston, S. J. Mazer, R. J. Mitchell, M. T. Morgan, and W. G. 

Wilson. 2004. Pollen limitation of plant reproduction: Ecological and evolutionary 

causes and consequences. Ecology 85:2408-2421. 

Baker, H. G. 1955. Self-compatibility and establishment after "long-distance" dispersal. 

Evolution 9:347-348. 

Barrett, S. C. H., M. T. Morgan, and B. C. Husband. 1989. The dissolution of a complex 

genetic polymorphism: the evolution of self-fertilization in tristylous Eichhornia 

paniculata (Pontederiaceae). Evolution 43:1398–1416. 

Burd, M. 1994. Bateman's principle and plant reproduction: the role of pollen limitation in 

fruit and seed set. Botanical Review 60:83-139. 

Busch, J. W. 2005. The evolution of self-compatibility in geographically peripheral 

populations of Leavenworthia alabamica (Brassicaceae). American Journal of Botany 

92:1503-1512. 



 

 141 

Button, L., A. L. Villalobos, S. R. Dart, and C. G. Eckert. 2012. Reduced Petal Size and 

Color Associated with Transitions from Outcrossing to Selfing in Camissoniopsis 

cheiranthifolia (Onagraceae). International Journal of Plant Sciences 173:251-260. 

Cheptou, P. O. 2004. Allee effect and self-fertilization in hermaphrodites: Reproductive 

assurance in demographically stable populations. Evolution 58:2613-2621. 

Dart, S., K. E. Samis, E. Austen, and C. G. Eckert. 2012. Broad geographic covariation 

between floral traits and the mating system in Camissoniopsis cheirantifolia 

(Onagraceae): multiple stable mixed mating systems across the species' range? Annals 

of Botany:13. 

Diggle, P. K. 1995. Architectural effects and the interpretation of patterns of fruit and seed 

development. Annual Review of Ecology and Systematics 26:531–552. 

Eckert, C. G., S. Kalisz, M. A. Geber, R. Sargent, E. Elle, P. O. Cheptou, C. Goodwillie, 

M. O. Johnston, J. K. Kelly, D. A. Moeller, E. Porcher, R. H. Ree, M. Vallejo-Marin, 

and A. A. Winn. 2010. Plant mating systems in a changing world. Trends in Ecology & 

Evolution 25:35-43. 

Eckert, C. G., K. E. Samis, and S. Dart. 2006. Reproductive assurance and the evolution 

of uniparental reproduction in flowering plants. Pages 183–203 in L. D. Harder and S. 

C. H. Barrett, editors. The Ecology and Evolution of Flowers. Oxford University Press, 

Oxford, U.K. 

Emery, V., J., J.-F. Landry, and C. G. Eckert. 2009. Combining DNA barcoding and 

morphological analysis to identify specialist floral parasites (Lepidoptera: 

Coleophoridae: Momphinae: Mompha). Molecular Ecology Resources 9:217-223. 



 

 142 

Fausto, J. A., Jr., V. M. Eckhart, and M. A. Geber. 2001. Reproductive assurance and the 

evolutionary ecology of self-pollination in Clarkia xantiana (Onagraceae). American 

Journal of Botany 88:1794-1800. 

Fishman, L., and R. Wyatt. 1999. Pollinator-mediated competition, reproductive character 

displacement, and the evolution of selfing in Arenaria uniflora (Caryophyllaceae). 

Evolution 53:1723-1733. 

Fox, J. and S. Weisberg. 2011. An R Companion to Applied Regression. Sage: Thousand 

Oaks, California, USA.  

Galen, C. 1999. Flowers and enemies: predation by nectar-thieving ants in relation to 

variation in floral form of an alpine wildflower, Polemonium viscosum. Oikos 85:426–

434.  

Geber, M., and V. Eckhart. 2005. Experimental studies of adaptation in Clarkia xantiana. 

II. Fitness variation across a subspecies border. Evolution 59:521–531. 

Geyer, C. J., S. Wagenius, and R. G. Shaw. 2007. Aster models for life history analysis. 

Biometrika 94:415-426. 

Goodwillie, C. 2001. Pollen limitation and the evolution of self-compatibility in Linanthus 

(Polemoniaceae). International Journal of Plant Science 162:1283–1292. 

Herrera, C. M., A. M. Sanchez-Lafuente, M. Medrano, J. Guitian, X. Cerda, and P. Rey. 

2001. Geographical variation in autonomous self-pollination levels unrelated to 

pollinator service in Helleborus foetidus (Ranunculaceae). American Journal of Botany 

88:1025-1032. 

Herrera, C. M., M. Medrano, P.J. Rey, A.M. Sanchez-Lafuente, M.B. Garcia, J. Guitian, 

A.J. Manzaneda. 2002. Interaction of pollinators and herbivores on plant fitness 

suggests a pathway for correlated evolution of mutualism- and antagonism-related 



 

 143 

traits. Proceedings of the National Academy of Sciences of the United States of 

America 99:16823-16828. 

Husband, B. C. and D. W. Schemske. 1996. Evolution of the magnitude and timing of 

inbreeding depression in plants. Evolution 50:54–70. 

Inoue, K., M. Maki, and M. Masuda. 1996. Evolution of Campanula flowers in relation to 

insect pollination on islands. Pages 377–400 in D. G. Lloyd and S. C. H. Barrett, 

editors. Floral biology. Studies on floral evolution in animal-pollinated plants. 

Champman & Hall, New York, NY, U.S.A. 

Jain, S. K. 1976. The evolution of inbreeding in plants. Annual Review of Ecology and 

Systematics 7:69-95. 

Kennedy, B. F. and E. Elle. 2008. The reproductive assurance benefit of selfing: 

importance of flower size and population size. Oecologia 155:469-477. 

Knight, T. M., J. A. Steets, and T. L. Ashman. 2006. A quantitative synthesis of pollen 

supplementation experiments highlights the contribution of resource reallocation to 

estimates of pollen limitation. American Journal of Botany 93:271-277. 

Knight, T. M., J. A. Steets, J. C. Vamosi, S. J. Mazer, M. Burd, D. R. Campbell, M. R. 

Dudash, M. O. Johnston, R. J. Mitchell, and T. L. Ashman. 2005. Pollen limitation of 

plant reproduction: Pattern and process. Annual Review of Ecology Evolution and 

Systematics 36:467-497. 

Krupnick, G. A., A. E. Weis, and D. R. Campbell. 1999. The consequences of floral 

herbivory for pollinator service to Isomeris arborea. Ecology 80:125-134. 

Larson, B. M. H. and S. C. H. Barrett. 2000. A comparative analysis of pollen limitation 

in flowering plants. Biological Journal of the Linnean Society 69:503-520. 



 

 144 

Levin, D. A. 1972. Competition for pollinator service: a stimulus for the evolution of 

autogamy. Evolution 26:668–669. 

Linsley, E. G., J. W. MacSwain, P. H. Raven, and R. W. Thorp. 1973. Comparative 

behavior of bees and Onagraceae V. Camissonia and Oenothera bees of cismontane 

California and Baja California. University of California Publications in Entomology 

71:1–68. 

Lloyd, D. G. 1980. Demographic factors and mating patterns in angiosperms. Pages 67-88 

in O. T. Solbrig, editor. Demography and evolution in plant populations. Blackwell, 

Oxford, U.K. 

Lyons, E. E. and J. Antonovics. 1991. Breeding System Evolution in Leavenworthia - 

Breeding System Variation and Reproductive Success in Natural-Populations of 

Leavenworthia crassa (Cruciferae). American Journal of Botany 78:270-287. 

McCall, A. C. and R. E. Irwin. 2006. Florivory: the intersection of pollination and 

herbivory. Ecology Letters 9:1351-1365. 

Moeller, D. A. and M. A. Geber. 2005. Ecological context of the evolution of self-

pollination in Clarkia xantiana: Population size, plant communities, and reproductive 

assurance. Evolution 59:786-799. 

Morgan, M. T., W. G. Wilson, and T. M. Knight. 2005. Plant population dynamics, 

pollinator foraging, and the selection of self-fertilization. American Naturalist 166:169-

183. 

Penet, L., C. L. Collin, and T. L. Ashman. 2009. Florivory increases selfing: an 

experimental study in the wild strawberry, Fragaria virginiana. Plant Biology 11:38-

45. 



 

 145 

Piper, J. G., B. Charlesworth, and D. Charlesworth. 1986. Breeding system evolution in 

Primula vulgaris and the role of reproductive assurance. Heredity 56:207-217. 

Rambuda, T. D. and S. D. Johnson. 2004. Breeding systems of invasive alien plants in 

South Africa: does Baker's rule apply? Diversity and Distributions 10:409-416. 

Raven, P. H. 1969. A revision of the genus Camissonia. Contrib. US Natl. Herb. 37:161-

396. 

Samis, K. E. and C. R. G. Eckert. 2007. Testing the abundant center model using range-

wide demographic surveys of two coastal dune plants. Ecology 88:1747-1758. 

Schueller, S. K. 2004. Self-pollination in island and mainland populations of the 

introduced hummingbird-pollinated plant, Nicotiana glauca (Solanaceae). American 

Journal of Botany 91:672–681. 

Schultz, B. B. 1985. Levene's test for relative variation. Systematic Zoology 34:449-456. 

Shaw, R. G., C. J. Geyer, S. Wagenius, H. H. Hangelbroek, and J. R. Etterson. 2008. 

Unifying life-history analyses for inference of fitness and population growth. American 

Naturalist 172:E35-E47. 

Stebbins, G. L. 1974. Flowering plants: evolution above the species level. Belknap Press, 

Cambridge, U.S.A. 

Steets, J. A., T. M. Knight, and T. L. Ashman. 2007. The interactive effects of herbivory 

and mixed mating for the population dynamics of Impatiens capensis. American 

Naturalist 170:113-127.  

Stephenson, A. G. 1981. Flower and fruit abortion: proximate causes and ultimate 

functions. Annual Review of Ecology and Systematics 12:253-279. 



 

 146 

Strauss, S. Y. and J. B. Whittall. 2006. Non-pollinator agents of selection on floral traits. 

Pages 120-138 in L. D. Harder and S. C. H. Barrett, editors. Ecology and Evolution of 

Flowers. Oxford University Press, Oxford. 

Teixido, A. L., M. Mendez, and F. Valladares. 2011. Flower size and longevity influence 

florivory in the large-flowered shrub Cistus ladanifer. Acta Oecologica-International 

Journal of Ecology 37:418-421.  

Theis, N., and L. S. Adler. 2012. Advertising to the enemy: enhanced floral fragrance 

increases beetle attraction and reduces plant reproduction. Ecology 93:430–435. 

Vallejo-Marin, M. and M. K. Uyenoyama. 2004. On the evolutionary costs of self-

incompatibility: Incomplete reproductive compensation due to pollen limitation. 

Evolution 58:1924-1935. 

van Kleunen, M., J. C. Manning, V. Pasqualetto, and S. D. Johnson. 2008. 

Phylogenetically independent associations between autonomous self-fertilization and 

plant invasiveness. American Naturalist 171:195-201. 

Wesselingh, R. A. 2007. Pollen limitation meets resource allocation: towards a 

comprehensive methodology. New Phytologist 174:26-37. 

Winn, A. A., E. Elle, S. Kalisz, P. O. Cheptou, C. G. Eckert, C. Goodwillie, M. O. 

Johnston, D. A. Moeller, R. H. Ree, R. D. Sargent, and M. Vallejo-Marin. 2011. 

Analysis of inbreeding depression in mixed-mating plants provides evidence for 

selective interference and stable mixed mating. Evolution 65:3339-3359. 

SUPPLEMENTARY INFORMATION – APPENDIX 3 

Table A3.1: Locations of populations of Camissoniopsis cheiranthifolia used for this 

study, and the type of data collected from each. 
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APPENDIX 3B: Description of analysis testing for resource reallocation between flowers 

within plants of Camissoniopsis cheiranthifolia following pollen supplementation and 

flower removal in three LF, two SF and two VAR populations in which the pollen 

supplementation experiment was performed in 2004.  
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TABLE 4.1. Analysis testing for an association between flower size, bud length and bud parasitism among plants within three large-

flowered populations of Camissoniopsis cheiranthifolia.  

 
Summary statistics 

Generalized linear model 

(response = parasitized) 

Linear model 

(response = bud length) 

Pop’n 
Proportion 

buds 

parasitized 

Corolla 

width (mm) 

Bud length 

(mm) 
Date (D) 

Corolla 

width (C) 
D x C Date (D) 

Corolla 

width (C) 
D x C 

CCO1C 0.431 

(0.28-0.66) 

35.00 

(21.13-45.92) 

11.19 

(4.10-19.18) 

421.34 (4) 

0.0003 

0.20 (1) 

0.65 

3.62 (4) 

0.46 

3.10 (4) 

0.016 

88.76 (1) 

< 0.0001 

1.30 (4) 

0.27 

CIV1C 0.291 

(0.30-0.28) 

33.37 

(21.81-43.96) 

11.50 

(7.40-15.06) 

0.03 (1)  

0.87 

1.70 (1)  

0.19 

2.25 (1) 

0.13 

3.42 (1) 

0.067 

25.97 (1) 

< 0.0001 

0.35 (1) 

0.55 

CBV1C 0.300 

(na) 

34.87 

(21.28-43.96) 

11.69 

(7.08-14.98) 
na 

0.02 (1)  

0.90 
na na 

16.49 (1) 

0.00015 
na 

Notes: Summary statistics cells contain mean above and range (in parentheses) among sampling dates for parasitism among flowers 

measured for corolla width and among buds measured for bud length. Cells present the results of generalized linear or linear models 

with chi-squared values (above), P values (below), and degrees of freedom (in parentheses) from likelihood ratio tests for each potential 5 
predictor. Population CCO1C was sampled five times, CIV1C twice and CBV1C only once (hence variation among sampling dates was 

not analyzed, na).  
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TABLE 4.2. Analysis of the effect of pollen supplementation on fruit set and seed production 

among large- and small-flowered populations of Camissoniopsis cheiranthifolia.  

Year Treatments contrasted Response Flower size (F) Treatment (T) F x T 

2004 Open-pollinated 

Cross-supplemented 

Seeds per 

flower 

110.70 (1) 

< 0.00001* 

35.41 (1) 

< 0.00001* 

3.12 (1) 

0.078 

 Open-pollinated 

Cross-supplemented 

Fruit set 21.21 (1) 

< 0.00001* 

1.30 (1) 

0.25 

1.16 (1) 

0.28 

2006 Open-pollinated 

Self-supplemented 

Cross-supplemented 

Seeds per 

flower 

97.44 (1) 

< 0.00001* 

29.16 (2) 

< 0.00001* 

11.81 (2) 

0.00273* 

 Open-pollinated 

Self-supplemented 

Cross-supplemented 

Fruit set 56.62 (1) 

< 0.00001* 

3.34 (2) 

0.19 

0.95 (2) 

0.62 

Notes: In 2004, open-pollinated flowers were contrasted with flowers supplemented with 10 
outcross pollen. In 2006, open-pollinated flowers were contrasted with flowers 

supplemented with outcross pollen and flowers supplemented with self-pollen. Seeds per 

flower was analyzed using ASTER. Fruit set (which is included in seeds per flower) was 

analyzed using GLM with binomial errors. Significance of each term was evaluated with 

likelihood ratio tests. Cells contain chi-squared values above, P values below, and degrees 15 
of freedom in parentheses. Asterisks indicate which terms were included in the minimum 

adequate model.
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TABLE 4.3. Analysis of the effect of pollen supplementation on fruit set and seed production among large- and small-flowered plants in 

two phenotypically variable populations of Camissoniopsis cheiranthifolia.  

Year Treatments contrasted Response Population 

(P) 

Flower 

size (F) 

Treatment (T) P x F P x T F x T P x F x T 

2004 Open-pollinated 

Cross-supplemented 

Seeds per 

flower 

177.74 (1) 

< 0.00001* 

0.82 (1) 

0.37* 

0.07 (1) 

0.80* 

19.60 (1) 

< 0.00001* 

3.87 (1) 

0.049* 

1.33 (1) 

0.25* 

5.21 (1) 

0.022* 

 Open-pollinated 

Cross-supplemented 

Fruit set 6.19 (1) 

0.013* 

2.39 (1) 

0.12 

< 0.01 (1) 

0.99 

0.07 (1) 

0.79 

1.38 (1) 

0.24 

0.08 (1) 

0.78 

0.75 (1) 

0.38 

2006 Open-pollinated 

Self-supplemented 

Cross-supplemented 

Seeds per 

flower 

2.78 (1) 

0.096* 

6.73 (1) 

0.0094* 

12.49 (2) 

0.0019* 

15.73 (1) 

0.000073* 

9.99 (2) 

0.0068* 

10.42(2) 

0.0054* 

2.04 (2) 

0.36 

 Open-pollinated 

Self-supplemented 

Cross-supplemented 

Fruit set 1.45 (1) 

0.23 

0.06 (1) 

0.81 

4.54 (2) 

0.10 

3.02 (1) 

0.082 

0.05 (2) 

0.97 

0.89 (2) 

0.64 

< 0.01 (2) 

0.99 

Notes: In 2004, open-pollinated flowers were contrasted with flowers supplemented with outcross pollen. In 2006, open-pollinated 20 
flowers were contrasted with flowers supplemented with outcross pollen and flowers supplemented with self-pollen. Seeds per flower 

was analyzed using ASTER. Fruit set (which is included in seeds per flower) was analyzed using GLM with binomial errors. 

