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ABSTRACT 
 
Sexual selection, sex allocation and stochasticity: A study of mating patterns in Sagittaria 
latifolia 
 
Allison Kwok 
 

Diversity of flowers in flowering plants is understood to facilitate mating success, and yet 

understanding the relationships between plant sexual diversity and mating patterns remains a 

challenge.  In this thesis, I used Sagittaria latifolia, an aquatic plant with unique sexual systems, 

to investigate relationships between plant sexual diversity, mating patterns, and reproductive 

success and to understand their evolutionary consequences. First, I measured the magnitude of 

sexual selection in a dioecious and a monoecious population of S. latifolia, while accounting for 

size variation. I showed that sexual selection does operate in natural populations of plants. 

Estimates of sexual selection were similar in both populations, possibly due to the temporal 

separation of female and male flowering in hermaphroditic S. latifolia, enabling individuals to 

act temporarily as unisexuals. Second, I examined how seasonal differences in sex allocation and 

flowering time can affect male mating opportunities, and the effect on reproductive success in 

hermaphroditic S. latifolia. I found that shifting allocations to be more male-biased with earlier 

flowering increased  male mating opportunities. However, greater mating opportunities did not 

equate to higher rates of siring, indicating that factors other than temporal overlap contribute to 

male reproductive success. Finally, I determined the factors affecting mating and reproductive 

success of males and male-function hermaphrodites, distinguishing between the predictable 

effects of plant-level traits and population-level features, and unpredictable effects of stochastic 

factors. Across both populations, we found that plant-level traits had a greater impact on mating 

and reproductive success than population-level features. Nevertheless, these effects were 
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frequently masked by stochastic factors. Furthermore, unexplained variation in mating and 

reproductive success may stem from additional plant traits affecting post-pollination 

gametophyte-sporophyte interactions. My findings indicate that while sexual selection does 

operate in natural populations of S. latifolia as expected under Bateman’s principles, temporal 

overlap in flowering, plant traits and population features did not explain patterns of male mating 

or reproductive success, suggesting that post-pollination factors may be influencing mating 

outcomes.  
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PREFACE 
This dissertation has been written in manuscript format. Chapters 2 and 3 have been published in 

the journals Proceedings of the Royal Society B: Biological Sciences and Royal Society Open 
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1. CHAPTER 1: GENERAL INTRODUCTION 
 

Flowers, the reproductive organs of flowering plants, exhibit a high level of diversity.  

This diversity in flowers is reflected not just in floral morphology but also in the sex allocation 

of flowers (Brunet & Charlesworth 1995; Campbell 2000), the timing of flowering (Kudo 2006), 

the spatial distribution of flowers and shoots (Diggle 2003), and pollination modes (Fenster et al. 

2004; Morgan 2006). All this diversity in plant sexual reproduction is to facilitate mating success 

(Barrett 2002). Plant sexual diversity has been long documented (Darwin 1877) and much theory 

is devoted to explaining its evolution and maintenance (Lloyd & Webb 1977; Charlesworth & 

Charlesworth 1978; Brunet 1996; Pannell 2002). Plants evolved diverse strategies for sexual 

reproduction to counteract the limitations due to their sessile nature (Harder & Barrett 2006). 

And yet, understanding why the promotion of a single function, mating success, requires such 

diversity remains unclear. In my thesis, I look to understand, in part, this relationship between 

plant sexual diversity and mating patterns.  

Life-history traits, specifically reproductive traits, influence evolutionary patterns by 

determining mating patterns. Plant mating is determined by maternal and paternal mating 

success, whether from outcrossed or self-fertilization events (Barrett, 2003). Mating regulates the 

transmission of genes from one generation to the next. By shaping the interactions between 

mating partners and influencing which genetic traits are passed on, mating patterns contribute to 

patterns of genetic diversity in plant lineages over time. For instance, opportunities for self-

fertilization can result in inbreeding depression, the negative fitness consequences due to 

inbreeding, and is considered a fundamental selective force that drives the evolution of plant 

mating strategies (Charlesworth & Charlesworth 1987; Barrett 2002). Changing mating patterns 

are also associated with the evolution of gender strategies in plants (Levin 1971), patterns of 
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sexual dimorphism (Moore & Pannell 2011), variation in floral traits (Delph & Ashman 2006), 

and the regulation of pollination (Arnold 1994; Murphy 1998), among many other processes that 

shape plant diversity. Thus, a fundamental part of understanding plant diversity is understanding 

mating patterns, their dynamics, and the factors influencing their change.  

A crucial aspect of understanding the relationship between life-history traits and mating 

patterns is quantifying fitness. Mating is fundamentally important in determining organismal 

fitness. Due to their sessile nature, modularity, and reliance on third-party vectors for mating, 

plants have complex life histories that make measuring fitness challenging (Barrett & Harder 

2006). Reproductive opportunities in plants can occur concurrently and for extended periods via 

the production of multiple flowering shoots, which can each vary in the production of flowers, 

pollen, and other reproductive traits (Diggle 2003). The timing and spatial distribution of 

flowering within a plant can vary, affecting pollinator visitations (Herrera 2009) and, 

consequently fitness. For example, in Mimulus ringens, large floral displays of multiple flowers 

were associated with greater overall fitness but also increased self-fertilization (Karron & 

Mitchell 2012). Mating opportunities from flowers of the same individual can alter mating 

patterns and affect fitness by reducing the number of offspring sired by males and increasing the 

production of inbred offspring by females (Van Drunen et al. 2015). The difficulty in measuring 

fitness in plants is that they potentially have numerous mating events with many unknown mates 

at any given time.  

            Plant sexual strategies are highly diverse and can result in complex mating patterns. 

Gender variation in flowering plants is a spectrum of sex expression and can involve various 

combinations of female, male, and hermaphroditic flowers. Typically, gender strategies are 

categorized into two distinct groups: ‘gender monomorphism’, wherein most individuals serve as 
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both maternal and paternal parents and populations have continuous variation in female and male 

sex functions, and ‘gender dimorphism’, where individuals typically serve as either the maternal 

or paternal parent and populations consist of two sex morphs (Sakai & Weller 1999). Whether 

individuals are monomorphic or dimorphic can have implications on mating patterns,  

reproduction and evolutionary trajectories. For monomorphic individuals, fitness gains through 

female or male functions affect mating patterns and have consequences for the evolution of 

dimorphic sexual systems (Charnov 1979). Mating patterns and sexual systems are intimately 

tied, the evolution of dimorphic sexual systems is linked to selection against self-fertilization 

(Charlesworth & Charlesworth 1987; Karron et al. 2012). Sexual selection is known to shape 

plant mating traits (Moore & Pannell 2011; Skogsmyr & Lankinen 2002) with scope in both 

monomorphic and dimorphic systems (Anthes et al. 2010; Péllisié et al. 2011). Understanding 

the selective forces that drive the evolution of these diverse sexual systems and their 

consequences on mating is a fundamental area of study in plant evolutionary biology. 

The allocation of resources between male and female functions shapes hermaphrodite 

mating opportunities and fitness. For hermaphroditic individuals, sex allocation refers to how 

resources are distributed between female and male sex functions and when each of those sex 

functions are deployed (Charnov 1979). Different allocations to female or male functions 

determine how a plant gains fitness via maternal and paternal contributions, and sex allocation 

theory predicts the optimal allocations to each sex depending on ecological contexts (Charnov 

1979). For sequential hermaphrodites, where sex functions occur one after the other, changes in 

allocations to sex functions also determine what mating opportunities are available and when 

(Brunet & Charlesworth 1995). Individuals that allocate resources to a particular sex function at 

suboptimal times can lose mating opportunities (Brunet & Charlesworth 1995, and see Brookes 
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& Jesson 2000). Sex allocation for simultaneous hermaphrodites, where sex functions co-occur, 

can impact selfing and outcrossing and have consequences for the evolution of separate sexes 

(Charnov 1979). Hypotheses on the evolution of dioecy (individuals with separate sex functions) 

from hermaphroditism involve reallocations from one sex to the other leading to gradual gender 

specialization (Charlesworth & Charlesworth 1978; Charlesworth 2003). Ultimately, the 

allocation of resources between male and female functions shapes the mating opportunities and 

overall fitness of hermaphrodites, which in turn can drive further changes in sex allocation. 

Bateman’s principles assert that male reproductive success is mate limited and female 

success is resource limited (Bateman 1948) and has been increasingly recognized as applicable 

to sexual selection in flowering plants. Under Bateman’s second principle, the expectation is that 

there should be greater variance in male mating success compared to female mating success. 

Plant sexual selection, once a contentious concept, is now widely acknowledged as fundamental 

in understanding the evolutionary significance of floral characteristics (Hodgins & Barrett 2008; 

Delph & Herilihy 2012; Cocucci et al. 2014), pollination strategies (Huang et al. 2006), shaping 

patterns of sexual dimorphism (Moore & Pannell 2011; Tonnabel et al. 2002) and its role in male 

and female reproductive strategies (Lankinen et al. 2007; Lankinen et al. 2017; Aljiboury & 

Friedman 2022). Mating success is a fundamental aspect of sexual selection and despite its 

importance, rarely is it included in studies of sexual selection in plants (Tonnabel et al. 2019). 

Although there are several plant studies that examined selection on traits that may be under 

sexual selection (for examples see: Marshall & Ellstrand, 1986;  Møller et al. 1995; Carlson, 

2007), due the difficulty of accounting for mating success, there are few attempts at quantifying 

the strength of sexual selection (Tonnabel et al. 2019) and none that do so in natural populations 
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of plants. With the broad acceptance that sexual selection operates as an evolutionary force in 

plants, there is a need to understand how it operates in plants in natural environments. 

Sexual reproduction involves genetic contributions from both maternal and paternal 

parents. The majority of studies examining plant mating and reproduction emphasize the female 

role in plant sexual fitness. Typically, there is a focus on how mating dynamics affect fruit set 

and seed set, both measures of female mating and reproductive success (Totland et al. 1998; 

Matsuhisa & Ushimaru 2015). In contrast, success through male function has been more difficult 

to quantify because direct observations of mating events are challenging as mating occurs via 

third-party pollen vectors and reliance on the use of molecular markers to identify paternity 

(Minnaar et al. 2019). With current molecular techniques (Flanagan and Jones 2019), we are 

beginning to gain an understanding of male mating success, including who has mated with whom 

and how often (e.g., Tomaszewski et al. 2018; Santos Del Blanco et al. 2019; Tonnabel et al. 

2019; Christopher et al. 2020). Despite the importance of male fitness to floral evolution, the 

focus on female contributions over male contributions means our understanding of male mating 

and reproduction is lacking.   

Study system Sagittaria latifolia 

Sagittaria latifolia Willd. is a clonal aquatic plant, commonly found in wetlands 

throughout North America. It reproduces sexually and asexually via clonal propagation. Plants 

grow from a rosette of emergent leaves; plants produce clones from new ramets during the 

growing season (Dorken & Barrett 2003) and can be vegetative or reproductive. Corms are 

produced as perennating structures at the end of the season (Van Drunen & Dorken 2012) and 

because of their large size do not typically have long-distance dispersal to other wetlands 

(Dorken & Barrett 2003). Both ramets and corms are produced at the terminal ends of stolons.  



 6 

Three sex phenotypes exist in S. latifolia –hermaphrodite, female, and male (Figure 1.1). 

Across its range populations can be monoecious or dioecious (Wooten 1971). Monoecious 

populations consist of hermaphroditic individuals while dioecious population are made up of 

individuals that are either female or male. In Southern Ontario, Canada, the flowering season 

lasts from June to mid-September, flowers are produced on racemes with three flowers at each 

node. Flowering in S. latifolia is diclinous, where individual flowers are either female or male. 

For monoecious populations of S. latifolia, female flowers occupy basal nodes and male flowers 

occupy distal nodes, inflorescences are protogynous with basal flowers maturing first. In 

dioecious populations, sex is genetically determined and ramets produce only female or male 

flowers (Dorken & Barrett 2004). For both monoecious and dioecious populations, female 

flowers open simultaneously while male flowers open sequentially, typically one whorl at a time. 

Flowers are open for approximately one day and are visited by generalist insect pollinators, 

including bees, flies, wasps and butterflies (Muenchow & Delesalle 1994; Glaettli & Barrett 

2008). In both monoecious and dioecious populations, male flowers have larger petals and are 

wider than female flowers, but female floral displays are larger due to synchronous flowering 

(Yakimowski et al. 2011). Plants are self-compatible but due to synchronous dichogamy, self-

fertilization within ramets is unlikely (Dorken et al. 2002). Fruits are winged achenes found in 

globular clusters (Fig 1.2) (Voss & Reznieck 2012), when fruit is dried, achenes dehisce and are 

dispersed via water.  

 Populations of S. latifolia in eastern North America are typically either monoecious or 

dioecious (Wooten 1971; Dorken et al. 2002) and differ slightly in ecological and life history 

strategies. Monoecious populations are found in wetland habitats including shorelines, ponds, 

creeks and roadside ditches, habitats that tend to be ephemeral and are characterized by greater 



 7 

disturbance (Dorken et al. 2002). Dioecious populations are typically found in large stable 

wetlands or edges of lakes and rivers. This differentiation in habitats is associated with 

differences in life-histories. In monoecious populations, ramets are smaller and flower earlier in 

comparison to ramets in dioecious populations (Dorken & Barrett 2003). Differences in life 

history and habitat, reinforce reproductive isolation between the sexual systems (Dorken et al. 

