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Abstract

Dioecy is relatively uncommon among flowering plants, occurring in just 6% of species. It is associated with a suite of ecological characters whose role in breeding-system evolution is poorly known. I therefore explored the role of one correlate; generalist fly pollination. Flies acted differently than more specialized pollinators in their visits to plants, by revisiting flowers frequently and not discriminating between the sexes. In comparing dioecious and hermaphroditic species, I found that dioecious species had lower pollen transfer efficiency and pollen receipt, similar pollen removal and seed set, and higher fruit set than hermaphroditic species. Flies produced variance in reproductive characters, such as pollen removal and receipt, equaling that found in hermaphrodites, which should allow dioecious plants to compete effectively with hermaphrodites. Because flies visit plants differently than other pollinators, their behaviour results in pollination attributes that could promote the evolution and maintenance of dioecy in some plant species.
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1. Introduction

The ~250 000 species of angiosperms exhibit extensive diversity of floral arrangement and form. Many aspects of this diversity may largely reflect selection that enhances the movement of pollen from anthers to stigmas (Proctor et al. 1996), and are particularly evident in animal-pollinated plants. Typically, the floral morphology of animal-pollinated plants enhances pollinator attractiveness, limits pollen loss during pollinator movement between flowers, and controls pollen removal by individual pollinators (Harder & Wilson 1994). 

The evolution of contrasting floral forms is frequently studied in relation to the type of pollinator and its behaviour on both individual flowers and the whole plant (Proctor et al. 1996). However, investigation into these relationships has traditionally focused on either specialized pollinators and plants (van der Pijl & Dodson 1969, Faegri & van der Pijl 1979), pollinators with a perceived economic importance (Free 1993), or plant-pollinator systems that were particularly easy to study (Proctor et al. 1996). Therefore, most of these studies dealt with the functional group of specialist pollinators. Specialist pollinators usually visit the flowers of only one or two plant species during a particular time in the flowering season, as well as often having predictable pollination behaviours. In contrast, Generalist pollinators are thought to visit plant species indiscriminately and to have no discernable flower visiting behaviours. Through the bias towards the study of specialist pollinators, the behaviour of generalist pollinators, typically flies, beetles, butterflies and moths, and characteristics of the plants they visit remain poorly known. Although some studies recently addressed pollination by generalists (Motten et al. 1981, Olesen & Warncke 1989a, 1989b, Kearns 1992, 2001, Kevan et al. 1993, Kearns & Inouye 1994, Bernal & Ervik 1996, Kwak & Velterop 1997, Mahy et al. 1998, Larson et al. 2001, Listabarth 2001, Pascarella et al. 2001, Souza-Silva et al. 2001, Thompson 2001), much remains to be explored. 

In this chapter, I review characteristics of the dioecious breeding system (separate sexes), which is commonly associated with generalist pollinators, and the role of one group of generalist pollinators, the true flies (Diptera), in their association with dioecy, particularly in temperate regions.

1.1 Dioecy in plants

Most flowering plants have a hermaphroditic breeding system, in which all flowers have functional male and female reproductive organs (perfect flowers).  However, about 10% of angiosperm species have different breeding systems (Geber et al. 1999), which fall into two main types, monomorphic and dimorphic.  In monomorphic species, all individual plants are hermaphroditic, but some or all of their flowers serve only female or male roles.   Three breeding systems fall into the monomorphic category. In monoecious species, individual plants produce both male and female flowers, but no perfect flowers. Andromonoecious species have both perfect and male flowers on the same individual, whereas gynomonoecious species, produce both perfect and female flowers within an individual.  In dimorphic species, some or all plants reproduce only as females or males.  Four main types of dimorphic breeding systems exist.  Gynodioecious species include individuals that are either purely female or hermaphroditic. Androdioecy refers to species with purely male and hermaphroditic individuals. Subdioecy involves species with male, female and hermaphroditic (sometimes monoecious) individuals. Dioecious species include only fully male and fully female individuals. 

Dioecy, the most common of the non-hermaphroditic breeding systems, occurs in 6% of flowering plant species (Renner and Ricklefs 1995), and has evolved independently from hermaphroditism in many families of flowering plants (Freeman et al. 1997). Dioecy is a functional classification that describes plant species in which individuals contribute genes to the next generation through either ovules or pollen, but not both.  Often, these distinct sex roles associate clearly with reproductive phenotype.  However, some species exhibit cryptic dioecy, appearing to be hermaphroditic, gynodioecious, or androdioecious (Charlesworth 1984, Kevan et al. 1990, Mayer and Charlesworth 1991, Cane 1993, Davis 1997), but their flowers are functionally either male or female, having respectively either a sterile ovary, or sterile or inaperturate pollen. In addition, within dioecious species, a few plants may produce functional, perfect flowers (Rottenburg 2000), due to a reversion or mutation, which reintroduces the genes that produce female or male structures.  These mutant individuals are termed inconstant males or females, with inconstancy being more common in male plants than in female plants (D. Charlesworth & B. Charlesworth 1978). Inconstancy is also thought to occur most commonly in dioecious species that have evolved from a monoecious state (Webb 1999).

How dioecy evolves, and why, have been the subject of much discussion since Darwin (1877: see D. Charlesworth & B. Charlesworth 1978, Bawa 1980, Lloyd 1980, Bawa & Beach 1981, Charlesworth 1984, Thomson & Brunet 1990, Freeman et al. 1997, Heilbuth 2000, Weiblen et al. 2000). Five evolutionary pathways, by which dioecy can evolve from a hermaphroditic ancestor, are generally recognized: direct (Bawa 1980, Ross 1980, 1982), via monoecy (see below), via gynodioecy (see below), via androdioecy, (Charlesworth 1984, Mayer & Charlesworth 1991) and via heterostyly (Beach & Bawa 1980, Bawa & Beach 1981, 1983, Muenchow & Grebus 1989, Barrett & Richards 1990, Naiki & Kato 1999). Of these pathways, evolution of dioecy via either monoecy or gynodioecy are considered to be most frequent. The monoecy pathway is thought to be common due to the frequent incidence of both monoecious and dioecious species in many plant genera (B. Charlesworth & D. Charlesworth 1978, Bawa 1980, Lloyd 1980, Bawa & Beach 1981, Renner & Ricklefs 1995). However, Weiblen et al. (2000) challenged this conclusion, proposing that this association between monoecy and dioecy is merely due to the tendency of breeding system changes to be associated phylogenetically. In a phylogenetically explicit study, Weiblen et al. (2000) found that dioecy has arisen more frequently from hermaphroditism than from monoecy and that the rate at which these breeding shifts occurred did not differ between hermaphroditism and monoecy. These results lead Weiblen et al. (2000) to conclude that dioecy typically evolves from hermaphroditism, whether directly or through an intermediate step, such as gynodioecy. 

The evolution of dioecy from gynodioecy may be the most common transition from hermaphroditism to dioecy, and has therefore been modeled and discussed frequently (D. Charlesworth & B. Charlesworth 1978, Webb 1979, Bawa 1980, Lloyd 1980, Bawa & Beach 1981, Hart 1985, Kohn 1988, Delph 1990, Barrett 1992, Schultz 1999). This transition involves a phase during which the population includes both hermaphroditic and female individuals. If the species experiences a high genetic load, then a male-sterility mutation, which also allows mutant individuals to produce more seeds than hermaphrodites, could spread easily in the population, as females produce only outcrossed progeny. Once the female mutation was established, mutations in hermaphroditic individuals that increase pollen production and reduce ovary fertility until ovaries are no longer produced, must enter the population for the final transition to dioecy. Many plant species in a variety of families seem to have undergone this evolutionary transition to dioecy (Webb 1979, Bawa 1980, Lloyd 1980, Hart 1985, Kohn 1988, Delph 1990, Barrett 1992). 

1.1.1 Selection of dioecy

Discussions on the selection of dioecy have primarily considered two major factors: 1) avoidance of selfing and the associated inbreeding depression, and 2) the combined roles of resource allocation and sexual selection (D. Charlesworth & B. Charlesworth 1978, Bawa 1980, Freeman et al. 1980, 1997, Beach 1981, Thomson & Barrett 1981, Charnov 1982, Givnish 1982, Thomson & Brunet 1990, Vaughton & Ramsey 1998, de Jong et al. 1999, Schultz 1999, Webb 1999). Most authors agree that both processes are important in the evolution of dioecy; however, they disagree about which process selects most strongly for dioecy. 

1.1.1.1 Consequences of self-pollination

Plants that act solely as females or males only import or export outcrossed pollen, respectively, and so avoid any negative consequences of self-pollination.  Inbreeding depression is the consequence that has received the most attention, because the genetic superiority of outcrossed progeny compared to selfed progeny constitutes an obvious outcrossing advantage (Charlesworth & Charlesworth 1987). In the absence of inbreeding depression, dioecious plants make larger genetic contributions to the next generation because of less abortion of embryos with high genetic load, and production of offspring that express few deleterious recessive traits and can thereby benefit from heterosis.  Therefore, if a hermaphroditic species self-pollinates extensively and a female- or male-sterility mutation occurs, the progeny of these mutants may spread through the population because they have an outcrossing advantage (D. Charlesworth & B. Charlesworth 1978, Freeman et al. 1997, Schultz 1999). Evidence for such selection can been found in some plant species that have gynodioecious populations in environments with reliable pollinators, and dioecious populations in areas without these pollinators (Kohn 1988, Delph 1990, Barrett 1992). However, inbreeding depression cannot be involved in the evolution of dioecy via distyly, because the ancestral plants are self-incompatible and therefore cannot experience inbreeding depression due to selfing (Bawa 1980, Bawa & Beach 1980, Beach & Bawa 1981). Darwin (1877) argued against selection of inbreeding avoidance, because he believed that dioecy evolves in species that already have a reliable mode of outcrossing.

However, Darwin did not consider that selfing within (autogamy) and between (geitonogamy) flowers on a plant can be extensive, even in hermaphroditic species with reliable pollinators, so that dioecy may increase outcrossing significantly (Bawa 1980). In particular, self-pollination and self-fertilization can use pollen or ovules, respectively, that could otherwise have been involved in outcrossing, resulting in pollen and ovule discounting (e.g., Harder & Barrett 1995, Herlihy & Eckert 2002). The loss of fitness due to pollen or ovule discounting is compounded when combined with inbreeding depression (Harder & Wilson 1998). Dioecious plants do not experience these fitness losses and are therefore at a selective advantage over hermaphroditic plants, when they occur.

1.1.1.2 Sex allocation

Differential resource allocation to female and male function in flowering plants is also thought to promote the evolution of dioecy, as individuals of dioecious species specifically allocate all of their resources to only one sex role.  Darwin (1877) ascribed the evolution of dioecy to this type of selection for sex specialization. Dioecy is beneficial when increased allocation of resources to either sex function (in a hermaphroditic plant) leads to a disproportionate gain in fitness (Charnov 1982). Such relations could occur if a small increase in male floral display yields a large increase in pollinator visitation, or an increase in seed crop yields a large increase in attraction of seed-dispersing animals (Bawa 1980, Charnov 1982, Andersson 1994). In contrast, hermaphroditism is favoured when male and female success increase at a diminishing rate with increases in investment.  For example, increased competition between related pollen for fertilization opportunities, or between sibling seeds for establishment sites reduces the benefits of increased investment in male and female function, respectively, and promotes joint investment in both sex roles (Charnov 1982, Andersson 1994). Unfortunately, it has been hard to test sex-allocation hypotheses due to difficulties in measuring the relations of female and male fitness to investment (Sakai & Weller 1999, Campbell 2000).

Sex-allocation theory emphasizes the relation of average plant performance to resource investment in the sex roles; however, variance in performance can also affect the relative advantages of dioecy over hermaphroditism (Wilson & Harder 2003). Wilson & Harder (2003) demonstrated theoretically that separation of the sexes increases variation of both pollen import and seed dispersal in the dioecious species. This increased variation reduces mean recruitment, and therefore competitive ability, in the dioecious species due to nonlinear averaging (i.e. decelerating fitness returns with increased investment). However, the dioecious species could out-compete hermaphroditic species if along with the separation of sexes, if there was an adaptation to reduce variance. This might be accomplished is through an increase in pollen or seed dispersal, especially when coupled with increased gamete production (Wilson & Harder 2003).
1.1.2 Ecological correlates of dioecy

Several ecological attributes are commonly associated with dioecy (reviewed in Sakai and Weller 1999), which may reveal either conditions that favour the evolution of dioecy, or traits that are favored once dioecy evolves. These ecological correlates include: fleshy, animal-dispersed fruits (Bawa 1980, Muenchow 1987, Thomson and Brunet 1990), woodiness and long lifespan (Freeman et al. 1980, Thomson and Brunet 1990), climbing growth habit (i.e. vines: Renner and Ricklefs 1995), island and tropical ranges (Bawa and Opler 1975, Bawa 1980, Ibarra-Manriquez and Oyama 1992, Sakai et al. 1995a, b), wind pollination (Bawa 1980, Freeman et al. 1980, Charlesworth 1993), and pollination of small, open, white to green/yellow flowers by generalist pollinators (Thomson and Brunet 1990, Sakai and Weller 1999).

The association of dioecy with large fleshy fruits is thought to reflect increased dispersal by large frugivores, which transport the seeds further than would be possible using abiotic or smaller seed dispersers.  This increased dispersal would cause a disproportionate gain in female fitness due to increased spread of individuals within the population, which could in turn be accentuated by developing either bigger or more numerous fruit. The benefits associated with dispersal and increased fruit load would result in specialization in females due to accelerating fitness gain (Bawa 1980, Charnov 1982, Givnish 1982). Wilson & Harder (2003) suggested that fleshy fruits are associated with dioecy because extensive dispersal reduces the variance among plants in seedling establishment opportunities, despite the segregation of the sexes. However, not all authors agree on the importance of fleshy fruits in the evolution of dioecy (Flores & Schemske 1984, Muenchow 1987, Thomson & Brunet 1990).

A woody and long-lived growth habit, typically associated with bearing many flowers, is thought to be associated with dioecy because of the increased opportunity for geitonogamy and inbreeding depression in hermaphroditic plants with many flowers (Bawa 1980, Freeman et al. 1980, Thomson & Brunet 1990). Long-lived hermaphroditic plants are thought to experience greater inbreeding depression because they spend longer in the ‘growth/reproduction’ stage, during which deleterious mutations are more commonly expressed (Husband & Schemske 1996). Long-lived hermaphroditic plants also experience a life-history cost through the production of selfed seeds if it reduces resources available for future survivorship and reproduction (Morgan et al. 1997). 