Significance of each term was evaluated with likelihood ratio tests. Cells contain chi-squared values above, P values below, and degrees 

of freedom in parentheses. Asterisks indicate which terms were included in the minimum adequate model.
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 25 
FIG. 4.1. Geographic variation in flower size (as measured by corolla width), fruit set, and 

the proportion of buds parasitized among natural populations of Camissoniopsis 

cheiranthifolia across the species’ geographic range. The dotted and hatched vertical lines 

indicate the locations of the Mexico/USA border and Point Conception respectively. Open 

circles are small-flowered self-compatible populations (SF-SC), closed circles are large- 30 
flowered self-compatible populations (LF-SC), closed triangles are large-flowered self-

incompatible populations (LF-SI) and diamonds indicate the three populations just north 

of Point Conception that exhibit wide floral variation (VAR). In subsequent figures and all 

analyses, LF-SI and LF-SC are pooled as LF populations. Points represent; means for 

corolla width in three LF-SI, nine LF-SC, 34 SF-SC and two VAR populations, median 35 
fruit set in five LF-SI, 10 LF-SC, 60 SF-SC and three VAR populations, and population 

frequencies for bud parasitism in seven LF-SI, nine LF-SC, 25 SF-SC and three VAR 

populations. Note the two clusters of SF-SC populations south of Point Conception: one 

cluster (33–34°N latitude) is on the Channel Islands and the other (30–31°N) is in northern 

Baja California. 40 
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FIG. 4.2. Correlations among corolla width, bud parasitism and fruit set among natural 

populations of Camissoniopsis cheiranthifolia. Points are medians for fruit set, population 

means for corolla width and population frequencies for bud parasitism. Open circles are 

small flowered populations (SF), closed circles are large-flowered populations (LF) and 45 
diamonds indicate the three populations just north of Point Conception that exhibit wide 

floral variation (VAR). Pearson correlation coefficients, P values and the number of 

populations (n) in each analysis are presented in each panel. 
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FIG. 4.3. Correlation of median fruit set and proportion of buds parasitized between years 50 
among populations of Camissoniopsis cheiranthifolia. Points are population medians for 

fruit set and population frequencies for bud parasitism. Symbols, indicated above the 

figure are as in Fig. 4.2. Between-year Pearson correlation coefficients, associated P 

values and the number (n) of populations in each analysis are presented in each panel. 

Asterisks denote populations where fruit set or parasitism differed significantly between 55 
years. 
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FIG. 4.4. Comparison of fruit set and the proportion of buds parasitized between large-

flowered (LF) and small-flowered (SF) phenotypes within three variable (VAR) 

populations of Camissoniopsis cheiranthifolia. Points are expected values calculated from 60 
generalized linear models and error bars are 95% confidence intervals. Fruit set was 

measured for 30 plants per phenotype except for LF plants in CGN1C (n = 63) and CSP1C 

(n = 80). Bud parasitism was assayed for 49 LF and 19 SF plants in CGN1C, 64 LF and 

34 SF in CSP1C and 34 LF and 30 SF in CMN1C. 
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 65 
FIG. 4.5. Comparison of pollen limitation of seeds per flower between large- and small-

flowered populations of Camissoniopsis cheiranthifolia in 2004 and 2006. In 2004, open-

pollinated flowers (open circles) were contrasted with flowers supplemented with cross 

pollen (filled circles). In 2006, open-pollinated flowers were also contrasted with flowers 

supplemented with self-pollen (filled triangles). Points are unconditional expected values 70 
and error bars are 95% confidence intervals both estimated using ASTER. Sample sizes 

for natural/self-supplemented/cross-supplemented plants were 102/0/90 and 98/0/93 for 

large- and small-flowered populations in 2004 and 82/84/82 and 79/78/79 for large- and 

small-flowered populations in 2006. 
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 75 
FIG. 4.6. Comparison of pollen limitation of seeds per flower between large- and small-

flowered phenotypes within two highly variable populations of Camissoniopsis 

cheiranthifolia in 2004 and 2006. In 2004, open-pollinated flowers (open circles) were 

contrasted with flowers supplemented with cross pollen (filled circles). In 2006, open-

pollinated flowers were also contrasted with flowers supplemented with self-pollen (filled 80 
triangles). Points are unconditional expected values and error bars are 95% confidence 

intervals both estimated using ASTER. Sample sizes for natural/self-supplemented/cross-

supplemented treatments were, in 2004, 48/0/46 LF plants and 20/0/25 SF plants in 

CGN1C, 80/0/66 LF and 58/0/64 SF in CSP1C, and, in 2006, 7/7/9 LF and 7/10/8 SF in 

CGN1C, 16/15/16 LF and 14/15/14 SF in CSP1C. 85 
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FIG. 4.7. Comparison of retrospective fruit set in flowers that might have experienced bud 

parasitism (pre- and post-anthesis losses) versus directly monitored focal flowers in the 

pollen supplementation experiment that did not experience bud parasitism (only post-

anthesis losses) in five populations of Camissoniopsis cheiranthifolia. Retrospective and 90 
focal flowers were on the same set of plants. Populations COR1C, CBV1C and CCO1C 

are large-flowered. Populations CGN3C and CMS1C are small-flowered. Points are mean 

predicted values and error bars are 95% confidence limits derived from generalized linear 

models (binomial errors) with population as a significant predictor. Number of plants 

sampled are as follows: COR1C = 27, CBV1C = 40, CCO1C = 114, CGN3C = 97, 95 
CMS1C = 82



 

  

 

 

  

 

CHAPTER 5. Experimental manipulation of flowers to determine the 

functional modes and fitness consequences of self-fertilization: 

unexpected outcome reveals key assumptions 
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SUMMARY 

1. Reproductive assurance is often invoked to explain the repeated transition from 

outcrossing to selfing among plants. The most common experimental test of this 

hypothesis uses floral emasculation (anther removal) to manipulate the capacity of 

flowers for autogamous self-pollination. 

2. The coastal dune endemic Camissoniopsis cheiranthifolia exhibits striking variation 

in floral morphology and the mating system across its geographic range in California, 

and reproductive assurance is likely to have played a role in the transition from large 

flowers and predominant outcrossing to small flowers and predominant selfing. To 

compare variation in the timing of self-pollination and the extent to which it provides 

reproductive assurance in large- vs. small-flowered populations, we emasculated 

flowers at different times during anthesis and measured the effects of both seed 

production and the proportion of seeds self-fertilized vs. outcrossed estimated using 

marker genes. We also manipulated large- vs. small-flowered phenotypes within two 

morphologically variable populations.  

3. As predicted from floral development, small-flowered plants self-pollinated before 

flowers open whereas LF phenotypes did not. Comparing seed production between 

intact flowers and flowers emasculated at opening suggested that autogamy after 

anthesis seems to provide reproductive assurance, especially for large-flowered plants. 

Comparing flowers that were emasculated before closing suggested that a seemingly 

well-developed mechanism for delayed selfing made no contribution to the mating 

system. 
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4. Using emasculation to manipulate selfing assumes that removing anthers from 

flowers does not compromise outcrossing. However, while not affecting the capacity 

of flowers to produce seed, emasculation shortened floral longevity, thereby reducing 

opportunities for outcrossing. Genetic estimation of the mating system revealed a 

negative effect of emasculation on the proportion of seed outcrossed, even in small-

flowered populations, further suggesting that flowers lacking anthers are unattractive 

to pollinators. These side effects of emasculation prevent a clear interpretation of the 

reproductive assurance value of selfing. 

 5. Given that much of what we know about reproductive assurance in natural 

populations comes from emasculation experiments, our results suggest that the 

assumptions of this approach, which are rarely verified, require much more serious 

consideration. 

Key words: Camissoniopsis cheiranthifolia, coastal dunes, emasculation, floral 

variation, mating system evolution, outcrossing, reproductive assurance, and self-

fertilization. 

INTRODUCTION 

An evolutionary transition from a reproductive system involving mating among unrelated 

individuals (outcrossing) to predominant self-fertilization has occurred thousands of times 

in plants. The most widely held hypothesis for why selfing evolves is that it provides 

reproductive assurance (RA) when pollinators and/or mates are scarce (Eckert, Samis & 

Dart 2006; Cheptou & Schoen 2007; Harder & Aizen 2010). The RA hypothesis can be 

tested experimentally by manipulating the capacity of flowers for self-pollination, usually 

by emasculation (anther removal), and then measuring the effect on seed production and 
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the mating system (Schoen & Lloyd 1992; Schoen, Morgan & Bataillon 1996). The RA 

hypothesis is supported if seed production (F) and the proportion of seeds self-fertilized 

(s) are higher for intact flowers (I) capable of self-pollination than emasculated flowers 

(E) no longer capable of self-pollination (Eckert et al. 2010). Almost all of what we know 

about the selective benefits of RA in natural plant populations has come from these 

emasculation experiments, which reveal that selfing often provides RA in nature (Eckert 

et al. 2006).  

Emasculations can be performed at different stages of floral development to 

estimate the timing of self-pollination, which may strongly influence the costs and 

benefits of selfing (Lloyd 1992; Schoen & Lloyd 1992; Schoen et al. 1996). For instance, 

selfing that occurs at the end of floral life, after opportunities for outcrossing have passed 

(‘delayed selfing’), may provide RA without compromising the production of high 

viability outcrossed seed or outcross siring success through pollen export. In contrast, 

selfing occurring before opportunities for outcrossing (‘prior selfing’) or simultaneously 

with outcrossing (‘simultaneous selfing’) may also increase total seed production (i.e. 

provide RA) but at the cost of reducing the number of outcrossed seeds produced (seed 

discounting) or seed sired on other plants (pollen discounting). However few studies have 

varied the timing of emasculation to estimate the timing of selfing (Leclerc-Potvin & 

Ritland 1994; Griffin, Mavraganis & Eckert 2000; Zhang & Li 2008). 

Using floral emasculation to estimate RA (i.e. RA = FI – FE) is based on the 

critical assumption that removing anthers from flowers only reduces the capacity of 

flowers for within-flower (autogamous) self-pollination. However, emasculation may also 

reduce seed production if it damages flowers, thereby reducing their capacity to mature 

seeds. It may also reduce seed production by diminishing opportunities for outcrossing by 
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shortening floral lifespan via a wound-induced hastening of floral senescence (O’Neill 

1997). The absence of anthers may also reduce visitation by pollinators if they avoid 

emasculated flowers because they seek pollen as a reward and/or because anthers are 

involved in pollinator attraction (Griffin et al. 2000; Eckert & Herlihy 2004). Violations 

of this critical assumption overestimate RA but can be detected by comparing I vs. E 

flowers in terms of seed production after hand-pollination, floral lifespan, and pollinator 

visitation. The latter might be problematic because visitation rates are likely to be low 

under ecological conditions that might select for RA. However, the effect of emasculation 

on outcross pollination can be inferred by comparing the proportion of seeds outcrossed 

(t) vs. selfed (s, s + t = 1) estimated using genetic markers. The production of more 

outcrossed seeds by I flowers than E flowers (tIFI > tEFE) indicates that emasculation 

compromises opportunities for outcrossing. Few experimental studies that have used 

emasculation have addressed these assumptions (see Table A4.1).  

In this study, we emasculate flowers to manipulate self-pollination and it’s timing, 

and then measure the effects on seed production and the mating system in Camissoniopsis 

cheiranthifolia (Onagraceae, Fig. 5.1). In doing so, we test for the potential side effects of 

emasculation that may complicate interpretation of experimental results. This species is a 

short-lived, herbaceous endemic of Pacific coastal dunes of western North America, from 

southern Baja California Mexico, through California to southern Oregon USA, and 

exhibits striking co-variation between floral morphology and the mating system across its 

geographic range (Raven 1969; Chapter 2: Dart et al. 2012). Plants from populations in 

San Diego County California produce large, self-incompatible (SI) flowers (large-

flowered, self-incompatible = LF-SI) that are primarily outcrossing (mean t = 0.80, range 

= 0.62–0.99, n = 3 populations, Chapter 2: Dart et al. 2012). Further north along the 
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mainland coast to Point Conception in northern Santa Barbara County California, plants 

produce large flowers that are fully self-compatible (LF-SC) and engage in a variable 

mixture of outcrossing and selfing (mean t = 0.74, range = 0.47–0.96, n = 9). North of 

Point Conception to the range limit in southern Oregon, in Baja California and on the 

Channel Islands, plants produce small, self-compatible flowers (SF-SC) that are 

predominantly self-fertilizing (mean t = 0.24, range = 0.001–0.57, n = 10).  

Species like C. cheiranthifolia with wide mating system variation provide 

excellent opportunities to test predictions concerning the fitness costs and benefits of 

selfing, especially with respect to the RA hypothesis. Yet these species are underexploited 

in this regard (but see Elle & Carney 2003; Kennedy & Elle 2008). There seems to be at 

least two distinct mating system transitions in C cheiranthifolia among populations along 

the mainland coast of California (Raven 1969). There is a transition from predominant 

outcrossing promoted by large SI flowers (LF-SI) in San Diego County to large but self-

compatible flowers (LF-SC) and mixed mating (outcrossing + selfing) in somewhat more 

northerly populations. Theory suggests that the loss of SI but the retention of large 

flowers is likely via selection for RA (Porcher & Lande 2005). Although LF-SC flowers 

are self-compatible, dehiscing anthers are held well above receptive stigmas throughout 

floral anthesis (i.e. pronounced herkogamy), which likely limits self-pollination before 

and during opportunities for outcross pollination. However, anthers and stigmas often 

come into contact when flowers close for the evening, and the extent to which this occurs 

correlates positively with the proportion of seeds selfed (Chapter 2: Dart et al. 2012). This 

potential mechanism of delayed selfing provides RA, while possibly limiting the costs of 

seed and pollen discounting (Lloyd 1992).  
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Populations further north along the California coast (north of Point Conception) 

have progressed further along the transition to higher s. Based on their extensive surveys 

of bees visiting C. cheiranthifolia flowers, Linsley et al. (1973) report that flowers are 

primarily visited by pollen-collecting females and nectar-collecting males of several 

oligolectic species of Andrenid bees but that visitation to flowers in SF-SC populations is 

infrequent. They suggest that higher s evolved to provide RA in response to heavy 

morning fog characteristic of dune habitat in this region that would impede pollinator 

visitation. In addition to demonstrated differences in floral morphology and s (Dart et al. 

2012), SF-SC flowers seem to differ from LF-SC flowers in the timing of self-pollination. 

SF-SC flowers bear stigmas and anthers in close proximity throughout floral life such that 

self-pollen, whether it is shed on to stigmas autonomously or through the actions of 

visiting pollinators, likely competes with outcross pollen for fertilizations (simultaneous 

selfing). SF-SC flowers also seem to experience autogamous pollination before flowers 

open (prior selfing) because anthers dehisce and shed pollen especially on the underside 

of the globular stigma while still in bud. This temporal shift in self-pollination to earlier 

in floral life may be a response to chronic outcross pollen limitation in dune habitats north 

of Point Conception (Lloyd 1992; Eckert et al. 2010).  

In addition to the marked among-population variation in floral morphology and 

the mating system, two populations of C. cheiranthifolia in the transition zone just north 

of Point Conception contain both LF-SC and SF-SC phenotypes that differ in floral traits 

and genetic estimates of s to about the same extent as LF-SC and SF-SC phenotypes in 

geographically segregated populations (Chapter 2: Dart et al. 2012). This within-

population variation allowed us to use emasculations to investigate differences in the 
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timing and fitness consequences of selfing when divergent phenotypes experience the 

same pollination environment. 

This study compares LF-SC (hereafter LF) populations south of Point Conception 

to SF-SC (hereafter SF) populations to the north to address the following questions: (1) Is 

prior selfing that occurs before flowers open more prevalent in SF than LF populations 

due to self-pollination in the bud? (2) Does autogamy occurring after flowers open 

provide RA by increasing seed production and s, and are these effects greater in LF 

populations where autogamy occurs after flowers open than in SF populations where self-

pollination is expected to occur before flowers open? (3) Does selfing occurring when 

flowers close increase seed production, and if so, are these effects greater in LF than SF 

populations? (4) Do the differences between LF and SF populations in the timing and 

fitness consequences of selfing also occur between LF and SF phenotypes within 

populations? Addressing this question will indicate the extent to which differences are 

due to floral morphology and development as opposed to variation in the pollination 

environment and/or other extrinsic ecological factors that may differ between pure LF and 

SF populations. (5) Are there unintended side effects of emasculation that could 

complicate the interpretation of the results? In particular, we determine whether 

emasculation damages flowers and reduces their capacity to produce seed and reduces 

floral longevity and thus opportunities for outcrossing. We also use genetic estimates of 

self-fertilization and outcrossing to infer whether emasculation decreases cross-

pollination through reduced pollinator visitation. 
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MATERIALS AND METHODS 

EFFECT OF EMASCULATION AND POLLINATION ON SEED PRODUCTION 

We used seven populations of C. cheiranthifolia (Table A4.2), including: three LF-SC 

populations south of Point Conception (COR1C, CMG1C, CBV1C) two SF-SC 

populations north of Point Conception (CMS1C, CST1C), plus the two highly variable 

populations located just north of Point Conception (CGN1C, CSP1C) that include LF and 

SF phenotypes (Chapter 2: Dart et al. 2012). Within each population we randomly 

allocated individual plants to one of eight treatments (described in Table 5.1), though not 

all treatments were applied in all populations (sample sizes in Table A4.3). Four 

treatments involved open (i.e. natural) pollination, with individual flowers left intact (I) or 

emasculated just after opening (EO, during 0500 – 0800h), emasculated just before 

closing on the first day of anthesis (EC, 1500 – 1800h), or just before closing on the 

second day of anthesis (EC2, 1500 – 1800h). Each flower contains four epipetalous and 

four episepalous stamens from which the anthers are easily removed without causing 

incidental self-pollination or any apparent damage to flowers (Fig. 5.1). For three 

additional treatments, I, EO and EC, flowers were hand-pollinated with self-pollen just 

after opening (+S). For the final treatment, flowers were emasculated at opening and 

excluded from pollinators (“bagged”, EO+B). Exclusion bags were made of fine sheer 

nylon stretched across a wire frame cage to exclude even the smallest insect that we have 

observed visiting C. cheiranthifolia flowers. Hand self-pollination involved brushing the 

stigma with three dehisced anthers from the same flower. Treated flowers were marked 

with a spot of acrylic paint on the ovary. Mature fruits were collected 4 – 6 wks. after 

treatment, and the small filled seeds (~0.1mg) in each fruit were counted and stored at 20 
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– 25°C. To assess whether any of these experimental treatments altered floral longevity, 

we monitored individual flowers and recorded whether they re-opened for a second day 

of anthesis. 