2002), however, individuals in monoecious and dioecious populations are fully inter-fertile 

(Dorken & Barrett 2004).  

In this thesis, my primary goal is to understand factors that influence patterns of male 

mating and reproduction in S. latifolia and their consequences. In Chapter 2, I investigate sexual 

selection in natural populations of S. latifolia. Traits that impact mating and reproductive success 

have been intensely studied in plants and often times, sexual selection is invoked as an 

explanation of any observed patterns. There are several plant studies that examined selection on 

traits that may be under sexual selection (for examples see: Marshall & Ellstrand 1986;  Møller 

et al. 1995; Carlson 2007). Most studies have focused on assessing natural selection by 

measuring reproductive success, instead of sexual selection by measuring mating success. As a 

result, most previous studies conflate sexual selection with fecundity selection. Few studies 

quantify sexual selection (Tonnabel et al. 2019) and none have done so in natural populations. 

Natural populations can be complex and make measuring sexual selection challenging (Anthes et 

al. 2016). Measures of fitness often scale with size and is one factor that can confound patterns 

of sexual selection. In Chapter 3, I examine how variation in sex allocation and flowering time 

determines availability of mating opportunities. For hermaphroditic plant species, the assignment 

of resources to either female or male functions, as well as the scheduling of these functions, 

determines the scope of available mating opportunities. Ill-timed presentation of gametes can be 



 8 

problematic if the deployment of sexual structures occurs when there are limited opportunities 

for mating or if the environment is highly competitive. I examined how differences in sex 

allocation and timing of flowering in S. latifolia can affect the mating environment and in turn 

mating opportunities. In Chapter 4, with greater understanding of the effect of flowering time on 

mating, I look to determine the drivers of male mating and reproductive success. Plants have 

intrinsic traits and extrinsic features that promote the movement of pollen among plants and 

should have predictable effects on mating and reproduction. However, stochastic events during 

pollination can disturb the predictable effects of these traits and features. For example, 

environmental conditions may prevent pollinator visitations thereby disrupting pollination 

events. Pollen is often displaced during delivery or lost during grooming by pollinators. There 

are multiple stages along the pathway to paternity where stochasticity can act (Minnar et al. 

2019).  I investigate the effect of intrinsic traits, extrinsic features and stochasticity in explaining 

patterns of male mating and reproduction. Finally, in Chapter 6, I summarize my findings and 

interpret them together to determine how the complexity of mating in plants affects male mating 

patterns and its implications for our understanding of mating and reproduction in plants. 
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1.2 Figures 
 

 

Figure 1.1 Inflorescences of monoecious and dioecious populations of Sagittaria latifolia. 

Monoecious populations are composed of individuals that produce both female and male flowers 

(left). Note the open male flowers at the top of the ramet and the lower female flowers have 

dehisced, showing that female and male flowering do not overlap within an inflorescence. While 

dioecious populations have individuals that exclusively produce female flowers (centre) or male 

flowers (right) 

 

 

 

 

♂♀⚥
DioeciousMonoecious

Monoecious Dioecious
Hermaphrodite Female Male
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Figure 1.2 Fruits of Sagittaria latifolia, globular clusters of achenes are shown. Single achene is 

indicated with an arrow. When fruits are dried, they dehisce into water and are dispersed via 

waterways.   
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2. CHAPTER 2. SEXUAL SELECTION ON MALE BUT NOT FEMALE FUNCTION 
IN MONOECIOUS AND DIOECIOUS POPULATIONS OF BROADLEAF 
ARROWHEAD (SAGITTARIA LATIFOLIA) 
 
 
A version of this chapter has been published: 

 

Kwok, A., and Dorken, M.E. 2022. Sexual selection on male but not female function in 

monoecious and dioecious populations of broadleaf arrowhead (Sagittaria latifolia). Proceedings 

of the Royal Society B: Biological Sciences 289: 20220919 
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2.1 Abstract 
 
Direct measures of sexual selection in plants are rare and complicated by immobility and 

modular growth. For plants, instantaneous measures of fitness typically scale with size, but 

covariances between size and mating success could obscure the detection of sexual selection. We 

measured the magnitude of sexual selection in a monoecious and a dioecious population of the 

clonal plant Sagittaria latifolia using Bateman gradients (ßss). These gradients were calculated 

using parentage analysis and residual regression to account for the effects of shoot and clone size 

on mating and reproductive success. In both populations, (i) there was greater promiscuity via 

male function than via female function and (ii) ßss were positive, with significant associations 

between mating and reproductive success for male but not female function. Moreover, estimated 

βss were similar for the monoecious and dioecious populations, possibly because non-

overlapping female and male sex phases in hermaphroditic S. latifolia reduced the scope for 

interference between sex functions during mating. This study builds on previous studies of 

selection on plant mating traits, and of sexual selection under experimental conditions, by 

showing that sexual selection can operate in natural populations of plants, including populations 

of hermaphrodites. 

 
Keywords: Bateman gradients, clonal growth, dioecy, modularity, monoecy, sexual systems 
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2.2 Introduction 
 

Sexual selection arising from fitness differences in reproductive success via nonrandom 

variation in mating success is a key process affecting organismal evolution in anisogamous 

lineages, including animals (Kokko et al. 2008) and plants (Marshall & Ellstrand 1985; Moore & 

Pannell 2011). Mating regulates the transmission of genes from one generation to the next, so 

sexual selection can have important consequences not only for individual fitness, but also for 

patterns of genetic diversity within populations (Marshall & Ellstrand 1985; LaMunyon et al. 

2007), reproductive isolation (Boughman 2001) and speciation (Seehausen & van Alphen 1999; 

Panhuis et al. 2001). Several lines of evidence point to the importance of sexual selection in 

shaping patterns of sexual dimorphism in dioecious plants (i.e. populations of distinct female and 

male individuals (Tonnabel et al. 2022)), variation in floral traits (Delph & Herlihy 2011; 

Cocucci et al. 2014; Tonnabel et al. 2022) and the processes regulating pollination (Huang et al. 

2006) and fertilization success (Lankinen et al. 2007; Delph & Herlihy 2011; Cocucci et al. 

2014; Lankinen et al. 2017; Aljiboury & Friedman 2022). However, very few studies of sexual 

selection in plants have included measures of mating success (i.e. number of mates (Lankinen et 

al. 2017; Tonnabel & Pannell 2019)). As a result, studies directly quantifying the strength of 

sexual selection in plants remain rare (Marshall & Ellstrand 1985; Tonnabel & Pannell 2019).  

The measurement of sexual selection in plants has lagged studies of animals, 

at least in part because the occurrence of sexual selection in plants has been contentious (2 

Marshall & Ellstrand 1985). Mate choice is an important driver of sexual selection (Kokko et al. 

2002; Jones & Ratterman, 2009; Kekäläinen & Evans 2018) and plants, which rely on third-party 

vectors for pollination, lack the ability to directly choose mates during pollination (Marshall & 

Ellstrand 1985; Skogsmyr & Lankinen, 2002; Barrett & Hough 2013). However, sexual selection 
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via mate choice does not require the active choosing of mates (Simmons 2014), and several 

aspects of plant reproduction can yield sexual selection (Marshall & Ellstrand 1985), including 

male–male competition in sporophytic (during pollination) (Dorken & Perry 2017) and 

gametophytic (post-pollination) phases of the life cycle (McCallum & Change 2016; Swanson et 

al. 2016; Dorken & Perry 2017). Indeed, there may even be scope for female choice in plants via 

sporophyte–gametophyte interactions (Marshall & Ellstrand 1985). Nevertheless, sexual 

selection may be a weaker force in hermaphroditic than in dioecious populations if there is 

reciprocal mating and/or male and female sex functions are expressed simultaneously (Anthes et 

al. 2015). These long-standing issues notwithstanding, sexual selection is now widely considered 

to be an important evolutionary force in plants, even if the magnitude of sexual selection may be 

weaker in hermaphroditic compared to dioecious populations.  

An additional and less widely discussed problem with the measurement of sexual 

selection in plants is that measures of fitness usually scale with plant size. Although individual 

size is considered a sexually selected trait for some unitary organisms (Höglund & Säterberg 

1989; Lindenfors & Tullberg 1998; Székely et al. 2000), size variation poses a challenge to the 

inference of sexual selection for modular organisms like plants. For plants, as for some unitary 

organisms (McDowall 1994; Ousterhout et al. 2015), size varies with age and reflects ongoing 

trade-offs in the allocation of resources to growth versus survival and reproduction (Reznick 

1985; Obeso 2002). For unitary animals with indeterminate growth, these trade-offs make size a 

sensible trait when considering the operation of sexual selection (i.e. there may be heritable 

variation in size among individuals within age cohorts (Shimada et al. 2011)). Although (non-

heritable) variation in local resource conditions should contribute to variation in size for plants 

and animals, immobility further exacerbates these effects for plants. Moreover, modularity and 
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opportunities for independent resource capture among modules might weaken trade-offs between 

growth and reproduction. Variation in plant size may therefore obscure patterns of sexual 

selection whenever plant size covaries with reproductive and mating success. In particular, 

underlying covariances between plant size and reproductive and mating success should yield 

positive measures of the strength of sexual selection even under random mating—in this 

scenario, some phenotypes (large plants) can be expected to have high reproductive and mating 

success, while other phenotypes (small plants) have low reproductive and mating success. 

Accordingly, rather than considering plant size a sexually selected trait, studies of sexual 

selection in plant populations control for variation in size among individuals (e.g. by including 

size as a covariate when estimating the strength of sexual selection (Dai & Galloway 2013), or 

via the use of standardized growth conditions for same-aged plants 

(Tonnabel & Pannell 2019). 

A variety of metrics for estimating the strength of sexual selection exist, but they vary in 

their utility (Klug et al. 2010; Jennions et al. 2012). For example, one of the most widely used 

metrics of sexual selection, Is (the opportunity for sexual selection), measures the variance in 

mating success but, among other problems (Jennions et al. 2012), cannot be scaled to take 

variation in plant size into account. Selection gradients and/or selection differentials are useful 

when specific traits are hypothesized to be subject to sexual selection (Jennions et al. 2012). But 

by being trait-specific these metrics do not estimate the total strength of sexual selection within 

populations (Krakauer et al. 2011). Bateman gradients are one of the most direct methods for 

quantifying the overall strength of sexual selection (Krakauer et al. 2011; Anthes et al. 2015). 

They are calculated from the slope of the association between mating success and reproductive 

success for each sex function, and under Bateman’s third principle (the relationship between 
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mating and reproductive success is stronger for males than for females (Arnold 1994)), are 

expected to be steeper for male than for female function (Janicke et al. 2016). Bateman gradients 

have been used to examine the strength of sexual selection in a range of animal groups (Anthes 

et al. 2015; Janicke et al. 2016; Johnson & Shaw 2016), and more recently in plants (Anthes et 

al. 2015; Johnson & Shaw 2016). Here, we investigated patterns of sexual selection in natural 

populations of the clonal aquatic plant Sagittaria latifolia. Populations of S. latifolia may be 

either monoecious (populations of hermaphroditic plants with separate female and male flowers) 

or dioecious. Previous studies of this plant have indicated that reproductive traits, such as male 

floral display size, might be subject to selection (Glaettli & Barrett 2008), including sexual 

selection (Dorken & Perry 2017). Moreover, the duration of flowering and number of flowers 

produced vary between the sexes (or between sex functions in monoecious populations) in a 

manner that might affect the magnitude of sexual selection. Using direct measures of 

reproductive success and indirect measures of mating success determined using parentage 

analysis from the segregation of simple-sequence repeat (SSR) alleles, we estimated the degree 

of promiscuity, the opportunity for sexual selection and the magnitude of Bateman gradients for 

females and males in a dioecious population, and for female and male function in a monoecious 

population. We expected mating and reproductive success to be strongly size-dependent for S. 

latifolia (Stephens et al. 2020). Accordingly, we adjusted our primary measure of sexual 

selection (the Bateman gradients) for variation in plant size and compared this size-adjusted 

measure to unadjusted measures that were based purely on patterns of mating and reproductive 

success (Is and an index of promiscuity).  
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2.3 Methods 
 
2.3.1 Study Species 
 

Sagittaria latifolia Willd. is an emergent clonal aquatic plant, commonly found in 

wetland habitats across North America. Shoots (ramets) are produced from axillary stolons 

during the growing season and can be vegetative or reproductive. Corms are also 

produced from axillary stolons and function as perennating structures (Dorken & Barrett 2004). 

Genetic individuals (genets) may be composed of multiple ramets that are temporarily 

interconnected by stolons, which, along with all above-ground vegetative tissues, deteriorate at 

the end of each growing season. Variation in plant size is driven by clonal expansion of genets 

(Van Drunen & Dorken 2012; Stephens et al. 2020) and by variation in ramet size that is 

primarily determined by local growing conditions (Dorken & Barrett 2004). Flowers are 

produced on racemes with three flowers at each node. In monoecious populations, female 

flowers occupy basal nodes and male flowers occupy distal nodes (7.1 Appendix, figure A7.1.1).  