The role of a climbing growth habit has been mentioned only by Renner & Ricklefs (1995) who suggested that a tradeoff between selection for rapid growth and fruit production in females favors the appearance of males, which have lower resource requirements than females. These authors did not comment on the role that geitonogamy might play in a hermaphroditic plant with climbing growth form. However, the degree of geitonogamy would depend primarily on the number of open flowers per inflorescence, rather than the number of flowers/inflorescences along the vine due to inflorescences typically being quite spread out along vines. Large spaces between inflorescences usually increase the chance that a pollinator will leave a plant (de Jong et al. 1999).

 The greater incidence of dioecy in the tropics and on islands is frequently explained as a consequence of associations with other correlates of dioecy. A larger percentage of tropical plant species are woody and have fleshy fruits, so the greater incidence of dioecy in the tropics may be coincidental (Bawa 1980, Ibarra-Manriquez & Oyama 1992). Similarly, dispersal to islands typically involves long distances and therefore often involves bird dispersal, which in turn is correlated with consumption of fleshy fruits, which is correlated with dioecy (Bawa 1980, 1982, Baker & Cox 1984, Sakai et al. 1995a, b). Dioecy on islands may also be a result of islands being primarily tropical (at least those with dioecious species on them) and having only unspecialized pollinators (Bawa 1980, Thomson & Brunet 1990). Other reasons suggested for this correlation include: strong selection for outcrossing in small, colonizing, hermaphroditic populations, which favors dioecy (Carlquist 1966, Bawa 1980, Thomson & Barrett 1981, Sakai & Weller 1999); better survival of dioecious lineages on islands (Bawa 1982); and high incidence of dioecy in source populations before dispersal to islands (Baker and Cox 1984, but see Sakai et al. 1995, Bernardello et al. 2001).

Wind pollination is thought to be associated with dioecy for a number of reasons. Loss of insect pollinators resulting in a shift to wind pollination has been proposed to trigger an accompanying increase in inbreeding depression, leading to selection for dioecy (Weller & Sakai 1990, Weller et al. 1995, Sakai et al. 1997). Wind pollination is also thought to result in an accelerating fitness gains through male function, which allows selection for dioecy when associated with an accelerating female fitness gain curve, due to animal-dispersed seeds (Bawa 1980).  Wind pollination also allows the spread of unisexual mutants that are unattractive to insect pollinators (Charlesworth 1993). Another advantage of dioecy for wind-pollinated plants is the ability of unisexual individuals to specialize in either pollen release or receipt, which involves contrasting relations to wind speed (Wilson & Harder 2003). 

Pollination by small, unspecialized pollinators may be associated with dioecy for a few reasons.  Charlesworth (1993) proposed that unspecialized pollinators cannot distinguish between flowers with and without rewards (i.e. male versus female flowers), which facilitates the evolution of separate sexes.  Alternatively, unspecialized pollinators may cause high self-pollination in hermaphroditic species, resulting in strong selection for outcrossing and the evolution of dioecy (Bawa & Opler 1975, Bawa 1980, 1994, Lloyd 1982, but see Renner & Feil 1993). It has also been suggested that unspecialized pollinators promote unidirectional flow of pollen from plants with many flowers (more attractive) to plants with fewer flowers (less attractive), which favors selection of separate male plants (which typically produce many flowers) and female plants (which typically produce fewer flowers: Bawa 1980, Beach 1981). Pollinator behaviour is often affected by the number of flowers on a plant, with plants that display many flowers being more attractive (reviewed by Ohashi & Yahara 2001). However, selection for large floral displays is usually counteracted in hermaphroditic species by extensive selfing between flowers on the same plant (geitonogamy) due to pollinator movements within a plant (reviewed by Harder & Barrett 1996). Dioecious plants would not confront the same limits and could therefore have large floral displays, as well as better allocation of resources to either sex function.  Lloyd (1982) suggested that unspecialized pollinators create a limited distribution of pollen within a population, resulting in mating between siblings and increased inbreeding, which favors the evolution of dioecy.  In contrast, Wilson & Harder (2003) suggested that the production of many small flowers that open sequentially, should reduce the deceleration in total pollen export because of reduced pollen losses through grooming, pollen layering and geitonogamy. This in turn should facilitate the evolution of dioecy (also see Wilson et al. 1994). Furthermore, because of their relative abundance, unspecialized pollinators may allow for less variation in pollen export and import than specialized pollinators, thereby counteracting the variance consequences associated with separation of the sexes.

Why many of these ecological factors accompany dioecy is unclear. Most studies of these correlates have concentrated on their functional role in dioecious plants, or on theoretical reasons for the associations (Bawa and Opler 1975, Beach and Bawa 1980, Freeman et al. 1980, Beach 1981, Flores and Schemske 1984, Charlesworth 1993, Renner and Feil 1993, Bawa 1994, Renner and Ricklefs 1995). However, there has been little discussion of the evolutionary significance of these correlates (although see Wilson & Harder 2003) and little empirical study (Thomson and Brunet 1990). An obvious exception is Vamosi et al.’s (2003) phylogenetic analysis of dioecy with respect to the correlates mentioned above. Vamosi et al. (2003) mapped the presence/absence of the correlates at the genus level for the three major angiosperm clades (Rosids, Asterids and Eumagnoliids). They found that no individual correlate alone has had a role in the evolution of dioecy, but rather that the functional interaction among the correlates has influenced the evolution and ecology of dioecious species (Vamosi et al. 2003).

1.2 Flies and flowers

Despite the widespread involvement of flies as pollinators of dioecious species, their role as pollinators is poorly studied. During the past 200 years, studies of insect pollinators have focused primarily on long-tongued bees, even though Diptera are recognized as the dominant pollinators in high elevation and high latitude regions, (Hocking 1968, Kevan 1973, Kearns 1992, Larson et al. 2001) and they are the main pollinators of many plant species, especially those with small, open flowers (Proctor et al. 1996).  Most research on flies as pollinators has dealt with their abundance on flowers, rather than their behaviour on and between flowers, or the quality of their pollination (Elberling & Olesen 1999).  

Pollination quality by individual pollinators depends on the amount of pollen removed from anthers and the proportion of that removed pollen that is deposited on stigmas (pollen-transfer efficiency).  According to Wilson & Thomson (1991), good-quality pollinators deposit a large fraction of pollen relative to the amount they remove. Conversely, a bad-quality pollinator removes large amounts of pollen but deposits only a tiny fraction of that pollen on stigmas. Typically, ‘good’ pollinators also tend to move pollen between plants, whereas ‘bad’ pollinators tend to move pollen within a flower (autogamy) or plant (geitonogamy).  In general, pollination quality depends on a pollinator’s behaviour, including its movement between flowers and plants, the duration of flower visits, its interactions with other pollinators, nectar and pollen collection, fidelity to a particular plant species and differences in flower use between plant sexes (Proctor et al. 1996).  

The pollinating ability of flies in general has been poorly addressed, except in groups with specialized morphological (i.e. elongated mouthparts) and behavioural (i.e. hovering) adaptations for feeding efficiently on flowers. Diptera families that contain a large percentage of specialized pollinators include the hover flies (Syrphidae), net-wing flies (Nemestrinidae) and bee flies (Bombyliidae: Olesen & Warncke 1989a, Suguira 1996, Johnson & Steiner 1997, Larson et al. 2001). The pollination role of flies has also been studied relatively well for plants that attract, and trap, carrion and dung visiting flies by mimicking the appearance and smell of carrion or feces (sapromyophily: Banziger 1991, Razzak et al. 1992, Patt et al. 1995). The other group of flies are the generalists. These are flies with little morphological or behavioural adaptations for flower feeding, which usually visit any plant species which are flowering, rather than concentrating on one or two species as specialists do. Generalists can have one attribute and not the other and a good example of this is the family Syrphidae. This family has mouthparts specialized for feeding almost exclusively on flowers, but they also tend to visit all plant species flowering at a given time, thereby falling within the definition of generalists (Kendall & Solomon 1973). However, the group I will primarily concentrate on are a subset of the generalist flies known as opportunistic Diptera. These flies typically belong to families from the Nematocera and muscoid groups, but also include any flies that lack specialized flower-feeding adaptations and feed opportunistically on a variety of sugar- and protein-rich substances, including nectar and pollen. They also tend to visit radially symmetric flowers, with easily accessed nectar, that are usually green, yellow or white (Proctor et al. 1996, Endress 1999) and frequently comprise a large fraction of the pollinator fauna on these flowers (McAlpine 1965, Kearns 1992, Totland 1993, Warncke et al. 1993, Kato & Miura 1996). Very few studies have quantified the efficiency of these types of flower visitors (although see Robertson & Lloyd 1993, Kearns & Inouye 1994, Totland 1994). 

1.3 Objectives 

In this thesis I will examine the role of opportunistic Diptera in pollination, both in general and in the evolution of dioecy in plants. Specifically, I will address two basic questions. First, how do flies behave while visiting dioecious plants, and what effect would this behaviour have on geitonogamous selfing in hermaphroditic plants? Second, does fly pollination result in low variance in pollination success, compared to that seen in related hermaphroditic plants?   

Based on theoretical work by Wilson and Harder (2003), I expect that dioecious plants will have an equal or lower variance in pollen removal, pollen receipt, fruit set and seed set, relative to variance found in related hermaphroditic species. I expect flies to move frequently between flowers on the same plant rather than moving to a new plant, which would increase geitonogamous selfing in hermaphroditic plants, favoring the evolution of dioecy.  Finally, based on theoretical work by Charlesworth (1993), I expect that flies will visit male and female plants at the same rate, being unable to distinguish between the sexes. Results of this study will help to determine the role of generalist pollinators in the evolution of dioecy, by empirically evaluating the theoretical models developed concerning correlates of dioecy. This study will also broaden understanding of pollination behaviour of flies in general, most notably by providing measures of the proficiency of pollen removal and receipt, and the consequences for seed set. 

In Chapter 2 I provide natural history information on the plant species and sites involved in my research. I also present results for both dioecious and hermaphroditic species on seasonal and daily flowering phenology, floral longevity, number of flowers per inflorescence, and the relation of inflorescence production to the number of possible inflorescences. For the dioecious species, I also compare these variables between the sexes. I discuss the relevance of observed differences to pollen movement between plants and the relation of these differences to climatic differences between flowering periods.

Chapter 3 presents the results of observations of fly behaviour on dioecious plants. The two main behaviours measured were rate of pollinator visitation to individual plants of both sexes and the pattern of visits to flowers within plants by individual pollinators. I discuss the results in the context of Charlesworth’s (1993) prediction that pollinators of dioecious species do not distinguish between the sexes and Ashman’s (2000) contrary findings. I also discuss the pollination ability of flies compared to other pollinator groups. 

In Chapter 4 I contrast reproduction of related pairs of dioecious and hermaphroditic species.  This analysis considered pollen removal and receipt and the resulting fruit and seed set and allowed me to assess Wilson and Harder’s (2003) prediction that dioecious species have mechanisms that reduce reproductive variance. 

Finally, in Chapter 5 I discuss the ramifications of all of my results for pollination and its relevance to breeding-system evolution.

2. Study species, sites and flowering characteristics 

Between May and August of 2001 and 2002, I studied the reproductive ecology of two pairs of related dioecious and hermaphroditic species, one each from the Elaeagnaceae and Ranunculaceae. The following sections describe natural history characteristics of these species that are relevant to this study. A brief synopsis of the breeding systems, study sites, study dates and mean temperatures for each species is shown in table 2.1.
2.1 Study species and sites

2.1.1 Elaeagnaceae

I studied two shrubs in this family, Shepherdia canadensis (L.) Nutt. and Elaeagnus commutata Bernh. ex Rydb near the University of Calgary, Kananaskis Field Station at Barrier Lake, Alberta, Canada (51º02’N; 115º02’W). 

Shepherdia canadensis is a common dioecious shrub of aspen (Populus tremuloides Michx.) and lodgepole pine (Pinus contorta Loudon) forests in the Kananaskis region. The population studied was found adjacent to the creek supplying water to the Kananaskis Field Station, 500 m southeast of the station itself, and was studied from May 11- June 8, 2001 and from May 25 – June 20, 2002. Individual plants are no more than 1 m tall, with many major branches splitting from the main stem near ground level, as well as further branching along these branches. This species flowers during early May before its leaves open, and often before all snow has melted. The mean temperature over the course of flowering is around 13˚C with frequent night time temperatures below 0˚C (Table 2.1). A variety of generalist Diptera species visit the flowers during sunny periods when temperatures exceed 7-8(C. No nocturnal pollinators were observed on this species, probably due to a combination of low night time temperatures and a lack of nocturnal insect fauna (as 
Table 2.1. Summary table of breeding system, study sites, dates and mean temperatures for the four study species.

	Species
	Breeding System
	Study Site
	Study Dates
	Mean Temperature (( S.D.) (˚C)

	Ranunculaceae

     Clematis          

      ligusticifolia
	Dioecious
	Dinosaur Provincial Park
	July 4 – July 24 2002
	27.0 ((5.1)

	     Clematis

      occidentalis
	Hermaphroditic
	Kananaskis
	May 25 – June 17 2001

June 12 – June 25 2002
	12.0 ((3.8)

19.7 ((4.5)

	Elaeagnaceae

     Shepherdia

      canadensis
	Dioecious
	Kananaskis
	May 11 – June 8 2001

May 25 – June 20 2002
	12.8 ((4.5)

13.2 ((4.7)

	     Elaeagnus

      commutata
	Hermaphroditic
	Kananaskis
	June 14 – July 11 2001
	17.6 ((4.8)


evidenced through a light trap run during the flowering time.) Both female and male plants produce numerous, small, yellow-green flowers, with female flowers being slightly smaller than male flowers (3-4 mm versus  5-6 mm diameter, respectively). Each female flower has a single uni-ovulate carpel, with no evidence of anther development. Pollinated female flowers grow into a single-seeded, fleshy, red fruit, which are dispersed during August and September by birds and large mammals (notably black bears). The male flowers typically have eight stamens (sometimes fewer) and usually no evidence of a carpel. Occasionally, male plants produce a few hermaphroditic flowers, some of which are pollinated and produce fruit. 

Elaeagnus commutata is a hermaphroditic shrub, which occupies open meadows, roadsides and riverbanks. The study population was located in a meadow 200 m northwest of the Kananaskis Field Station, and was studied from June 14 – July 11 2001. The plants are usually 1-3 m tall and have fewer major branches than S. canadensis. Flowering begins during late June or early July when the weather is relatively warm, with daytime mean temperatures of ~18°C (Table 2.1). The flowers are pollinated primarily by Bombus spp. with occasional visits by hummingbirds and Lepidoptera. Though nocturnal pollinators were not looked for, the scent of the flowers was much reduced at night, suggesting that this species is diurnally pollinated. Each plant produces many tubular, scented flowers, which are silver-grey on the outside, and yellow to yellow-brown on the inside of the exposed corolla. The corolla is typically 8-10 mm in diameter and the floral tube is 10-12 mm long. The flowers have four stamens and a single carpel. Pollinated flowers produce a single silver-grey, mealy-fleshed fruit with a single seed. 