 Our questions were addressed by contrasting sets of treatments (Table 5.1) as 

follows:  

(1) We evaluated the capacity for prior selfing (P in Table 5.1) by comparing 

seeds/flower between EO+B flowers (that could only engage in prior selfing) and EO+S 

flowers (for which seed production via selfing should be maximized) in the two SF 

populations, the two variable populations but only one LF population (COR1C) due to 

time constraints. For a subsample of flowers, we also determined whether pollen had been 

deposited on stigmas before anthesis by inspecting stigmas with a hand lens in flowers 

that were just opening. In a pilot study, we tried to more directly estimate the contribution 

of P by emasculating flowers in the bud stage before anther dehiscence but this clearly 

damaged flowers.  

(2) We evaluated the contribution of selfing after flowers opened to seed production in all 

seven populations by contrasting I flowers (all forms of autogamous self-pollination [P + 

S1 + D1 + S2 + D2] plus geitonogamous between-flower self-pollination [G] plus 

outcross-pollination [T], details in Table 5.1) with EC flowers (all forms of autogamy for 

the first day of anthesis but none when the flower closes for the night or during 

subsequent days of anthesis [P + S1] plus G + T) and EO flowers (only prior autogamy 

[P] plus G + T).  

(3) We determined the contribution of self-pollination when flowers closed for the first 

evening (D1) to seed production by contrasting EC flowers (P + S1 + G + T) and EC2 

flowers (all autogamy for the first and second days of anthesis but no autogamy when the 
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flower closed for the second night: P + S1 + D1 + S2 + G + T) in one LF population 

(COR1C), two SF populations and the two variable populations. This contrast 

overestimates the contribution of D2 because compared to EC flowers EC2 flowers also 

experience S, G and T occurring during day 2. However, this did not complicate the 

interpretation of our results. 

(4) We determined whether emasculation reduced seed production capacity by damaging 

flowers (d) by contrasting the number of seeds produced per flower (F) between I+S (no 

d), EC+S (dC1) and EO+S (dO) flowers in all populations.  

(5) We investigated whether emasculation reduced opportunities for cross-pollination (e) 

by contrasting the proportion of flowers opening for a second day (floral longevity) 

between I+S (no e), EC+S (eC1) and EO+S (eO) treatments for all populations. We could 

not determine whether emasculation reduced pollinator attraction (another component of 

e) because pollinator visitation rates were extremely low in all populations we studied. 

Seeds/flower was highly skewed because some flowers failed to set fruit, which 

commonly occurs, especially in LF populations (S. Dart & C.G. Eckert unpublished). 

Hence, we contrasted treatments using the ASTER model (Shaw et al. 2008) 

implemented in the R statistical software (version 2.13.0, R Core Development Team 

2011). ASTER uses a maximum likelihood algorithm that accounts for seeds per flower 

consisting of a Bernoulli variable (whether a flower set a fruit) compounded with a zero-

truncated Poisson variable (number of seeds per mature fruit). The analysis uses all the 

data, including flowers that failed to set a fruit (zero seeds/flower) and allows estimation 

of the unconditional expectations (analogue of the mean) and 95% confidence intervals 

for each treatment (Geyer, Wagenius & Shaw 2007). Population was not included as a 

random factor nested within flower size class (LF vs. SF) because ASTER does not 
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accommodate random factors (Shaw et al. 2008). However, supplementary analyses (not 

shown) including population as a fixed factor rather than population flower size did not 

reveal heterogeneity among populations within flower size categories that would 

complicate the interpretation of population flower size effects. 

Floral longevity, as measured by whether a flower opened for the second day, and 

our observations of whether pollen had been deposited on stigmas at anthesis were 

analyzed as binary response variables using generalized linear models (GLM) with a 

binomial error distribution implemented in R. For both GLM and ASTER models, we 

initially included population flower size (LF, SF), emasculation/pollination treatment 

(Table 5.1) and their interaction as potential predictors. For models contrasting treatments 

between LF and SF phenotypes within the two variable populations, we initially included 

population, floral phenotype (LF, SF), treatment and all possible interactions. We tested 

the significance of each effect using likelihood ratio tests to compare models with and 

without the effect in question, with degrees of freedom equal to the difference in number 

of parameters between competing models. We tested interactions between main effects by 

comparing models with and without the interaction in question. Individual main effects 

were then tested by comparing models without the main effect to a model with all main 

effects but no interaction.  

EFFECT OF EMASCULATION ON THE MATING SYSTEM 

The proportion of seeds self-fertilized (s) was estimated for I and EO flowers in two LF 

populations (COR1C and CBV1C), two SF populations (CMS1C and CST1C) and for LF 

and SF phenotypes within two variable populations (CGN1C and CSP1C) from 

segregation of seven polymorphic allozyme loci in open-pollinated progenies assayed as 
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seedlings following Chapter 2 (Dart et al. 2012). Using the mixed mating model as 

implemented by the maximum likelihood (ML) program MLTR (Ritland 2002), we 

estimated s simultaneously for each treatment group within each population by assuming 

that all plants within a population experienced a common outcross pollen pool. Pollen and 

ovule allele frequencies were constrained to be equal, parental genotypes were inferred 

from progeny genotypes, and Newton-Raphson iteration was used to find ML values. 

95% confidence limits for the ML estimates were derived as the 2.5- and 97.5-percentile 

of the distribution of 1000 bootstrap values generated using the seed family as the unit of 

re-sampling. For all populations, estimates of s converged on a single ML value 

regardless of initial parameter values. We contrasted estimates of s between I vs. EO 

flowers by calculating the proportional overlap between bootstrap distributions, which is 

roughly equivalent to a P-value. ML estimates were considered significantly different if P 

< 0.025. 

RESULTS 

CAPACITY FOR PRIOR SELFING REVEALED BY EMASCULATION AND BAGGING 

Flowers emasculated at opening and then excluded from pollinators (EO+B) set fewer 

seed than emasculated flowers self-pollinated by hand (EO+S, Fig. 5.2A), but the 

difference was much larger in the LF than the two SF populations as revealed by a 

significant interaction between population flower size and treatment (P = 0.010, see Table 

A4.4A). In SF populations, EO+B flowers produced, on average, 60% as much seed as 

EO+S flowers. In contrast, EO+B flowers in the one LF population (COR1C) set very 

few seed. We also subjected a small sample of plants to the EO+B treatment in the two 
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other LF populations, and only two of 12 EO+B flowers set fruit, one fruit with a single 

seed and the other with four seeds. Among the 120 stigmas examined in three LF 

populations, only 9.2% bore pollen at anthesis compared to 83.6% of 220 stigmas 

sampled in two SF populations (GLM effect of flower size: likelihood ratio LR = 213.3, 

df = 1, P < 0.00001). 

The results from the two variable populations were similar (Fig. 5.2B). EO+B 

flowers set far fewer seed than EO+S flowers but only among LF phenotypes. However, 

the difference between treatments was larger in CGN1C than in CSP1C where EO+B LF 

flowers set considerable seed, resulting in a three-way interaction plus two-way 

interactions involving treatment (all P < 0.003, Table A4.4B). Among the 327 stigmas 

examined on flowers from LF phenotypes, 18.9% bore pollen at anthesis compared to 

78.7% of 225 stigmas from SF flowers. Again, however, the difference between 

phenotypes was smaller for CSP1C (31.7% vs. 80.2%) than CGN1C (4.7% vs. 76.9%; 

GLM interaction between population and flower size: LR = 21.2, df = 1, P < 0.00001). 

EFFECT OF EMASCULATION AFTER ANTHESIS ON SEED PRODUCTION OF OPEN-POLLINATED 

FLOWERS 

Given that SF flowers are self-pollinated in the bud, selfing occurring after flower 

opening should make a larger contribution to seed production for LF than SF plants. 

Consistent with this prediction, emasculation at flower opening reduced seed production 

to a much greater extent in LF than SF populations (Fig. 5.3A, interaction P < 0.00001, 

Table A4.5A). In contrast, emasculation just before flowers closed at the end of the first 

day did not affect seed production in LF or SF populations. Analysis of just I and EC 

flowers did not detect an effect of treatment (LR = 0.21, df = 1, P = 0.65) but did reveal a 
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small but significant interaction (LR = 11.83, df = 1, P = 0.00058) that resulted from EC 

flowers producing fewer seeds than I flowers in SF but not LF populations. 

Again, the pattern of variation for the two variable populations was more complex 

as indicated by a significant 3-way interaction between population, flower size and 

treatment (Fig. 5.3B, P = 0.0010, Table A4.5B). Both emasculation treatments reduced 

seed production but more so among LF than SF plants, and the interaction between flower 

size and treatment was particularly strong (P = 0.00038). Analyzing LF and SF plants 

separately revealed strong effects of population (LR = 10.28, df = 1, P = 0.0013), 

treatment (LR = 28.75, df = 1, P < 0.00001) and an interaction between these effects (LR 

= 17.94, df = 1, P = 0.00013) for LF plants, whereas none of these terms were significant 

for SF plants (all P > 0.15). 

EFFECTS OF EMASCULATION AFTER ONE VERSUS TWO DAYS OF ANTHESIS 

Seed production was generally higher in SF populations (unconditional expectation = 

54.39 seeds/flower, 95% confidence interval = 55.64 – 53.15) than the LF population 

(27.85, 31.81 – 23.88 seeds/flower, P < 0.00001), but there was no difference (P = 0.26) 

between flowers emasculated at the closing of the first day (EC) and those emasculated at 

the closing of the second day (EC2), and no interaction between population flower size 

and treatment (P = 0.15, Fig. 5.4A, Table A4.6A). 

For the variable populations, there was a strong interaction between flower size 

and treatment (P < 0.00001, Table A4.6B): EC2 flowers produced more seed than EC 

flowers among LF plants but a weaker and opposite trend occurred among SF plants (Fig. 

5.4B). Analyzing LF and SF plants separately revealed a strong effect of treatment (LR = 

29.70, df = 1, P < 0.00001) and an interaction between population and treatment (LR = 
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11.43, df = 1, P = 0.00072) for LF plants, whereas none of these terms were significant 

for SF plants (all P > 0.07). 

SIDE-EFFECTS OF EMASCULATION: FLORAL LONGEVITY AND SEED PRODUCTION 

When flowers were self-pollinated by hand to control the timing and intensity of 

pollination, floral longevity was lower in SF than LF populations and was reduced 

substantially among EO+S compared to I+S or EC+S flowers (Fig. 5.5A, Table A4.7A, P 

< 0.00001). Although emasculation seemed to reduce floral longevity much more in LF 

than SF populations, the interaction term was not significant (P = 0.67). We observed 

similar differences between treatments and between SF vs. LF phenotypes within the two 

variable populations, although the magnitude of the difference between floral phenotypes 

differed between populations (interaction P = 0.022, Fig. 5.5B, Table A4.7B). 

In contrast, the seed production of flowers self-pollinated by hand, although 

higher (P < 0.00001) in SF populations (57.66, 59.09 – 56.23 seeds/flower) than LF 

populations (48.18, 50.81 – 45.56 seeds/flower) did not differ between treatments (P = 

0.60, Fig. 5.6A, Table A4.8A). Results were complicated within the two variable 

populations by a 2-way (P < 0.00001) and a 3-way interaction (P = 0.0010), but there was 

no consistent reduction of seeds/flower associated with either emasculation treatment 

(Fig. 5.6B, Table A4.8B).  

EFFECT OF EMASCULATION ON PROPORTION OF SEEDS SELF-FERTILIZED 

Emasculating flowers should reduce the capacity for autogamous self-pollination and thus 

will generally reduce the proportion of seeds self-fertilized (s). In contrast, maximum 

likelihood estimates of s were higher for emasculated (EO) than intact (I) flowers in one 
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LF and two SF populations, and the difference was significant in both SF populations but 

not the LF population (Table 5.2). A similar unexpected result occurred in one of the two 

variable populations (Table 5.2). EO flowers had higher estimates of s than I flowers for 

both LF and SF phenotypes in CGN1C, and the difference for SF flowers neared 

significance (P = 0.067). In CSP1C, estimates of s were slightly but not significantly 

lower for EO than I flowers. We used these estimates of s to partition total seed 

production into outcrossed and self-fertilized seeds for both I and EO flowers separately 

(Fig. 5.7). In all but one case (SF plants in population CSP1C), I flowers made more 

outcrossed seed than EO flowers and, in some populations, many more. 

DISCUSSION 

The interpretation of results from experimental emasculations is based on the assumption 

that emasculation only reduces the capacity for autogamous self-pollination and does not 

reduce seed set by damaging flowers or compromising opportunities for outcrossing. Our 

results suggest that although emasculation did not affect the capacity of C. cheiranthifolia 

flowers to mature seeds, emasculating flowers when they opened (EO) significantly 

reduced floral longevity, which may have reduced outcross pollination. Moreover, 

emasculation did not reduce the proportion or absolute number of seeds self-fertilized. In 

fact, the opposite was observed, suggesting again that emasculation reduced opportunities 

for outcrossing. Below we discuss the conclusions that can be safely drawn from our 

results and identify those for which these unwanted side effects of emasculation 

complicate interpretation.  
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VARIATION IN THE TIMING OF SELFING AMONG POPULATIONS 

Our results yield two conclusions concerning variation in the timing of selfing among 

populations of C. cheiranthifolia that are not complicated by side effects of emasculation. 

First, our comparison of EO+B vs. EO+S flowers and analysis of pollen on stigmas at 

anthesis confirmed qualitative observations of floral morphology and development by 

showing that flowers in SF populations have a much greater capacity for prior selfing 

than those from LF populations. The same was largely true for SF vs. LF phenotypes 

within variable populations, although both the bagging treatment and examination of 

pollen on stigmas suggest that LF phenotypes in population CSP1C have some capacity 

for prior selfing. The only other study on a species exhibiting the kind of broad floral 

variation seen in C. cheiranthifolia also found that small-flowered phenotypes engaged in 

more prior selfing due to earlier stigma receptivity and reduced herkogamy (Elle et al. 

2010). These results suggest that the evolutionary differentiation in flower size involved a 

major change in the timing of self-pollination. Theory suggests that selfing earlier in 

floral life is only favoured under conditions of chronic outcross pollen limitation because 

prior selfing is likely to incur the costs of seed and pollen discounting (Lloyd 1992). 

Linsley et al. (1973) suggested that pollinators of C. cheiranthifolia (mostly oligolectic 

solitary bees) are scarce north of Point Conception California because the heavy morning 

fog characteristic of that coastal region severely reduces bee foraging. It is conceivable 

that these conditions result in chronic pollen limitation that may have played a role in 

spurring selection to favour the shift to prior selfing. However, as we argue in greater 

detail below, though pollinator-mediated outcrossing may be, on average, less frequent 
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north of Point Conception, plants sometimes experience periods of substantial cross-

pollination.  

Stigma-anther contact at flower closing is common in LF C. cheiranthifolia 

populations and correlates positively with the proportion of seeds selfed (Chapter 2: Dart 

et al. 2012). It seemed likely that this could be a mechanism of delayed selfing. Delaying 

selfing until after opportunities for outcrossing should be favoured under a wide range of 

conditions because it provides RA while largely avoiding the costs of seed and pollen 

discounting (Lloyd 1992; Schoen et al. 1996). In other words, it provides the “best of 

both worlds” by not interfering with outcross fertilization when pollinators and mates are 

present while providing RA when they are scarce (Goodwillie, Kalisz & Eckert 2005). 

Hence, delayed selfing mechanisms may often evolve in populations that retain traits like 

large flowers typically associated with outcrossing (Cruden & Lyon 1989). However, 

results from the two studies that have experimentally measured the fertility contribution 

of a delayed selfing mechanism in natural populations are mixed. Ablating the 

mechanism of delayed selfing did not reduce seed set in Mimulus guttatus (Leclerc-Potvin 

& Ritland 1994) and only affected fertility in Bulbine vagans during inclement weather 

(Vaughton & Ramsey 2010).  

Our comparison of EC vs. I and EC vs. EC2 flowers likely provides a reliable 

assessment of the fertility consequences of delayed selfing because the EC treatment did 

not reduce the capacity for seed production or floral longevity. Given this, our results do 

not support a fitness benefit to delayed selfing in LF populations of C. cheiranthifolia. In 

SF populations, however, EC and EC2 flowers set fewer seed than I flowers suggesting 

an unexpected though small benefit of delayed selfing. The results from the two variable 

populations contrast somewhat with those from pure LF and SF populations. For instance, 
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neither EC nor EC2 treatments reduced seed production when applied to SF phenotypes, 

and both EO and EC treatments reduced seed production among LF phenotypes. In 

population CSP1C, EC2 flowers did not produce fewer seeds than I flowers, suggesting 

that autogamy during day 2 of anthesis, which occurred in I and EC2 but not EC flowers, 

may have contributed to seed production. In population CGN1C, both EC and EC2 

flowers produced fewer seed than I flowers, suggesting a contribution of selfing at the 

end of floral life (flowers typically open for only two days in these variable populations, 

Dart et al. 2012). Although, the fertility consequences of stigma-anther contact during 

flower closing seemed to vary with the combination of floral morphology and ecological 

context in variable populations, delayed selfing did not provide detectable RA in pure LF 

populations where we expected to find it.  

REPRODUCTIVE ASSURANCE? 