Flowers open basipetally, remain open for a single day, and nodes with male flowers 

mature later than nodes with female flowers, resulting in inflorescences that are synchronously 

protogynous (i.e. there is usually no overlap between female and male sex phases (Van Drunen 

& Dorken 2012)). In dioecious populations, sex is genetically determined and ramets produce 

male or female flowers (Dorken & Barrett 2004). For both monoecious and dioecious ramets, 

female flowers tend to open simultaneously, while male flowers open sequentially, usually one 

whorl at a time. In Southern Ontario, flowering occurs from late June through to mid-September 

and flowers are pollinated by a variety of insects (Glaettli & Barrett 2008). Seed set is not pollen-

limited in monoecious populations (Yakimowski et al. 2011). In both monoecious and dioecious 
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populations, male flowers have larger petals than female flowers, but female floral displays are 

larger due to greater floral synchrony (Sarkissian et al. 2001). 

In dioecious populations, the number of flowers produced per ramet is size-dependent for 

both sexes (Sarkissian et al. 2001; Dorken & Barrett 2003). In monoecious populations, only 

female flower production is size-dependent (Sarkissian et al. 2001; Dorken & Barrett 2003).  

Plants are self-compatible, but due to synchronous protogyny, self-fertilization within ramets is 

unlikely (Dorken et al. 2002). Selfing between flowering ramets of the same genet can occur. 

However, as clones increase in size, they tend to intermingle with ramets from unrelated genets 

such that selfing rates—at least in the monoecious population studied here—may be only weakly 

associated with variation in genet (clone) size (Stephens et al. 2020). 

2.3.2 Study site and floral sampling 
 

To survey flowering in S. latifolia, we sampled a monoecious and a dioecious population 

for each of five consecutive days. The monoecious population was located in a shallow area of 

Thompson Creek in Meadowvale Park, Peterborough, ON, Canada (44° 200 N, 78° 180 W). 

Flowering shoots at this site were sampled from 8 to 12 August 2016 in a 13× 17 m area of the 

population. The dioecious population occupied a 13 × 4 m area of a shallow roadside ditch 

beside an agricultural field near Stoney Point, ON (44° 170 N, 82° 280 W). Plants at this site 

were sampled between 21 and 26 August 2016. Due to rain and the absence of pollinators, there 

was no sampling on 23 August. On the first day of sampling at each site, study zones were 

delimited to areas of approximately 100 flowering ramets and open flowers were marked with 

tags. At the monoecious site, the study zone was separated from the rest of the population by 

natural gaps between patches of S. latifolia and ramets outside the study zone were prevented 
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from mating with plants in the study zone by removing all male flowers on plants outside the 

zone. At the dioecious site, all flowering ramets in the population were included in the study. 

Within each population, open female flowers were tagged and labelled each day to enable 

tracking of the date of pollination. The numbers of open female and male flowers were recorded 

each day for all flowering ramets in the study zone. The mean numbers of flowering ramets per 

day were similar for the monoecious (71.60 ± 15.14 SD flowering ramets per day) and dioecious 

populations (68.80 ± 22.54 SD). A total of 167 flowering ramets were tracked at the monoecious 

site, and 183 flowering ramets were tracked at the dioecious site.  

Developing fruits were collected approximately one month after initial sampling. The 

one-month gap between floral sampling and fruit collection resulted in numerous fruits not being 

recovered due to disturbances from flooding and foraging by wildlife. Because of these 

disturbances, the total sample of fruits obtained was a subset of the total number of ramets with 

female flowers in each population (33/113 in the monoecious population; 38/54 in the dioecious 

population). Once collected, fruits were allowed to dry at room temperature and then stored in 

air-tight containers at 4°C. Fruits were stored individually in coin envelopes and labelled with 

the ramet ID and flowering date. Prior to DNA extraction, a random subset of the seeds from 

each fruit were soaked in water to enable the removal of maternally derived tissues around the 

embryo. A total of nine seeds per fruit per ramet were subsequently sampled for genotyping and 

parentage analysis. 

2.3.3 Genet and paternity assignment 
 

Leaf and seed DNA were extracted and genotyped using microsatellite loci following 

procedures outlined in the Appendix (7.1 Appendix: DNA extraction and SSR genotyping; and 

see (Stephens et al. 2020)). Ramets were assigned to genets (here defined as multi-locus 
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lineages, MLLs) (7.1 Appendix: Genet and paternity assignments). Ramets with multi-locus 

genotypes (MLGs) that differed by one allele were assigned to the same MLL to avoid 

subdividing genets with slightly different MLG scores because of potential genotyping errors or 

somatic mutations (Arnaud-Haond et al. 2007). Seeds were assigned paternity using software 

that groups parents and offspring into paternal and maternal sibships by maximizing the 

likelihood of the probability of these sibships based on their MLGs (Wang & Santure 2009; 

Jones & Wang 2010; Wang 2017). The paternal parent of each seed was assumed to be the MLL 

with the greatest probability of paternity (as estimated by COLONY2 (Jones & Wang 2010), the 

probability of paternity is indicated as π in the calculations below), and calculations of the 

reproductive success via male function (paternity share) for each MLL were weighted by π. 

Further details on genet and paternity assignments are provided in the Appendix  (7.1 Appendix: 

Genet and paternity assignments). 

2.3.4 Reproductive and mating success 
 

Reproductive success via female function (RSf ) was estimated as the total number of 

seeds produced per MLL i: 

𝑅𝑆!
" = ∑ ∑ 𝑁#$%$#	 , 

where NS was the estimated number of seeds produced per pollination date k by each ramet j 

within MLL i. Because ramets typically produce thousands of seeds, we estimated NS as the 

quotient of the total mass of all fruits per ramet and the average mass of individual seeds 

(achenes). Paternity share (RSm) was calculated as the estimated number of outcrossed seeds 

sired per MLL i: 

𝑅𝑆!' = ∑ ∑ &'
∑ )!"#$$

*"#
% ( × 𝑁#$% *$# , 



 21 

where πijkl is the probability that each genotyped seed l per maternal ramet j was sired by MLL i 

on pollination date k, NS is the estimated total number of seeds per maternal ramet and NG 

is the total number of seeds genotyped per maternal ramet. Self-fertilized seeds were excluded 

from calculations of mating and reproductive success. There is substantial inbreeding depression 

in monoecious populations of S. latifolia (Dorken et al. 2002), reducing the expected 

contribution of selfed offspring to reproductive success. 

We estimated the genetic mating success for female and male function in each population 

as the total number of mates obtained per MLL via each sex function, as identified from 

parentage analysis. We refer to these estimates as proxies of mating success because we inferred 

mating events from the products of fertilization rather than from direct observation. For 

female function, the proxy of mating success in each population (MSf ) was calculated as the 

number of unique sire MLLs (Nm) with seeds on maternal MLL i summed across its j ramets: 

𝑀𝑆!
" = ∑ 𝑁#'# . 

Male mating success (MSm) was estimated by summing the number of unique maternal MLLs 

(Nf) with seeds sired by each MLL i across its j ramets as follows:  

𝑀𝑆!' = ∑ 𝑁#
"

# . 

For the calculation of Bateman gradients, mating success and reproductive success were each 

mean standardized (Tonnabel et al. 2019; Jones & Ratterman 2009). To quantify promiscuity, we 

calculated an index of mate diversity using the parentage assignments of our sample of 

genotyped seeds. Mate diversity (M) was calculated for each sex (or sex function) as the number 

of mating partners per MLL i (MSi), divided by e, the total number of seeds for which an MLL 

was assigned as the parent (i.e. the known maternal parent or the inferred paternal parent): 

𝑀! =
+%!,-
.!,-

. 
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We subtracted one from both the numerator and the denominator so that the index varied 

between 0 and 1, where a value of 1 indicated that all mating events involved different MLLs. 

The minimum value of 0 was not possible in this study—we only tracked mating and 

reproductive success for MLLs that produced seeds and/or were involved in one or more siring 

events. 

2.3.5 Quantifying sexual selection 
 

To estimate the magnitude of sexual selection in each population, we calculated (i) the 

opportunity of selection (I) – the relative variance in reproductive success; (ii) the opportunity 

for sexual selection (Is) – the relative variance in mating success and(iii) the Bateman gradient 

(βss) – the slope of the association between mating and reproductive success (7.1 Appendix:  

Bateman gradients— calculated using residual regression). Both I and Is are standardized and 

unitless, enabling comparisons between sexes, and across studies (Krakauer et al. 2011). 

However, I and Is cannot be calculated in a way that accounts for size effects—if there are 

underlying associations between size and reproductive and mating success, values of I and Is 

might be subject to a positive bias if there is variation in plant size. Moreover, these two 

measures can—at least in principle— provide misleading inferences regarding the strength of 

sexual selection (Klug et al. 2010) and are most useful when reported alongside other measures 

of the strength of sexual selection (Willson 1994; Jones & Ratterman 2009; Krakauer et al. 

.2011; Jennions et al. 2012). 

We estimated I and Is by first dividing the variance of reproductive and mating success by 

their respective squared means for each sex (for the dioecious population: Im and If, and Ism 

and Isf ) or sex function (for the monoecious population: Imm and Iff, and Ismm and Isff ). Binomial 

errors were calculated for Is to account for an extra binomial error that can arise from 
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sampling effects (Janicke et al. 2016). Sex differences in the opportunity of selection (I) and 

sexual selection (Is) were calculated as Im – If and Ism – Isf for the dioecious population; Imm – Iff 

and Ismm – Isff for the monoecious population (Jones & Ratterman 2009). 

Bateman gradients were calculated using residual regression to control for the effects of 

ramet and genet size. We first calculated least-squares multiple regressions of mating and 

reproductive success as functions of genet size (number of flowering ramets per MLL) and ramet 

size (average mid-vein length per ramet per MLL). In these models, relative mating success or 

relative reproductive success were the dependent variables, and ramet size and log10(genet 

size) were the independent variables (genet size was log-transformed to account for right-skew in 

the data). Bateman gradients were then calculated separately for each sex (or sex function; 7.1 

Appendix: Bateman gradients calculated using residual regression) as the slope of the least-

squares regression of standardized residual reproductive success on standardized residual mating 

success as follows: 

𝑅𝑆/.0!1
" = 𝛼 + 𝛽"𝑀𝑆/.0!1

" + 𝜀	

𝑅𝑆/.0!1' = 𝛼 + 𝛽'𝑀𝑆/.0!1' + 𝜀 

The slope of each regression was then the sex-specific Bateman gradient (βf and βm for the 

dioecious population; βff and βmm for the monoecious population) that describes how variation in 

mating success contributed to reproductive success and ε is an (non-constant) error term. For 

each population, the sex difference in sexual selection (Δβss) was calculated using separate least-

squares multiple regression models that included a (residual) mating success × sex interaction 

term, where Δβss corresponds to the slope coefficient for the interaction term. Combined with 

significant values of βm or βf, values of Δβss indicate whether sexual selection is stronger in one 

sex (or sex function) than the other (Krakauer et al. 2011). All regression analyses were 
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calculated using the lm function in R (R Core Team, 2022). We present alternative analyses that 

accounted for variation in plant size (multiple regression (Freckleton 2002)) or that involved 

subsampling of equal-sized MLLs via bootstrapping in the appendix. Finally, we also estimated 

Bateman gradients without accounting for variation in plant size and contrast the findings with 

those from residual regression (7.1 Appendix: Bateman gradients uncorrected for plant size). 

In monoecious populations, reproductive success via one sex function might be affected 

by mating events that involve the other sex function. For example, if the presence of female sex 

organs reduces pollen export, reproductive success via male function may be positively 

associated with mating success through male function but negatively associated with mating 

success via female function (Barrett 2002). For this reason, cross-sex effects should be 

considered when estimating Bateman gradients in populations of hermaphrodites (Anthes et al. 

2015). However, we recovered an insufficient number of hermaphrodites that were inferred to 

have been both sires and mares to calculate these cross-sex effects (n = 4 MLLs). Despite this, 

we expect these cross-sex effects to be minimal for monoecious S. latifolia—hermaphrodites in 

monoecious populations of S. latifolia are synchronously protogynous with unisexual flowers, 

meaning that at any point in time hermaphroditic ramets are functionally dioecious. 

 

2.4 Results 
2.4.1 Flowering and genet size 
 

Out of the 140 MLLs in the monoecious population, the vast majority were small, with 

90% comprising a single flowering ramet. The largest MLL was composed of 14 flowering 

ramets. In the dioecious population, where 110 MLLs were detected, genets were also skewed 

towards smaller sizes and 87% of MLLs were composed of a single flowering ramet. However, 

the largest MLLs were bigger in the dioecious populations than in the monoecious population, 



 25 

with one MLL having a total of 28 flowering ramets. There were 14 multi-ramet genets in both 

the monoecious and dioecious populations (7.1 Appendix: figure A7.1.2). 