Hitchcock and Cronquist (1973) stated in their key that E. commutata is functionally dioecious, with some flowers having a narrower tube and a vestigial pistil. Although I observed this in some flowers on many plants, I found no plants with all flowers in this condition. Also, almost all of these ‘male’ flowers contained nymphs of an unidentified hemipteran. Therefore, the putative ‘male’ condition observed by Hitchcock and Cronquist (1973) probably results from nymphs feeding on the pistil and plant fluids as the flower develops, thereby killing the pistil and removing some of the nutrients destined for floral development. This may not have been observed by Hitchcock and Cronquist (1973) while they were making up the key, as they were probably using dried herbarium specimens, which would no longer contain the insects. The functional dioecious nature of E. commutata is not mentioned in another, more recent key dealing with the same flora (Douglas et al. 1999).
2.1.2 Ranunculaceae

Clematis ligusticifolia Nutt. and C. occidentalis (Hornem.) DC. are woody vines that climb on other woody plants. I studied a population of C. ligusticifolia in Dinosaur Provincial Park, Alberta, along Little Sandhill Creek (50° 46' 04"N; 111° 29' 32"W) and a population of C. occidentalis in the area immediately southwest of the junction of Highways 40 and 68, 2 km north of the University of Calgary, Kananaskis Field Station at Barrier Lake (51​º02’N; 115º02’W).  

Clematis ligusticifolia is a large, dioecious, perennial vine that grows on shrubs along prairie rivers, such as Salix spp. and Shepherdia argentea Nutt. The population at Dinosaur Provincial Park was studied from July 4 – July 24 2002, during which time the mean daytime temperature was 27˚C (Table 2.1). This species begins flowering during late June or early July and is pollinated by a variety of opportunistic Diptera and halictid bees. No pollinators were observed visiting plants at either dusk or dawn, suggesting that there are no nocturnal pollinators (though nocturnal pollinators were not looked for.) Both sexes produce many white, open flowers and male plants produce larger flowers than female plants (20-24 mm vs. 17-19 mm diameter, respectively). Male flowers lack carpels and have 10-61 stamens, which are arranged so that the anthers form a hemispherical dome, maximizing the surfaces  possible for pollinator contact. Female flowers have a central cone of 24-68 uni-ovulate carpels, which are surrounded by a ring of vestigial stamens (no anthers present). Each fertilized carpel produces a single seed and the persistent style grows into a plume that aids wind dispersal. Female flowers are often eaten, usually by the larva of an unidentified cyclorrhaphan fly, which consumes the ovules and then other parts of the flower. Deer also eat large parts of plants of both sexes.

Clematis occidentalis is a small, hermaphroditic vine, growing on the forest floor and occasionally up trees and shrubs in mixed aspen-pine forests. This species was studied from May 25 – June 17 2001 and from June 12 – June 25 2002. Flowering begins during late May or early June after risk of night freezing of flowers has passed (no frost damage observed). Daytime mean temperatures over the course of flowering in this species was ~16˚C (Table 2.1) and nocturnal low temperatures can reach 0˚C. Queens of various Bombus species pollinate the blue-purple flowers, which are 40-60 mm in diameter. No night time observations were made to look for nocturnal pollinators in this species, though the low temperatures still experienced at this time of year suggest that nocturnal pollinators would be rare.  Each flower produces 12-46 stamens and 30-124 carpels. As with C. ligusticifolia, each uni-ovulate carpel produces a plumed achene, which is wind dispersed. Flowers of this species are also eaten by larvae of an unidentified cyclorrhaphan fly (attempts to incubate pupae to adulthood were unsuccessful), which attacks the ovules first and then excavates down the receptacle and pedicle of the flower, where they pupate. The larvae are sometimes parasitized by a micro-hymenopteran (Braconidae), which was observed probing flowers with its ovipositor. 

2.2 Flowering phenology and sexual differences in flower production

Both the season of flowering and the number of flowers produced by plants strongly influence their mating outcomes. This is particularly true for dioecious, animal-pollinated plants, as they must rely on pollinators to transfer pollen from male to female plants. Therefore, poor synchronization of flowering in these species decreases the chances of proper pollen transfer, with a resulting decrease in fitness (Abe 2001). Floral display size has a variety of effects on pollinator behaviours (reviewed by Ohashi & Yahara 2001). Most dioecious plants have large floral displays, probably because dioecious plants are not as limited by inbreeding depression and pollen discounting as hermaphrodites can be through increased selfing with increased floral display (Robertson 1992, Harder & Barrett 1996). However, dioecious plants can experience inbreeding depression if they receive pollen from siblings growing in their vicinity. In fact, strongly outcrossing species can have significantly lower seed set than inbreeding species due to the large genetic variability in outcrossing populations. This genetic variability can produce higher genetic load in embryos, which are often then aborted (i.e. inbreeding depression, Wiens et al. 1987). However, this was not seen in this study as fruit set was higher in dioecious species and seed set did not differ from that of hermaphrodites (see Chapter 4). Floral displays in dioecious plants are usually largest in the males, due to their relatively low resource cost, compared to female flowers. Female flowers must not only attract pollinators but also expend resources on fertilized ovules to produce seeds, making female flowers more expensive in terms of resource use (Kay et al. 1984, House 1989, Antos & Allen 1994, Vaughton & Ramsey 1998, Abe 2001). 

I now compare the flowering phenologies of the two pairs of dioecious and hermaphroditic species and of the sexes within each dioecious species. I will also contrast the phenology within a day of flowering between the two species in the Elaeagnaceae. I expect that the differences observed between species result primarily from temperature differences during the flowering periods of different species. Temperature has been found to affect timing and duration of phenology, both within and between species (Rathcke & Lacey 1985, Totland 1993, Steinbach & Gottsberger 1994, Wagner & Mitterhofer 1998). I also expect to find differences in floral longevity between the sexes, with individual flowers on females living longer than those on males to increase the chance of pollen receipt. Longer flower lifespan has been seen before in females of other dioecious species (Kay et al. 1984, Primack 1985). Finally, I will contrast the number of flowers produced by males and females of the dioecious species. I expect that males will produce more flowers than females, as stated above. The results of this chapter will help in the interpretation of the findings in the following two chapters, as flowering phenology affects pollinator behaviour, pollen removal and deposition.

2.2.1 Methods

The phenology of flowering (the proportion of flowers in bud, flower and wilt with respect to day or time of flowering) by individual plants was measured throughout their flowering period for all species, except Clematis ligusticifolia, which had a protracted flowering period. Prior to flowering, I marked at least 20 plants of each sex (just 20 plants in the case of hermaphrodites), except for C. ligusticifolia, for which I marked all 16 females in the population. On the marked plants, I observed either all flowers on the plant (C. occidentalis), or the 30 to 100 flowers on a single branch. The numbers of flower buds, open flowers and wilted flowers were recorded daily until all marked flowers had wilted. On one day during peak flowering I recorded the dynamics of flowering phenology at ~1-1.5 hour intervals throughout daylight on the same marked branches/plants monitored for daily phenology. Finally, I measured flower longevity by marking one newly opened flower on each branch/plant and recording the number of days until it wilted. During the flowering period of all plant species temperature was measured daily between 1000 and 1130 hours. 
I also assessed sexual dimorphism in flower production of the dioecious species. On one stem on each of 20 plants of each sex I counted the flowers per inflorescence, the inflorescences and the leaf axils capable of producing inflorescences (possible inflorescences) within the zone of flowering. For Shepherdia canadensis, leaf axils on the previous year’s growth were not considered, as they never produce inflorescences.  Flower production was assessed early during a plant’s flowering period to minimize miscounting due to flowers lost to herbivory and other disturbances. 

Statistical techniques were applied to analyze different aspects of flower production.  I used likelihood-ratio (G) tests (Zar 1984; freq procedure of SAS, release 8.2, SAS Institute Inc., 1999) to determine differences in phenology between the sexes in dioecious species. I compared three variables: the number of new flowers opening each day relative to the first day of flowering in the population, the number of new flowers opening each day relative to the first day that an individual plant flowered, and the number of new plants flowering each day with respect to the beginning of flowering in the population.  This approach was also applied to Clematis ligusticifolia, but I used Monte Carlo simulation to assess statistical significance due to the large number of expected values <5 (Sokal & Rohlf 1995). Monte Carlo estimation uses the specified number of randomly generated contingency tables with the same marginal totals as the observed table to generate the sampling distribution for the test statistic  (Noreen 1989; freq procedure of SAS, release 8.2, SAS Institute Inc., 1999). For Shepherdia canadensis I contrasted flowering phenology during the day between the sexes by examining the number of new flowers produced during different periods (ln-transformed), using a generalized linear model (McCullagh and Nelder 1989; genmod procedure of SAS, release 8.2, SAS Institute Inc., 1999). Diurnal flowering phenology was not compared between the sexes of C. ligusticifolia, because too few flowers opened over the course of the day (30 of a possible 875) to allow for meaningful statistical testing. Flower longevity was examined using t-tests or Kruskal-Wallis tests (Zar 1984). Differences between the sexes in the number of flowers per inflorescence, actual number of inflorescences and number of possible inflorescences were examined for the dioecious species using t-tests. I analyzed the dependence of the number of inflorescences produced on the number of possible inflorescences and sex with analysis of covariance (Neter et al. 1996; glm procedure of SAS, release 8.2, SAS Institute Inc., 1999). 

2.2.2 Results

Total flowering phenology followed a fairly similar pattern for the four species, in that no secondary peaks in flowering were seen (with the possible exception of Clematis ligusticifolia, see below). The number of open flowers increased and decreased relatively symmetrically during the flowering period for all species, except Shepherdia canadensis (Fig. 2.1).  For the latter species, flower number dropped precipitously after peak flowering (Fig. 2.1c). The distribution in Clematis ligusticifolia is also uncertain, because flowering phenology was not measured for the total duration of flowering (Fig. 2.1a, see methods), though no second peak in flowering was noted on two later visits to the study site (personal observation). 

The sexes of the dioecious species had distinctly different flowering phenologies. Males produced more new flowers than females during each day of flowering in both C. ligusticifolia (G=64.34 d.f.=17, n=867, P<0.001), and S. canadensis (G=360.42, 

Figure 2.1. Mean (( SE) number of open flowers per day during the flowering periods of 

a) Clematis ligusticifolia (N=20 males, 15 females), b) C. occidentalis (N=30), c) Shepherdia canadensis (N=30 for both sexes), and d) Elaeagnus commutata (N=30). For dioecious species, males (closed circles) and females (open square) are distinguished.

[image: image1.wmf]Relative day of flowering 

0

5

10

15

20

Number of new flowers/plant

0

2

4

6

8

10

12

14

16

18



d.f.=17, n=3808, P<0.001).  Males also began to flower at least a day before females in 

both C. ligusticifolia (G=31.85, d.f.=16, n=35, P<0.05), and S. canadensis (G=26.35, d.f.=7, n=60, P<0.001). Male C. ligusticifolia opened flowers at a significantly higher number per day than did females (G= 59.00, d.f.=18, n=1057, P<0.001, Fig. 2.1a): this pattern was not evident for S. canadensis (Fig. 2.2). 

Flowering during a single day did not differ with sex in Shepherdia canadensis (generalized linear model; G=1.29, d.f.=1, n=319, P>0.25), but the pattern of flower opening did differ between the two Elaeagnaceae species (Fig. 2.3). Peak flower production by S. canadensis occurred around 1400 h (Fig. 2.3a, G=8.17, d.f.=1, n=319, P<0.005). In contrast, flower production increased throughout the day for Elaeagnus commutata (Fig. 2.3b, G=4.29, d.f.=1, n=161, P<0.05). 

Floral longevity did not differ consistently with either sex or breeding system. Flower longevity in C. ligusticifolia did not differ with sex (mean= 4 days, t=0.16, d.f.=32, P>0.8), whereas male flowers of S. canadensis lived two days less than female flowers (10.6 (0.58 days versus 12.7 (0.73 days, Kruskal-Wallis test; X2=11.45, d.f.=54, P<0.001).  For the two Clematis species, flowers of the dioecious species (C. ligusticifolia) lived about a third as long as those of the hermaphroditic species (C. occidentalis) (3.9 (0.22 days versus 12.0 (0.32 days; t=19.9, d.f.=62, P<0.001). In contrast, flowers of the dioecious S. canadensis lived twice as long as those of the hermaphroditic E. commutata (11.6 (0.48 days versus 5.7 (0.37 days, Kruskal-Wallis test; X2=38.52, d.f.=84, P<0.001).

The number of flowers produced by dioecious species did differ between the sexes. Male plants produced either more inflorescences or more flowers per inflorescence than females. In C. ligusticifolia the ratio of actual inflorescences to possible inflorescences produced was higher in males than females (Fig. 2.4a, F1,36=4.78, P<0.05). Female and male Clematis ligusticifolia produced equivalent numbers of flowers per 

Figure 2.2. Mean numbers of new flowers produced during the flowering period by male 

(closed circle, dashed line, N=30) and female (open square, solid line, N=30) Shepherdia canadensis plants.
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Figure 2.3. Mean (( SE) number of new flowers produced over the course of one day at time of peak flowering 
for a) Shepherdia canadensis and b) Elaeagnus commutata. Regression lines are also shown.
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Table 2.2. Mean (( S.E.) number of flowers per inflorescence, mean number of possible  

and actual inflorescences for each sex of Clematis ligusticifolia and Shepherdia canadensis, including results of t-test for differences between the sexes. All variables met the t-test assumptions.
	Species and Variable
	Female
	Male
	d.f.
	t-statistic

	Clematis ligusticifolia
	
	
	
	

	Flowers per inflorescence 
	5.17 ( 0.48
	6.70 ( 0.80
	37
	-1.62

	Possible inflorescences
	16.79 ( 0.89
	15.80 ( 1.10
	37
	0.70

	Inflorescence number
	13.16 ( 0.92
	13.45 ( 1.05
	37
	-0.21

	Shepherdia canadensis
	
	
	
	

	Flowers per inflorescence
	1.56 ( 0.11
	2.38 ( 0.20
	40
	-3.99***

	Possible inflorescences
	35.81 ( 1.77
	33.38 ( 1.93
	40
	0.93

	Inflorescence number
	27.52 ( 1.50
	25.90 ( 1.49
	40
	0.77


*** P<0.001

Figure 2.4. Numbers of inflorescences 

produced per male (closed circles) and female (open squares) plants relative to number of possible inflorescences for a) Clematis ligusticifolia (Nmales=20, Nfemales=19) and b) Shepherdia canadensis (N=21 for both sexes). The diagonal line depicts development of all possible inflorescences.
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inflorescence, actual inflorescences produced, and possible inflorescences (Table 2.1). The number of actual inflorescences increased with respect to the number of possible inflorescences in C. ligusticifolia (F1,36=211.49, P<0.001). Shepherdia canadensis also showed no difference in the number of actual, and possible number of inflorescences, but males produced more flowers per inflorescence than females (Table 2.1). As expected the number of inflorescences produced varied positively with the number of possible inflorescences in S. canadensis (F1,39=33.20, P<0.001). Female and male Shepherdia canadensis did not differ in the number of inflorescences produced (Fig. 2.4b, F1,39=0.03, P>0.85).