Most manipulative experiments contrasting I vs. E flowers have supported the RA 

hypothesis. In Table A4.1, we summarize the results of the 47 studies involving 49 

species from 25 families published to date. In 48 of 49 species emasculation reduced seed 

production in at least one study population. At face value, our comparison of seed 

production between I vs. EO flowers in C. cheiranthifolia suggests that selfing occurring 

after anthesis provides RA in LF populations and increases seed production to a greater 

extent in LF than SF populations where prior selfing likely predominates. However, 

contrasting floral lifespan and genetic estimates of selfing between I vs. EO flowers also 

suggests that emasculating flowers of C. cheiranthifolia right when they open 

compromised opportunities for outcrossing in addition to reducing autogamous self-

pollination. As a result, it is unrealistic to derive estimates of RA or seed discounting for 
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C. cheiranthifolia. 

Although generally recognized (Schoen & Lloyd 1992), unwanted side effects of 

emasculation are rarely quantified. Of the 47 studies in Table A4.1, the authors of only 27 

(57%) acknowledged these side effects and only 22 studies (47%) quantified the effect of 

emasculation on at least one of seed production capacity, floral longevity or pollinator 

visitation. The effect on seed production capacity was most commonly acknowledged and 

tested (30 acknowledged, 21 tested), probably because fruit and seed set are the typical 

response variables in these experiments. Consistent with our results from C. 

cheiranthifolia, 20 of these 21 studies failed to detect an effect of emasculation on the 

seed set of hand-pollinated flowers. Only nine studies acknowledged the potential effect 

of emasculation on floral lifespan, only five tested for it, and none found that 

emasculation decreased floral lifespan. This contrasts with our results showing that 

emasculation at flower opening (but not flower closing) reduced the probability that a 

flower would open on subsequent days. The potential effect of emasculation on pollinator 

visitation was acknowledged in 25 studies but was tested in only 11, purportedly because 

of low pollinator visitation rates. Infrequent pollinator visitation also prevented us from 

directly testing this assumption in the populations of C. cheiranthifolia we studied. This 

may often be the case in species for which selfing is suspected of being selected because 

it provides RA. However, only one of 11 studies detected discrimination against 

emasculated flowers by flower visitors. Although we could not observe visitors directly, 

such discrimination seems likely in C. cheiranthifolia based on unexpectedly higher 

selfing (lower outcrossing) by EO than I flowers in some populations. Reduced 

outcrossing by EO flowers in LF populations might be adequately explained by reduced 

floral longevity. However, strongly reduced outcrossing also occurred in SF populations 
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where the effect of emasculation on floral longevity seemed much smaller because 

relatively few SF flowers open for > 1 day. Given the propensity for prior selfing by SF 

flowers, anything that impedes the prompt delivery of outcross pollen to stigmas may 

dramatically reduce the proportion of seeds outcrossed. 

Reduced pollinator visitation of emasculated flowers would be expected if 

pollinators seek pollen as a reward or use anthers as an attractive cue. Linsley et al. 

(1973) report that pollen-collecting females and nectar-collecting males of several species 

of Andrenid bees are the most common visitors to flowers of C. cheiranthifolia, and it is 

quite possible that these visitors are sensitive to the absence of anthers in emasculated 

flowers. For instance, Miller (1981) found that pollen-collecting bumblebees (Bombus 

spp.) avoided emasculated flowers of Aquilegia caerulea, while nectar-seeking moths did 

not. In contrast, Eckert (2000) did not detect any discrimination between I and E flowers 

by bumble bees foraging for both nectar and pollen on flowers of Decodon verticillatus. 

Additional studies that link pollinator discrimination to reward type are required to make 

generalizations here. 

POLLINATOR-MEDIATED OUTCROSSING EVIDENT IN SMALL-FLOWERED POPULATIONS 

There has been much debate and theoretical investigation concerning whether mixed 

mating systems, where individual engage in a mix of outcrossing and selfing, are 

evolutionarily stable (reviewed in Goodwillie et al. 2005). Although a small proportion of 

C. cheiranthifolia populations exhibit what is generally classified as predominant 

outcrossing (t > 0.8) or predominant selfing (s > 0.8), most populations exhibit mixed 

mating systems, and there is much variation in the mating system among both LF and SF 

populations (Chapter 2: Dart et al. 2012). Of particular interest is the occurrence of often 
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substantial outcrossing in some SF populations. More than 60% of seeds were outcrossed 

in I flowers in the two SF populations studied here (mean t = 0.65). In fact SF flowers, as 

a consequence of their higher total seed production, typically produce more outcrossed 

seeds than LF flowers (Fig. 5.7). Unexpectedly, the proportion of seeds outcrossed 

dropped to < 20% in emasculated flowers (mean t = 0.13), and we have suggested that 

this was due to pollinators avoiding emasculated flowers. Despite prior self-pollination, 

there seems to be considerable opportunity for outcrossing in SF populations as long as 

pollinators deliver outcross pollen promptly, which apparently does not occur when 

flowers are emasculated. Hence, the results of this study add to evidence that SF 

populations of C. cheiranthifolia exhibit an evolutionarily stable mixed mating system 

involving predominant but not complete self-fertilization. This hypothesis is also 

supported by an analysis of variation in floral morphology within the genus. Most of the 

other species of Camissoniopsis seem to have progressed further down the evolutionary 

pathway to full self-fertilization than the SF populations of C. cheiranthifolia (Chapter 2: 

Dart et al. 2012). 

What maintains outcrossing in SF populations of C. cheiranthifolia? Inbreeding 

depression is widely viewed as the primary selective factor preventing the transition to 

complete selfing (Goodwillie et al. 2005; Winn et al. 2011). However, greenhouse 

experiments comparing lifetime performance of selfed vs. outcrossed progeny did not 

detect any inbreeding depression for SF populations of C. cheiranthifolia, even under 

simulated drought conditions (S. Dart & C.G. Eckert, unpublished). In the absence of 

inbreeding depression, almost all theoretical models suggest that populations should 

evolve towards very high levels of self-fertilization. The few models that provide an 

explanation for how any outcrossing can be maintained in populations with little or no 
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inbreeding depression invoke trade-offs between self-fertilization and outcrossing through 

female or male function (Porcher & Lande 2005; Johnston et al. 2009). Episodes of 

substantial outcross-pollination in SF populations of C. cheiranthifolia may set the stage 

for such trade-offs. 

ACKNOWLEDGEMENTS 

The authors thank Kyle Lauersen, Jeffrey Lam, Johanna McLaughlin, Adam Kwok, and 

William Mi for help; Peter Raven, Peter Hoch, Dave Hubbard and Jenny Dugan for 

logistic support and advice; Elizabeth Elle for very helpful comments on the manuscript; 

California State Parks for research permits and logistic support; and the Natural Sciences 

and Engineering Council of Canada for a Discovery Grant to C.G.E. 

REFERENCES 

Cheptou, P.O. & Schoen, D.J. (2007) Combining population genetics and demographical 

approaches in evolutionary studies of plant mating systems. Oikos, 116, 271–279. 

Cruden, R.W. & Lyon, D.L. (1989) Facultative xenogamy: Examination of a mixed 

mating system. The evolutionary ecology of plants (eds J.H. Bock & Y.B. Linhart), pp. 

171–208. Westview Press, Boulder, CO, U.S.A. 

Dart, S.R., Samis, K.E., Austen, E. & Eckert, C.G. (2012) Broad geographic covariation 

between floral traits and the mating system in Camissoniopsis cheiranthifolia 

(Onagraceae): multiple stable mixed mating systems across the species range? Annals 

of Botany, 109, 599–611. 

Eckert, C.G. (2000) Contributions of autogamy and geitonogamy to self-fertilization in a 

mass-flowering, clonal plant. Ecology, 81, 532–542. 



 

 182 

Eckert, C.G. & Herlihy, C.R. (2004) Using a cost-benefit approach to understanding the 

evolution of self-fertilization in plants: the perplexing case of Aquilegia canadensis 

(Ranunculaceae). Plant Species Biology, 19, 159–173. 

Eckert, C.G., Kalisz, S., Geber, M.A., Sargent, R., Elle, E., Cheptou, P.O., Goodwillie, 

C., Johnston, M.O., Kelly, J.K., Moeller, D.A., Porcher, E., Ree, R.H., Vallejo-Marin, 

M. & Winn, A.A. (2010) Plant mating systems in a changing world. Trends in Ecology 

& Evolution, 25, 35–43. 

Eckert, C.G., Samis, K.E. & Dart, S. (2006) Reproductive assurance and the evolution of 

uniparental reproduction in flowering plants. The Ecology and Evolution of Flowers 

(eds L.D. Harder & S.C.H. Barrett), pp. 183–203. Oxford University Press, Oxford, 

U.K. 

Elle, E. & Carney, R. (2003) Reproductive assurance varies with flower size in Collinsia 

parviflora (Scrophulariaceae). American Journal of Botany, 90, 888–896. 

Elle, E., Gillespie, S., Guindre-Parker, S. & Parachnowitsch, A.L. (2010) Variation in the 

timing of autonomous selfing among populations that differ in flower size, time to 

reproductive maturity, and climate. American Journal of Botany, 97, 1894–1902. 

Geyer, C.J., Wagenius, S. & Shaw, R.G. (2007) Aster models for life history analysis. 

Biometrika, 94, 415–426. 

Goodwillie, C., Kalisz, S. & Eckert, C.G. (2005) The evolutionary enigma of mixed 

mating systems in plants: Occurrence, theoretical explanations, and empirical 

evidence. Annual Review of Ecology, Evolution and Systematics, 36, 47–79. 

Griffin, S.R., Mavraganis, K. & Eckert, C.G. (2000) Experimental analysis of protogyny 

in Aquilegia canadensis (Ranunculaceae). American Journal of Botany, 87, 1246–

1256. 



 

 183 

Harder, L.D. & Aizen, M.A. (2010) Floral adaptation and diversification under pollen 

limitation. Philosophical Transactions of the Royal Society, Series B, 365, 529–543. 

Johnston, M.O., Porcher, E., Cheptou, P.-O., Eckert, C.G., Elle, E., Geber, M.A., Kalisz, 

S., Kelly, J.K., Moeller, D.A., Vallejo-Marin, M. & Winn, A.A. (2009) Correlations 

among Fertility Components Can Maintain Mixed Mating in Plants. American 

Naturalist, 173, 1–11. 

Kennedy, B.F. & Elle, E. (2008) The reproductive assurance benefit of selfing: 

importance of flower size and population size. Oecologia, 155, 469–477. 

Leclerc-Potvin, C. & Ritland, K. (1994) Modes of self-fertilization in Mimulus guttatus 

(Scrophulariaceae): a field experiment. American Journal of Botany, 81, 199–205. 

Linsley, E.G., MacSwain, J.W., Raven, P.H. & Thorp, R.W. (1973) Comparative 

behavior of bees and Onagraceae V. Camissonia and Oenothera bees of cismontane 

California and Baja California. University of California Publications in Entomology, 

71, 1–68. 

Lloyd, D.G. (1992) Self- and cross-fertilization in plants. II. The selection of self-

fertilization. International Journal of Plant Science, 153, 370–380. 

Miller, R.B. (1981) Hawkmoths and the geographic patterns of floral variation in 

Aquilegia caerulea. Evolution, 35, 763–774. 

O’Neill, S.D. (1997) Pollination regulation of flower development. Annual Review of 

Plant Physiology and Plant Molecular Biology, 48, 547–574. 

Porcher, E. & Lande, R. (2005) The evolution of self-fertilization and inbreeding 

depression under pollen discounting and pollen limitation. Journal of Evolutionary 

Biology, 18, 497–508. 



 

 184 

Raven, P.H. (1969) A revision of the genus Camissonia. Contributions of the United 

States National Herbarium, 37, 161–396. 

Ritland, K. (2002) Extensions of models for the estimation of mating systems using n 

independent loci. Heredity, 88, 221–228. 

Schoen, D.J. & Lloyd, D.G. (1992) Self- and cross-fertilization in plants. III. Methods for 

studying modes and functional aspects of self-fertilization. International Journal of 

Plant Science, 153, 381–393. 

Schoen, D.J., Morgan, M.T. & Bataillon, T. (1996) How does self-pollination evolve? 

Inferences from floral ecology and molecular genetic variation. Philosophical 

Transactions of the Royal Society London, Series B, 351, 1281–1290. 

Shaw, R.G., Geyer, C.J., Wagenius, S., Hangelbroek, H.H. & Etterson, J.R. (2008) 

Unifying life-history analyses for inference of fitness and population growth. 

American Naturalist, 172, E35–E47. 

Vaughton, G. & Ramsey, M. (2010) Pollinator-mediated selfing erodes the flexibility of 

the best-of-both-worlds mating strategy in Bulbine vagans. Functional Ecology, 24, 

374–382. 

Winn, A.A., Elle, E., Kalisz, S., Cheptou, P.O., Eckert, C.G., Goodwillie, C., Johnston, 

M.O., Moeller, D.A., Ree, R.H., Sargent, R.D. & Vallejo-Marin, M. (2011) Analysis 

of inbreeding depression in mixed-mating plants provides evidence for selective 

interference and stable mixed mating. Evolution, 65, 3339–3359. 

Zhang, Z.Q. & Li, Q.J. (2008) Autonomous selfing provides reproductive assurance in an 

alpine ginger Roscoea schneideriana (Zingiberaceae). Annals of Botany, 102, 531–

538. 



 

 185 

SUPPORTING INFORMATION – APPENDIX 4 

Additional Supporting Information may be found in Appendix 4: 

Table A4.1. Empirical studies that have used floral emasculation and experimental 

pollination to quantify autonomous self-pollination and its contribution to reproductive 

assurance in natural populations of flowering plants. 

Table A4.2. Locations of populations of Camissoniopsis cheiranthifolia used for this 

study.  

Table A4.3. Number of flowers assayed for seed production in each treatment group by 

population. 

Table A4.4. Variation in the capacity for prior selfing at the bud stage among and within 

populations based on ASTER analysis. 

Table A4.5. Effects of floral emasculation on per-flower seed production based on 

ASTER analysis. 

Table A4.6. Contribution of delayed autogamous self-pollination to seed production 

based on ASTER analysis. 

Table A4.7. Generalized linear model analysis of the effects of floral emasculation on 

floral longevity. 

Table A4.8. ASTER analysis of the direct effects of floral emasculation on seed 

production. 
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TABLE 5.1. Emasculation and pollination treatments used and their effects on the 

components of pollination and seed production (listed below). Based on observations of 

floral morphology, development and display in C. cheiranthifolia, G is expected to be 

negligible. Small-flowered (SF) phenotypes should experience all forms of self-pollination 

(especially P). Large-flowered (LF) phenotypes should experience self-pollination 5 
primarily through D1 and D2. Parameters e and d capture the inadvertent side effects of 

emasculation on pollination and seed production capacity, respectively. Treatment 

combinations not applied are denoted as “na”. 

Emasculation treatment Open-pollination Flowers self-pollinated by hand 

None I 

T + P + S1 + D1+ S2 + 

D2 + G 

I+S 

F 

At opening then bagged EO+B 

P – dO  

na 

At opening EO 

(T – eO) + P – dO  
EO+S 

F – dO  

At closing after day 1  EC 

(T – eC1) + P + S1 + G – 

dC1  

EC+S 

F – dC1  

At closing after day 2  EC2 

T + P + S1 + D1 + S2 + 

G – dC2  

na 

 

Seed production due to components of pollination: 

T = outcross-pollination 

e = reduction in outcross-pollination due to 

emasculation at  

   opening (subscript O) or closing on day 1 (subscript 

C1) 

P = “prior” autogamous self-pollination before 

flowers open 

S1 = autogamous self-pollination during day 1 

S2 = autogamous self-pollination during day 2 

D1 = autogamous self-pollination when flowers close 

after day 1 

D2 = autogamous self-pollination when flowers close 

after day 2 

G = geitonogamous (between-flower) self-pollination 

d = reduction in seed production due to damage (see 

right) 

 

F = Seed production of flower 

exposed to a combination of hand 

self-pollination plus natural 

cross- and self-pollination. 

 

d = reduction in seed production 

capacity caused by damage due 

to emasculation when flowers 

open (subscript O), at the end of 

day 1 (subscript C1), or the end 

of day 2 (subscript C2). 
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TABLE 5.2. Comparison of estimated proportion of seeds self-fertilized (s) between intact flowers (I) and those emasculated as flowers 

opened (EO) in two large-flowered (LF), two small-flowered (SF) and two phenotypically variable populations of Camissoniopsis 10 
cheiranthifolia. Sample sizes in terms of seed families and progeny assayed for seven polymorphic allozyme loci are presented along 

with maximum likelihood estimates of s with 95% confidence limits in brackets and a P value comparing proportional overlap of 

bootstrap distributions. Estimates for which P < 0.025 are significantly different.  