In the monoecious population, the average numbers of open female and male flowers per 

day were approximately equal (mean daily floral sex ratio = 0.52 ± 0.03 SE, calculated as 

proportion of males/total number of male and female flowers; figure 2.1a), but in the dioecious 

population there were, on average, more open male flowers than female flowers (mean daily 

floral sex ratio = 0.60 ± 0.03 SE; figure 2.1b). In the monoecious population more ramets 

flowered in male-phase than in female-phase per day (mean daily proportion male-phase ramets 

= 0.69 ± 0.03 SE, calculated as the proportion of male-phase ramets versus total flowering 

ramets per day; figure 2.1a). The same was true in the dioecious population where more male 

than female ramets flowered each day (mean daily proportion male ramets = 0.75 ± 0.03 SE; 

figure 2.1b).  

2.4.2 Size effects on mating and reproduction 
 

In both populations, larger genets produced more flowers (7.1 Appendix:  table A7.1.2 

and figure A7.1.3) and unsurprisingly, had greater mating and reproductive success (Appendix 

7.1, table A7.1.6). In the monoecious population, genet size was positively associated with 

mating and reproductive success for both female and male function (multiple linear regression: 

female function MS = 0.32 + (1.49 × genet size) + (0.03 × ramet size), F2,22 = 7.30, p < 0.01, R2
 = 

0.34; female function RS = 0.10 + (4.01 × genet size) + (0.03 × ramet size), F2,22 = 26.20, p <0.01, 

R2
 = 0.68; male function MS =0.95 + (7.36 × genet size) – (0.02 × ramet size), F2,15 = 78.21, p ≤ 

0.001, R2= 0.90; male function RS = 1.11 + (8.75 × genet size) – (0.03 × ramet size), F2,15 =37.39, 

p < 0.001, R2
 = 0.81; Appendix 7.1, table A7.1.6). Patterns were the same in the dioecious 

population, where the association between genet size and mating and reproductive success was 
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positive for both sexes (multiple linear regression: female MS= 0.80 + (1.20 × genet size) + 

(0.003 × ramet size), F2,13 = 12.19, p < 0.01, R2
 = 0.60; female RS = −0.41 + (3.80 × genet size) + 

(0.06 × ramet size), F2,13 = 142.10, p < 0.001, R2
 = 0.95; male MS = −0.13 + (1.38 × genet size) + 

(0.06 × ramet size), F2,6=6.67, p = 0.03, R2
 = 0.59; male RS = −0.05 + (1.15 × genet size) + (0.05 

× ramet size), F2,6 = 4.50, p = 0.06, R2
 = 0.47; 2.11 Appendix 7.1, table A7.1.6). 

2.4.3 Promiscuity and the opportunity for sexual selection 
 

Mating was highly promiscuous in both populations, particularly via male function. In the 

monoecious population, MLLs had nearly twice the mate diversity via their male function (Mmm 

= 0.52 ± 0.09 SE) than via their female function (Mff = 0.27 ± 0.03 SE). The same was true in the 

dioecious population, where males had an average mate diversity of Mm = 0.40 (± 0.05 SE), 

compared to Mf = 0.22 (± 0.03 SE) for females. High levels of promiscuity were associated with 

substantial variance in mating and reproductive success in both populations. 

In the monoecious population, the variance in RS was more than three times greater for 

male function (Imm = 3.12 ± 0.03 SE) than for female function (Iff = 0.93 ± 0.04 SE), yielding a 

greater opportunity for selection via male function (ΔI = 2.19; table 2.1). Similarly, the 

opportunity for sexual selection was more than seven times greater for male function (Ismm = 1.93 

± 0.03 SE) than for female function (Isff = 0.26 ± 0.04 SE), leading to a positive value of ΔIs 

(1.67; table 2.1). By contrast, in the dioecious population, the opportunity for selection was 

greater for females (If = 1.84 ± 0.09 SE) than for males (Im = 0.57 ± 0.04 SE), yielding a negative 

value of ΔI (−1.27). However, the opportunity for sexual selection was greater in males (Ism = 

0.69 ± 0.04 SE) than in females (Isf = 0.26 ± 0.09 SE), leading to a positive value of ΔIs (0.43). 

2.4.4 Bateman gradients 
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In the monoecious population, there was a significant, positive association between 

mating and reproductive success for male function (βmm = 1.02 ± 0.35 SE; table 2.1, figure 2.2a;  

7.1 Appendix: table A7.1.8). For female function, this association was weaker and non-

significant (βff = 0.42 ± 0.26 SE). As a result, the sex difference in Bateman gradients was 

positive in the monoecious population (Δβss = 0.60 ± 0.42 SE; 7.1 Appendix: table A7.1.9). 

Patterns of sexual selection were similar in the dioecious population, where there was a 

significant positive gradient for males (βm = 0.95 ± 0.15 SE) and a weaker, non-significant 

gradient for females (βf = 0.20 ± 0.25 SE; table 2.1, figure 2.2b; 7.1 Appendix: table A7.1.8). 

These sex-specific values of the Bateman gradient yielded a positive value of the sex difference 

in Bateman gradients in the dioecious population (Δβss = 0.76 ± 0.30 SE; table 2.1). Alternative 

calculations of Bateman gradients that accounted for variation in plant size (multiple regression 

and bootstrapping) yielded qualitatively similar results, with evidence for stronger sexual 

selection in males (or male function) than in females (or female function; 7.1 Appendix:). By 

contrast, calculations of Bateman gradients that did not account for variation in plant size yielded 

larger values of β for female function than for male function (monoecious population: βff = 1.20 

± 0.30 SE, βmm =1.17 ± 0.10 SE; dioecious population: βf = 2.16 ± 0.42 SE, βm = 0.88 ± 0.09 SE; 

7.1 Appendix: table A7.1.3) leading to negative values of Δβss in both populations 

(monoecious population: Δβss = −0.03 ± 0.30 SE; dioecious population: Δβss = −1.28 ± 0.45 SE; 

7.1 Appendix: table A7.1.4). 

 

2.5 Discussion 
 

Our data reveal strong sexual selection operating on male function in natural populations 

of S. latifolia. Patterns of sexual selection were similar in the monoecious and dioecious 
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populations studied here and might reflect the fact that—at the inflorescence level—plants in 

monoecious populations are temporally unisexual, limiting the kinds of interference that might 

otherwise restrict the magnitude of sexual selection in hermaphrodites. Our analysis indicated 

that sexual selection did not operate on female function in either population. However, total 

mating and reproductive success were size dependent, with similar patterns of size dependency 

for both female and male function in each population. On one hand, these patterns underscore the 

size dependency of instantaneous measures of fitness in modular organisms (Primack & Kand 

1989). On the other, because size variation in natural populations is probably driven by non-

heritable differences in plant age and local growing conditions (Geber & Griffen 2003), these 

data also highlight the insights that can be gained by accounting for variation in plant size when 

considering forms of selection that affect one phase of the life cycle. Below, we discuss our 

findings and interpretations in more detail and consider their implications for life-history 

evolution in S. latifolia. 

In the two natural populations of S. latifolia studied here, sexual selection occurred via 

male but not female function. Similar patterns have been observed for dioecious Mercurialis 

annua (Tonnabel et al. 2019) and are consistent with the results of studies of selection on floral 

traits that might affect mating success via male function in plants (e.g. selection on anther 

dimorphism (Thompson 2001; Zhou et al. 2020) or petal size (Stanton & Preston 1988; Zhou et 

al. 2020). Indeed, a previous study involving mating arrays of S. latifolia found evidence for 

sexual selection on male function that operated via variation in floral display size (the number 

and size of open flowers (Dorken & Perry 2017)). In general, pollinators prefer to visit larger 

floral displays (Fritz & Nilsson 1996; Harder & Barrett 1996; Kudo & Harder 2005), but for 

members of the genus Sagittaria, which is characterized by plants with unisexual flowers, a 
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positive association between display size and pollinator visitation appears to apply to male but 

not female sex functions (Glaettli & Barrett 2008) (and see Muenchow & Deladalle 1994)). For 

female function, the association between display size and pollinator visitation is weaker, and 

females in dioecious populations are not mate (pollen)-limited (Glaettli & Barrett 2008), 

indicating that any associations between display size and reproductive success are driven by 

resource—instead of mate-limitation. Moreover, for congeneric Sagittaria trifolia, greater 

pollinator visitation is associated with increased pollen removal from male flowers but 

independent of pollen receipt by female flowers (Huang et al. 2006). Together, these patterns of 

pollinator visitation provide a mechanistic explanation for the operation of sexual selection in S. 

latifolia, with variation in floral display size driving variation in mating success for males (and 

male function in monoecious populations) but not females (and female function in monoecious 

populations). 

Using non-size-corrected data would have yielded steeper Bateman gradients for female 

than for male function in both populations and negative Δβss values, a result that would have 

been consistent with sexual selection on female function. Indeed, our estimates of If, the 

magnitude of the opportunity for selection via female function, were comparable to those from a 

study reporting sexual selection on the female function of hermaphroditic Passiflora incarnata 

(Dai & Galloway 2013). However, in both this study and the study of Passiflora, size was a 

major predictor of total reproductive success via female function. For the Passiflora study, size 

variation was driven by the application of different levels of a nutrient fertilizer treatment. For S. 

latifolia, size variation is expected to emerge via differences in clone age (Holt et al. 2020) and 

local growing conditions (Dorken et al. 2002). Variation resulting from differences in age and 

local conditions are largely non-heritable (Samson & Werk 1986) and the need to correct for 
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plant size when measuring selection on reproductive traits has been recognized in previous 

studies (Morgan & Schoen 1997). 

Our estimates of Bateman gradients in monoecious and dioecious populations indicated 

that sexual selection operated similarly in both populations. The magnitude of sexual selection 

can depend on the extent to which sex roles are separated during mating (Arnold 1994; Anthes et 

al. 2015). When mating via female and male function occurs simultaneously, mating success for 

male and female sex functions may covary. As a result, any cross-sex effects that arise from that 

covariance weaken the sex-specific dependence of reproductive success on mating success, 

reducing the scope for sexual selection to operate on mating success via male roles without also 

affecting mating success via female roles (and vice versa). For example, the freshwater snail 

Biomphalaria glabrata typically engages in reciprocal mating via the alternation of sex roles 

during mating encounters, and the estimation of cross-sex effects indicates that selection on 

mating success is sexually mutualistic (mating benefits both sex roles; (Anthes et al. 2015)). As a 

result, reproductive success via male function depends not only on the mating success of snails 

via their male function, but also on their mating success via female function (Anthes et al. 2015). 

Conversely, for hermaphroditic organisms that deploy their sex functions at different times (e.g. 

individuals are temporally unisexual), mating via male and female roles involves separate (and at 

least partly independent) mating events, reducing the magnitude of cross-sex effects (Pélissié et 

al. 2012; Anthes et al. 2015). This is the case for S. latifolia—inflorescences are functionally 

unisexual when they are visited by pollinators. Thus, there should be reduced the scope for 

covariance in mating success between sex roles, something that could be confirmed in a study 

focused on estimating cross-sex effects in monoecious S. latifolia. 
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The magnitude of sexual selection is influenced by the amount of time each sex is 

available for mating, in part via effects on operational sex ratios (Kokko et al. 2012). All else 

being equal, selection on the frequency of mating events is stronger on the sex that spends less 

time out of the mating pool (i.e. the sex with the shorter ‘dry’ time (Kokko et al. 2012)). For 

dioecious S. latifolia, males produce more flowers and open those flowers more gradually than 

females (Perry & Dorken 2011), yielding strongly male-biased operational (floral) sex ratios 

during peak flowering (Perry & Dorken 2011, this study) and a shorter ‘dry time’ for males 

compared to females. Short dry times for males should be associated with selection for high 

mating frequency (i.e. a positive Bateman gradient (Kokko et al. 2012)) and favour plants with 

greater investment in traits that promote mating success via male function (Kokko et al. 2012). 

Flower size is strongly sexually dimorphic in dioecious populations of S. latifolia, and there is a 

positive association between pollinator visitation and the degree of flower size dimorphism 

between females and males (Glaettli & Barrett. 2008). Total floral display size (the number and 

size of flowers) has previously been shown to be subject to sexual selection in mating arrays 

comprised of male and hermaphrodite plants (Dorken & Perry 2017). Our study of a natural 

population of dioecious S. latifolia complements these previous findings by revealing a positive 

Bateman gradient for males. 

Floral sex ratios were less strongly biased in the monoecious population studied here—

they were nearly 50:50—but does this mean that sexual selection should necessarily be a weaker 

force in monoecious than in dioecious populations of S. latifolia where floral sex ratios were 

male-biased? As long as male fitness is solely determined by mating rate, the answer should be 

‘no’ (Kokko et al. 2012). Two features of S. latifolia should make mating rate the primary driver 

of fitness via male function, in spite of unbiased floral sex ratios. First, and most obviously, the 
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positive Bateman gradient in the monoecious population studied here indicates that mating 

success drives reproductive fitness through male function. Second, life-history trade-offs arising 

from investment in male function appear to be weaker than those for the investment in female 

function (Van Drunen & Dorken 2012). In particular, whether there are any negative fitness 

consequences for the production of male flowers may be context-dependent (Wright & Dorken 

2014). Investment in female function by S. latifolia plants has strong and direct consequences for 

plant (clonal) growth and survival (Dorken & Barrett 2004). Although there appear to be some 

costs associated with the production of male flowers (via reductions in total plant nitrogen 

content (Van Drunen & Dorken 2012)), in natural populations, these costs do not appear to 

directly affect measures of plant growth (including total size (Dorken & Barrett 2004)), perhaps 

because the costs associated with male investment can be recovered more easily than those 

associated with female investment, at least in some environments (Wright & Dorken 2014). 