2.2.3 Discussion

For the two dioecious species considered, flowering phenology varied between the sexes, with males opening flowers first (Fig. 2.1 a, c) and displaying more flowers than females on any given day.  The early opening of some flowers on male plants may help pollinators learn to recognize the male flowers and to return to the location of individual male plants. This may increase the probability that pollinators preferentially visit male plants that opened their flowers first, as sources of pollen and nectar, and thereby increase visits to individual males. Such preferential foraging would increase dispersal of pollen from early flowering males and consequently increase their siring success. Early flowering would be expected in males, and not females, because male plants tend to be less resource-constrained than female plants (Kay et al. 1984, House 1989, Charlesworth 1999).  Female plants cannot afford to expend extra energy on display as they need to save resources for fruit and seed production. For Clematis ligusticifolia, but not Shepherdia canadensis (Fig. 2.2), male plants opened more flowers per day than did female plants.  Even though female and male Shepherdia canadensis opened flowers at equivalent rates, males produced more flowers during their longer flowering period.  

Most of the variation in flowering phenology within species can be explained by weather conditions. The sharp decline in the number of open flowers seen towards the end of the flowering season of S. canadensis (Fig. 2.1c) followed a sharp overnight drop in temperature from 21ºC to 6.5°C. The contrast in daily flowering phenology between S. canadensis and Elaeagnus commutata (Fig. 2.3) probably reflects differences in flowering seasons. In S. canadensis anthesis peaked during the warmest part of the day at a time of year when night temperatures approach 0°C. This lower rate of opening at colder temperature is probably adaptive, as it would reduce the number of flowers lost due to freezing. In contrast, E. commutata flowered during late June, when average night-time low temperatures exceeded 6ºC, so that flower loss due to cold weather was unlikely. The lack of difference in floral longevity between the sexes of C. ligusticifolia may also be related to climatic conditions, as flowering occurred under fairly hot and dry conditions (30-40(C), which would produce greater stress on flowers and select for a shorter lifespan. The short lifespan of C. ligusticifolia flowers relative to flowers of S. canadensis may also reflect a higher rate of pollinator visitation in the former than the latter (see chapter 4) and therefore more rapid removal and deposition of pollen. Flowers may then wilt after they had lost or received the requisite amount of pollen, leading to a shorter lifespan. The longer lifespan of S. canadensis flowers may be an adaptation that increases the chances of pollen removal and deposition, during a time of year when the pollinator fauna is relatively depauperate. The shorter floral longevity in male Shepherdia canadensis, compared to females, has been seen in other species (Kay et al. 1984, Primack 1985), although it is not universal for dioecious species, as seen in the lack of difference between the sexes of Clematis ligusticifolia. 

In general, flower phenology and longevity characteristics are governed by weather patterns, which confound the ability to see differences in these characteristics between breeding systems. For example, both species that flower during summer (Elaeagnus commutata and Clematis ligusticifolia) had shorter-lived flowers than the spring-flowering species. Whether this difference in floral longevity results from higher metabolic costs during summer or higher likelihood of pollination is uncertain.  These climactic differences and their influence on flowering phenology have been well recorded both within (Wagner & Mitterhofer 1998) and between species (Rathcke & Lacey 1985, Totland 1993, Steinbach & Gottsberger 1994). All previous studies show that plants react primarily to temperature differences, usually by starting to flower earlier during years with warmer springs. The study of flowering phenology of pairs of related dioecious and hermaphroditic plants in tropical areas (i.e. less variability in temperature, humidity and sunlight) may reveal interesting differences in the flowering phenology of these two breeding systems.

Males of both dioecious species produced more flowers than females, even though the species differed in how this was achieved. In Clematis ligusticifolia, both sexes produced similar numbers of flowers per inflorescence, but males produced inflorescences at a larger fraction of possible locations than females. Shepherdia canadensis exhibited the opposite pattern, with more male flowers per inflorescence, but the same number of inflorescences in each sex. Greater flower production by male plants is common for dioecious plants and usually results from greater resource allocation to attract pollinators by male plants (Kay et al. 1984, House 1989, Antos & Allen 1994, Proctor et al. 1996, Vaughton & Ramsey 1998, Abe 2001).

The rate at which flowers open (i.e. the number of new flowers with full nectar and pollen resources available to pollinators), and the number of flowers open at any time, can play an important role in pollinator behaviour and visitation rate (Robertson 1992, Harder & Barrett 1995). These effects on the pollinator are particularly important in animal-pollinated dioecious species, as they depend entirely on pollinators to mate.  If the trends that I have observed are general, dioecious species should tend to have male plants with more, shorter-lived flowers than females. These male plants should also begin flowering before females, and often produce flowers faster than females. Other studies reported similar findings (Kay et al. 1984, House 1989, Antos & Allen 1994, Vaughton & Ramsey 1998, Geber et al. 1999, Abe 2001), although Kay et al. (1984) and Abe (2001) found that flowers on male plants lived longer than those on female plants. 

3. Flies (Diptera) as pollinators of two dioecious plants: Behaviour and ramifications for plant mating.

3.1 Introduction

Small, generalist insects are the most common pollinators of animal-pollinated dioecious plants (see chapter 1, Sakai & Weller 1999), but this association is not well explored or understood (Charlesworth 1993, Ashman 2000). In the absence of behavioural evidence, Charlesworth (1993) proposed that unspecialized pollinators do not distinguish between the differing morphologies of the typically non-showy male and female flowers of dioecious species. Unlike specialized pollinators, Charlesworth suggested that the generalist pollinators of dioecious species do not associate floral appearance with specific rewards, (i.e. pollen and nectar in males versus nectar only in females). This lack of discrimination by pollinators favors the evolution of female flowers by reducing the required resource allocation to attractive morphology (Charlesworth 1993). In contrast, Charlesworth claimed that female flowers could not evolve in plants visited by discriminating pollinators, as these flowers would not be visited sufficiently. 

Ashman (2000) evaluated Charlesworth’s proposal by studying the pollination of a gynodioecious herb, Fragaria virginiana, which is pollinated by generalist Hymenoptera and Diptera. In contrast to Charlesworth’s (1993) hypothesis, Ashman (2000) found that pollinators distinguish between female and hermaphroditic flowers, visiting hermaphrodites more frequently than females. These results concur with the findings of previous studies of dimorphic plant species, which also found that pollinators distinguish between male and female or hermaphroditic flowers (Bell et al. 1984, Agren et al. 1986, Bierzychudek 1987, Kevan et al. 1990, Ashman & Stanton 1991, Delph & Lively 1992, Eckhart 1992). Given these results, Ashman (2000) suggested that the association of dioecy and generalist pollinators results from the diversity of generalist pollinators, which reduces temporal variance in fitness through lower dependence on any one pollinator species for pollination.  Wilson & Harder (2003) came to a similar conclusion based on their theoretical finding that reduction in reproductive variance, to levels found in hermaphroditic species, enhances the competitiveness of dioecy.

The role of generalist pollinators in the evolution of breeding systems and flower morphology in general remains uncertain because so few studies have observed these pollinators (Kearns 1992, Kearns & Inouye 1994). In temperate North America, particularly at high elevations and latitudes, most generalist pollinators are opportunistic Diptera (see chapter 1: Hocking 1968, Kevan 1973, Kearns 1992, Larsen et al. 2001). These flies use flowering plants as a source for sugars and protein in the form of nectar and pollen. However, they do not depend solely on flowers for nourishment, feeding also on carrion, feces and other decaying organic matter. The role of opportunistic flies in pollination in general has received limited attention, mainly due to the perception that these flies do not depend on floral products as their primary food source and therefore visit plants in a haphazard way that does not lend itself to effective pollination (Kearns 1992).  

To date, most studies of opportunistic flies on flowers have considered their abundance (Elberling & Olesen 1999), rather than their behaviour within and between flowers and plants, or their efficiency in pollen transport (although see Robertson & Lloyd 1993, Kearns & Inouye 1994, Totland 1994). Of particular importance is the ability of flies to move pollen between plants, as opposed to either consuming pollen directly or causing self-pollination within and between flowers on the same plant, (autogamy and geitonogamy, respectively). Self-pollination can reduce the pollen available for export to other plants (pollen discounting: e.g., Harder & Barrett 1995) and can result in offspring with lower viability as a consequence of inbreeding depression (Charlesworth & Charlesworth 1987). Unfortunately, very few studies have observed the behaviours of generalist pollinators within plants and the resulting amounts of geitonogamy (but see Robertson 1992, Robertson & MacNair 1995). Generalist pollinators may visit many flowers on a single plant, leading to high geitonogamy. Robertson (1992) showed that tachinid flies caused geitonogamy in about 50% of all pollinations in Myosotis plants with large floral displays, but the amount of geitonogamy decelerated with increasing floral display. Alternatively, generalist pollinators may visit only a few flowers on a plant and leave if they find empty flowers. This response would be particularly likely if generalists are abundant, so that individual flowers are visited frequently, and would produce little geitonogamy. Unfortunately, the pollination behaviour of generalists is not known well enough to predict whether they cause limited or extensive geitonogamy. 

Plants with large floral displays are subject to extensive geitonogamy (Harder & Barrett 1995), which then selects for various mechanisms that promote outbreeding, including dioecy (de Jong et al. 1999, de Jong 2000).  Many studies of the evolution of dioecy have invoked a tendency of generalist pollinators to cause high geitonogamy as a significant selective factor (Bawa & Opler 1975, Bawa 1980, 1994, Lloyd 1982, Charlesworth 1993, but see Renner & Feil 1993). Assessment of this claim awaits quantitative data on how generalist pollinators visit dioecious plants and their role in promoting geitonogamy to cause selection of dioecy over hermaphroditism. 

In this chapter I address two main objectives. I first test Charlesworth’s (1993) hypothesis that generalist pollinators, in this case flies, do not distinguish between male and female plants of dioecious species, but instead visit them at equivalent rates.  Second, to assess the possibility that generalist pollinators cause extensive geitonogamy, which could select for dioecy, I consider the number of flowers that generalist flies visit on a plant and the frequency of flower revisitation during a foraging bout. I will address questions of pollen removal and receipt in the following chapter.

3.2 Methods

3.2.1 Measurements of insect behaviour

I studied the behaviour of insects visiting the flowers of two dioecious species, Clematis ligusticifolia and Shepherdia canadensis (see Chapter 2 for descriptions of the species, study sites and study dates). The behaviours considered included the rate of visitation (number of individuals/min), the number of flowers visited per individual, and the frequency of revisits to individual flowers. Observers wore neither insect repellent, sunscreen, or bright clothing to minimize effects on fly behaviour.

Fly visitation rate was measured during 10-min periods throughout the day, for both species, with an equal number of observations on both sexes. For Clematis ligusticifolia, I observed the flowers on a random section of an individual plant, usually consisting of 2-3 branches (9-52 flowers). The number of flowers being observed was counted and the time of day noted. The day was broken up into three time periods (0630-1000, 1000-1600, and 1600-2100,) and similar numbers of observations were made in each period, to ensure that the full diversity of diurnal pollinators were observed. Some initial observations were made at dusk and dawn to look for crepuscular pollinators, but none were seen. It is not known whether there were any exclusively nocturnal pollinators. The number of visitors to the area during the subsequent 10 min was then observed and each visitor was identified to family. The same protocol was used to determine visitation rate in Shepherdia canadensis, except that the number of flowers observed was not recorded due to the large number available (>1000). Also, pollinator observations were made from 1000 to 1800 as it was usually too cold (<8˚C) before and after these times for pollinators to fly. Observations were evenly spread over this time period. No nocturnal pollinators were seen when initial night time observations were made.
Insect behaviour on plants was measured by observing a section of a plant until a visitor arrived. The type of insect and characteristic of each flower visit (first visit or revisit) were recorded until the insect left the plant. The total time that the visitor spent on the plant was also noted, along with the time of day. 

3.2.2 Statistical analysis

The number of visitors per 10-min period is a continuous variable, and was therefore analyzed with either generalized linear models (McCullagh & Nelder 1989; genmod procedure of SAS, release 8.2, SAS Institute Inc., 1999), or Kruskal-Wallis tests (Zar 1984; npar1way procedure of SAS, release 8.2, SAS Institute Inc., 1999).  The generalized linear model analyzed for Clematis ligusticifolia considered sex and period of day as categorical independent factors, and number of flowers observed as a covariate. This analysis treated visitation rate as a Poisson distributed variable, and so involved ln-transformation (McCullagh & Nelder 1989).  The statistical significance of effects was assessed with likelihood-ratio (G) tests.  I compared differences in visitation rate between female and male plants of Shepherdia canadensis with Kruskal-Wallis tests. 

I compared the numbers of flowers visited and revisited per plant with respect to a plant’s sex and pollinators groups with contingency tables.  Because of a high frequency of expected values >5, I used exact Chi-square tests (freq procedure of SAS, release 8.2, SAS Institute Inc., 1999). The number of flowers that received revisits during individual pollinator visits was compared between the main pollinator groups and between the sexes. The total number of visits by the main pollinator groups was also compared between the sexes. 

Analyses of variance (Neter et al. 1996: glm procedure of SAS, release 8.2, SAS Institute Inc., 1999) were used to analyze the number of different flowers visited and the total number of flower visits per pollinator. These analyses considered plant sex and pollinator type as categorical independent factors.  Differences between pollinators were evaluated using Tukey-Kramer multiple comparisons (Kirk 1995).

3.3 Results

3.3.1 Visitors to Clematis ligusticifolia
A diverse fauna of flies and bees visited Clematis ligusticifolia flowers, of which nearly 90% were Diptera (Table 3.1). Four insect groups comprised 91% of the visitors to C. ligusticifolia flowers. Large (>6 mm) and small (<6 mm) muscoid flies made up 42% and 33% of the visitors, respectively. The two other predominant visitors were Halictidae (Hymenoptera: Apiformes, 10%) and Culicidae (mosquitoes, 7%). I restricted analysis of behaviour on inflorescences to these four groups.