   Proportion seeds self-fertilized (s)  

Population Flower size category Families, progeny Intact (I) Emasculated (EO) P 

COR1C
 

LF 37, 281 0.456 (0.33 – 0.60) 0.332 (0.14 – 0.49) 0.091 

CBV1C LF 23, 167 0.200 (–0.01 – 0.50) 0.339 (0.15 – 0.46) 0.16 

CMS1C SF 60, 492 0.381 (0.13 – 0.60) 0.911 (0.79 – 0.99) < 0.001 

CST1C SF 62, 480 0.312 (0.17 – 0.76) 0.838 (0.71 – 0.95) 0.011 

CGN1C Variable LF 36, 261 0.046 (0.55 – 0.91) 0.416 (0.70 – 0.94) 0.17 

 Variable SF 35, 238 0.722 (–0.2 – 0.20) 0.817 (0.02 – 0.65) 0.067 

CSP1C Variable LF 19, 146 0.134 (0.01 – 0.32) 0.128 (–0.20 – 0.75) 0.41 

 Variable SF 26, 203 0.874 (0.75 – 0.95) 0.759 (0.62 – 0.95) 0.15 
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FIG. 5.1. Flower of Camissoniopsis cheiranthifolia (Onagraceae). This flower is on a plant 15 
raised in the glasshouse from seed collected from a large-flowered population. Small 

flowers are very similar in morphology but half the diameter with little spatial separation 

between the stigma and dehiscing anthers. Emasculation involved removing the anthers 

but leaving the filaments. 
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 20 
FIG. 5.2. Variation in the capacity for self-pollination in the bud stage (prior selfing) in Camissoniopsis cheiranthifolia. Unconditional 

expectations of seeds per flower with 95% confidence intervals calculated using the ASTER model are contrasted between flowers that 

were emasculated at opening and self-pollinated by hand (EO+S) and flowers that were emasculated at opening and then excluded 

from pollinators by bagging (EO+B). Panel A contrasts treatment effects between one large-flowered and two small-flowered 

populations (n = 234 flowers). Panel B contrasts large- and small-flowered phenotypes within two variable populations (n = 122 25 
flowers). Analyses of data summarized in this figure are in Table A4.4. 
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FIG. 5.3. Comparison of seed production between intact and emasculated flowers in Camissoniopsis cheiranthifolia. Unconditional 

expectations of seeds per flower with 95% confidence intervals calculated using the ASTER model are contrasted between intact 

flowers (I), those emasculated at opening (EO) and those emasculated just before closing on the first day of anthesis (EC). Panel A 30 
contrasts treatment effects between three large-flowered and two small-flowered populations (n = 483 flowers). Panel B contrasts 

large- and small-flowered phenotypes in two variable populations (n = 143 flowers). Analyses of data summarized in this figure are in 

Table A4.5. 
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FIG. 5.4. Comparison of seed production between flowers emasculated at the end of the first day of anthesis (EC) versus the second day 35 
of anthesis (EC2) in Camissoniopsis cheiranthifolia. Unconditional expectations of seeds per flower with 95% confidence intervals 

calculated using the ASTER model are presented. Panel A contrasts treatment effects between one large-flowered and two small-

flowered populations (n = 187 flowers). Panel B contrasts large- and small-flowered phenotypes in two variable populations (n = 91 

flowers). Analyses of data summarized in this figure are in Table A4.6. 



 

 192 

 40 
FIG. 5.5. Comparison of floral longevity among treatments applied to flowers of Camissoniopsis cheiranthifolia. Longevity, as 

measured by the frequency of flowers opening for a second day, is contrasted between intact flowers (I+S) and those emasculated at 

opening (EO+S) or just before closing on the first day (EC+S) that were self-pollinated by hand at opening. Panel A contrasts 

treatment effects between three large-flowered and two small-flowered populations (n = 275 flowers). Panel B contrasts large- and 

small-flowered phenotypes in two variable populations (n = 320 flowers). Points are mean and error bars are 95% confidence intervals 45 
back-transformed from generalized linear models with binomial error distributions. Analyses of data summarized in this figure are in 

Table A4.7. 
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FIG. 5.6. Comparison of seed production among treatments applied to flowers of Camissoniopsis cheiranthifolia. Unconditional 

expectations of seeds per flower with 95% confidence intervals calculated using the ASTER model are contrasted between intact 50 
flowers (I+S) and those emasculated at opening (EO+S) or just before closing on the first day (EC+S) that were self-pollinated by hand 

at opening. Panel A contrasts treatment effects between three large-flowered and two small-flowered populations (n = 489 flowers). 

Panel B contrasts large- and small-flowered phenotypes in two variable populations (n = 144 flowers). Analyses of data summarized in 

this figure are in Table A4.8. 
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 55 
FIG. 5.7. Estimated numbers of outcrossed versus self-fertilized seed produced by intact (I) versus emasculated (EO) flowers in 

Camissoniopsis cheiranthifolia. Panel A contrasts two large-flowered (LF) and two small-flowered (SF) populations. Panel B contrasts 

large- and small-flowered phenotypes within two variable populations. The mean number of seeds produced per flower for each 

treatment in each population was partitioned into self-fertilized versus outcrossed using the maximum likelihood estimates of 

proportion seeds self-fertilized (s, proportion seeds outcrossed t = 1 – s) from Table 7. 60 
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Chapter 6: General Discussion 

 One of the most common evolutionary trends in the history of flowering plants is 

the transition from outcrossing to selfing (Stebbins 1957), which is often accompanied by 

a change to a suite of floral traits (Ornduff 1969). Understanding how floral traits covary 

with one another and how they covary with mating patterns is an important step in 

understanding how and why mating systems evolve. In my thesis I have combined broad 

scale geographic surveys and manipulative experiments both in the field and the 

glasshouse with genetic approaches to document the striking geographical covariation 

between floral morphology of the mating system and explore some of the most likely 

selective factors involved in causing and/or maintaining mating system diversification in 

Camissoniopsis cheiranthifolia. Because the evolutionary significance of the results of 

each of the studies was discussed in the individual manuscripts, in what follows I will 

summarize the major discoveries that arose from each chapter and identify questions that 

merit future study.  

SUMMARY OF MAJOR DISCOVERIES  

CHAPTER 2: BROAD GEOGRAPHIC COVARIATION BETWEEN FLORAL TRAITS AND THE MATING 

SYSTEM IN CAMISSONIOPSIS CHEIRANTHIFOLIA (ONAGRACEAE): MULTIPLE STABLE MIXED 

MATING SYSTEMS ACROSS THE SPECIES’ RANGE? 

 The relative importance of outcrossing vs. self-fertilization covaries in the 

expected fashion with floral traits expected to influence the mating system among 

populations across the geographic range, indicating evolutionary differentiation in 

the mating system in C. cheiranthifolia. 



 

 196 

 Three geographically disjunct groups of SF-SC populations, north of Point 

Conception, in Baja California Mexico and on the Channel Islands suggests at 

least three independent transitions from outcrossing to selfing. 

 The pattern of covariation between floral traits and the mating system among 

populations was also observed within populations suggesting that floral traits can 

directly affect the mating system by influencing patterns of gamete transfer. 

 However, covariation between floral traits and the mating system is loose enough 

that there are significant levels of both selfing and outcrossing in almost all 

populations. 

 Contrary to many models, but consistent with large-scale surveys of mating 

system variation in plants, C. cheiranthifolia exhibits what appears to be multiple 

stable mixed mating systems across its geographic range. 

 Based on our comparison of floral morphology between C. cheiranthifolia and 

other taxa in Camissoniopsis, SF populations have not made the transition to full 

self-fertilization even though the species appears to possess the required genetic 

capacity. 

CHAPTER 3: EXPERIMENTAL AND GENETIC ANALYSES REVEAL THAT INBREEDING DEPRESSION 

DECLINES WITH INCREASED SELF-FERTILIZATION AMONG POPULATIONS OF A COASTAL DUNE 

PLANT 

 Consistent with theoretical predictions that inbreeding depression (ID) should 

decline via purging in self-fertilizing populations, the magnitude of ID measured 



 

 197 

in glasshouse conditions that differed in soil moisture was higher in LF more 

outcrossing populations than SF predominantly selfing populations.  

 Population genetic estimates of ID also supported the prediction of higher ID in 

LF than SF populations, however inferences of the absolute strength of ID based 

on genetic markers should be treated with caution because confidence intervals 

for LF and SF populations overlapped each other, estimates from the glasshouse 

and zero. 

 Contrary to theoretical expectations, but consistent with recent meta-analysis 

comparing variation in the timing of ID among plant taxa that differ in inbreeding 

history, ID during seed maturation was not stronger for LF than SF populations, 

and we did not detect ID for fruit set or seeds per fruit for either LF or SF 

populations. 

 Our results also failed to support the expectation of stronger ID in more stressful 

environments, as ID was not more pronounced under simulated drought, a 

pervasive stress in sand dune habitat.  

 Contrary to most theoretical models, high levels of outcrossing appear to be 

maintained in SF populations despite very weak ID. 

CHAPTER 4: POLLEN LIMITATION AND FLORAL PARASITISM AS POSSIBLE FACTORS UNDERLYING 

STRIKING DIFFERENTIATION OF THE MATING SYSTEM IN A PACIFIC COASTAL DUNE PLANT 

 Among population comparisons of flower size, fruit set and bud parasitism were 

consistent with the hypothesis that selfing and smaller flowers provide RA and 
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freedom from parasitism. As expected, fruit set was lower and more variable and 

bud parasitism was higher for LF compared to SF plants among populations.  

 This was not a simple geographic pattern caused by geographic variation in a key 

abiotic factor like temperature or precipitation because the marked increase in 

fruit set was observed in three geographically disjunct groups of SF populations: 

north of Point Conception, Baja California and the Channel Islands.  

 Consistent with Linsley et al.’s (1973) conjecture that selfing and smaller flowers 

evolved in C. cheiranthifolia to provide reproductive assurance in the face of 

reproductive losses caused by pollen limitation (see also Raven 1969) LF 

predominantly outcrossing populations experienced significant pollen limitation 

(PL) of seeds per flower whereas PL was not detected in SF predominantly 

selfing populations. 

 However, contrary to expectations fruit set was not pollen limited in LF or SF 

populations. Instead, the strong negative correlation between corolla width and 

bud parasitism among populations appears to suggest that bud parasitism may be 

responsible for generating the observed geographical pattern of fruit set variation.  

 Evidence for pollinator and/or parasite-mediated selection on flower size was 

equivocal as we failed to detect a consistent association between flower size and 

either PL or bud parasitism within variable populations or within LF populations 

where both flower size and bud parasitism were measured on the same plants. 
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CHAPTER 5: EXPERIMENTAL MANIPULATION OF FLOWERS TO DETERMINE THE FUNCTIONAL 

MODES AND FITNESS CONSEQUENCES OF SELF-FERTILIZATION: UNEXPECTED OUTCOME 

REVEALS KEY ASSUMPTIONS
 

 As predicted from qualitative observations of floral morphology and 

development, flowers in SF populations have a much greater capacity for prior 

selfing than those from LF populations. The same was largely true for SF vs. LF 

phenotypes within variable populations suggesting that the evolutionary 

differentiation in flower size involved a major change in the timing of self-

pollination.  

 Despite what appeared to be a well-developed mechanism for delayed selfing in 

LF flowers, delayed selfing did not provide detectable RA in pure LF populations 

where we expected to find it. 

 Consistent with most other emasculation experiments which have supported the 

RA hypothesis, seed production of intact flowers of C. cheiranthifolia was greater 

than emasculated flowers suggesting that selfing occurring after anthesis provides 

RA in LF populations and increases seed production to a greater extent in LF than 

SF populations where prior selfing likely predominates. 

 However, this interpretation assumes that removing anthers from flowers does not 

compromise outcrossing. Genetic estimation of the mating system revealed a 

negative effect of emasculation on the proportion of seed outcrossed, even in 

small-flowered populations suggesting that flowers lacking anthers are 

unattractive to pollinators. These side effects of emasculation prevent a clear 

interpretation of the reproductive assurance value of selfing. 
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 Given that much of what we know about reproductive assurance in natural 

populations comes from emasculation experiments, our results highlight the 

importance of testing the assumptions of this approach. 

OUTSTANDING QUESTIONS THAT MERIT FUTURE STUDY 

 Have the apparently independent transitions to selfing in Baja, north of Point 

Conception, and on the Channel Islands involved similar selective factors despite 

the ecological diversity represented by the SF-SC populations? 

 Large-flowered phenotypes that differ from SF phenotypes in a suite of traits 

occur at high frequencies in the three variable populations north of Point 

Conception where almost all other populations are purely SF. What maintains 

these phenotypes at these sites in particular and what prevents hybridization and 

introgression with the more numerous SF plants? 

 What maintains significant outcrossing in some SF populations north of Point 

Conception given that inbreeding depression is probably too weak? 

 What maintains self-incompatibility in populations in San Diego County? 

 If LF phenotypes were transplanted into populations north of Point Conception 

would they experience stronger pollen limitation as would be expected if selection 

for reproductive assurance is indeed responsible for mating system differentiation 

in this species? 

 Does pollinator abundance vary with flower size and the transition to selfing 

across Point Conception in a predictable way as suggested by Linsley et al. (1973) 
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or are pollinators abundant in some of these SF populations that sometimes 

experience periods of substantial cross-pollination? 
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Appendix 1 – Supplementary Information For Chapter 2 

SUPPLEMENTARY INFORMATION 1 

TABLE A1.1. Locations of populations of Camissoniopsis cheiranthifolia sampled for Chapter 2 and the type of data collected from 

each. Codes for the data collected are as follows: GS = floral traits (corolla width and herkogamy) measured in the field; GHGS = 

corolla width and herkogamy measured in the glasshouse; F:GH = floral traits measured in both the field and glasshouse, DS = 

proportion of freshly closed flowers in which stigmas were contacting one or more anthers measured in natural populations; FL = 

floral longevity in natural populations; FD = floral display in natural populations; SF = proportion of flowers setting fruit 

spontaneously in the glasshouse (spontaneous fruit set); MS = proportion of seeds outcrossed estimated from allozyme variation in 

progeny arrays, 1:2 F = floral morphology measured in two different years in the field; 1:2 GH = floral morphology measured in two 

different years in the glasshouse, SI = hand self- versus cross-pollination. *No flower measurement available from the field, so 

measurement from the glasshouse used in some analyses. 

Population 

code 
Location Country State County 

Latitude 

(°N) 

Longitude 

(°W) 

Floral 

category 
Data collected 

BAJA CALIFORNIA        

BES1C El Soccorro MX BC 
Baja 

California 
30.32 115.83 SF-SC GS, GHGS,F:GH, MS 

BBF1C Bahia Falsa MX BC 
Baja 

California 
30.48 115.98 SF-SC 

GS, GHGS,1:2GH, 

F:GH 

BBR1C Bocana El Rosario MX BC 
Baja 

California 
30.05 115.83 SF-SC GHGS 
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BSA1C 
San Antonio Del 

Mar 
MX BC 

Baja 

California 
31.11 116.31 SF-SC GHGS 

BQW1C San Quintin West MX BC 
Baja 

California 
30.62 116.03 SF-SC GS 

CHANNEL ISLANDS        

CSN1C 
San Nicolas Island 

(Canyon) 
U.S.A. CA Ventura 33.27 119.54 SF-SC 

GS, GHGS, 1:2F, 

F:GH 

CSN3C 
San Nicolas Island 

(Big Dune) 
U.S.A. CA Ventura 33.26 119.56 SF-SC GHGS 

CSC3C Santa Cruz Island U.S.A. CA 
Santa 

Barbara 
34.01 119.88 SF-SC GS 

CSR2C 
Santa Rosa – China 

Camp 
U.S.A. CA 

Santa 

Barbara 
33.93 120.18 SF-SC GHGS 

CSR3C 
Santa Rosa - 

Carrington Point 
U.S.A. CA 

Santa 

Barbara 
34.02 120.07 SF-SC GS 

CSC1C 
Santa Cruz - Fraser 

Point 
U.S.A. CA 

Santa 

Barbara 
34.06 119.92 SF-SC 

GS, GHGS, 1:2F, 

1:2GH, F:GH, MS 

CALIFORNIA SOUTH OF 

POINT CONCEPTION 
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CBF1C 
Borderfields State 

Park 
U.S.A. CA San Diego 32.54 117.12 LF-SI GHGS 

CSS1C 
Silver Strand State 

Park 
U.S.A. CA San Diego 32.64 117.14 LF-SI 

GS, GHGS, F:GH, DS, 

FD, SF,SI 

CTP1C 
Torrey Pines State 

Park 
U.S.A. CA San Diego 32.93 117.26 LF-SI 

DS, GHGS, FD, SF, 

MS*,SI 

CCB1C 
South Carlsbad 

State Beach 
U.S.A. CA San Diego 33.08 117.31 LF-SI 

GS,GHGS, 1:2F, 

F:GH, DS, FL, FD, SF, 

MS,SI 

CCP1C Camp Pendleton U.S.A. CA San Diego 33.24 117.42 LF-SI GS, GHGS, 1:2GH,SI 

CSO1C 
San Onofre State 

Park 
U.S.A. CA San Diego 33.38 117.58 LF-SI MS*, GHGS 

CBB1C 
Newport Beach 

(Balboa) 
U.S.A. CA Orange 33.60 117.90 LF-SC GS, 1:2F, DS, FD, MS 

CHB1C 
Huntington State 

Beach 
U.S.A. CA Orange 33.63 117.96 LF-SC GS 

CDW2C 
Dockweiler State 

Beach 
U.S.A. CA Los Angeles 33.96 118.45 LF-SC GS, DS, FD, MS 

CPD1C Point Dume U.S.A. CA Los Angeles 34.00 118.81 LF-SC 
GS, GHGS, 1:2GH, 

F:GH, FD 
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COR1C Ormand Beach U.S.A. CA Ventura 34.14 119.19 LF-SC 
GS,GHGS, DS, FD, 

SF, MS,SI 

CMG1C 
McGrath State 

Beach 
U.S.A. CA Ventura 34.23 119.26 LF-SC GS, 1:2F, DS, MS,SI 

CBV1C 
San Buenaventura 

State Beach 
U.S.A. CA Ventura 34.27 119.28 LF-SC 

GS,GHGS, 1:2F, 

F:GH, DS, FL, FD, SF, 

MS,SI 

CIV1C 
East Depressions 

UC Santa Barbara 
U.S.A. CA 

Santa 

Barbara 
34.41 119.85 LF-SC GS, DS, FL, 1:2F 

CCO1C 
Coal Oil Point 

Reserve 
U.S.A. CA 

Santa 

Barbara 
34.41 119.88 LF-SC 

GS, GHGS, 1:2F, 

F:GH, DS, FD, SF,SI 

NORTH OF POINT 

CONCEPTION 
       

CSU1C Surf U.S.A. CA 
Santa 

Barbara 
34.68 120.61 SF-SC 

GS, GHGS, 1:2F, 

1:2GH, F:GH, FD 

CGN3C 
Guadalupe-Nipomo 

Dunes County Park 
U.S.A. CA 

San Luis 

Obispo 
34.95 120.65 SF-SC GS, 1:2F, DS, FL, FD 

CGN2C 

Guadalupe-Nipomo 

Dunes - south of 

Lake Oso Flaco 

U.S.A. CA 
San Luis 

Obispo 
35.03 120.63 SF-SC GS, 1:2F, DS, FD 
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CGN1C 
Guadalupe-Nipomo 