Together, a positive Bateman gradient and weaker life-history trade-offs for male function should 

favour selection on traits that increase male mating success. 

Measurements of the magnitude of sexual selection in natural populations of plants are 

rare—certainly in comparison with the numbers of studies of animal populations. Here we found 

a positive association between mating and reproductive success for males in a dioecious 

population and for the male function of hermaphrodites in a monoecious population of S. 

latifolia. By contrast, and after accounting for the effects of plant size on fecundity, mating 

success was not associated with reproductive success for female function. Accordingly, sexual 

selection appeared to operate on male but not female function in the two populations studied 

here. Should similar results also apply to other plants? In general, the answer seems to be ‘yes’ 
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(Arnold 1994; Willson 1994; Skogsmyr & Lankinen 2002; Moore & Pannell 2011), but whether 

that answer applies to any particular plant species depends on the processes generating variation 

in mating success. For S. latifolia, there is not only considerable variance in mating success; 

there is also a positive, linear association between investment in male function and siring success 

(Perry & Dorken 2011; Dorken & Perry 2017). However, this kind of association is not thought 

to apply to most plants, which are usually considered to be subject to a decelerating association 

between investment in male function and reproductive fitness (i.e. there is a saturating male gain 

curve (Skogsmyr & Lankinen 2002; Zhang 2006)). Specifically, increased investment in pollen 

production is not expected to yield commensurate increases to mating or reproductive success, in 

part because plant immobility and localized pollinator foraging should generally result in 

diminishing returns on investment in male function via local mate competition (Charnov 1979). 

Indeed, local mate competition is expected to have strong effects on the strength of sexual 

selection (Lehtonen 2022; Henshaw et al. 2022). Moreover, many plants are thought to be pollen 

limited (Knight et al. 2005), which could lead to sexual selection on female function via positive 

associations between mating and reproductive success (Dai & Galloway 2013). Thus, although 

sexual selection can operate in plant populations, many more studies from natural populations 

will be required before any general statements about the importance of sexual selection in plants 

can be made. 
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2.7 Tables 
 
Table 2.1: Sexual selection metrics for female-function MLLs (n = 25) and male function MLLS 

(n = 18) in a monoecious population and for female MLLs (n = 16) and male MLLs (n = 9) in a 

dioecious population of Sagittaria latifolia.  

 I (SE)  Is (SE)  ß (SE) 
Monoecious    
Female function 0.93 (0.04)  0.26 (0.04) 0.42 (0.26) 
Male function 3.12 (0.03)  1.93 (0.03)  1.02 (0.35)  
  ∆ (male – female) 2.19 1.67  0.60 (0.42) 
Dioecious    
Female 1.84 (0.09)  0.26 (0.09)  0.20 (0.25)  
Male 0.57 (0.04)  0.69 (0.04)  0.95 (0.15)  
  ∆ (male – female) -1.27 0.43 0.75 (0.30) 
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2.8 Figures 
 

 
Figure 2.1. Daily ramet and floral sex ratios in a monoecious and a dioecious population of 

Sagittaria latifolia. Daily ramet sex ratios are indicated by height of the segments in each bar 

(lower segment, male; upper segment, female). (a) In the monoecious population, ramet sex 

ratios reflect the proportion of ramets with open male or open female flowers. (b) In the 

dioecious population, genet sex ratios reflect the proportion of male versus female ramets 

flowering on that day. Floral sex ratios (number of open male flowers divided by the total 

number of open flowers per day) are indicated by the location of the black circle within each bar. 

Numbers above each bar indicate the number of ramets with open flowers per day and numbers 

in the bars represent the number of open flowers per day. 
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Figure 2.2. Bateman gradients estimated using residual regression in a monoecious and a 

dioecious population of Sagittaria latifolia. Residuals were calculated from the multiple 

regression of the number of ramets and the average size of each ramet (measured as average mid-

vein length) per MLL onto reproductive success and mating success per MLL via its female or 

male function. Fitted Bateman gradients are shown for female (solid red lines) and male (dashed 

blue lines) function in each population. Dots represent the residual reproductive success and 

residual mating success for each MLL per population (using circles for female function and 

triangles for male function). (a) In the monoecious population, these values represent the residual 

reproductive and mating success of MLLs via their female and their male sex functions. (b) In 

the dioecious population, these values are the residual reproductive and mating success of female 

or male MLLs.  
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3.CHAPTER3. MALE REPRODUCTIVE SUCCESS IS NOT STRONGLY AFFECTED 
BY PHENOLOGICAL CHANGES IN MATE AVAILABILITY IN MONOECIOUS 
SAGITTARIA LATIFOLIA  
 
 

 

A version of this chapter has been published: 

 

Kwok, A., Stephens, S. and Dorken, M.E. 2023. Male reproductive success is not strongly 

affected by phenological changes in mate availability in monoecious Sagittaria latifolia. Royal 

Society Open Science 10: 231117 
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3.1 Abstract 
 
Many plants express their female and male sex roles at different times (dichogamy), with 

important consequences for mating. Dichogamy can yield mate limitation via biased floral sex 

ratios, particularly at the beginning and end of the flowering season when many plants 

simultaneously function as the same sex. This form of mate limitation should be reduced if plants 

adjust their allocations to female versus male sex functions in a manner that tracks seasonal 

variability in mating opportunities. For example, under protogyny (i.e. dichogamy with female 

function expressed first) plants with male-biased sex expression should have enhanced mating 

opportunities early in the flowering season as other plants begin to flower (in female sex phase). 

We quantified seasonal changes in sex allocation, patterns of mate availability and realized siring 

success in a population of protogynous Sagittaria latifolia. Our results were consistent with 

previous findings that seasonal changes in sex allocation should compensate for lost mating 

opportunities under the temporally variable mating environments caused by dichogamy. 

However, patterns of siring success in the population were inconsistent with this interpretation. 

We suggest that realized siring success might depend more strongly on spatial than on temporal 

aspects of mate availability. 

 

Keywords: dichogamy, flowering phenology, mating environment hypothesis, monoecy, sex 

allocation, protogyny 
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3.2 Introduction 

The timing of life-history events has important consequences for organismal fitness via 

effects on reproduction, survival and growth. For plants, flowering time affects fitness via effects 

on mate availability (Brunet & Charlesworth 1995). However, there are important constraints on 

the timing of flowering (Kochmer &Handel 1986; Davies et al. 2013), and in particular the 

timing that floral organs associated with female function (i.e. the gynoecium) versus those 

associated with male function (the androecium) are actively engaged in reproduction. On one 

hand, and all else being equal, mass flowering should maximize mate availability. On the other 

hand, because most plants are hermaphroditic, mass flowering can have negative consequences 

for mate acquisition from the repeated transfer of pollen grains among flowers of the same plant 

(i.e. geitonogamy), deleteriously affecting reproductive fitness via the female and male functions 

of plants (Lloyd 1992). For example, in mass flowering Rhododendron ferrugineum outcrossing 

was determined by the local availability of mates, with high selfing rates when pollinators 

transferred self pollen within patches of low mate availability (Delmas et al. 2015). 

Many plants can avoid the negative consequences of self pollen transfer between flowers 

via the temporal segregation of their female and male function (i.e. dichogamy). Dichogamy 

separates the timing of pollen export and pollen receipt, thereby reducing self-interference within 

flowers (e.g. reduced pollen export and/or increased self-fertilization via the presentation of 

pollen and receptive stigmas in the same flower at the same time; Lloyd & Webb 1986) and 

reducing geitonogamous pollen transfer (e.g. by reducing the frequency that pollinators move 

between flowers in complementary sex phases Harder et al. 2000). This reduction in 

geitonogamous pollen transfer is expected whether dichogamy is synchronous (no temporal 

overlap in the expression of female and male sex functions within plants) or asynchronous (some 
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temporal overlap in the expression of sex functions) (Harder et al. 2000). The reduction in self 

interference from dichogamy can improve the efficiency of pollen export with fitness benefits to 

plants via their male function (i.e. as pollen donors; Routley & Husband 2003). There are two 

main classes of dichogamy: protandry (male function is expressed before female function) and 

protogyny (female function is expressed before male function). Dichogamy is a widespread 

feature of outcrossing angiosperms and appears to occur in most species (Bertin & Newman 

1993). 

The positive effects of dichogamy on mating are counterbalanced by skewed floral sex 

ratios that limit mate availability (Sargent et al. 2006). Under protogyny, the first plants to flower 

may be pollen limited if most other plants are also expressing the female sex phase. Similarly, 

the last plants to flower are also expected to be mate limited—in this case by the frequency of 

plants expressing male sex phase. However, these negative effects of mate limitation under 

dichogamy should be mitigated if plants adjust their sex allocations across the flowering period 

such that (gametophytic) sex ratios are re-balanced (Brunet & Charlesworth 1995). For example, 

plants in protogynous populations with increased allocations to male function early in the 

flowering period (and decreased allocations to male function towards the end of the flowering 

period) have greater mating opportunities than plants that do not adjust their sex allocations 

(figure 3.1). These enhanced mating opportunities arise because biased floral sex ratios under 

dichogamy favour plants that express the minority sex. Accordingly, adjustments of sex 

allocation towards the minority sex at any time in the season are expected to enhance mating 

success via a plant’s female and/or male sex functions (Brunet & Charlesworth 1995). 

That plants might adapt to temporal changes in floral sex ratios via evolutionary 

adjustments to floral sex allocations in early- versus late-developing flowers is referred to as the 
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mating environment hypothesis (Huang et al. 2004). Empirical support for the mating 

environment hypothesis exists in the form of evidence that the female function of plants (e.g. 

fruit set) in protandrous populations (Brookes & Jesson 2010), but whether benefits also accrue 

to male function via enhanced siring has not been demonstrated empirically. There is therefore a 

gap in the testing of the mating environment hypothesis, which is built around the idea that 

adjustments to floral sex allocations over time in dichogamous plants yield enhanced pollen 

transfer probabilities (Brunet & Charlesworth 1995). 

Here, we test the hypothesis that variation in patterns of sex allocation over the duration 

of the flowering season affect reproductive success via male function (i.e. siring success) in 

protogynous Sagittaria latifolia. Flowers of S. latifolia are unisexual and in monoecious 

populations inflorescences produce a combination of female and male flowers (Dorken et al. 

2002). Flowers open for a single day and inflorescences are synchronously protogynous—female 

flowers occupying basal positions of the inflorescence open first and after female phase is over 

male flowers begin to open. As a result, on a given day, inflorescences are functionally 

unisexual. Because of monoecy, adjustments to sex allocation occur at the inflorescence level—a 

given number of male flowers, plants can increase or decrease their sex allocation via 

adjustments to the production of female flowers (or vice versa Sarkissian et al. 2001, Dorken & 

Barrett 2003). If protogyny affects the availability of female flowers for outcross-pollen transfer, 

we expected (1) that opportunities for siring will change over the flowering season. In particular, 

these opportunities should decline towards the end of the season as fewer new inflorescences 

begin to flower (and therefore no new female flowers become available). We further expected 

(2) that plants adjust their sex allocations to reflect these changes in the availability of female 

flowers, with greater allocations to male flower production early in the season when there are 
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many open female flowers. Finally, we expected (3) that the joint effects of changes in siring 

opportunities over the season and changes to floral sex allocations affected patterns of siring. In 

particular, we expected that pollen-transfer probabilities—estimated from temporal changes in 

the availability of mating partners and competition for mating events (Brunet & Charlesworth 

1995)—were positively associated with siring success. To evaluate these expectations, we 

tracked flowering phenology and inflorescence-level sex allocations over an entire flowering 

season to calculate pollen-transfer probabilities and conducted parentage analysis to estimate 

siring success via male function. 

 

3.3 Methods 
3.3.1 Study species 
 

Sagittaria latifolia Willd. is an emergent clonal aquatic plant, commonly found in 

wetland habitats across North America. Daughter ramets are produced at the ends of stolons 

during the growing season and can be vegetative or reproductive (Dorken & Barrett 2003). 

Corms are produced at the end of stolons and are the perennating structures (Van Drunen & 

Dorken 2012). Across the species range, populations of S. latifolia can be either dioecious or 

monoecious (Wooten 1971). In monoecious populations of S. latifolia, flowers are produced on 

racemes with three flowers at each node. Female flowers occupy basal nodes and male flowers 

occupy distal nodes. Flowers open basipetally, both female and male flowers remain open for a 

single day, and nodes with male flowers mature later than nodes with female flowers, resulting in 

inflorescences that are synchronously protogynous (Dorken & Barrett 2003). Female flowers 

tend to open simultaneously, while the opening of male flowers is staggered (Delesalle & 

Muenchow 1992). Male flowers tend to be larger, while female floral displays are larger (Glaettli 

& Barrett 2008). Flowering in S. latifolia in southern Ontario occurs from late June through to 
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mid-September and flowers are pollinated by a variety of pollinators, including solitary and 

social bees, wasps, flies, beetles and lepidopterans, that forage for both pollen and nectar 

(Glaettli & Barrett 2008). Larger flower size and floral display size have been shown to 

positively affect pollinator visitation (Glaettli & Barrett 2008). Plants are fully self-compatible 

(Dorken et al. 2002; Dorken & Barrett 2004), but temporal separation of female and male 

flowers makes self-fertilization within a ramet unlikely (Dorken et al. 2002, Stephens et al. 