Table 3.1. Number and taxonomic distribution of visitors to Clematis ligusticifolia 

flowers, including number of visitors to male and female plants.  

	Visitor Group
	Number of visitors
	Visitors to female plants
	Visitors to male plants

	Large muscoid flies
	89
	36
	53

	Small muscoid flies
	70
	31
	39

	Halictidae (Hymenoptera)
	21
	8
	13

	Culicidae
	14
	5
	9

	Calliphoridae
	4
	1
	3

	Mycetophilidae
	1
	0
	1

	Syrphidae
	1
	0
	1

	Large solitary bees
	1
	1
	0

	Unidentified acalyptrate  

  Diptera visitors (with <2  

  visits)
	12
	8
	4

	Total
	213
	90
	123


On average, about 3 insects visited the portions of C. ligusticifolia plants that I observed during each 10-min period. The rate of visitation did not differ with sex of plant (G1=3.10, P>0.05, n=72), period of day (G2=3.11, P>0.2), or number of flowers observed (G1=1.35, P>0.2). However, the number of visitors increased with the number of flowers observed for male plants, but not for female plants (Fig. 3.1, sex x flower number, G1=3.91, P<0.05).

Insects typically visited about two Clematis ligusticifolia flowers before departing, although this number differed somewhat between pollinator groups (Fig. 3.2: F3,59 = 4.35, P<0.01).  In particular, small muscoid flies visited significantly fewer flowers than large muscoid flies (Tukey’s test; P<0.005), but neither group differed significantly from halictid bees or mosquitoes.  Insects visited equivalent numbers of flowers on female and male plants (F1,59 = 0.30, P>0.5), regardless of their taxonomic affiliation (visitor type x plant sex interaction, F3,59 = 1.20, P>0.25).  

For the four main groups of visitors to C. ligusticifolia flowers, I observed a total of 233 flower visits.  Of these visits, only 13 (5.6%) were revisits. The number of revisits did not differ between either plant sex (exact X2= 3.80, d.f.=3, n=75, P>0.25), or pollinator group (exact X2=10.88, d.f.=9, n=67, P>0.25). The number of visitors from the four main pollinator groups on either sex also did not differ (exact X2=3.32, d.f.=3, n=67, P>0.35). 

Insects spent considerable time visiting each C. ligusticifolia flower, with mean visit durations to individual flowers ranging from 20 – 142 s for different pollinators.  The rate at which insects visited flowers differed primarily among taxonomic groups (F3,59 = 9.62, P<0.001; Fig. 3.3). Small muscoid flies visited significantly fewer flowers per second than large muscoid flies and halictid bees (Fig. 3.3, Tukey’s test; P<0.001 in both cases). Mosquitoes also visited significantly less quickly than halictid bees (Fig. 3.3, Tukey’s test; P<0.05).  However, flower visitation rate did not differ significantly between large muscoid flies and either halictid bees or mosquitoes (Fig 3.3, Tukey’s test; P>0.20 in both cases). Mosquitoes also did not differ

Figure 3.1. Number of insect visitors during 10-min periods to flowers on male (closed 

circle, dashed regression line, N=35) and female (open square, solid regression line, N=37) Clematis ligusticifolia plants relative to number of flowers observed. 
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Figure 3.2.  Mean (( SE) number of Clematis ligusticifolia flowers visited per bout by the 

four main types of visitors: Halictidae, Culicidae, small (<6 mm, open square) and large (>6 mm, open triangle) muscoid flies. 
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Figure 3.3.  Mean (( SE) rate that individual insects visited Clematis ligusticifolia 

flowers, for the four main types of visitors; Halictidae, Culicidae, small (<6 mm, open square) and large (>6 mm, open triangle) muscoid flies. Natural log scale is used as this transformation was used in the analysis.
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from small muscoid flies in flower visitation rate (Fig. 3.3, Tukey’s test; P>0.85). On average, insects visited flowers almost twice as fast on male plants as on female plants (0.0206 versus 0.0115 flowers/s), but this difference was not quite significant (F1,59 = 3.96, P=0.0512).  Differences in the rate at which different pollinator groups visited flowers did not vary significantly among female and male plants (insect type x sex interaction, F3,59 = 0.02, P>0.9).

3.3.2 Visitors to Shepherdia canadensis
Diptera comprised almost 97% of the visitors observed on Shepherdia canadensis flowers, with most visitors being either Syrphidae (36%) or Empididae (33%). Other insect families observed on S. canadensis flowers included Muscidae (4%), Calliphoridae (3%), Ceratopogonidae (2%), and Cecidomyiidae (1%). Many flies visited too quickly to be identified, and a few visiting Hymenoptera were also noted (Table 3.2).  Families for which I observed more than one individual during the observations of flower visitation pattern included; Syrphidae, Calliphoridae, Empididae, Ceratopogonidae and Cecidomyiidae. 

On average, fewer than 3 insects visited Shepherdia canadensis plants per 10-min period. Even though insects visited three times more flowers on male plants than on female plants, this difference was not statistically significant (4.0(1.21 visitors (N♂=22) versus 1.3(0.47 visitors (N♀=20) respectively,  Kruskal–Wallis test; X2=1.13, d.f.=1, n=42, P>0.2).

Flies typically visited just more than 6 ((1.2) Shepherdia canadensis flowers before leaving, regardless of the family to which they belonged (F4,17=1.44, P>0.25) or the sex of the plants, (F1,17=0.02, P>0.85) and this pattern did not differ among Diptera families(family x plant sex interaction, F4,17=0.95, P>0.40).   

Of the 246 flower visits recorded to Shepherdia canadensis flowers, 62 (25.2%) 

Table 3.2. Number and taxonomic distribution of visitors to Shepherdia canadensis, 

including the number of visitors to male and female plants. Not all visitors observed during visitation rate measurements were seen when recording flower visitation pattern, due to their infrequent visits.  

	Visitor Group
	Number of visitors
	Visitors to female plants
	Visitors to male plants

	Syrphidae
	33
	9
	24

	Empididae
	30
	3
	27

	Muscidae
	4
	1
	3

	Calliphoridae
	3
	0
	3

	Ceratopogonidae
	2
	2
	0

	Cecidomyiidae
	1
	1
	0

	Unidentified Diptera
	15
	4
	11

	Symphyta
	1
	1
	0

	Parasitic Hymenoptera
	2
	2
	0

	Total
	91
	23
	68


were revisits. The number of revisits did not differ between female and male plants,  (exact X2= 8.66, d.f.=7, n=27, P>0.25) or between the five families of visitors (exact X2=41.98, d.f.=28, P>0.05). Furthermore the proportion of revisits on female versus male plants did not differ among the five pollinator families (exact X2=1.63, d.f.=4, P>0.85). 

Visitors to Shepherdia canadensis spent a long time visiting individual flowers, with mean visit times to individual flowers ranging between 9 and 67 s per flower for different pollinators. The rate of insect visitation to flowers varied among pollinator families (Fig. 3.4, F4,6=8.05, P<0.05), because Empididae visited fewer flowers/s (0.015) than Syrphidae (0.11, Tukey’s test; P<0.05). The rate of flower visitation did not differ between the female and male plants, (F1,6=0.79, P>0.40), regardless of pollinator family (pollinator family x plant sex interaction, F2,6=4.88, P>0.05). 

3.4 Discussion

3.4.1 Characteristics of visits to Clematis ligusticifolia and Shepherdia canadensis flowers

Opportunistic Diptera were the main insects visiting flowers of both Clematis ligusticifolia and Shepherdia canadensis, but the Diptera families differed between plant species.  This likely reflects differences in Diptera fauna between habitat types (prairie riparian zone versus aspen and pine forest) and may also relate to differences in emergence timing between Diptera families.  Unfortunately, little is known about the emergence timing of most families of Diptera, except that they are often most abundant during spring and early summer (Kato et al. 1990). Mimetic Syrphidae like the ones seen on S. canadensis in this study, are known to be early spring flower visitors (Waldbauer 1983). Adult Mycetophilidae often over-winter as adults and also emerge early in the spring (Vockeroth 1981).

Insects visited plants of both species at a similar rate (about 1 visitor ever3 min) and neither species showed overall difference in the rate of visitation to female and male plants. Insects tended to visit male Clematis ligusticifolia plants with many flowers more

Figure 3.4.  Mean (( SE) rate that individual insects visited Shepherdia canadensis 

flowers at, for the three families of visitors that visited both sexes of plants; Ceratopogonidae, Empididae, and Syrphidae. Natural log scale is used as this transformation was used in the analysis.
[image: image10.wmf]Day of flowering

0

5

10

15

20

Number of open flowers/plant

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Day of flowering

0

5

10

15

20

25

Number of open flowers/plant

0

5

10

15

20

Day of flowering

0

5

10

15

20

25

30

Number of open flowers/plant

0

5

10

15

20

25

Day of flowering

0

5

10

15

20

25

30

Number of open flowers/plant

0

10

20

30

40

50

60

70

a) 

Clematis ligusticifolia

b) 

Clematis occidentalis

c) 

Shepherdia canadensis

d) 

Elaeagnus commutata


frequently than they visited female plants with any number of flowers (Fig. 3.1), which suggests some discriminating behaviour. However, it is unclear whether large male plants received more frequent visits because they were male, or because they were large, as relatively fewer female plants displayed large numbers of flowers.  The visitation rate to Shepherdia canadensis varied considerably, probably due to sharp fluctuations in weather (see Chap. 2). This variability may have contributed to the inability to detect a significant difference in visitation rate between female and male S. canadensis, despite a threefold higher average rate of visitation to males.

In Clematis ligusticifolia, large muscoid flies visited more flowers per visitation bout (3) than did small muscoid flies (1.5). This difference likely reflects the lower energy requirements of small versus large flies. However, visitation rates did not differ between muscoid flies, Culicidae, and halictid bees. The lack of difference between the dipteran pollinators and halictid bees is interesting because bees have been shown to visit more flowers on a plant when more open flowers are available (Klinkhamer et al. 1989, Snow et al. 1995, de Jong et al 1999). By increasing visits to one plant, or closely spaced group of plants, they maximize the rate of energetic return that they experience (i.e. less flight more nectar; reviewed in Harder et al. 2001). This is also true for halictid bees, even though they are relatively small (i.e. can only carry a little pollen and nectar) and have a solitary or primitively eusocial habit (Ginsberg 1984, 1985). 

Insects visited more flowers before departing on Shepherdia canadensis than on Clematis ligusticifolia. This difference may simply reflect the smaller size of the flowers in S. canadensis, (i.e. need to visit more flowers to get the same amount of food) and the lack of other food sources during early spring. My results, which show no difference in the number of flower visits between pollinator families or plant sexes, may be misleading due to the low number of observations on S. canadensis, which were spread among five different insect families.

All visitors to both species exhibited similar visitation patterns, with no difference in the number of revisits between pollinator groups, irrespective of the sex of the plant being visited. Though the number of revisits was substantially higher in Shepherdia canadensis than in Clematis ligusticifolia, most of the revisits (48 of 62) observed in S  canadensis involved just 5 of the 31 individual flies observed. These observations involved either Cecidomyiidae or Empididae, and suggest that, even though specific families did not differ statistically in revisits, these groups are poor pollinators, potentially causing a high level of selfing in hermaphroditic plants. However, this may only reflect the low number of observations obtained on S  canadensis, because some Empididae are known to consume pollen and be highly specific flower visitors (J. Cummings, personal communication).

The primary behavioural difference between pollinator groups on both plant species involved the duration of flower visits. In both species, larger pollinators tended to visit more quickly than smaller pollinators, possibly because of dissimilar energy requirements. Larger pollinators require more energy, and therefore are often driven to remove more nectar than pollen (Gilbert 1985), and appear to do so as quickly as possible from one flower, so they can move on to the next resource pool. These large pollinators may also have larger proboscises and stronger musculature for the uptake of nectar, thereby decreasing the time taken to remove floral resources. This is contrary to findings showing large syrphid flies taking longer on flowers than small syrphids, partially due to increased proboscis and crop size (Gilbert 1985). However, the pollinators observed here were mainly muscoid flies or halictid bees, so there may be a taxonomic difference in this characteristic. Smaller pollinators usually have lower energy requirements, but also have less musculature and smaller proboscises, which could require longer times to ingest an equivalent food volume. It is interesting that large muscoid flies and halictid bees visited C. ligusticifolia at equivalent rates. This points to the possibility that muscoid flies may affect plant mating similarly to halictid bees, particularly because the number of new flowers visited per bout did not differ between the groups. However, the effect of visits by individual flies on plant mating is probably lower than that of halictid bees, because flies are thought to carry less pollen than bees (Kearns & Inouye 1994). Though insects spent equivalent periods visiting flowers on female and male plants of both species, irrespective of pollinator group, it is interesting to note that pollinators of C. ligusticifolia tended to spend longer on female flowers than on male flowers. Such a difference seems paradoxical, as male flowers tend to be larger and have the added reward of pollen for removal by visitors. However, if male plants attract more pollinators, the actual availability of resources per flower may be lower than on females, possibly leading to the observed effect on number of flowers visited per second.

3.4.2 Generalist pollinators and the advantages of dioecy

The behaviour of generalist flies that I observed confirms the predictions of Charlesworth (1993), that pollinators of dioecious plants do not distinguish between male and female flowers, or at least do not bias visits to one sex over the other. In this study, generalist flies showed no preference for either female or male plants. This does not agree with the findings of Ashman (2000) and others, (Bell et al. 1984, Agren et al. 1986, Bierzychudek 1987, Kevan et al. 1990, Ashman & Stanton 1991, Delph & Lively 1992, Eckhart 1992) saying that unspecialized pollinators are able to distinguish between female and male, or hermaphroditic, flowers, typically choosing hermaphrodites or males over females. Obvious discrimination was not seen in either Clematis ligusticifolia, or in Shepherdia canadensis, though the mean number of visitors to males was higher than the mean for females in both species.  

Generalist pollinators, such as those observed in this study, would probably cause considerable self-pollination if they visited hermaphroditic, rather than dioecious species.  The insects that I observed on Clematis ligusticifolia and Shepherdia canadensis visited individual flowers very slowly (Fig. 3.3 and 3.4), which would tend to increase the opportunity for within-flower self-pollination.  Furthermore, although they visited few flowers per foraging bout on a plant, the frequency of revisits (C  ligusticifolia 5.6%, S  canadensis 25.2%) was three to ten times higher than has been observed for bumble bees (2%, Ohashi 2002) and hummingbirds (1%, Gross 2003).  Such revisitation would greatly increase the opportunity for both within- and between-flower self-pollination on species with hermaphroditic flowers.  In contrast, on dioecious plants such behaviour, by itself, would have little effect on mating success. 