Dunes 
U.S.A. CA 

San Luis 

Obispo 
35.03 120.63 LF/SF-SC 

GS, GHGS, 1:2F, 

F:GH, DS, FL, FD, SF, 

MS 

CSP1C 
Morro Bay State 

Park Sand Spit 
U.S.A. CA 

San Luis 

Obispo 
35.37 120.86 LF/SF-SC 

GS, GHGS, 1:2F, 

F:GH, DS, FL, FD, SF, 

MS 

CMS1C 
Morro Strand State 

Beach 
U.S.A. CA 

San Luis 

Obispo 
35.40 120.87 SF-SC 

GS, 1:2F, DS, FL, FD, 

SF, MS 

CPL1C 
Point Lobos State 

Reserve 
U.S.A. CA Monterey 36.52 121.95 SF-SC GS, GHGS, F:GH 

CED1C East Dunes U.S.A. CA Monterey 36.62 121.85 SF-SC GS 

CAS1C 
Asilomar State 

Beach 
U.S.A. CA Monterey 36.62 121.94 SF-SC GS 

CSA1C 
Salinas River State 

Park 
U.S.A. CA Monterey 36.77 121.80 SF-SC GS, GHGS, F:GH 

CST1C Sunset State Park U.S.A. CA Santa Cruz 36.88 121.83 SF-SC 
GS, DS, FL, FD, SF, 

MS 

CWR1C Wilder Ranch U.S.A. CA Santa Cruz 36.95 122.08 SF-SC GS, DS, FD 

CFP1C 
Ano Neuvo - 

Franklin Point 
U.S.A. CA San Mateo 37.15 122.36 SF-SC GS 
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CRB1C Radio Beach U.S.A. CA 
San 

Francisco 
37.83 122.32 SF-SC GS 

CSD1C Seadrift Beach U.S.A. CA Marin 37.90 122.67 SF-SC GS 

CPR1C 

Point Reyes 

National Seashore - 

Horsehoe Pond 

U.S.A. CA Marin 38.03 122.95 SF-SC GS, 1:2F 

CPR2C 
PRNS - South 

Beach 
U.S.A. CA Marin 38.05 122.99 SF-SC GS 

CPR3C 
PRNS - McClure's 

Beach 
U.S.A. CA Marin 38.19 122.96 SF-SC GS 

CLL1C Lawson's Landing U.S.A. CA Marin 38.24 122.97 SF-SC GS 

CMK1C 
MacKerricher State 

Park 
U.S.A. CA Mendocino 39.50 123.78 SF-SC 

GS, GHGS, 1:2F, 

F:GH, MS 

CMC1C 
Manchester State 

Beach 
U.S.A. CA Mendocino 38.98 123.71 CH GS, 1:2F, FL, MS 

CKS1C King Salmon U.S.A. CA Humbolt 40.74 124.22 SF-SC GS 

CMA1C 
Manila Dunes 

Community Center 
U.S.A. CA Humbolt 40.85 124.01 SF-SC 

GS, GHGS, 1:2GH, 

F:GH 
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CGB1C Gold Bluffs Beach U.S.A. CA Humbolt 41.36 124.07 SF-SC 
GS, GHGS, 1:2F, 

1:2GH, F:GH 

CCC1C Carruther's Cove U.S.A. CA Del Norte 41.46 124.07 SF-SC GS 

CTD2C 
Tolowa Dunes State 

Park 
U.S.A. CA Del Norte 41.91 124.20 SF-SC GS 

OBA1C Bandon State Park U.S.A. OR Curry 43.07 124.44 SF-SC GHGS 

OCF1C Crissey Field, U.S.A. OR Curry 42.00 124.21 SF-SC GS 

OBR1C Brookings U.S.A. OR Curry 42.04 124.26 SF-SC GS 

OGC1C Gregg's Creek U.S.A. OR Curry 42.54 124.40 SF-SC GHGS, FD 

OPO1C Port of Port Orford U.S.A. OR Curry 42.74 124.50 SF-SC GS 

OCB1C 
Cape Blanco State 

Park 
U.S.A. OR Coos 42.85 124.54 SF-SC GHGS,  

OBU1C 
Bullards Beach State 

Park 
U.S.A. OR Coos 43.15 124.42 SF-SC FD 

ONO1C North Spit Overlook U.S.A. OR Coos 43.44 124.28 SF-SC MS 

C. bistorta         
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CCU1B 
Cuyamaca Rancho 

State Park 
U.S.A. CA San Diego 32.95 116.60 LF-SI SI 

CDP1B Dana Point U.S.A. CA Orange 33.47 117.70 LF-SI SI 

CPP1B Pelican Point U.S.A. CA Orange 30.31 117.82 LF-SI SI 
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SUPPLEMENTARY INFORMATION 2 

GENETIC BASIS OF GEOGRAPHIC VARIATION IN FLORAL MORPHOLOGY AMONG POPULATIONS OF 

CAMISSONIOPSIS CHEIRANTHIFOLIA 

To determine the extent to which geographic variation in corolla width and 

herkogamy is due to genetic rather than environmental variation, we compared the floral 5 

morphology of populations measured in the field to plants grown from field-collected 

seed in a common glasshouse environment. For 17 of the 29 populations included in the 

common garden experiments, plants grown in the glasshouse were generated from seed 

collected in the same year that flowers were measured in the field. 

Glasshouse conditions 10 

For each population, we sowed 5–10 seeds from each of 30–50 maternal plants in 

individual 164-mL SC10 Super Cell Cone-tainer pots (Steuwe and Sons, Inc., Corvallis, 

Oregon, U.S.A.) filled with a 3:2 mixture of ProMix (Premier Horticulture, Dorval, 

Quebec, Canada) and sterilized masonry sand (Rigney Building Supply, Kingston, 

Ontario, Canada) under the following glasshouse conditions. Pots were watered to keep 15 

the soil barely moist and kept at 16–25 C, 10 h light per day (supplemented with high-

pressure sodium lamps as required) and fertilized every nine days with 1.6 mg per plant 

of 20:20:20 N:P:K (Plant Products Ltd., Brampton, Ontario, Canada). When plants 

initiated buds, we increased temperature to 18–28°C, day length to 16 h and switched to 

10:52:10 fertilizer (Plant Products Ltd., Brampton, Ontario, Canada). To reduce the 20 

influence of microclimate variation within the glasshouse, trays were rotated at random 

intervals throughout the experiments. Corolla width and herkogamy were measured, as in 
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the field, on ≥ 1 flower from each of 5–30 plants per population and trait means were 

calculated for each plant. 

Results 25 

Although floral traits differed significantly between environments for some 

individual populations (marked with asterisks below), there was no tendency for corolla 

width to be higher or lower under glasshouse conditions (field; 19.5 ± 0.81, glasshouse; 

20.3 ± 0.81, paired t-test: t = 0.9, df = 16, P = 0.37). Herkogamy was, however, more 

pronounced under glasshouse than field conditions (Field; 1.3 ± 0.15 mm, glasshouse; 1.7 30 

± 0.15 mm, paired t-test: t = 2.4, df = 16, P = 0.03). Both floral traits correlated strongly 

between environments (Fig. A1.1; corolla width: r = +0.88, P < 0.0001; herkogamy: r = 

+0.89, P < 0.0001). 
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 35 

FIG. A1.1. Comparison of (A) corolla width and (B) herkogamy of Camissoniopsis cheiranthifolia flowers measured on plants under 

field conditions versus plants grown under greenhouse conditions generated from seed collected in the same year flower measurements 

were obtained in the field. Points are population means. Error bars are ± 1 SE. Populations for which floral traits differed significantly 

between environments are marked with asterisks. 
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SUPPLEMENTARY INFORMATION 3 40 

ALLOZYME VARIATION IN CAMISSONIOPSIS CHEIRATHIFOLIA 

We screened seedlings germinated from bulk seed for variation at 25 putative 

allozyme loci using cellulose acetate gels and protocols following Hebert and Beaton 

(1993. Methodologies for allozyme analysis using cellulose acetate electrophoresis. 

Helena Laboratories, Beaumont, Texas, USA). Seeds were germinated on 47 mm #5 filter 45 

paper (Whatman International Ltd., Maidstone, England) moistened with distilled water 

in 60 x 15 mm plastic Petri dishes (Thermo Fisher Scientific Inc., Waltham, Maine, 

U.S.A.) under 10 h/day of fluorescent light for 5–8 days. Individual seedlings with roots 

removed were placed in 1.5 ml microcentrifuge tubes, ground for 30 s with a ceramic 

grinding bit in a Wizard Rotary Tool (Black and Decker, Towson, Maryland, U.S.A.) in 50 

Decodon extraction buffer (Eckert and Barrett, 1993) and centrifuged at 4C for 8 min. 

Samples were stored at –80C for no more than three days until they could be assayed. 

We detected reliably scored polymorphisms that appeared to exhibit Mendelian 

transmission at seven: Acid Phosphatase (ACP, 1 locus, EC 3.1.3.2) and Carboxylesterase 

(EST, 2 loci, EC 3.1.1.1) resolved on the Morpholine Citrate pH 6.4 buffer system; 55 

Glucose-6-Phosphate Isomerase (PGI, 2 loci, EC 5.3.1.9), Isocitrate Dehydrogenase 

(IDH, 1 locus, EC 1.1.1.42) and Aspartate Amino Transferase (GOT, 1 locus, EC 

2.6.1.1), resolved on the Tris-Glycine pH 8.5 buffer system.  

The proportion of seeds outcrossed (t) is generally estimated using the mixed 

mating model, which assumes that all plants within a population experience the same 60 

outcross pollen pool. Hence, to compare mating system estimates among populations, we 
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sampled maternal plants across similar spatial scales within each population while still 

allowing for natural variation in plant density among populations. During 2003–2007, we 

randomly sampled 3–5 fruits from each of 20–90 plants within a 200 m
2
 plot in each 

population, and stored the fruits at room temperature. We combined the seeds from all 65 

fruits collected for each plant and germinated a sample of 20–50 seeds. We assayed 6–16 

seedlings (mean = 8) from each of 20–64 maternal families per population (total n = 5999 

progeny) for the seven polymorphic loci (Table A2.1). Inbreeding depression expressed 

during germination is unlikely to have caused an upward bias in t because outcrossed seed 

does not exhibit higher germination than selfed seed under greenhouse conditions (S. Dart 70 

and C.G. Eckert, unpublished data). 
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TABLE A1.2. Maximum likelihood estimates of allele frequencies for 16 populations of Camissoniopsis cheiranthifolia. Sample sizes (n) 

are provided for the number of polymorphic loci assayed for each population and the number of seed families and total progeny 

assayed per population. For each locus, alleles are indicates as 1 = fastest-migrating, 2 = next fastest-migrating, 3 = slowest-

migrating. Population codes are defined in Table A1.1. 

    ACP GOT IDH PGI1 PGI2 EST2 EST4 

CODE 
Putative

PopType 

n families 

(n progeny) 

n 

loci 
1 2 1 2 1 2 1 2 3 1 2 1 2 1 2 

CTP1C LF-SI 33 (243) 7 0.36 0.64 0.28 0.72 0.27 0.73 0.30 0.56 0.15 0.61 0.39 0.52 0.48 0.52 0.48 

CCB1C LF-SI 32 (281) 7 0.52 0.48 0.43 0.57 0.40 0.60 0.40 0.18 0.43 0.35 0.65 0.46 0.54 0.56 0.44 

CSO1C LF-SI 28 (242) 7 0.35 0.65 0.09 0.91 0.25 0.75 0.69 0.00 0.31 0.70 0.30 0.74 0.26 0.65 0.35 

CDW2C LF-SC 30 (248) 6 0.66 0.34 0.00 1.00 0.39 0.61 0.43 0.57 0.00 0.31 0.69 0.46 0.54 0.44 0.57 

COR1C LF-SC 26 (204) 6 0.58 0.42 0.01 0.99 0.33 0.67 0.87 0.13 0.00 0.58 0.43 0.26 0.74 0.68 0.32 

CMG1C LF-SC 30 (239) 7 0.75 0.25 0.04 0.96 0.20 0.81 0.94 0.06 0.00 0.21 0.79 0.02 0.98 0.44 0.56 

CBV1C LF-SC 28 (239) 6 0.70 0.30 0.00 1.00 0.41 0.59 0.86 0.14 0.00 0.41 0.60 0.06 0.95 0.53 0.47 

CGN1C Variable 89 (716) 7 0.78 0.22 0.01 0.99 0.59 0.41 0.68 0.32 0.43 0.57 0.33 0.67 0.68 0.32 0.68 

CSP1C Variable 24 (187) 7 0.48 0.52 0.00 1.00 0.66 0.35 0.94 0.06 0.00 0.75 0.25 0.60 0.40 0.83 0.17 
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CMS1C SF-SC 30 (248) 5 0.13 0.87 0.00 1.00 0.70 0.30 1.00 0.00 0.00 0.24 0.76 0.75 0.25 0.87 0.13 

CST1C SF-SC 33 (257) 5 0.53 0.47 0.00 1.00 0.65 0.35 1.00 0.00 0.00 0.32 0.68 0.52 0.48 0.87 0.13 

CMK1C SF-SC 31 (256) 6 0.14 0.86 0.00 1.00 0.52 0.48 0.98 0.02 0.00 0.93 0.07 0.60 0.40 0.72 0.28 

CMC1C SF-SC 60 (478) 5 0.05 0.95 0.00 1.00 0.59 0.41 0.98 0.02 0.00 0.90 0.10 0.98 0.02 1.00 0.00 

ONO1C SF-SC 30 (240) 2 0.00 1.00 0.00 1.00 0.01 0.99 1.00 0.00 0.00 0.98 0.02 1.00 0.00 1.00 0.00 

BES1C Baja 26 (166) 6 0.36 0.64 0.83 0.17 0.21 0.79 1.00 0.00 0.00 0.42 0.58 0.21 0.79 0.68 0.32 

CSC1C Island 22 (166) 5 0.16 0.84 0.00 1.00 0.31 0.69 1.00 0.00 0.00 0.42 0.58 0.27 0.73 0.53 0.47 
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SUPPLEMENTARY INFORMATION 4 

PHENOTYPICALLY VARIABLE POPULATIONS OF CAMISSONIOPSIS CHEIRANTHIFOLIA 

Populations CGN1C and CSP1C, located just north of Point Conception, exhibited 

wide variation in corolla width and herkogamy among plants such that we were able to 

classify plants as large- or small-flowered. Across the 91 flowers measured in CGN1C 

corolla width ranged 11–35.6 mm (CV = 30.5%) and herkogamy ranged 0–6.2 mm (CV = 

77.3%). Across the 85 flowers measured in CSP1C corolla width ranged 9.1–33.9 mm 

(CV = 26.0%) and herkogamy ranged 0–6.1 mm (CV = 69.5%). Within both populations 

corolla width and herkogamy correlated positively (Fig. A1.2; CGN1C; r = +0.86, P < 

0.0001, n = 91 flowers, CSP1C; r = +0.75, P < 0.0001, n = 85). 
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FIG. A1.2. The pattern of covariation between corolla width and herkogamy within two 

phenotypically variable populations of Camissoniopsis cheiranthifolia. Points are plants 

classified as either large-flowered (corolla width  > 20 mm, circles) or small-flowered (≤ 

20 mm, triangles).  
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SUPPLEMENTARY INFORMATION 5 

BETWEEN-YEAR VARIATION IN FLORAL TRAITS ACROSS POPULATIONS OF CAMISSONIOPSIS 

CHEIRANTHIFOLIA 

To determine the extent to which floral morphology of individual populations of 

C. cheiranthifolia was stable across years, we compared corolla width and herkogamy 

among the 18 populations that were visited in more than one year in the field and 11 

populations that were grown in more than one common glasshouse experiment from seed 

collected in the same year (conditions described in Supplementary Information 2). Both 

floral traits correlated strongly across populations between years in natural populations 

and common garden experiments (Fig. A1.3). 
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FIG. A1.3. Comparison of corolla width and herkogamy measured in more than one year 

under field conditions (A & B) and in the glasshouse (C & D). Open circles are LF-SI 

populations, closed circles are LF-SC populations, closed squares are variable populations 

and closed triangles are SF-SC populations. Points are population means ± 1 s.e.  
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Appendix 2 – Supporting Information for Chapter 3  

TABLE A2.1. Populations of Camissoniopsis cheiranthifolia sampled for Chapter 3, and the type of data collected from each. Indicators 

for the data collected are as follows: P = plants grown from field-collected seed in glasshouse and used for paired experimental self- 

and cross-pollinations; FS = analysis of fruit set after paired self and cross pollination estimated using plants grown in glasshouse 

(Table 3.1, Fig. 3.1), S = analysis of seed set after paired self and cross pollinations (Table 3.1, Fig. 3.1), F1 = analysis of 

performance of selfed and outcrossed progenies compared in contrasting soil moisture environments in the glasshouse (Table 3.2, 

Figs. 3.2 and 3.3), MS = Mating system parameters; proportion seeds selfed (s) and inbreeding coefficient of mature plants (F) 

estimated using genetic markers (Table 3.3, Fig. 3.4). Note that for two sites in central California (CGN1C and CSP1C) there were 

subpopulations that were purely large-flowered, purely small-flowered or phenotypically variable, with a mixture of large- and small-

flowered plants. 