2020). However, because of clonality, selfing between flowering ramets of the same genet can 

occur, and selfing rates in monoecious populations can vary substantially (range in selfing rates 

across six monoecious populations: 0.13–0.63 (Dorken et al. 2002)). 

3.3.2. Study site and phenological sampling 
 

To examine flowering phenology and sex allocation in S. latifolia, a monoecious 

population in Peterborough, ON (44° 200 N, 78° 180 W) was visited daily for the duration of the 

flowering season (between 18 July 2013 and 28 August 2013). The study site was in a shallow 

part of Thompson Creek in Meadowvale Park, Peterborough Ontario, covering approximately 25 

× 60 m, and separated from other populations of S. latifolia by at least 100 m. Flowering ramets 

were distributed throughout the site, with some ramets grouped in patches and others more 

spatially isolated. The phenological data were collected from the same population as in Stephens 

et al. (2020) and Holt et al. (2020). Each day, newly-opened inflorescences were tagged, and 

flowering dates were recorded for a total of 943 flowering ramets. The numbers of female and 

male flowers open on each ramet were also recorded. A sample of leaf tissue from the youngest 

leaf of each flowering ramet was collected in labelled coin envelopes and dried using Sorbead 

silica beads (eCompressedair, OK, USA). Once dry, the leaf tissue was stored at −20°C . 

Developing fruits in the population were monitored and collected as they matured. A total of 757 
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fruits were collected from 220 ramets (average = 2.7 fruits collected per ramet). Our goal was to 

sample one seed per fruit for paternity analysis, however, not all fruits were fully mature at the 

time of collection, and we were therefore unable to extract viable DNA from all samples; in the 

end 358 seeds from 154 ramets were used for genetic analyses. 

3.3.3 DNA extraction and SSR genotyping 
 

We assigned ramets to genets and sires to seeds so that variation in realized siring success 

could be assessed at the whole-plant (genet) level. These procedures are outlined in detail in 

Stephens et al. (2020). Briefly, genomic DNA extraction for genet assignment involved 

approximately 5 mg of dried leaf tissue, homogenized using a MM 300 Retsch mixer mill (Haan, 

Germany). DNA was extracted using the E.Z.N.A. Plant Extraction kit (Omega Bio-Tek Inc, 

GA, USA) and eluted to a final volume of 100 μl. To extract seed DNA, seeds were soaked in 

distilled water for 24 h, after which they were separated from the surrounding fruit tissues and 

the seed coat. Seed DNA was extracted using the QuickExtract Plant Seed DNA Extraction 

Solution (Lucigen, Madison WI) following the manufacturer’s protocol, and eluted to a final 

volume of 50 μl.  

Samples were genotyped at seven microsatellite loci (SL06, SL09, SL21, SL30, SL74, 

SL75 and SL88; Yakimowski et al. 2009). Fluorescent labels FAM (SL06, SL27, SL30, SL74 

and SL75) and HEX (SL21, SL09 and SL88) were applied to the forward primers. Polymerase 

Chain Reaction (PCR) amplifications were performed as either singleplexes (SL06, SL27 and 

SL75) or as multiplexes (SL09/SL74/SL88; SL21/SL30). The singleplexes were performed in a 

total reaction volume of 10 μl including approximately 10 ng of DNA, 1 × PCR buffer, 2 mM 

MgCL2, 0.15 mM of dNTPs, 0.3 mg ml−1 BSA, 0.2 μM of each forward and reverse primer, 0.5 

U/reaction of Taq DNA polymerase (Invitrogen, Waltham, MA, USA) and additional ddH2O. 
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The singleplex PCR conditions consisted of initial denaturation step of 94°C for 3 min; 30 cycles 

of 94°C for 30 s, 60°C for 30 s, and 72°C for 45 s; and a final extension of 72°C for 45 min. 

Multiplex reactions were conducted in total reaction volumes of 10 μl. Each 10 ul SL21/30 

reaction included approximately 10 mg of DNA, 1 × PCR buffer, 1.3 mM of MgCl2, 0.3 mM of 

DNTPs, 1 mg ml−1 BSA, 0.1 μM each of SL21 forward and reverse primers, 0.19 μM each of 

SL30 forward and reverse primers, 0.5 U GoTaqFlexi DNA polymerase (Promega, Madison, WI, 

USA) and additional ddH2O. For the SL09/74/88 multiplex, the reaction volume of 10 μl 

included 1 × PCR buffer, 1.6 mM MgCl2, 0.3 mM DNTPs, 1 mg ml−1 BSA, 0.2 μM each of 

SL88 forward and reverse primers, 0.1 μM each of SL09 forward and reverse primers, 0.16 μM 

each of SL74 forward and reverse primers, and 0.5 U GoTaqFlexi DNA polymerase (Promega, 

Madison, WI, USA) and additional ddH2O. The PCR conditions for the multiplex reactions were 

as follows: initial denaturation at 94°C for 2 min; 35 cycles of 94°C for 45 sec, annealing 

temperature of 57°C for Sl21/ 30; 56.5°C for Sl09/74/88 for 45 sec, 68°C for 45 sec; and a final 

extension of 68°C for 8 min. Each PCR included a negative control using ddH2O and 10% of 

samples were re-amplified to ensure consistency. Amplifications were carried out on a 

MasterCyclerepGradient thermocycler (Eppendorf, Hamburg, Germany). PCR products were 

screened using gel electrophoresis in a 1.5% agarose gel and 10% SYBRGreen (Sigma Aldrich, 

St. Louis, MO, USA) at 90 V; fluorescently labelled products were scored using an automated 

sequencer (Applied Biosystems 3730 DNA analyzer) with a ROX size standard (Applied 

Biosystems, Waltham, MA, USA) and analysed using GeneMarker (SoftGenetics, State College, 

PA, USA). 

3.3.4 Genet and paternity assignment 
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Using the SSR data we grouped ramets into multi-locus genotypes and then assigned 

them to clones (genets) using the RClone package (v. 1.0.1.1, Bailleul et al. 2016) in R (v. 3.4.4; 

R Core Team 2023) following procedures outlined in Holt et al. (2020) and Stephens et al. 

(2020). Ramets with multi-locus genotypes (MLGs) that differed by up to one allelic difference 

at any locus were grouped into multi-locus lineages (MLLs) using the MLG_list and 

MLL_generator2 functions from the RClone package (for additional details on MLL assignment, 

see Holt et al. 2020). This procedure yielded 210 MLGs, and 169 unique MLLs (for more details, 

see Stephens et al. 2020). Genets (MLL) comprised between 1 and 35 ramets. The majority of 

genets (40%) were made up of single ramets, with a few large genets. Assignment of paternity to 

one or more of these genets was conducted using a combination of Cervus (v. 3.0.7; Marshall et 

al. 1998) and COLONY2 (v. 2.0.6.5; Wang 2004; Jones & Wang 2010; Wang 2018). Paternity 

analysis was conducted using MLG assignments and these MLG-level assignments were then 

mapped to the corresponding MLL. To conduct the analysis, we used the full-likelihood method 

for determining the most likely full- and half-sib families using COLONY2. Runs in COLONY2 

were made with medium-length runs and with high-likelihood precision, incorporating per locus 

stochastic error rates that were determined by comparing expected and observed heterozygosity 

in parental genotypes per locus using Cervus. Ploidy was set as diploid and the mating system 

was set as polygamous for both males and females, without inbreeding (parental inbreeding 

coefficients in monoecious populations are low, ranging between 0 - 0.2 from a sample of six 

populations; Dorken et al. 2002). Because we knew the identity of the maternal parents for each 

seed, we specified maternal sibships for the analysis. Of the 358 seeds that were genotyped 312 

were assigned paternity to one or more MLGs. The seeds had siring probabilities ranging from 

0.01 to 0.94 (mean = 0.25 ± 0.22 SD), most seeds (72%) were assigned to sires with 95% or 
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greater confidence, with 24 seeds having siring probabilities with less than 10%. A total of 52 

MLLs were assigned as sires to one or more seeds. 

3.3.5 Male reproductive success 
 

The MLG assigned as the most probable paternal parent of a seed was treated as the sire 

and for any given seed the probability of paternity π was used to estimate total siring per MLL. 

These probabilities were summed across all the seeds assigned to that MLL as the paternal parent 

such that total reproductive success via male function RSm per MLL i was estimated as: 

𝑅𝑆!' =2𝜋!#$
#

 

where π is the probability that each genotyped seed j was sired by MLL i on pollination date k. 

Self-fertilized seeds were excluded from calculations of RSmi. 

3.3.6 Mating opportunities 
 

The calculation of pollen transfer probabilities (Brunet & Charlesworth 1995) yields a 

numerical description of opportunities for plants to obtain mates via their male function (see also 

Brunet 1996). Our approach involves a minor modification of the one taken by Brunet and 

Charlesworth (1995). In their study the focus was on the probability of pollen transfer for flowers 

occupying different positions in a sequence (and see Brookes & Jesson 2010). Here, the focus is 

on the probability of pollen transfer for ramets with male flowers that are open on a given day in 

the flowering period. We refer to the metric that describes opportunities for pollen transfer as the 

index of pollen transfer opportunity (the metric is not bound by 0 and 1). We estimated total 

relative pollen transfer opportunities per genet from matrices of female and male flower 

production per day for the ramets comprising a genet. We first calculated the daily fraction of 

open male flowers per ramet as: 
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𝑓#' =
𝑁#'

∑ 𝑁2'3
24#

, 

where Nmj corresponds with the total number of open male flowers on a ramet j and Nml 

corresponds with the number of open male flowers on the n other ramets on that day. To estimate 

the relative pollen transfer opportunity per ramet, we multiplied the fraction fm by the total 

number of female flowers (Nfi) open on the same day on all non-self ramets i (i.e. on all ramets 

other than those that were part of genet g): 

𝐾!# = 𝑓#⊆6' ×2𝑁!
"

3

!∉6

. 

Daily values of Kij were summed across all the j flowering ramets from the same genet g to 

estimate the per genet pollen transfer opportunity as: 𝐾6 = ∑ 𝐾!##∈6 . 

3.3.7 Seasonality of sex allocation 
 

Because S. latifolia is monoecious and inflorescences include a combination of female 

and male flowers, the smallest unit of organization at which sex allocation is expressed is the 

inflorescence. To examine whether patterns of allocation to male and female flowers varied over 

the flowering season, we calculated the proportion of male flowers per inflorescence (referred to 

here as the inflorescence sex ratio) (n = 298 inflorescences) and used this as the measure of sex 

allocation. We used a generalized additive mixed model (GAMM), as implemented by the 

gamm4 function from the gamm4 package (v 0.2-6 Wood & Scheipl 2020) in R (v. 4.3.1; R Core 

Team 2023). GAMM was chosen because we had no a priori expectation regarding linear versus 

nonlinear changes in sex allocation over time. The relaxed assumptions of linearity in GAMMs 

involve the calculation of nonlinear smoothing splines, enabling the estimation of linear or 

nonlinear associations between response and predictor variables (Zuur et al. 2009). A significant 
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parameter estimate for the smoothing function indicates that a nonlinear model provides a better 

fit. In the GAMM, inflorescence sex ratio (a composite variable of the number of female and 

male flowers) was the response variable and the date of first flowering per inflorescence was the 

predictor variable. The model was specified using a binomial error distribution and a logit link 

function. Because inflorescences and MLLs were sampled across multiple days, inflorescence 

and MLL were specified as random effects, with inflorescence nested within MLL. The default 

base function of thin plate regression spline was used to estimate the degree of smoothing 

because of the small number of predictor variables. 

3.3.8 Seasonal changes in mating opportunities. 
 

To evaluate seasonal changes in mating opportunities via the male function, we again 

used a GAMM. For this model, daily pollen transfer opportunity was the response variable and 

date was the independent variable and treated as a fixed effect. Because pollen transfer 

opportunities were calculated at the genet level (n = 123 genets) and repeated sampling of MLLs 

occurred over multiple dates, MLL was included as a random effect. The GAMM was specified 

using a Gaussian error distribution with an identity link function and calculated using the gamm4 

function from the gamm4 package in R. The gam.check function from the mgcv package (Wood 

2004) was used to ensure that this model and the one described in the previous paragraph 

(changes in infloresence-level sex ratios over time) were not over-fitted. For both GAMM 

models we examined whether the inclusion of a smoothing function improved model fit by 

comparing GAMM results with those from linear and generalized linear mixed-effects models 

with the same dependent and independent variables using the lmer functions from the lmerTest 

package (v 3.1-3 Kuznetsova et al. 2017) and glmer functions from the lme4 package (v 1.1-33 

Bates et al. 2015) in R and then compared AIC values between models (Quinn & Keough 2002). 
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In both cases, the smoothing term was associated with a significant parameter estimate and the 

GAMMs were assigned lower AIC values than the linear models. Accordingly, here we report 

the GAMM results and linear model results are reported in the Appendix (7.2 Appendix: tables 

A7.2.1. Sex allocation GLME and A7.2.2. Pollen transfer opportunity LME). 