Opportunistic flies may increase selfing in hermaphroditic plants through large numbers of visits within one plant (Bawa & Opler 1975, Bawa 1980, 1994, Lloyd 1982), as the frequency of revisits is much higher than that found in bees or birds. For dioecious plants this does not present a problem, due to the separation of sexes. However, in hermaphrodites this high rate of revisits would increase selfing and subsequent inbreeding depression. Increased selfing in hermaphrodites has been cited as a primary reason for the evolution of dioecy. However, visitors to these plants visited a mean of only 2 to 6 flowers on a plant per foraging bout. Given the small amount of pollen that these flies carry (Kendall & Solomon 1972, Kearns 1992), this number of visits does not seem large enough to cause a large amount of geitonogamy. However, this depends on the amount of pollen exported, as long as flies export a large amount of collected pollen to other plants and do not lose it through grooming or feeding on pollen, geitonogamy will be low. This was not tested here but could be done by collecting flies leaving male plants, as well as those arriving at females and comparing pollen amounts between them to assess the pollen lost between plants. One other consideration is the possibility that flies behaved differently on the ancestral hermaphroditic plant than on the derived dioecious species. However, given that these flies are primarily opportunistic pollinators, this seems unlikely.

It is also unlikely that these types of pollinators produce a solely unidirectional flow of pollen from plants with many flowers to plants with fewer flowers, which has also been suggested as a reason for the correlation of dioecy and generalist pollinators (Bawa 1980, Beach 1981). Given that pollinators are attracted to plants with more flowers over plants with less, as found in this study (Fig. 3.1), this behaviour would lead to more pollen flow from plants with large numbers of flowers, to plants with both large and small numbers of flowers, because pollinators do visit small plants, just not as frequently. This result does conform somewhat to the suggestion of Bawa (1980) and Beach (1981), but is not as obvious as they predicted.

My results do not allow me to evaluate Lloyd’s (1982) proposal that generalist pollinators result in a limited distribution of pollen within a population, as I did not follow insects during their flights between plants. However, flies did appear to travel long distances after leaving plants, which is why they were not followed. Indeed, based on their study of marked flies, Kearns & Inouye (1993) concluded that flies often flew farther than bees. This behaviour should result in a large distribution of pollen, not the limited distribution predicted by Lloyd (1982).

This study has evaluated the role of generalist flies as pollinators in dioecious plants, and found that much of the current theory has been correct concerning pollinator behaviour on dioecious plants. These results refute those stating that pollinators can distinguish between male and female flowers. They also validate Charlesworth’s (1993) assumption about the important role of indiscriminate pollinators in the evolution of dioecy, as well as a number of claims on the role of pollinators in the evolution of dioecy. Finally, these result also shows that generalist pollinators are an important correlate of dioecy, contrary to the suggestion of Renner and Feil (1993). It is possible that other generalist pollinators, such as butterflies, moths and beetles, are able to discriminate between plant sexes and have different flower visiting behaviours than those seen in Diptera, as very little is known about these generalist pollinators as well.
4. Dioecy versus hermaphroditism: Differences in pollination characteristics.

4.1 Introduction

Dioecy is an uncommon breeding system in flowering plants, occurring in only 6% of known plant species compared to hermaphroditism, which occurs in 90% of species  (Renner & Ricklefs 1995). Why this breeding system is so rare has been the subject of much debate and discussion (see chapter 1). Most theory pertaining to the evolution of dioecy has focused on the roles of inbreeding depression and differential resource allocation in the evolution of dioecy (D. Charlesworth & B. Charlesworth 1978, Bawa 1980, Freeman et al. 1980, 1997, Beach 1981, Thomson & Barrett 1981, Charnov 1982, Givnish 1982, Thomson & Brunet 1990, Vaughton & Ramsey 1998, de Jong et al. 1999, Schultz 1999, Webb 1999). Most studies that have addressed the role of a suite of ecological correlates of dioecy in the evolution of this breeding system have either provided theoretical reasons for the association, with no empirical data, or have dealt with the functional role of correlates and not discussed their significance for the evolution of dioecy (Bawa and Opler 1975, Beach and Bawa 1980, Freeman et al. 1980, Beach 1981, Flores and Schemske 1984, Charlesworth 1993, Renner and Feil 1993, Bawa 1994, Renner and Ricklefs 1995). One recent study by Wilson & Harder (2003) theorized that many of the correlates of dioecy reduce reproductive variance, thereby allowing dioecious species to compete effectively against hermaphroditic species. 

The role of generalist pollinators visiting the sequentially opening, small flowers of dioecious plants is one correlate of dioecy that has not been explored adequately, particularly with respect to the variance in reproductive characteristics that they produce. Wilson & Harder (2003) suggested that the small size of dioecious flowers reduces pollen loss and that, when coupled with the abundance of generalist pollinators, this reduces variance in pollination success for dioecious species.

As discussed in the previous chapter, little is known about the ability of generalist flies as pollinators. Their actual efficiency as pollinators has rarely been determined and contrasted with that of more commonly studied pollinators, such as bumble bees. This lack of information has lead to generalist flies being ignored in pollination studies, possibly erroneously, due to the perception that they are inefficient pollinators (Kearns 1992).

In this chapter, I provide the first comparison of reproductive variance between related dioecious and hermaphroditic plants.  Based on Wilson & Harder’s (2003) theoretical study, I predict that dioecious species will have the same, or lower reproductive variance compared to that of related hermaphroditic species. I also consider whether flies provide equivalent pollination service to bumble bees by comparing pollen transport efficiency, pollen removal and receipt, and fruit and seed set between related fly (dioecious) and bumble bee (hermaphroditic) pollinated plant species. I predict that pollen transport efficiency will be lowest for fly-pollinated species and that pollen removal and receipt will also be lower than in related bee-pollinated species, because flies are generally considered to be poor pollinators. I also predict that dioecious plants produce more fruit and seed, because all pollen they receive is out-crossed so few seeds or fruits should suffer from inbreeding depression.

4.2 Methods

See Chapter 2 for descriptions of the study species and sites.

4.2.1 Pollination characteristics

I quantified the pattern of pollen removal from anthers by comparing the amount of pollen in unvisited flowers (day 0) with that of flowers that had been exposed to pollinators for 1, 2, 3, 4, 5, and 7 days (not all days in all species), and wilted flowers. For the three species with many flowers, a few branches were selected on the same plants for which I studied flowering phenology (see Chapter 2). For Clematis occidentalis, which produces few flowers per plant, I studied different plants than those used for phenology. A number of flower buds were marked as soon as they opened and at least one unvisited flower was collected per plant.  For C. occidentalis, I collected four unvisited anthers from all flowers used for pollen removal measurements (see below), to determine initial pollen production.  Flowers or anthers were then collected after the allotted number of days or after wilting. These samples were stored in 1.5 ml of 70% ethanol in individual vials. I later counted the pollen present either electronically, using a particle analyzer (Micromeritics Elzone 5380: see Harder & Barrett 1993), or visually, using an inverted microscope. In the latter case, samples are sonicated and then rinsed into a collection chamber containing two drops of 0.5% basic fuchsin stain. The chamber was then placed on the microscope stage and left until the pollen grains settled to the bottom. Pollen grains in the sample were then counted at 100X. For Clematis, which produce a variable number of anthers per flower, I also counted the total number of anthers in the sample. 

Pollen receipt by stigmas was recorded for flowers after 1, 2, 3, 4, 5, and 7 days of visitation (not all days in all species) and in wilted flowers. Flowers were marked as described above for pollen removal. Flowers of hermaphroditic species were emasculated while still buds, to eliminate the chance of autogamous self-pollination. For Elaeagnus commutata, I also emasculated flowers within 20 cm in both directions along the branch from the flowers studied for pollen receipt to limit self-pollination between flowers on the same plant (geitonogamy). Samples were preserved in 70% ethanol. After I had stained the stigma(s) with 0.5% basic fuchsin and squashed them between a cover slip and microscope slide, I counted lodged pollen grains at 100X with a compound microscope. For the Clematis spp. I also counted the number of stigmas per flower.

4.2.2 Fruit and seed set characteristics

I assessed fruit production on the sections of plants that had been marked for phenology. For the Elaeagnaceae, fruit set equals seed set, as each flower produces a single ovule. For the Clematis species I quantified seed set for 1 developing fruit by counting the aborted ovules (to determine total ovules/fruit) and developing seeds. 

To determine whether pollen receipt limited seed set, I supplemented stigmatic pollen loads for some 1-2 day old flowers in all species. For the Elaeagnaceae, I marked ~20 flowers on several different branches of the 20 plants (female plants for Shepherdia canadensis) used for phenology, and supplemented them with outcross pollen. For the Clematis species, an individual flower was marked on 15-20 separate plants (female phenology plants for C. ligusticifolia) and supplemented with outcross pollen. No control samples were made using just supplemented pollen and excluding natural pollination. The numbers of seeds and ovules were counted as described above.

The self-fertility of the two hermaphroditic species was determined by using hand-made mesh pollinator-exclusion bags to cover unopened flower buds (Elaeagnus commutata, ~5 flowers on 20 plants; Clematis occidentalis, individual flowers on 20 plants). Shortly after the flowers opened, they were pollinated with pollen from their own anthers and then re-covered with the pollinator exclusion bags. For these flowers I quantified the number of flowers that set fruit and the number of seeds per ovule. 
When herbivory of flowers by Diptera larvae or hemipteran larvae was a factor, precautions were taken to account for this in the data that was used for analysis.  The number of flowers recorded on the plant was reduced by the number of flowers lost to herbivory when considering flower number as a covariate in fruit production.
4.2.3 Statistical analysis

I used repeated-measures analyses of variance (Neter et al. 1996: mixed procedure, SAS release 8.2, SAS Institute Inc., 1999) to analyze the time courses of pollen removal and receipt and the effects of pollen supplementation on seed set for each species. The temporal analyses compared either the pollen remaining in anthers or pollen on stigmas between different days of exposure to pollinators (0 to wilt). All of these analyses used restricted maximum likelihood to characterize the covariance between responses for the same plant (Jennrich & Schluchter, 1986).  In all cases, a model of compound symmetry was more appropriate than one of independent responses (P<0.05).  Denominator degrees of freedom for F‑tests of the general linear models were calculated by Kenward-Roger’s approximation (Kenward & Roger 1997), which can result in non-integer degrees of freedom.  Tukey’s tests were used to distinguish which factor levels differed significantly (=0.05: Kirk 1995).

Shepherdia canadensis stigmas received too few pollen grains to be analyzed as described above, so I analyzed the change in the probability of a flower receiving pollen during exposure to pollinators with a repeated-measures generalized linear model (McCullagh and Nelder 1989: genmod procedure, SAS release 8.2, SAS Institute Inc., 1999).  This analysis considered the proportion of flowers receiving pollen as a binomial variable (logit transformation) and used generalized estimating equations to account for the covariance between responses for different exposure durations (Liang and Zeger 1986).

Differences between years (2001 or 2002) in the amount of pollen produced (day 0) was investigated for C. occidentalis using a t-test. All other species were sampled during only 2001 or 2002. Using a two-factor ANOVA I compared pollen production between breeding systems and families (glm procedure, SAS, release 8.2, SAS Institute Inc., 1999). 
I compared overall pollen removal and receipt, and fruit and seed production between breeding systems and families with two-factor analyses of variance or covariance (Neter et al. 1996: glm procedure, SAS release 8.2, SAS Institute Inc., 1999).  The analyses of fruit and seed production included flower number and ovule number as covariates, respectively.  To interpret significant interactions between breeding system and family, I used a posteriori Dunn-Šidák contrasts (Kirk 1995).

The ability of hermaphroditic species to set seed after self-pollination was assessed with analyses of covariance that contrasted pollination treatment (natural versus selfed) and accounted for variation in ovule number.  I present the results of this analysis for only Clematis occidentalis, because few self-pollinated flowers of Elaeagnus set seed.

Differences in reproductive variances between breeding systems were analyzed with F-tests for each species pair. These tests compared variances in total pollen removal, total pollen receipt, fruit set and seed set. All data were log-transformed prior to analysis to account for differences in mean success between plant species (Lewontin 1966).

4.3 Results

4.3.1 Pollen production and removal

The number of pollen grains produced by members of each family was dependent on breeding system (breeding system x family interaction Table 4.1). In particular, although the two Clematis species produced equivalent amounts of pollen per flower (Fig. 4.1, Tukey’s test; P>0.3), the hermaphroditic Elaeagnus commutata produced less pollen per flower than did male Shepherdia canadensis (Fig. 4.1, Tukey’s test; P<0.005).  Mean pollen production per flower was 20 times higher in the two Clematis species compared to the two Elaeagnaceae species (98295 versus 4854 grains/flower respectively), but did not differ overall between breeding systems (Fig. 4.1, Table 4.1). 
The amount of pollen remaining for each breeding system depended on the family (breeding system x family interaction, Table 4.1), since more pollen remained in anthers of Clematis ligusticifolia (dioecious) than in C occidentalis, whereas more pollen remained in anthers of Elaeagnus commutata (hermaphroditic) than in Shepherdia canadensis (Fig. 4.2a,Tukey’s test; P<0.01 for all species). Mean pollen remaining in wilted anthers was seven times higher in the two Clematis species than in the two Elaeagnaceae species (1761 versus 12288 grains respectively), and 1.3 times higher in the dioecious species than in the hermaphroditic species (7938 versus 6111 grains respectively, Fig. 4.2a, Table 4.1). The amount of pollen remaining in anthers also decreased as the amount of pollen produced increased (Figure 4.2b,Table 4.1). Some individuals of both hermaphroditic species seem to have experienced very little pollen removal, as their wilted flowers contained slightly more pollen than flowers that had not been exposed to pollinators (Fig. 4.2b). 

The four species experienced contrasting patterns of pollen removal during their flowering periods (Fig. 4.3, Table 4.2).  In Clematis ligusticifolia, little pollen was removed during the first day of flowering (Tukey’s test; P>0.05), but then most of the pollen that would be removed was taken during the next two days (Tukey’s 

Figure 4.1. Mean (( SE) pollen production for dioecious and hermaphroditic species of Clematis (open squares) and Elaeagnaceae (closed circles). Natural log scale is used as this transformation was used in the analysis.
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Table 4.1. Results of analyses of general linear models considering differences in variation among taxonomic groups (Clematis versus 
Elaeagnaceae) and breeding systems (dioecious versus hermaphroditic) with respect to pollen production , pollen remaining in wilted flowers, pollen receipt by wilted flowers, fruit and seed production.