Site code Site name 
Floral 

type 
Locality County 

Latitude 

°N 

Longitude 

°W 
Data collected 

Baja California, MX       

BES1C El Soccorro SF-SC Mainland Arroyo Soccorro 30.318 115.825 P, FS, S, MS 

BSM1C Isla San Martin SF-SC Island San Martin 30.483 116.102 P, FS 

BBF1C Bahia Falsa SF-SC Mainland 

Valle de San 

Quintin 30.484 115.975 P, FS, S 

Southern California, USA       

CSS1C Silver Strand State Beach LF-SI Mainland San Diego 32.640 117.143 P 
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CTP1C Torrey Pines State Reserve LF-SI Mainland San Diego 32.918 117.256 P, MS 

CCB1C South Carlsbad State Beach LF-SI Mainland San Diego 33.083 117.311 P, F1, MS 

CCP1C 

Camp Pendleton Marine Corps 

Base LF-SI Mainland San Diego 33.235 117.417 P 

CSN3C San Nicolas Island (Big Dune) SF-SC Island Ventura 33.257 119.561 P, FS, S, F1 

CSO1C San Onofre State Beach LF-SI Mainland San Diego 33.380 117.577 P, F1, MS 

CBB1C Balboa Beach LF-SC Mainland Orange 33.602 117.903 P, FS, S, F1 

CSR2C Santa Rosa Island - China Camp SF-SC Island Ventura 33.929 120.178 P, FS, S, F1 

CDW1C Dockweiler State Beach LF-SC Mainland Los Angeles 33.957 118.45 P, FS, S, F1, MS 

CZB1C Zuma Beach LF-SC Mainland Los Angeles 34 118.816 P, FS, S, F1 

CPD1C Point Dume State Beach LF-SC Mainland Los Angeles 34.003 118.809 P, FS, S, F1 

CSC1C Santa Cruz Island - Fraser Point SF-SC Island Santa Barbara 34.057 119.922 P, FS, S, F1, MS 

CPM1C Point Mugu State Park LF-SC Mainland Ventura 34.114 119.149 P, FS, S, F1 

COR1C Ormond Beach LF-SC Mainland Ventura 34.140 119.189 MS 

CMG1C McGrath State Beach LF-SC Mainland Ventura 34.224 119.259 P, FS, S, F1, MS 
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CBV1C San Buenaventura State Beach LF-SC Mainland Ventura 34.267 119.278 P, FS, S, F1, MS 

CCO1C Coal Oil Point Reserve, UCSB LF-SC Mainland Santa Barbara 34.412 119.882 P, FS 

Central California, USA       

CSU1C Surf Amtrak Station SF-SC Mainland Santa Barbara 34.682 120.606 P, FS, S, F1 

CGN2C 

Guadalupe Nipomo Dunes 

Preserve SF-SC Mainland San Luis Obispo 35.030 120.633 P, FS, S, F1 

CGN1CL Oso Flaco Lake Natural Area LF-SC Mainland San Luis Obispo 35.034 120.622 P, FS, S, F1 

CGN1CV Oso Flaco Lake Natural Area Var-SC Mainland San Luis Obispo 35.033 120.623 MS 

CSP1CS Morro Bay Sand Spit SF-SC Mainland San Luis Obispo 35.310 120.858 P, FS, S, F1 

CSP1CV Morro Bay Sand Spit Var-SC Mainland San Luis Obispo 35.365 120.862 MS 

CMS1C Morro Strand State Beach SF-SC Mainland San Luis Obispo 35.396 120.866 P, FS, MS 

CAM1C Andrew Molera State Park SF-SC Mainland Monterey 36.281 121.858 P, FS, S, F1 

CAS1C Asilomar State Park SF-SC Mainland Monterey 36.618 121.94 P, FS, S, F1 

CST1C Sunset State Park SF-SC Mainland Santa Cruz 36.876 121.825 MS 

CWR1C Wilder Ranch State Park SF-SC Mainland Santa Cruz 36.954 122.079 P, FS, S, F1 
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CRB1C Radio Beach Oakland SF-SC Mainland San Francisco 37.825 122.317 P, FS, S, F1 

CPR1C Point Reyes National Seashore SF-SC Mainland Marin 38.030 122.95 P, FS, S, F1 

Northern California, USA       

CLL1C Lawson's Landing SF-SC Mainland Marin 38.237 122.968 P, FS 

CMC1C Manchester State Beach SF-SC Mainland Mendocino 38.982 123.705 P, FS, S, F1, MS 

CMK1C MacKerricher State Park SF-SC Mainland Mendocino 39.503 123.783 P, FS, S, F1, MS 

CMA1C 

Manila Dunes Community 

Center SF-SC Mainland Humboldt 40.847 124.007 P, FS, S, F1 

CGB1C Gold Bluffs Beach SF-SC Mainland Humboldt 41.361 124.074 P, FS 

Oregon, USA       

OPR1C Pistol River SF-SC Mainland Curry 42.270 124.404 P, FS 

OCB1C Cape Blanco State Park SF-SC Mainland Curry 42.851 124.544 P, FS, S, F1 

ONO1C North Spit Overlook SF-SC Mainland Coos 43.435 124.277 P, FS, MS 
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APPENDIX 2B 

GLASSHOUSE CONDITIONS AND METHODS FOR EXPERIMENTAL CROSSES 

Both parental plants and their progeny were grown in a glasshouse at Queen’s 

University, Kingston, Ontario, Canada. Plants were grown in 164 ml SC10 Super Cell 

Cones (Steuwe and Sons, Inc., Corvallis, Oregon, U.S.A.) filled with a 3:2 mixture of 

ProMix (Premier Horticulture, Dorval, Quebec, Canada) and sterilized masonry sand 

(Rigney Building Supply, Kingston, Ontario, Canada). To mimic natural conditions, from 

sowing to the onset of flowering, cones were irrigated from below (for 24 h every three 

days) to keep the soil barely moist and kept at 16–25 C, 10 h light/day (supplemented 

with high-pressure sodium lamps) and fertilized every nine days with 1.6 mg/plant of 

20:20:20 N:P:K (Plant Products Ltd., Brampton, Ontario, Canada). When plants initiated 

buds, temperature was increased to 18–28°C, days were extended to 16 h using high-

pressure sodium lamps, and plants were fertilized every 9 d with 1.6 mg/plant of 10:52:10 

N:P:K (Plant Products Ltd., Brampton, Ontario, Canada). To reduce the influence of 

microclimate variation within the glasshouse, plants were randomly arranged 11 plants 

per tray and trays were rotated every three days.  

In small, self-compatible flowers (SF-SC), self-pollen is deposited on the 

receptive stigma 1-2 d before anthesis, whereas in large flowers (both self-compatible and 

self-incompatible, LF-SC and LF-SI) anthers dehisce shortly after anthesis. To prevent 

contamination of the stigma with self-pollen, we removed undehisced anthers from 

developing buds ≥ 2 d before anthesis for all flowers in the experiment, and hand-

pollinated stigmas ~ 2 d later. Flowers were self-pollinated using fresh pollen from 
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another newly opened flower on the same plant, and cross-pollinated using fresh pollen 

from a plant from the same population but a different maternal seed family. 



 

 227 

Appendix 3 – Supplementary information for Chapter 4 

TABLE A3.1.  Locations of populations of Camissoniopsis cheiranthifolia sampled for Chapter 4 and the type of data collected from 

each. Codes for the data collected are as follows: GSFS = geographic survey of fruit set, GSBudPara = geographic survey of bud 

parasitism, GSCW = geographic survey of corolla width, CWvsFS = corolla width and median fruit set measured, CWvsBP = corolla 

width and bud parasitism measured, BPvsFS = bud parasitism and fruit set measured in the same year, Yr1Yr2BudPara = bud 5 
parasitism measured in at least two years, Yr1Yr2FS = fruit set measured in at least two years, BudParaCWinPop = bud parasitism 

and corolla width measured on same plant, PL04 = pollen supplementation experiment performed in 2004, PL06 = pollen 

supplementation experiment performed in 2006  

# Population Site Name Mating 

type 

State Locality Latitude Longitude Data Collected 

1 BBR1C Bocana El Rosario SF-SC Baja Baja 30.047 115.786 
GSFS, GSBudPara 

2 BES1C El Soccorro SF-SC Baja Baja 30.318 115.825 
GSFS, GSCW, CWvsFS 

3 BBQ1C Bahia San Quintin SF-SC Baja Baja 30.390 115.985 
GSFS 

4 BBS1C Bahia Santa Maria SF-SC Baja Baja 30.394 115.900 
GSFS, GSBudPara 

5 BBF1C Bahia Falsa SF-SC Baja Baja 30.484 115.975 
GSFS, GSBudPara, GSCW, 

CWvsFS, CWvsBP 

6 BQW1C San Quintin West SF-SC Baja Baja 30.615 116.027 
GSFS, GSCW, CWvsFS 

7 BVG1C Vincente Guerrero SF-SC Baja Baja 30.705 116.036 
GSBudPara 

8 BSA1C San Antonio Del 

Mar 

SF-SC Baja Baja 31.106 116.308 
GSFS, GSBudPara 
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9 CSN3C San Nicolas Island - 

Big dune 

SF-SC CA Island 33.257 119.561 
GSFS 

10 CSN2C San Nicolas Island - 

Naval Fac 

SF-SC CA Island 33.265 119.497 
GSFS 

11 CSN1C San Nicolas Island- 

Canyon 

SF-SC CA Island 33.270 119.543 
GSFS, GSCW, CWvsFS 

12 CSR2C Santa Rosa - China 

Camp 

SF-SC CA Island 33.929 120.178 
GSFS 

13 CSR1C Santa Rosa - Skunk 

Point 

SF-SC CA Island 33.979 119.997 
GSFS 

14 CSC2C Santa Cruz - Sauce 

beach 

SF-SC CA Island 34.010 119.882 
GSFS 

15 CSC3C Santa Cruz Island SF-SC CA Island 
34.012 119.880 GSCW 

16 
CSR3C Santa Rosa - 

Carrington Point 

SF-SC CA Island 34.024 120.070 
GSFS, GSCW, CWvsFS 

17 
CSC1C Santa Cruz - Fraser 

Point 

SF-SC CA Island 34.057 119.922 
GSFS, GSCW, CWvsFS 

18 CBF1C Border Field LF-SI CA Mainland 32.541 117.123 
GSBudPara 

19 

CSS1C Silver Strand LF-SI CA Mainland 32.640 117.143 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

CWvsFS, CWvsBP, BPvsFS 
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20 

CTP2C Torrey Pines-

Remnant dune 

(inland side of hwy) 

LF-SI CA Mainland 32.929 117.259 
GSFS, GSBudPara, BPvsFS 

21 
CTP1C Torrey Pines-Bluff 

top 

LF-SI CA Mainland 32.918 117.256 
GSFS, GSBudPara 

22 

CCB1C South Carlsbad 

State beach 

LF-SI CA Mainland 33.083 117.311 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

CWvsFS, CWvsBP, BPvsFS 

23 
CCP1C Camp Pendleton LF-SI CA Mainland 33.235 117.417 

GSFS, GSBudPara, GSCW, 

CWvsFS, CWvsBP 

24 CSO1C San Onofre LF-SI CA Mainland 33.380 117.577 
GSBudPara 

25 

CBB1C Balboa beach LF-SC CA Mainland 33.602 117.903 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 

26 
CHB1C Huntington State 

beach 

LF-SC CA Mainland 33.632 117.961 
GSCW 

27 

CDW1C Dockweiler State 

beach 

LF-SC CA Mainland 33.957 118.450 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 

28 

CPD1C Point Dume - 

parking lot 

LF-SC CA Mainland 34.003 118.809 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 

29 CPM1C Point Mugu LF-SC CA Mainland 34.114 119.149 
GSFS 



 

 230 

30 

COR1C Ormond beach LF-SC CA Mainland 34.140 119.189 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, PL04, 

PL06, CWvsFS, CWvsBP, BPvsFS 

31 
CTB1C Thornhill Broom 

County park 

LF-SC CA Mainland 34.072 119.039 
GSFS, GSBudPara, BPvsFS 

32 

CMG1C McGrath State 

beach 

LF-SC CA Mainland 34.224 119.259 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, PL06, 

CWvsFS, CWvsBP, BPvsFS 

33 

CBV1C San Buenaventura 

State beach 

LF-SC CA Mainland 34.267 119.278 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

BudParaCWinPop, PL04, PL06, 

CWvsFS, BPvsFS 

34 

CIV1C Isla Vista - East 

Depressions 

UCState beach 

Campus 

LF-SC CA Mainland 34.406 119.847 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

BudParaCWinPop, PL04, CWvsFS, 

CWvsBP, BPvsFS 

35 

CCO1C Coal Oil Point LF-SC CA Mainland 34.412 119.882 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, BudParaCWinPop, 

CWvsFS, CWvsBP, BPvsFS 

36 CJB1C Jalama beach SF-SC CA Mainland 34.511 120.502 
GSFS, Yr1Yr2FS 

37 

CSU1C Surf SF-SC CA Mainland 34.682 120.606 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 
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38 

CGN3C Guadalupe County 

park 

SF-SC CA Mainland 34.961 120.646 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, PL04, CWvsFS, 

CWvsBP, BPvsFS 

39 

CGN2C Oso Flaco Lake 

State beach - South 

of lake 

SF-SC CA Mainland 35.030 120.633 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

CWvsFS, CWvsBP, BPvsFS 

40 

CGN1C Oso Flaco Lake 

State beach - North 

of lake 

MIX-

SC 

CA Mainland 35.033 120.623 
GSFS, GSBudPara, GSCW, PL04, 

PL06 

41 
CSP1C Morro Bay Sand 

Spit 

MIX-

SC 

CA Mainland 35.365 120.862 
GSFS, GSBudPara, GSCW, PL04, 

PL06 

42 

CMS1C Morro Strand State 

beach 

SF-SC CA Mainland 35.396 120.866 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, PL04, 

PL06, CWvsFS, CWvsBP, BPvsFS 

43 
CSI1C San Simeon State 

park 

SF-SC CA Mainland 35.595 121.125 
GSFS 

44 
CAM1C Andrew Molera 

State park 

SF-SC CA Mainland 36.281 121.858 
GSFS 

45 
CPL1C Point Lobos State 

Reserve 

SF-SC CA Mainland 36.517 121.951 
GSFS, GSCW, CWvsFS 

46 CED1C East Dunes SF-SC CA Mainland 36.616 121.847 
GSFS, GSCW, CWvsFS 
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47 
CMN1C Monterey north MIX-

SC 

CA Mainland 36.618 121.940 
GSFS, GSBudPara 

48 CAS1C Asilomar State park SF-SC CA Mainland 36.618 121.940 
GSFS, GSCW, CWvsFS 

49 
CSA1C Salinas River State 

park 

SF-SC CA Mainland 36.774 121.795 
GSFS, GSCW, CWvsFS 

50 
CZM1C Zmudowski State 

park 

SF-SC CA Mainland 36.836 121.801 
GSFS, Yr1Yr2FS 

51 

CST1C Sunset State park SF-SC CA Mainland 36.876 121.825 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, PL06, 

CWvsFS, CWvsBP, BPvsFS 

52 

CWR1C Wilder Ranch SF-SC CA Mainland 36.954 122.079 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 

53 
CFP1C Ano Neuvo - 

Franklin Pt 

SF-SC CA Mainland 37.149 122.355 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

54 CPC1C Pescadero Creek SF-SC CA Mainland 37.267 122.410 
GSFS, Yr1Yr2FS 

55 CRB1C Radio beach SF-SC CA Mainland 37.825 122.317 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

56 CSD1C Seadrift beach SF-SC CA Mainland 37.906 122.679 
GSCW 

57 

CPR1C Point Reyes 

National Seashore - 

Horsehoe Pond 

SF-SC CA Mainland 38.030 122.950 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP 
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58 

CPR2C Point Reyes 

National Seashore - 

South B 

SF-SC CA Mainland 38.046 122.987 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

59 

CPR3C Point Reyes 

National Seashore - 

McClure's B 

SF-SC CA Mainland 38.190 122.964 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

60 CLL1C Lawson's Landing SF-SC CA Mainland 38.237 122.968 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

61 
CBD1C Bodega Dunes State 

park 

SF-SC CA Mainland 38.344 123.067 
GSFS 

62 CGR1C Gualala River SF-SC CA Mainland 38.762 123.525 
GSFS, Yr1Yr2FS 

63 
CMC1C Manchester State 

beach 

SF-SC CA Mainland 38.982 123.705 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP 

64 CVC1C Virgin Creek SF-SC CA Mainland 39.470 123.804 
GSFS 

65 

CMK1C MacKerricher State 

park 

SF-SC CA Mainland 39.503 123.783 
GSFS, GSBudPara, GSCW, 

Yr1Yr2BudPara, Yr1Yr2FS, 

CWvsFS, CWvsBP, BPvsFS 

66 
CCV1C Centerville County 

park, south Eel River 

SF-SC CA Mainland 40.587 124.342 
GSFS, GSBudPara 

67 CKS1C King Salmon SF-SC CA Mainland 40.740 124.222 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

68 
CMA1C Manila Dunes 

Community Center 

SF-SC CA Mainland 40.847 124.007 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP 
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69 CLA1C Lanphere Dunes SF-SC CA Mainland 40.892 124.149 
GSFS 

70 
CLR1C Little River State 

park 

SF-SC CA Mainland 41.027 124.110 
GSFS 

71 
CBL1C Big Lagoon State 

beach 

SF-SC CA Mainland 41.164 124.132 
GSBudPara 

72 
CSL1C Stone Lagoon, Dry 

lagoon State park 

SF-SC CA Mainland 41.258 124.099 
GSFS, GSBudPara, Yr1Yr2FS, 

BPvsFS 

73 

CGB1C Gold Bluffs beach SF-SC CA Mainland 41.361 124.074 
GSFS, GSBudPara, GSCW, 

Yr1Yr2FS, CWvsFS, CWvsBP, 

BPvsFS 

74 CCC1C Carruther's Cove SF-SC CA Mainland 41.461 124.066 
GSFS, GSCW, CWvsFS 

75 
CTD1C Tolowa Dunes State 

park, Kellogg Rd 

SF-SC CA Mainland 41.870 124.211 
GSFS, GSBudPara, GSCW, 

CWvsFS, CWvsBP 

76 
OCF1C Pelican beach, CA / 

Crissey Field, OR 

SF-SC OR Mainland 41.998 124.210 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

77 OBR1C Brookings SF-SC OR Mainland 42.041 124.263 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

78 
OPR1C Pistol River SF-SC OR Mainland 42.270 124.404 

GSFS, GSBudPara, Yr1Yr2BudPara, 

Yr1Yr2FS 

79 OOP1C Otter Point SF-SC OR Mainland 42.448 124.429 
GSFS, Yr1Yr2FS 

80 
OGC1C Gregg's Creek SF-SC OR Mainland 42.537 124.400 

GSFS, GSBudPara, Yr1Yr2FS, 

BPvsFS 
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81 OPO1C Port of Port Orford SF-SC OR Mainland 42.741 124.498 
GSFS, GSCW, Yr1Yr2FS, CWvsFS 

82 
OCB1C Cape Blanco State 

park 

SF-SC OR Mainland 42.851 124.544 
GSFS, Yr1Yr2FS 

83 
OBA1C Bandon State park, 

beach loop Rd 

SF-SC OR Mainland 43.074 124.435 
GSFS, Yr1Yr2FS 

84 
OBU1C Bullards beach State 

park 

SF-SC OR Mainland 43.146 124.415 
GSFS, GSBudPara, Yr1Yr2BudPara, 

Yr1Yr2FS, BPvsFS 

85 ONS1C North Spit SF-SC OR Mainland 43.366 124.325 
GSBudPara 

86 ONO1C North Spit Overlook SF-SC OR Mainland 43.435 124.277 
GSFS 

87 
OHF1C Horse Fall State 

beach 

SF-SC OR Mainland 43.446 124.270 
GSBudPara 
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APPENDIX 3B 

TESTING FOR RESOURCE REALLOCATION BETWEEN FLOWERS WITHIN PLANTS 10 

Estimates of PL can be inflated if resources are diverted to supplementally pollinated 

flowers in response to high pollen loads or ovule fertilization (Stephenson, 1981; Zimmerman and 

Pyke, 1988), thereby reducing seeds per fruit in subsequent flowers with lower pollen loads 

(Knight et al. 2006). In 2004, we tested for this potential resource reallocation by monitoring the 

fates of flowers adjacent to the focal treated flowers in each of the seven study populations (LF: 15 

COR1C, CBV1C, CCO1C, SF: CGN3C, CMS1C, LF/SF; CGN1C and CSP1C). We monitored 

the two open-pollinated flowers that opened directly after (Ax or A, respectively) the focal flower. 