3.3.9 Seasonal changes in mating opportunities and siring success 
 

To evaluate the prediction that siring success was positively associated with pollen 

transfer opportunity, we used a linear mixed-effects (LME) model using the lmer function, with 

siring success (n = 39 genets) as the dependent variable and pollen transfer opportunity and 

siring date as independent variables, each treated as fixed effects. The siring success data were 

right skewed with many near-zero values. Accordingly, siring success was log10-transformed. 

As with previous analyses, MLL was treated as a random effect. We used step-wise model 

selection to determine the effect of siring date and pollen transfer opportunity as separate 

predictors and together (Quinn & Keough 2002). 

 

3.3 Results 
3.3.1 Flowering phenology 
 

Flowering started on 18 July 2013 (Julian date = 199) and ended on 28 August 2013 (day 

240). Only eight inflorescences had open flowers over the first 12 days of the season. Starting 

August 3rd (day 215) a minimum of two different genets flowered each day with at least one 

genet in male phase and another in female phase until August 28th (day 239; i.e. mating events 

were continually possible over this period). Peak flowering, the day with the greatest number of 

open inflorescences, occurred on August 18th (day 230; figure 3.2 and see 7.2 Appendix: figure 

A7.2.1 Phenogram of sex allocation). Peak male phase (254 male flowers on 107 inflorescences 
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from 67 genets) occurred on August 18th (day 230), one day after peak female phase on August 

17th (day 229; 117 female flowers on 36 inflorescences from 25 genets). 

3.3.2 Sex allocation 
 

After August 3rd (day 215; i.e. during the period of continuous flowering), inflorescence-

level sex allocations tended to be male-biased (figure 3.3; 7.2 Appendix: figure A7.2.2 

Inflorescence sex allocation for full flowering season). By contrast, after peak flowering (August 

18th, day 230), inflorescences tended to be female-biased. This change in inflorescence-level sex 

allocations was associated with a significant nonlinear association between date and floral sex 

ratios (table 3.1 model A). The smoothing term of the nonlinear model was significant and the 

GAMM provided a better fit compared to the GLME model (7.2 Appendix: table A7.2.1 Sex 

allocation GLME). 

3.3.3 Pollen transfer opportunity 
 

In the first ten days of the flowering season there were so few flowering plants that pollen 

transfer opportunities were at or close to zero (7.2 Appendix: figure A7.2.3 Pollen transfer 

opportunity). After July 28th (day 219) pollen transfer opportunity values began to increase, with 

male-phase plants having the greatest opportunities for siring between Aug. 7th–18th (day 220 to 

230; figure 3.4). After August 18th, pollen transfer opportunities began to decrease, indicating 

declining siring opportunities towards the end of the season. These changes in pollen transfer 

opportunity over time were associated with a significant smoothing term for flowering date in the 

GAMM, indicating a nonlinear association between pollen transfer opportunity and date (table 

3.1 model B; cf. 7.2 Appendix: table A7.2.2. Pollen transfer opportunity LME). 
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3.3.4 Siring success 
 

Patterns of siring success did not vary over time (figure 3.5a) and the association between 

siring success and date was not significant (F1,96.13 = 1.03 × 10−2, p = 0.92, table 3.2 model A; 

figure 3.5a). There was also no relationship between siring success and pollen transfer 

opportunities (F1,100.03 = 1.41, p = 0.24; table 3.2 model B; figure 3.5b), contrary to our 

prediction that pollen transfer opportunities reflected realized opportunities for obtaining mates 

as a male parent. 

 

3.4 Discussion 
 

Changes in inflorescence-level sex allocations over the course of the flowering season 

coincided with changes in mating opportunities via male function, but not realized siring success 

in the population of studied here. Early and mid-season inflorescences were male-biased, but 

inflorescences became increasingly female-biased towards the end of the season. The timing of 

these changes in sex allocation in the population occurred in the manner expected under the 

mating environment hypothesis: when plants began to flower at the start of the season (in female 

phase), plants tended to have male-biased allocations. Similarly, towards the end of the season as 

fewer new plants began to flower, plants became increasingly female-biased in their allocations. 

These changes in sex allocation should have affected mating opportunities through male versus 

female function: siring opportunities (measured as pollen transfer opportunity) were highest 

during peak flowering, coinciding with the period over which allocations were most strongly 

male biased. In so far as we have demonstrated that patterns of sex allocation change in a manner 

that should increase siring opportunities, our data are consistent with the mating environment 

hypothesis and provide a similar degree of support as previous tests of the hypothesis (Brunet & 
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Charlesworth 1995; Huang et al. 2004; Brookes & Jesson 2010). However, pollen transfer 

opportunities were not clearly associated with realized patterns of siring success, and so this 

study fails to provide direct support for the mating environment hypothesis. Processes not 

accounted for in this study might have had stronger effects on variation in siring success than 

seasonal changes in inflorescence-level sex allocations, including (1) sexual selection (Kwok & 

Dorken 2022) and (2) spatially restricted pollen dispersal (Stephens et al. 2020). (3) Patterns of 

size-dependent sex allocation in S. latifolia also appear to be confounded with expectations from 

the mating environment hypothesis. Below we discuss how these alternative processes might 

have affected patterns of mating, obscuring the expected association between pollen transfer 

opportunities and siring success. 

3.4.1. Sexual selection 
 

The calculation of pollen transfer opportunities assumes that the transfer of pollen to 

female flowers is determined by a plant’s production of male flowers. However, this assumption 

is violated if opportunities for pollen transfer are unequal. At least two processes can generate 

such unequal patterns of pollen movement. The first of these is sexual selection, defined as non-

random variation in mating success (Kokko & Jennions 2008) and has been shown to operate in 

the population studied here (Kwok & Dorken 2022). Previous studies have implicated variation 

in floral-display size as a potential mechanism underlying sexual selection in S. latifolia Dorken 

& Perry 2017). For other plants, the contributions of individual flowers to fitness can decline on 

a per-flower basis, even if total siring is greater for larger compared to smaller inflorescences 

(Karon & Mitchell 2012). However, smaller per-flower contributions to siring success on larger 

inflorescences may be caused by the transfer of self-pollen within inflorescences (Dorken & 

Perry 2017)—something that is not possible under synchronous protogyny in S. latifolia. Indeed, 
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there appears to be a direct association between flower production and siring success (Perry & 

Dorken 2011). Perhaps as a result of this linear association between male flower production and 

siring success, individuals with large male floral displays might have sired a disproportionate 

number of seeds in our study, regardless of seasonal changes in mate availability. 

3.4.2 Spatially restricted pollen movement 
 

The second process generating non-random mating is spatially restricted pollen dispersal. 

Realized patterns of pollen transfer are determined not only by the proportions of flowers in 

female versus male phase but also by the distances between mating partners. Pollination tends to 

occur between near neighbours (Lvin & Kerster 1974; Fenster 1991; Karron et al. 1995) and to 

decline with distance (Carvalheiro et al. 2010). Indeed, distances between mates combined with 

overlap in flowering time determine patterns of realized mating (e.g. Echinacea angustifolia 

(Ison &Wagenius 2014)). However, the calculation of pollen transfer opportunities does not 

incorporate these spatial effects and might therefore miss an important aspect of mating in plants. 

Indeed, a previous study of S. latifolia found that realized patterns of pollen dispersal follows a 

negative exponential distribution, with mating subject to some degree of spatial restriction 

(Stephens et al. 2020). Studying the joint effects of phenology and spatial distributions may 

provide greater insight into realized mating opportunities in plants. 

3.4.3 Size-dependent sex allocation 
 

Sex allocation in plants can be strongly size-dependent and a variety of adaptive 

processes underlying patterns of size-dependent sex allocation have been proposed (Klinkhamer 

et al. 1997). These mechanisms include changes in the expression of reproductive trade-offs 

between female and male function for plants of different sizes (Lloyd & Bawa 1984; Mazer & 

Dawson 2001); and changes in the strength of local mate competition and/or local resource 
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competition (Klinkhamer et al. 1997; Lloyd & Bawa 1984) as plants increase in size. For 

monoecious populations of S. latifolia, larger ramets tend to produce more female flowers than 

smaller ramets (Sarkission et al. 2001). However, the production of male flowers tends to be 

independent of ramet size, resulting in female-biased allocations for larger ramets (Sarkissian et 

al. 2001). This pattern of size-dependent sex allocation in S. latifolia has been interpreted as a 

mechanism to prevent the over-production of pollen in large shoots that might otherwise result in 

increased geitonogamous selfing (Sarkissian et al. 2001). Although we cannot rule out the 

operation of these processes in the population studied here, patterns of size-dependent sex 

allocation in S. latifolia are also consistent with expectations under the mating environment 

hypothesis. In particular, synchronous protogyny should favour male-biased allocations early in 

the flowering season (when ramets are small) and female-biased allocations later in the season 

(as ramets increase in size). Indeed, because ramets increase in size over the flowering season, 

size may be a reliable cue for adaptive adjustments in sex allocation under dichogamy. 

 

3.5 Conclusion 
 

Dichogamy—and synchronous dichogamy in particular—has the effect of limiting the 

availability of mating partners. Synchronized protogyny results in functionally unisexual 

inflorescences and, all else being equal, only half of the other shoots in the population are 

potential mating partners at any moment in time. These negative consequences of dichogamy are 

well known and might be more than compensated by the avoidance of self-fertilization and 

increased pollen-transfer efficiency via reduced sexual interference within flowers (Sargent et al. 

2006; Barrett 2002). They are also thought to be compensated by seasonal changes to floral—or 

as for S. latifolia—inflorescence sex allocations that re-balance mating opportunities (Brunet & 
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Charlesworth 1995). Previous studies have demonstrated that these seasonal adjustments to sex 

allocation can promote mating opportunities for dichogamous plants. Although our observational 

data largely mirror the results of those previous studies, paternity analysis failed to provide direct 

support for the mating environment hypothesis. 
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3.7 Tables 
 
Table 3.1. Generalized additive mixed-effects models (GAMMs) of temporal changes in 

inflorescence sex allocation (A) and pollen transfer opportunity (B) in a monoecious population 

of Sagittaria latifolia. Values are the parameter estimates, and associated t- and p-values for the 

modeled average sex allocation (model intercept), the effective degrees of freedom (edf) and 

associated test statistics (model A: χ2, model B: F-test) for the smoothing term, and model 

Akaike Information Criterion values (AIC). 

Mode
l 

term Estimat
e 

SE t p edf χ2/F p AIC 

A (Intercept
) 

0.42 0.0
4 

10.4
1 

<0.001**
* 

   1058.25 

 s(First 
flowering 
date) 

    3.3 13.1
9 

<0.01**  

B (Intercept
) 

0.30 0.0
4 

6.93 <0.001**
* 

   11423.1
1 

 s(Date)     7.3
9 

54.5
5 

<0.001**
* 

 

Note: 
Significance *p < 0.05, **p < 0.01, ***p < 0.001 
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Table 3.2. Linear mixed effects models of siring success in a monoecious population of 

Sagittaria latifolia. Independent variables were pollen transfer opportunities (PTO; A) and siring 

date (B). Values are the parameter estimates, and associated t-test and p-values. We also report 

measures of overall fit for each model, including F-tests and their numerator and denominator 

degrees of freedom, and model AIC values 

Model term Estimate SE t p F df p AIC 
A (Intercept) 0.16 0.97 0.17 0.87 0.01 1, 

96.13 
0.92 -39.21 

 Date 4.36 × 
10-4 

4.29 
× 10-

3 

0.10 0.92     

B (Intercept) 0.24 0.03 7.88 <0.001*** 1.41 1, 
100.03 

0.24 -41.87 

 PTO 9.58 × 
10-3 

8.10 
× 10-

3 

1.19 0.25     

Note: 
Significance *p < 0.05, **p < 0.01, ***p < 0.001 
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3.8 Figures 
 

 

Figure 3.1. Under protogyny, floral sex ratios are female-biased at the beginning of the season 

and male-biased at the end of the season, with potential consequences for mate availability. Each 

panel is composed of maturing inflorescences with flower buds (green circles), gradually 

maturing female or male flowers (open circles with female or male symbols), and either 

maturing fruits (spotted green and brown circles) or senesced male flowers. (A) A plant that 

allocates resources equally between its female and male sex functions may lose mating 

opportunities due flowering synchrony with other plants in the population. (B) By adjusting sex 

allocations to its male function earlier, a plant might have additional mating opportunities to 

transfer pollen to open female flowers than the plant in A. Mate limitation is indicated by flowers 

that are not visited by pollinators. 
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Figure 3.2. Total numbers of open female and male flowers per day in a monoecious population 

of Sagittaria latifolia from July 18th (day 199) to August 28th, 2013 (day 240). 
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Figure 3.3. First flowering date and the corresponding inflorescence sex ratio (proportion of male 

flowers) for each ramet in a monoecious population of Sagittaria latifolia between August 3rd 

(day 215) to August 28th, 2013 (day 240). The solid line represents the estimated trend in the 

date of first flowering from a generalized additive mixed-effects model and the shaded area 

represents the 95% confidence intervals. 
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Figure 3.4. Temporal trend of mating opportunities per ramet in a monoecious population of 