	Source of variation
	Pollen production
	Pollen remaining
	Pollen receipt
	Fruit production
	Seed production

	Family
	F1,131 = 293.91***
	F1,97 = 59.17***
	F1,74 = 47.35***
	F1,77 = 5.34*
	F1,59 = 6.72*

	Breeding system
	F1,131 = 2.96
	F1,97 = 15.14***
	F1,74 = 193.93***
	F1,77 = 16.02***
	F1,59 = 2.41

	Family x breeding system
	F1,131 = 8.82**
	F1,97 = 51.78***
	F1,74 = 86.30***
	F1,77 = 0.20
	F1,59 = 1.01

	Pollen production
	
	F1,97 = 26.15***
	
	
	

	Flower number
	
	
	
	F1,77 = 5.79*
	

	Ovule number
	
	
	
	
	F1,59 = 6.61*


* P<0.05, ** P<0.01, *** P<0.001

Figure 4.2. a) Mean (( S.E.) pollen remaining per flower in dioecious and hermaphroditic species of Clematis (open squares) and Elaeagnaceae (closed circle). b)Relation of pollen remaining in wilted flowers to the amount of pollen produced per flower for hermaphroditic (solid symbols) and dioecious species (open symbols) of Clematis (squares) and Elaeagnaceae (circles). Solid lines represent regression relations for each species, whereas the dashed line illustrates no pollen removal. Partial regression coefficients did not differ between species, therefore regression lines have a common slope. Natural log scale is used in both figures, as this transformation was used in the analysis.
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Figure 4.3. Relationship between mean ((SE) pollen receipt and pollen remaining in 

a) Clematis ligusticifolia, b) C. occidentalis, c) Shepherdia canadensis, and d) Elaeagnus commutata. Labels near means represent the days of exposure to pollinators. The dotted line in each plot represents constant rates of pollen removal and receipt during the lives of flowers. Natural log scale is used in all cases, as this transformation was used in the analysis.
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Table 4.2. Analyses of the change in the pollen remaining in anthers and pollen receipt 

for the four study species.  Analyses of pollen remaining and pollen receipt involved repeated-measures analyses of variance.  The analysis of the probability of pollen receipt for Shepherdia canadensis flowers considered a repeated-measures generalized linear model (likelihood-ratio test).  Clematis occidentalis was sampled during 2001 and 2002, whereas the other species were sampled only during 2002.

	
	
	Source of variation
	

	Species and dependent variable
	Exposure duration
	Number of stigmas per flower
	Year

	Clematis ligusticifolia
	
	
	

	Pollen remaining
	F4,85 = 45.62***
	
	

	Pollen receipt
	F3,35.4 = 8.35***
	F1,43.3 = 8.88**
	

	Clematis occidentalis
	
	
	

	Pollen remaining
	F4,173 = 50.94***
	
	F1,173 = 77.20***

	Pollen receipt
	F3,94 = 9.52***
	
	F1,94 = 6.05*

	Shepherdia canadensis
	
	
	

	Pollen remaining
	F6,153 = 87.09***
	
	

	Pollen receipt
	F5,74.3 = 0.13
	
	

	Probability of pollen receipt
	G5 = 14.26*
	
	

	Elaeagnus commutata
	
	
	

	Pollen remaining
	F4,83.7 = 25.54***
	
	

	Pollen receipt
	F3,37 = 18.56***
	
	


* P<0.05, ** P<0.01, *** P<0.001

test; P<0.001:Fig. 4.3a), as flowers three days and older contained equivalent amounts of pollen (Tukey’s test; P>0.9).   Clematis occidentalis flowers experienced considerable removal during their first day of anthesis (Tukey’s test; P<0.005), but removal then slowed during the next four days (Tukey’s test; P>0.65 for sequential comparisons; Fig. 4.3b).  Much more pollen was removed between the fifth day of flowering and flower wilting (Tukey’s test; P<0.001).  Pollen removal from Shepherdia canadensis flowers proceeded steadily during the first two days of anthesis, but then slowed until day seven (Fig. 4.3c, Table 4.2). Wilted flowers contained significantly less pollen than day-seven flowers (Tukey’s test; P<0.001).  In contrast, all of the pollen that would be removed from Elaeagnus commutata flowers left during the first day of flowering (Fig. 4.3d, Table 4.2)

4.3.2 Pollen receipt

Pollen receipt by flowers in each family depended on breeding system (breeding system x family interaction Table 4.1). There was no difference in pollen receipt between the dioecious species (Tukey’s test; P>0.08), but it did differ between all other species (Tukey’s test; P<0.001). Total pollen receipt by flowers was 1.5 times higher in Clematis (mean = 506 grains) than in the Elaeagnaceae (mean = 336 grains), and five times higher in hermaphroditic plants (mean = 706 grains) than in dioecious plants (mean = 136 grains, Fig. 4.4,Table 4.1). The proportion of wilted stigmas receiving pollen did not differ between dioecious and hermaphroditic species within each pair (Clematis: proportion= 0.82, X2=3.39, d.f.=1, n=1286 stigmas, P>0.05; Elaeagnaceae: proportion= 0.96, X2=0.692, d.f.=1, n=52 stigmas, P>0.40). 

In general, the time course of pollen receipt followed that of pollen removal (Fig. 4.3).  The obvious exception involved the more rapid increase in pollen receipt during the first day of flowering, as indicated by first-day means lying above the dotted lines in Fig. 4.3 (except for Elaeagnus commutata, Fig. 4.3d).  Thus pollen receipt reached maximal values faster than pollen removal for all species, except Elaeagnus commutata (Fig. 4.3). For all species, except Shepherdia canadensis, differences in

Figure 4.4. Comparison of mean  (( SE) pollen removal and receipt for the two dioecious 

(open symbols), Clematis ligusticifolia (Nreceipt=13, Nremoval=17) and Shepherdia canadensis (Nreceipt=25, Nremoval=22), and two hermaphroditic species (closed symbols), C. occidentalis (Nreceipt=30, Nremoval=40) and Elaeagnus commutata (Nreceipt=29, Nremoval=23).  The dotted lines depict different pollen transport efficiencies (proportion of removed pollen received by stigmas: noted at the end of each line.) Natural log scale is used in all cases, as this transformation was used in the analysis.
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pollen receipt during the flowering of individual flowers (Table 4.2) resulted solely because flowers exposed to a single day of pollination had received less pollen than would wilted flowers.  For Shepherdia canadensis the number of pollen grains received by flowers did not vary significantly with their exposure to pollination (Fig. 4.3c,Table 4.2), although the probability that a flower received pollen did increase with day of flowering (Fig. 4.5, Table 4.2).  AS expected, for both Clematis species pollen receipt per flower increased with the number of stigmas (Table 4.2: C. ligusticifolia, partial regression coefficient = 0.034 ((0.011); C. occidentalis, partial regression coefficient=0.0302 (( 0.0105)). Clematis occidentalis flowers received six times more pollen during 2001 than during 2002 (Table 4.2). 

4.3.3 Pollen-transport efficiency

The proportion of removed pollen that reached stigmas differed extensively between species (Fig. 4.4).  Shepherdia canadensis had the lowest pollen-transport efficiency, with <0.1% of removed pollen reaching stigmas.  Both Clematis species had transport efficiencies approaching 1%, with that for the hermaphroditic C. occidentalis being higher than that for the dioecious C. ligusticifolia (pollen transport efficiency = 0.7 versus 0.4 respectively). Elaeagnus commutata was extremely unusual, as its pollen transport efficiency exceeded 27% (Fig. 4.4).

4.3.4 Fruit and seed set
The two hermaphroditic species differed in their ability to set seed following self-pollination.  Only two of 96 self-pollinated flowers set fruit for Elaeagnus commutata, indicating that this species is self-incompatible. In contrast, Clematis occidentalis set as much seed from self pollination as from natural pollination (F2,48=1.48, P>0.2), with the number of seeds set varying positively with the number of ovules per flower (partial regression coefficient =0.89 ((0.047), F1,48=354.66, P<0.001). 

Overall, seed production with respect to number of ovules did not vary with breeding system, but was seven times higher in Clematis than in the Elaeagnaceae (70% versus 10 % ovules set seed respectively),

Figure 4.5. Change in the mean (( SE) proportion of female Shepherdia canadensis 

flowers that received pollen during the period of exposure to pollinators.
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irrespective of breeding system (breeding system x family interaction: Table 4.1). Seed set also increased in proportion to the number of ovules (Table 4.1; partial regression coefficient= 0.82 ((0.32)). 

Supplementation of the amount of pollen received naturally indicated that none of the four study species suffered pollen limitation of seed production. Seed production did not differ between natural and pollen supplemented flowers (F1,134=1.31, P>0.25), irrespective of breeding system (treatment x breeding system interaction, F1,99=3.74, P>0.05), or family (treatment x family interaction, F1,134=2.46, P>0.1).  However, a significant interaction between treatment, breeding system and family (F1,99=5.65, P<0.05) resulted because naturally pollinated flowers of C. occidentalis set more seeds than supplementally pollinated flowers (t=2.78, d.f.=88.7, P<0.013, Dunn-Šidák contrast). 

The dioecious species produced almost five times more fruit than the hermaphroditic species (number of flowers included as a covariate; Fig. 4.6, Table 4.1). Fruit set was three times higher in the Clematis species than in the Elaeagnaceae species, irrespective of breeding system (breeding system x family interaction; Table 4.1, Fig. 4.6). As expected fruit set also increased with the initial number of flowers counted (Table 4.1; partial regression coefficient = 0.56).  

4.3.5 Reproductive variances

Within both the Clematis and the Elaeagnaceae pairs, the dioecious and hermaphroditic species had equivalent variances during pollen removal, pollen receipt, fruit and seed production (Table 4.3).

Figure 4.6. Mean (( S.E.) total fruit production in dioecious and hermaphroditic species 

of Clematis (open squares) and Elaeagnaceae (closed circles). Natural log scale is used as this transformation was used in the analysis.
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Table 4.3. Comparisons of reproductive variances between hermaphroditic and dioecious 

species of Clematis and Elaeagnaceae.  The two species in the Elaeagnaceae have uni-ovulate ovaries, so fruit and seed production are equivalent.  Variances are based on ln-transformed data.

	
	
	Variance
	

	Taxon
	Reproductive
trait
	Dioecious species
	Hermaphroditic species
	Comparison

	Clematis
	Pollen removal
	0.2262
	0.4439
	F19,17 = 2.01

	
	Pollen receipt
	1.1811
	1.6590
	F35,15 = 1.11

	
	fruit production
	0.9696
	1.3336
	F21,10 = 1.38

	
	seed production
	0.5692
	0.4335
	F13,18 = 1.31

	Elaeagnaceae
	Pollen removal
	0.5946
	0.4159
	F24,25 = 1.22

	
	Pollen receipt
	0.8813
	0.7190
	F22,28 = 1.23

	
	seed production
	1.7013
	0.9319
	F18,29 = 2.01


4.4 Discussion

4.4.1 Unusual pollination of Elaeagnus commutata
The observations of pollen removal and receipt for Elaeagnus commutata include unlikely results, which must be considered during the subsequent discussion.  In particular, the reported proportion of removed pollen that was deposited on stigmas (0.27: Fig. 4.4) is more than an order of magnitude higher than has been observed for any other species with granular pollen (see Harder & Barrett 1996).  This result raises concern that the measurement of either pollen removal or pollen receipt may be in error, although which may be incorrect is not clear.  The measured pollen production for E. commutata was an average of 3325 pollen grains, which is very low, given the size of the flower (e.g.,. the much smaller flowers of Shepherdia canadensis produced an average of 7377 grains).  In contrast, the measured pollen receipt by wilted flowers of E. commutata was an average of 639 grains, which is remarkably high, especially given that these flowers had been emasculated, so that any pollen must have been delivered by pollinators.  Such high pollen receipt suggests high pollinator activity, and pollinators did seem to be abundant on these plants (personal observation). However, this seems inconsistent with the low proportion of pollen removed from E. commutata anthers (33% for wilted flowers).  As pollen on stigmas was counted visually, it seems unlikely that these counts are in error.  In contrast, counts of pollen production involved an electronic particle counter, which were not verified visually.  Thus the most likely explanation for these surprising results is that the counts of pollen production are incorrect.  In the absence of verified counts of pollen production by E. commutata, the pollination results for this species must be viewed cautiously, particularly comments on pollen production, pollen remaining/removal, pollen transport efficiency and variance in pollen removal.

4.4.2 Pollination success and fruit set

The effect of fly behaviour on the movement of pollen in dioecious species and the resulting fruit and seed set does differ in a number of ways from that seen in related bee-pollinated hermaphroditic species. This is particularly true for pollen transport efficiency, pollen removal and receipt, and fruit and seed set. 

Pollen production did not differ with breeding system, but did differ between the species pairs, as the Clematis species produced more pollen than those in the Elaeagnaceae. This difference reflects the much larger flowers, with many anthers, in Clematis, and would be expected even if the pollen production in Elaeagnus commutata were higher. 

Only a third more pollen was left in the wilted anthers of dioecious species, compared to the hermaphroditic species. As pollen production did not differ between breeding systems, this difference in wilted anthers points to higher pollen removal from anthers by bumble bees than by flies. This conclusion was expected, as bees are generally considered to be very efficient at removing pollen from flowers. This may reflect  greater flower visitation to hermaphroditic plants, which would explain the larger amount of pollen removal in hermaphroditic species. Unfortunately visit rate was not measured on hermaphroditic plants, so this cannot be confirmed. As the amount of pollen produced in flowers of a species increased, a decreasing fraction of pollen was also removed from flowers within that species (Fig 4.2). This shows relatively lower removal of pollen in flowers with higher pollen production. Those hermaphroditic flowers that appear to have higher pollen remaining than pollen produced show the variability of pollen produced between flowers (in Elaeagnus) and anthers (in C. occidentalis). Again, caution must be taken in interpreting the results for E. commutata as the pollen produced should have been much higher based solely on difference in flower size compared to Shepherdia canadensis.
In all species, the amount of pollen remaining in anthers decreased with increasing day of flowering. In most species, the majority of pollen was removed during the first three days of flowering, except in Clematis occidentalis, in which pollen removal was gradual after anthesis. Pollen removal generally showed no strong differences between bee- (hermaphroditic) and fly-pollinated (dioecious) species. These results would be expected in Elaeagnus commutata irrespective of the amount of pollen produced, because a large number of pollinators were seen visiting this species, which would lead to rapid pollen removal. 