We also performed a resource manipulation on 10-30 randomly selected plants in each of six of 

the seven populations, which involved removing the focal flower with forceps so that it could not 

set a fruit to test whether reduced resource use by the focal flowers resulted in increased seed 20 

production in subsequent flowers (Ar). For each class of flowers on each plant we recorded the 

average number of seeds produced by the two flowers. If increased seed production by 

supplemental outcross-pollinated focal flowers came at the cost of reduced seed production in 

subsequent flowers, then in terms of seeds per flower; Ar > A > Ax. The number of seeds 

produced per flower was strongly right-skewed because many flowers did not set a fruit hence we 25 

used a nonparametric Kruskal-Wallis test to contrast the number of seeds per flower for the three 

treatments (Ar, A and Ax) for each population separately (Table A3B.1).  
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TABLE A3B.1. Nonparametric Kruskal-Wallace tests comparing median seeds per flower of the two reproductive nodes produced after 

(A, Ax, Ar) the focal treated flower (I, Ix, R).  

  A Ax Ar  

Population Flower size n Media

n 

Range n Median Range n Median Range P 

Pure            

CBV1C LF 15 8.5 0-51 13 22 0-67 14 28.5 0-94 0.16 

CCO1C LF 47 1.5 0-92 29 0
 

0-76 43 26 0-72 0.09 

COR1C LF 8 11.8 0-74.5 11 0 0-61 9 12 0-102 0.21 

CGN3C SF 42 46 0-86 34 44.8 0-94 42 45.3 0-97.5 0.91 

CMS1C SF 36 48.8 0-83.5 30 33.3 0-73 39 38 0-105.5 0.17 

Variable            

CGN1C LF 32 6 0-82.5 27 24.5 0-87 38 3.5 0-89 0.8 

CGN1C SF 15 33 0-78 23 59.5 0-109.5   - 0.07 

CSP1C LF 34 2.5 0-84.5 35 0 0-74 39 3 0-71 0.75 
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CSP1C SF 34 39.5 0-78 41 30.5 0-69 45 34 0-74.5 0.81 

Notes: Summary statistics cells contain median, range and number of plants sampled in each of three large flowered (LF), two small 

flowered (SF) and two variable populations of Camissonia cheiranthifolia. Cells present the results (P values) of Nonparametric 

Kruskal-Wallace tests.
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Appendix 4 – Supplementary Information For Chapter 5 

TABLE A4.1. Empirical studies that have used floral emasculation and experimental pollination to quantify autonomous self-pollination 

and its contribution to reproductive assurance (RA) in natural populations of flowering plants. For each study we present the number 

which refers to the list of references below the table, the Family and species in which the experiment was conducted, whether intact 

flowers produced significantly more seed than emasculated flowers (I > E), whether the potential side-effects of emasculation were 

quantified (N = none, D = damage to flowers, L = reduced floral longevity, V = reduced pollinator visitation, ( ) = side-effect 

acknowledged but not quantified), whether the effect of emasculation was statistically significant (0 = no, 1 = yes), and whether 

differences in selfing rates between treatments were quantified (0 = no, 1 = estimated for both I and E flowers). 

Number Family Species I>E 

Tested effect 

of 

emasculation 

Significant 

effects of 

emasculation 

Selfing 

rates 

36 Anthericaceae Anthericum lilago 0 N na 0 

36 Anthericaceae Anthericum ramosum 1 N na 0 

44 Asphodelaceae Bulbine vagans 1 N na 0 

41 Berberidaceae Jeffersonia diphylla 1 N na 0 

35 Bignoniaceae Incarvillea sinensis  1 N na 0 

23 Bromeliaceae Werauhia sintenisii 1 D 1 0 

7 Caryophyllaceae Silene noctiflora 1 (DLV) na 0 

8 Caryophyllaceae Saponaria officinalis 0 N na 0 

33 Droseraceae Drosophyllum lusitanicum 1 D 0 0 
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32 Ericaceae Kalmia latifolia 0 D 0 0 

20 Ericaceae Phyllodoce aleutica 1 N na 1 

14 Ericaceae Rhododendron ferrugineum 1 N na 0 

3 Gentianaceae Centaurium erythraea 1 DLV 0/0/0 0 

4 Gentianaceae Centaurium erythraea 1 (DLV) na 0 

5 Gentianaceae Centaurium erythraea 1 (DLV) na 0 

3 Gentianaceae Centaurium littorale 1 DLV 0/0/0 0 

3 Gentianaceae Centaurium pulchellum 1 DLV 0/0/0 0 

15 Gentianaceae Gentianella germanica 1 N na 0 

10 Gentianaceae Gentianopsis palludosa 1 N na 0 

26 Gesneriaceae Gesneria citrina 0 D 0 0 

26 Gesneriaceae Gesneria cuneifolia 1 D 0 0 

26 Gesneriaceae Gesneria reticulata 1 D 0 0 

26 Gesneriaceae Rhytidophyllum asperum 1 D 0 0 

6 Liliaceae Scilla sibirica 0 (DV) na 0 

12 Lythraceae Decodon verticillatus 1 DV 0/0 1 

22 Malvaceae Hibiscus laevis 1 N na 0 

37 Malvaceae Kosteletzkya virginica 1 (D)V 0 0 
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38 Malvaceae Kosteletzkya virginica 1 DLV 0/0/0 0 

39 Malvaceae Kosteletzkya virginica 1 DV 0/0 0 

6 Onagraceae Calyophus serrulatus 1 (DV) na 0 

28 Onagraceae Clarkia xantiana parviflora 1 D(V) 0 0 

29 Onagraceae Clarkia xantiana xantiana 0 (D) na 0 

31 Orobanchaceae Agalinus auriculata 1 D 0 0 

42 Orobanchaceae Pedicularis dunniana 1 N na 0 

25 Papaveraceae Sanguinaria canadensis 1 N na 0 

24 Phyrmaceae Mimulus guttatus 1 (DV) na 1 

13 Plantaginaceae Collinsia parviflora (large) 1 N na 0 

21 Plantaginaceae Collinsia parviflora (large) 0 DV 0/0 0 

13 Plantaginaceae Collinsia parviflora (small) 1 N na 0 

21 Plantaginaceae Collinsia parviflora (small) 1 DV 0/0 0 

19 Plantaginaceae Collinsia verna 1 (V) na 0 

45 Polemoniaceae Leptosiphon jepsonii 1 (DV) na 0 

11 Ranunculaceae Aquilegia canadensis 1 D(V) 0 0 

16 Ranunculaceae Aquilegia canadensis 1 DL(V) 0/0 1 

27 Ranunculaceae Aquilegia caerulea 1 D(L)V 0/1 0 
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2 Ranunculaceae Hepatica acutiloba 1 N na 0 

30 Ranunculaceae Hepatica americana 1 N na 0 

17 Ranunculaceae Pulsatilla cernua 1 N na 0 

1 Roridulaceae Roridula dentata 1 N na 0 

9 Scrophulariaceae Verbascum thapsus 0 (V) na 0 

34 Solanaceae Schizanthus grahamii 1 (V) na 0 

34 Solanaceae Schizanthus hookeri 0 (V) na 0 

40 Solanaceae Nicotiana glauca 1 N na 0 

43 Solanaceae Datura stramonium 1 DV 0/0 0 

46 Taccaceae Tacca chantrieri 1 N na 0 

18 Trilliaceae Paris quadrifolia 1 N na 0 

47 Zingiberaceae Roscoea schneideriana 1 N na 0 
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TABLE A4.2. Locations of populations of Camissoniopsis cheiranthifolia used in Chapter 5. All populations were located in California, 

USA. Population flower size is noted following Chapter 2 (Dart et al. 2012). Variable populations contained both large- and small-

flowered phenotypes. Pollination and emasculation experiments were conducted in all populations, though two treatments (EC2 and 

EO+B) were not performed in CMG1C and CBV1C. Proportion of seeds self-fertilized (s) was estimated for I and EO flowers in all 

but one population (CBV1C). Details on treatments are in Table 2. Sample sizes are in Table A4.2. 

Population code Location County Latitude (°N) Longitude (°W) Flower size 

COR1C Ormond Beach Ventura 34.14 119.19 Large 

CMG1C McGrath State Beach Ventura 34.23 119.26 Large 

CBV1C San Buenaventura State Beach Ventura 34.27 119.28 Large 

CGN1C Guadalupe-Nipomo Dunes San Luis Obispo 35.03 120.63 Variable 

CSP1C Morro Bay Sand Spit San Luis Obispo 35.37 120.86 Variable 

CMS1C Morro Strand State Beach San Luis Obispo 35.40 120.87 Small 

CST1C Sunset State Park Santa Cruz 36.88 121.83 Small 
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TABLE A4.3. Number of flowers assayed for seed production in each treatment group by population of Camissoniopsis cheiranthifolia. 

Only one flower was sampled per plant. Emasculation treatments are as follows: intact (I), emasculated at opening (EO), emasculated 

just before closing on the first day of anthesis (EC), emasculated just before closing on the second day of anthesis (EC2). Pollination 

treatments included hand self-pollination (+S) and bagging to exclude pollinators (+B). For the treatments involving self-pollination 

by hand we present the number of flowers sampled for seed production separated by a slash from the number scored for whether they 

opened for a second day (i.e. floral longevity).  

Population: Large-flowered Small-flowered Phenotypically variable 

Treatment COR1C CMG1C CBV1C CMS1C CST1C GGN1C-L CGN1C-S CSP1C-L CSP1C-S 

I 37 21 26 39 40 7 7 16 14 

EO 37 21 27 40 39 9 11 16 16 

EC 35 22 28 35 38 7 9 17 15 

EC2 17 0 0 24 38 7 7 17 12 

EO+B 25 0 0 24 38 9 8 27 25 

I+S 35/19 23/6 26/10 38/29 40/29 9/21 8/19 16/22 14/27 

EO+S 34/21 21/6 30/9 38/27 40/29 10/31 8/31 18/26 17/28 

EC+S 34/19 24/6 28/10 38/26 40/29 8/31 6/30 14/26 16/28 
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TABLE A4.4. Variation in the capacity for prior selfing at the bud stage among and within 

populations of Camissoniopsis cheiranthifolia based on ASTER analysis. The effect of 

flower size contrasts large-flowered (LF) versus small-flowered (SF) populations in A, 

and LF versus SF phenotypes within two variable populations in B. The effect of 

treatments contrasts flowers that were emasculated at opening and excluded from 

pollinators by bagging (EO+B) and flowers that were emasculated at opening and self-

pollinated by hand (EO+S). Likelihood ratios were calculated by comparing ASTER 

models with and without the effect of interest. A summary of the data in these analyses is 

in Fig. 2. 

Effect Likelihood ratio df P 

A. LF vs. SF populations    

Flower size (F) 104.59 1 < 0.00001 

Treatment (T) 284.90 1 < 0.00001 

F x T   6.59 1   0.010 

B. Variable populations    

Population (P)   1.29 1   0.25 

Flower size (F)   3.78 1   0.052 

Treatment (T) 30.10 1 < 0.00001 

PxF   3.64 1   0.056 

PxT 44.19 1 < 0.00001 

FxT 21.85 1 < 0.00001 

PxFxT 9.42 1   0.0021 
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TABLE A4.5. Effects of floral emasculation on per-flower seed production in 

Camissoniopsis cheiranthifolia based on ASTER analysis. The effect of flower size 

contrasts large-flowered (LF) versus small-flowered (SF) populations in A, and LF versus 

SF phenotypes within two variable populations in B. The effect of treatments contrasts 

open-pollinated flowers that were intact (I), emasculated at flower opening (EO) or 

emasculated just before closing on the first day of anthesis (EC). Likelihood ratios were 

calculated by comparing ASTER models with and without the effect of interest. A 

summary of the data in these analyses is in Fig. 3. 

Effect Likelihood ratio df P 

A. LF vs. SF populations    

Flower size (F) 560.63 1 < 0.00001 

Treatment (T) 136.36 2 < 0.00001 

F x T 134.44 2 < 0.00001 

B. Variable populations    

Population (P)   3.24 1   0.072 

Flower size (F) 10.60 1   0.0011 

Treatment (T) 14.09 2   0.00087 

PxF   7.83 1   0.0051 

PxT   3.32 2   0.19 

FxT 15.77 2   0.00038 

PxFxT 13.81 2   0.0010 
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TABLE A4.6. Contribution of delayed autogamous self-pollination to seed production in 

Camissoniopsis cheiranthifolia based on ASTER analysis. The effect of flower size 

contrasts large-flowered (LF) versus small-flowered (SF) populations in A, and LF versus 

SF phenotypes within two variable populations in B. The effect of treatments contrasts 

open-pollinated flowers that were emasculated just before closing on either the first day 

of anthesis (EC) or second and final day of anthesis (EC2). Likelihood ratios were 

calculated by comparing ASTER models with and without the effect of interest. A 

summary of the data in these analyses is in Fig. 4. 

Effect Likelihood ratio df P 

A. LF vs. SF populations    

Flower size (F) 305.62 1 < 0.00001 

Treatment (T)     1.28 1   0.26 

F x T     2.08 1   0.15 

B. Variable populations    

Population (P)   0.66 1   0.42 

Flower size (F)   3.77 1   0.052 

Treatment (T)   3.30 2   0.069 

PxF   8.84 1   0.0029 

PxT   4.09 1   0.043 

FxT 23.13 1 < 0.00001 

PxFxT 1.02 1   0.31 
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TABLE A4.7. Generalized linear model (GLM) analysis of the effects of floral 

emasculation on floral longevity in Camissoniopsis cheiranthifolia. The effect of flower 

size contrasts large-flowered (LF) versus small-flowered (SF) populations in A, and LF 

versus SF phenotypes within two variable populations in B. The effect of treatments 

contrasts intact flowers (I+S) with those emasculated either at flower opening (EO+S) or 

just before closing on the first day of anthesis (EC+S). All flowers were self-pollinated by 

hand. Likelihood ratios were calculated by comparing GLM models with and without the 

effect of interest. A summary of the data in these analyses is in Fig. 5. 

Effect Likelihood ratio df P 

A. LF vs. SF populations    

Flower size (F) 67.46 1 < 0.00001 

Treatment (T) 62.81 2 < 0.00001 

F x T   0.80 2   0.67 

B. Variable populations    

Population (P) 19.18 1 < 0.00001 

Flower size (F) 42.08 1 < 0.00001 

Treatment (T) 68.47 2 < 0.00001 

PxF   5.19 1   0.022 

PxT   0.85 2   0.65 

FxT   0.88 2   0.64 

PxFxT   0.29 2   0.87 
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TABLE A4.8. ASTER analysis of the direct effects of floral emasculation on seed 

production in Camissoniopsis cheiranthifolia. The effect of flower size contrasts large-

flowered (LF) versus small-flowered (SF) populations in A, and LF versus SF phenotypes 

within two variable populations in B. The effect of treatments contrasts intact flowers 

(I+S) with those emasculated either at flower opening (EO+S) or just before closing on 

the first day of anthesis (EC+S). All flowers were self-pollinated by hand. Likelihood 

ratios were calculated by comparing ASTER models with and without the effect of 

interest. A summary of the data in these analyses is in Fig. 6. 

Effect Likelihood ratio df P 

A. LF vs. SF populations    

Flower size (F) 38.24 1 < 0.00001 

Treatment (T)   1.03 2   0.60 

F x T   2.70 2   0.26 

B. Variable populations    

Population (P) 29.63 1 < 0.00001 

Flower size (F) 13.91 1   0.00019 

Treatment (T)   8.03 2   0.018 

PxF 55.43 1 < 0.00001 

PxT   0.36 2   0.83 

FxT   1.90 2   0.39 

PxFxT 13.73 2   0.0010 

 

 

 