Pollen receipt was higher in Clematis than in the Elaeagnaceae and was much higher in hermaphroditic species than in dioecious species. As discussed above, this extremely large difference between breeding systems is due mainly to the high pollen receipt in Elaeagnus commutata (Fig. 4.4). However, I am confident in the results of pollen receipt for E. commutata and therefore assume this to be a real trend. Even within Clematis, C. occidentalis (hermaphroditic) shows higher pollen receipt than C. ligusticifolia (dioecious), suggesting that pollen receipt may generally be higher in hermaphroditic species. This result could simply reflect the greater opportunity for self-pollination in hermaphroditic species, rather than greater proficiency in cross-pollination.

The temporal patterns of pollen receipt was much more variable between each species than between taxonomic groups or breeding systems. Clematis ligusticifolia showed a gradual increase in pollen receipt, with major differences only between the first day of flowering and wilted flowers (Fig. 4.3). In Shepherdia canadensis, pollen receipt did not increase with day of flowering, but the chance of a flower being pollinated did increase with day of flowering (Fig. 4.5). In C. occidentalis, pollen was received gradually much as in C. ligusticifolia. In contrast, in Elaeagnus commutata pollen receipt was completed on the first day of flowering (Fig. 4.3). This variability in the shape of the pollen receipt curves, both between and within bee- and fly-pollinated plants, does not allow for interpretation as to whether flies differ from bees with respect to the rate that pollen is moved to stigmas. It is also interesting that for all species, pollen was received by stigmas more quickly than it was removed from anthers, irrespective of breeding system. Bell and Cresswell (1998) found a similar trend and suggested that late-arriving pollen is at a severe disadvantage in terms of its ability to fertilize ovules.

Pollen transport efficiency was higher in hermaphroditic species than in dioecious species. However, for Clematis, efficiency was not large (0.4 % for C. ligusticifolia versus 0.7 % in C. occidentalis, Fig. 4.4). In the Elaeagnaceae, however, the percentage of removed pollen that was received by stigmas was much higher in Elaeagnus commutata (29%; 20% of the pollen produced) than in Shepherdia canadensis (0.05%). This result was very surprising and is difficult to interpret, since in nature, usually less than 1% of pollen removed actually reaches stigmas, (Harder & Barrett 1996) as seen in the other three study species.  Elaeagnus commutata could experience geitonogamy from flowers on the same plant that had not been emasculated, because only flowers that were close to the flowers being collected were emasculated (see methods). Most E. commutata flowers open during a short period relative to those of the other study species (see chapter 2, Fig. 2.1d), resulting in a greater density of flowers with pollen available. This large amount of available pollen may enhance the opportunity for geitonogamy. However, the most likely explanation for this inflated efficiency of pollen transport is the low estimates of pollen production in E commutata, which need to be confirmed. 
Dioecious species in this study set a higher proportion of fruit than hermaphroditic species. This difference may reflect the exclusive receipt of outcrossed pollen by dioecious plants, leading to less ovule abortion and fruit abscission. Females of dioecious plants are expected to have at least twice the fruit production per plant of hermaphroditic species to compensate for their inability to contribute genes through pollen (Charnov 1982, Wilson & Harder 2003). No difference in seed set was found between breeding systems, though it was higher in Clematis than in the Elaeagnaceae. 

Pollen supplementation did not increase the seed set in any of the species, showing that none of the species were pollen limited. Clematis occidentalis was affected by pollen supplementation, with supplementation reducing, rather than enhancing, seed set compared to naturally pollinated plants. This negative effect of supplementation has been seen in other studies (reviewed in Young & Young 1992) and is thought to result from a number of mechanisms, both natural (i.e. pollen tube crowding) and via treatment effects (i.e. stigma damage by hand pollination; Young & Young 1992). Another possibility is that flowers with higher seed set may be more attractive to the floral/seed herbivores mentioned in Chapter 2. 

Of the two hermaphroditic species, Elaeagnus commutata is self-incompatible, whereas Clematis occidentalis is fully self-compatible. The two self-pollinated flowers of E. commutata that did set fruit (of 96 pollinated) could have resulted from contamination with outcross pollen, (i.e. a pollinator carrying E. commutata pollen landing on the exclusion bag). Clematis occidentalis, on the other hand, produced just as many seeds through selfing as through regular pollination. However the viability of these seeds was not measured to assess the extent of inbreeding depression.

In the Clematis pair flies appear to be as capable as bumble bees in their duties of pollen removal and deposition. The results for the Elaeagnaceae are not as clear as  pollinators of Shepherdia canadensisproduced a low rate of pollen receipt most likely reflecting its early spring flowering. At this time of year, the abundance of pollinators is highly variable (see chapter 3), so visits by pollinators, and resulting pollen transfer, can be low. However, as in the other species, seed set was not pollen limited for S. canadensis, suggesting that this low rate of pollen receipt during the protracted flowering of S. canadensis flowers allows enough pollination that fruit set is not pollen limited. The results for the Elaeagnaceae are also confused by the low pollen production in Elaeagnus commutata, which does not allow for accurate interpretation of pollen removal.
4.4.3 Variance in reproductive success

Dioecious and hermaphroditic plants did not differ in variance in total pollen removal (though the Elaeagnaceae pair may differ when new information on pollen production in Elaeagnus commutata is acquired), total pollen receipt, seed set or fruit set (Table 4.3). This equivalence concurs with Wilson & Harder’s (2003) prediction that, for a dioecious species to persist, its reproductive variance must be equal to or lower than that found in similar (i.e. related) hermaphroditic species. Wilson & Harder (2003) proposed that this effect could be produced by adaptations that counteract the reproductive variance problems usually associated with separation of the sexes. One such adaptation is the production of small, numerous flowers, which are pollinated by abundant, generalist pollinators. 

Care should be taken in making statements about the role of generalist pollinators in the evolution of dioecy with reference to this study. I observed the role of flies as pollinators, but not the behaviour of other generalist groups or wind pollination. These other modes of pollination could produce different reproductive variances; however, very little is known about these other pollinator groups, or reproductive variance in general. Future work using pairs of closely related specialist and generalist or wind-pollinated plants would help to determine the efficiency and behaviours that these other pollination modes exhibit and whether they too are consistent with Wilson and Harder’s (2003) predictions.

5. Consequences of fly pollination for the evolution and maintenance of dioecy versus hermaphroditism.

5.1. Fly pollination and dioecy

In the preceding three chapters I have detailed the behaviour of flies on two dioecious species and the resulting effects on pollen removal and receipt, fruit and seed set, compared to that found in related hermaphroditic species. In general, the results conformed to my expectations. Visits by individual pollinators to dioecious plants involved frequent revisits to individual flowers, which would have caused significant self-pollination if the plants were hermaphroditic. Flies also did not discriminate strongly between male and female plants, visiting both at an equal rate. Finally, pollination by flies resulted in variance in pollen removal, pollen receipt, fruit set and seed set, which equaled that found in related hermaphroditic species. In this chapter I address the contributions of my findings to current understanding of the evolution and maintenance of dioecy versus hermaphroditism. I will also discuss the contribution of this study to the small literature on generalist pollinators.

5.1.1. Ramifications for the evolution and maintenance of dioecy versus hermaphroditism 

The number of flowers displayed by individual plants can affect pollinator visitation and within-plant behaviour, thereby influencing pollen removal and deposition (Totland 1993, Steinbach & Gottsberger 1994, Kato & Miura 1996, Ohashi & Yahara 2001). In my study, differences in flowering characteristics between dioecious and hermaphroditic species, as well as differences between the sexes of the dioecious species affected pollination (see Chapters 3 and 4). Of particular interest were differences in the number of open flowers and floral longevity. As the number of open flowers increases, so does the attractiveness of a plant to pollinators (Ohashi & Yahara 2001). However in hermaphroditic plants this leads to increased geitonogamy (Harder & Barrett 1995), whereas dioecious species do not experience this negative effect. The length of a flower’s life indicates how long a flower can contribute or receive pollen within the population. Increased longevity can increase the chances of pollen movement, particularly to stigmas, when pollinator visits are infrequent, as seen in Shepherdia canadensis. However, long flower life can also increase the chance of selfing in hermaphroditic plants.

Flies visit dioecious plants in a manner that would cause high amounts of self-pollination if the plants were hermaphroditic. They revisited a much higher percentage of flowers than is typically seen in bumble bees and hummingbirds, and they spent a relatively long time at individual flowers. Both of these factors would elevate selfing in hermaphroditic species, as reported by Robertson (1992). For self-compatible species, such selfing would also increase inbreeding depression. For both self-compatible and self-incompatible species selfing should also reduce the pollen available for export (Harder & Wilson 1998).  Thus fly pollination should generally select for mechanisms that counteract the tendency of flies to deposit autogamous and geitonogamous pollen, including dioecy.  Once dioecy arose, the behaviour of these generalist flies would help to maintain it by reducing the reproductive variance (see below).

The lack of difference in visitation rate to male and female plants supports the prediction that the small flowers of dioecious plants attract pollinators that do not discriminate between the sexes (Charlesworth 1993). In contrast, Ashman (2003) reported pollinator discrimination between female and hermaphroditic individuals of a gynodioecious species (Fragaria virginiana). These results point to differences, which allow pollinator discrimination in favor of hermaphroditic flowers of gynodioecious species, but not against male flowers of dioecious species. This lack of difference also suggests that different dimorphic breeding systems cannot be assumed to be functionally identical. Further studies comparing closely related pairs of gynodioecious and dioecious species may help to explain these differences, which may be as simple as larger flower size, or presence of a stigma, in hermaphroditic versus male flowers. It is important to note that pollination by indiscriminate, generalist pollinators does not always lead to the evolution of dioecy, as many hermaphroditic plants are also visited by this type of pollinator (Olesen & Warncke 1989a, 1989b, Kearns 1992, Kevan et al. 1993). This persistence of hermaphroditism may be due to other mechanisms that promote outcrossing, although this idea has not been tested adequately (Charlesworth 1993).

I did not address the relationship between plant performance and resource investment in the sex roles directly; however, the reproductive variance of dioecious plants was measured and found to equal that of related hermaphroditic species. Because separation of the sexes inflates reproductive variances for dioecious species, the equality of variances with hermaphroditic species suggests that they must possess reproductive characteristics that reduce other aspects of reproductive uncertainty. Wilson & Harder (2003) suggested that this would result from extensive pollen and fruit dispersal neighborhoods.  Increased chance of pollination through the use of abundant generalist pollinators could also reduce variance during pollination.  Whether the dioecious species that I studied benefit in this manner is uncertain for two reasons.  First, none of the species suffered pollen limitation (Chapter 4), so that insufficient pollen import seems not to be a reproductive problem.  Second, the two dioecious species had somewhat lower pollen-transport efficiency than related hermaphroditic species (Fig. 4.4), suggesting possible lower success at pollen export.  However, the higher transport efficiency of hermaphrodites may reflect self-pollination, rather than greater success at pollen export, so the value of generalist pollinators as pollen dispersers remains unknown. 

A recent phylogenetic study of dioecy and its ecological correlates revealed that dioecy originated just as frequently in lineages that did not possess most of these ecological characteristics as in those that did (Vamosi et al. 2003). Unfortunately, generalist pollination was not included in the analysis, probably due to the lack of information on this subject for most plant genera. However, the presence of small inconspicuous, flowers and inflorescences was included, both of which are thought to be pollinated by generalist pollinators (Sakai and Weller 1999). Dioecy did evolve more frequently in clades that had inconspicuous inflorescences and the trend for flowers was qualitatively similar, but not significant (Vamosi et al. 2003). The important role of inconspicuous flowers points indirectly to the importance of generalist pollinators in facilitating the evolution of dioecy and results from my study certainly support this stance. 

The dioecious species in this study did not possess all of the ecological correlates typically associated with dioecy (Sakai & Weller 1999), as these correlates are general associations, rather than definitive characters. However, the correlates that they lacked are interesting to note. Both of these species occurred in temperate rather than tropical locations and Clematis ligusticifolia had dry achenes, rather than fleshy fruits. Tropical distribution is usually considered to be a consequence of association with other correlates, so its absence in these species probably is not important when considering effects of correlates (Bawa 1980, Ibarra-Manriquez & Oyama 1992). Of course, studies similar to this one, if done in the tropics, could produce more conclusive statements regarding the role of generalist pollinators in the evolution of dioecy. This is particularly true in that there are larger numbers of dioecious species with closely related hermaphroditic species in the tropics and the climatic variability is much less, which would reduce observed differences due to weather differences etc. The dry, wind-dispersed, achenes of C. ligusticifolia may have ramifications for dispersal, as they should allow extensive seed dispersal, thereby lessening the reproductive variance in this species. Of course the other correlate that neither species exhibited was wind-pollination, as this study considered animal-pollinated plants.  Whether wind pollination also reduces reproductive variance remains to be investigated.

 5.1.2. Generalist pollinators

Generalist flies may produce lower pollen-transport efficiency than bumble bees, and they also revisit flowers much more frequently. These findings seem to confirm the widely held view that flies are poor pollinators. However, fly-pollination may reduce reproductive variance in dioecious species, through the behaviour and/or abundance of flies. This effect may have facilitated the evolution and maintenance of dioecy in the plants studied here and presumably in many other dioecious plant species. I expect other groups of generalist pollinators (beetles, butterflies and moths) that visit dioecious plants will exhibit the same effect, though this has not been tested explicitly.

This study has shown that generalist pollinators are important pollinators and are often associated with derived characters in plant species, particularly in terms of breeding system evolution. The differences in pollination characteristics that they produce, when compared to specialist pollinators, can provide the plants they visit with a selective advantage over other plants, as seen in the case of dioecy versus hermaphroditism. Given Vamosi et al.’s (2003) finding that all groups in which dioecy arose had inconspicuous inflorescences prior to the evolution of dioecy, coupled with this study’s findings that flies reduce the reproductive variance of dioecious plants as predicted by Wilson & Harder (2003), pollination by generalist flies seems to favor dioecy in plants. Thus fly pollination seems to be a factor in facilitating the evolution and maintenance of dioecy, rather than arising in a plant species after it has become dioecious, simply to exploit the plant as a food source.
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�PAGE \# "'Page: '#'�'"  �Page: 1���Rob seemed to be confused by my discussion of differences in flower number between the sexes, I’m assuming because he found it hard to distinguish between results for inflorescences and flowers. I believe I have remedied this in the beginning of the final paragraph of section 2.2.2 ( just above this paragraph), but please let me know if you think it is clear enough.


�PAGE \# "'Page: '#'�'"  �Page: 1���Rob was wondering why we used > instead of ‘exact’ probabilities. I assume that it’s because the probabilities are never exact. What is your take on this?
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