Sagittaria latifolia between August 3rd (day 215) to August 28th, 2013 (day 240). Mating 

opportunities were measured as the daily pollen transfer opportunity per MLL. The solid line 

indicates the daily trend in pollen transfer opportunities (PTOs) from a generalized additive 

mixed effect model. PTO values (open dots) are jittered so that overlapping values can be more 

easily seen. 
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Figure 3.5. Linear regression of daily siring success (log10 transformed) with (A) siring date and 

(B) pollen transfer opportunity per genet (MLL) in a monoecious population of Sagittaria 

latifolia. Blue lines are the least-squares regression lines and the shaded areas represent the 95% 

confidence intervals. 
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4. CHAPTER 4. PLANT TRAITS AND STOCHASTICITY DRIVE VARIATION IN 
MALE MATING AND REPRODUCTIVE OUTCOMES IN MONOECIOUS AND 
DIOECIOUS POPULATIONS OF SAGITTARIA LATIFOLIA  
 
Authorship: Allison Kwok and Marcel Dorken 
 
4.1 Abstract 
 

Because each plant has a maternal and paternal parent, average female and male 

contributions to mating and reproductive success within populations are constrained to be equal, 

but there have been few studies of these male contributions, particularly in terms of mating 

success (the number of mating partners). Traits that facilitate the movement of pollen among 

plants (e.g. plant height in wind pollinated plants (Bickle & Freeman 1993)) might to some 

extent, have predictable effects on mating success via male function. However, stochastic events 

occurring during pollination can disrupt these predictable effects and contribute to population-

level variance in male mating success. We attempted to partition predictable versus unpredictable 

components of mating and reproductive success (the number of offspring sired) via male 

function in two populations of the diclinous clonal plant Sagittaria latifolia (one monoecious 

population and one dioecious population). We did this by estimating the relative contributions of 

plant-level traits (e.g. daily floral display size), population-level features (e.g., the size of daily 

pollination neighbourhoods measured as the number of plants within the average pollen-dispersal 

distance), and stochasticity (i.e., the joint contributions of measurement error and unmeasured 

effects on variation in mating and reproductive success for male-function). To understand how 

spatial patterns influenced mating patterns, we also compared observed and predicted amounts of 

pollen deposition from a spatially explicit model parameterized using spatial data from each 

population. We found that in the monoecious population, the combined effects of area, flower 

size, flower number, and the size of mating neighbourhoods explained more than half (60%) of 
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the variation in the mating success of plants via their male sex role, while these same 

characteristics explained less than half of variation in their reproductive success (43%). In the 

dioecious population, the joint effects of the plant-and population-level characteristics measured 

here accounted for much less of the total variation in male mating (10%) and reproductive 

success (18%). Moreover, our spatially-explicit model of pollen movement did not predict 

realized pollen movement in either population. In general, plant-level traits had a greater 

influence on mating and reproductive success than population-level features in both populations, 

but these effects tended to be overshadowed by stochastic effects. Other plant traits affecting 

plant mating and reproductive success, including those affecting post-pollination gametophyte-

sporophyte interactions, might have contributed to the unaccounted-for variation in in mating 

and reproductive success in plants observed here. 

 
Keywords: Mating patterns, stochasticity, pollen movement, male fitness, spatial patterns 
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4.2 Introduction 
 

Sexual reproduction in anisogamous lineages involves genetic contributions from 

individuals via their male and female sex roles. However, studies of variation in mating and 

reproductive success, particularly for plants, have usually not accounted for male contributions to 

sexual fitness. In part, this is because mating events via the male sex role are difficult to observe 

directly – plants are sessile and rely on pollinators to enact mating. Because pollinators may 

carry pollen from a number of plants on their bodies identifying the source of pollen grains 

deposited on any given stigma is impractical. This difficulty has meant that few studies have 

assessed variation in reproductive success via the male sex role (Marshall & Ellstrand 1985; 

Conner et al. 1996; Conner, 2006; Kulbaba & Worley 2012; Setsuko et al. 2013; Runquist et al. 

2017; Tonnabel et al. 2019), and even fewer have attempted to measure mating success via male 

function (Tonnabel et al. 2019; Aljiboury & Friedman 2021). Indeed, typically only components 

of female fitness, such as fruit or seed set (e.g. Totland et al. 1998; Matsuhisa & Ushimaru 2015), 

are used when measuring fitness, and so, at least for outcrossing plants, by ignoring male 

components of fitness, the vast majority of fitness estimates in plants account for no more than 

50% of total fitness.  

The quantification of male fitness components has often involved indirect measures such 

as pollen removal (Young & Stanton 1990; Marshall & Ellstrand 1985; Campbell et al. 1991; 

Johnson et al. 1995; Matsuhisa & Ushimaru 2015) or pollinator visitation rates (Broyles & Wyatt 

1990; Inoue et al. 1995; Conner & Rush 1996). However, pollen removal is not equal to pollen 

export (Wilson & Thompson 1991; Harder & Johnson 2008; Gong & Huang 2014) with the 

majority of pollen lost during transport between pollen donors and recipients (Gong & Hunag 

2014; Minnaar et al. 2019). Additionally, pollinator visitation may increase the chances of pollen 
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export, albeit there is no guarantee that pollinators will visit a conspecific. Genotyping of 

individual pollen grains on pollinators has been used to investigate pollen carry over and infer 

mating systems in one study of Castenea crenata (Hasegawa et al. 2015), however pollen was 

removed from pollinators before ever reaching stigmas. The most direct way to estimate mating 

and reproductive success would be tracking the movement of pollen from donors to recipients 

and determining the resulting number of successful fertilizations. Pollen tracking has been used 

to learn about pollen transfer and plant mating systems (Minnaar & Anderson 2019; Villamil et 

al. 2022) but few individuals can be tracked simultaneously, limiting its use. Inference-based 

measures of siring success from genetic markers have been used (e.g. Kulbaba &Worley 2012; 

Irwin & Brody 2000), but they are difficult to obtain and studies that use them remain rare. 

Statistical biases exist when using genetic estimates of mating success that may result from 

overestimation of the paternal share of fertilized seeds, as successful matings with unsuccessful 

fertilizations are not counted (Tonnabel et al. 2019). However, genetic estimates of male mating 

and reproductive success provide the most complete estimates of variance in components of male 

fitness. Mating and reproductive success are different components of male fitness, it is necessary 

to have distinct and accurate quantifications of each for a more comprehensive understanding of 

sexual reproduction in plants.  

Plants have a considerable diversity in vegetative and reproductive traits that can affect 

mating and reproductive success. In animal-pollinated plants, competition for pollinators can 

drive selection on traits affecting attraction of pollinators (Mosquin 1971; Schemske et al. 1978; 

Waser 1983), including floral display size (Augspurger 1980; Thomson 1988; Cruzan et al. 1988; 

Robertson & McNair 1995), flower size (Young & Stanton 1990; Campbell 1991; Eckhart 1991), 

colour (de Jager et al. 2016), shape (Gómez et al. 2006), and scent (Kessler et al. 2008; Larue et 
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al. 2015). Vegetative traits can also directly impact mating and reproduction via size-dependency 

of flower and fruit production, and indirectly via effects on pollinators. Larger plants tend to 

have greater reproductive output because they produce more flowers (Younginger et al. 2017). 

Larger floral displays are also more attractive to pollinators which garner more mating 

opportunities (Grindeland et al. 2006). For example, large plants of Echium vulgare produced 

more flowers and had more pollinator visitors than small plants (de Jong & Klinkhamer 1994). 

Similarly, taller plants may be more visible to pollinators and across 44 species showed that the 

height of flowers affected pollinator visitation rates (Fornoff et al. 2016). Phenotypic traits of 

individuals can modify pollinator behaviours, influencing mating and reproduction.  

While plant-level traits undoubtedly affect patterns of mating and reproduction, features 

of populations that affect mate availability are also influential. For example, high densities of 

Mimulus ringens had positive effects on pollinator visitation and outcrossing rates in 

experimental arrays (Karron et al. 1995). Similarly, for Lychnis viscaria, larger population sizes 

were linked to greater pollinator visitation (Mustajärvi et al. 2001). Population densities and 

sizes determine the distance to potential mates, because pollinators tend to fly short distances 

between plants (Schmitt 1980; Ramussen & Brødsgard 1992) and plant mating tends to involve 

near neighbours (Sowring, 1989; Ghazoul 2005). Population-level features have a clear impact 

on mating patterns and can be important determinants of mating and reproductive success. 

Unpredictable and stochastic aspects of mating may have contrasting effects on male and 

female fitness. Under anisogamy, fitness via male function tends to be mate limited while female 

function tends to be resource limited (Bateman 1948). Nevertheless, there has been theoretical 

support that the greater production of male gametes can drive mate limitation (Lehtonen 2022). 

If only one sex role is mate limited and stochastic events disproportionately affect mate 
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acquisition, stochasticity could have stronger effects on male fitness. In spite of this and 

somewhat counterintuitively, studies of plant mating have typically focused on the effects of 

mate limitation on female function (pollen limitation; Burd, 1994; Hansen & Totland, 2006). 

However, the local movement of pollinators and its effects on opportunities for pollen transfer 

(Stanton 1994; Ghazoul 2005) mean that male function should be subject to strong mate 

limitation (i.e., the number of potential mating partners for a pollen-producing plant should 

generally greatly exceed the number of actual mates) (Willson 1979; Willson 1990; Willson 

1994). If male function is more strongly mate-limited than female function and male 

reproductive success is determined primarily by events during the pollination phase, then 

stochastic events during pollination will impact male function more strongly than female 

function. Although, we expect that mate limitation will have a stronger effect on males compared 

to female fitness we know surprising little about the effects of mate limitation on male function.  

The purpose of this study was to investigate processes affecting variation in mating and 

reproduction in a monoecious and a dioecious population of Sagittaria latifolia. We considered 

plant-level and population-level features expected to affect mating and reproductive success, 

including features previously shown to affect reproductive success in S. latifolia (Sarkissian et al. 

2001; Glaettli & Barrett, 2008; Perry & Dorken, 2012; Stephens et al. 2020). We attempted to 

compare the contributions of these plant and population-level features to those from stochastic 

effects on variation in mating and reproductive success. Past studies of S. latifolia have identified 

traits that may affect mating and reproductive success: flower size is associated with pollinator 

visitation (Glaettli & Barrett, 2008) and appears to be subject to sexual selection (Dorken & 

Perry 2017 and see Kwok & Dorken 2022); and floral display size is positively associated with 

the number pollinator visitations per inflorescence (Glaettli & Barrett, 2008; and see Huang et al. 
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2006). Additionally, in dioecious populations, flower production is size dependent for both 

females and males (Sarkissian et al. 2001). Plant (genet) size has been found to positively affect 

male reproductive success in S. latifolia, large genets consisting of more ramets (shoots) had 

larger mating neighbourhoods and were associated with greater siring success (Stephens et al. 

2020). While those studies showed that plant-level traits and population-level features influence 

mating in S. latifolia, their joint contributions, together with stochastic variation has not been 

considered for this plant species. Here, we test the hypothesis that plant-level traits have 

predictable effects on mating outcomes and reproductive success. We predicted that variation in 

male mating and reproductive success can be modeled by accounting for variation in plant traits 

(vegetative and reproductive) and population-level features that affect mate availability. We 

measured, mapped, and genotyped ramets and their offspring in two populations of S. latifolia. 

And used two approaches to test our predictions; first a statistical modeling approach to partition 

the contributions of plant-traits, population features and stochasticity, and second a separate 

spatially explicit modeling approach that compared the predicted versus observed patterns of 

pollen deposition.  

 

4.3 Methods 
 

We used plant-level traits and a population-level feature that impacts mate availability to 

predict variation in male mating and reproductive success. Plant-level traits included both 

vegetative traits and reproductive traits. Ramet size, clone size, and area of a genet were 

considered vegetative traits, and reproductive traits were comprised of number of flowers and 

mean flower diameter. The population-level feature was daily local mating neighbourhoods of 

each genet estimated using a pollen dispersal kernel based on inter-ramet mating distances. 



 71 

4.3.1 Study Species 
 

Sagittaria latifolia Willd. is an emergent clonal aquatic plant, commonly found in 

wetland habitats across North America. Shoots (ramets) are produced from axillary stolons 

during the growing season and can be vegetative or reproductive. Corms are also produced from 

axillary stolons and function as perennating structures (Dorken & Barrett 2004). Genetic 

individuals (genets) may be composed of multiple ramets that are temporarily interconnected by 

stolons, which, along with all above-ground vegetative tissues deteriorate at the end of each 

growing season. Variation in plant size is driven by clonal expansion of genets (Yakimowski & 

Barrett 2014; Stephens et al. 2020) and by variation in ramet size that is primarily determined by 

local growing conditions (Dorken & Barrett 2003). 

Populations of S. latifolia are either monoecious or dioecious. In monoecious 

populations, plants are protogynous, where in an inflorescence female flowering occurs before 

male flowering. Female flowers tend to open simultaneously, while male flowers open 

sequentially, usually one whorl at a time. In dioecious populations of S. latifolia, sex is 

genetically determined and ramets produce female or male flowers (Dorken & Barrett 2004). 

Flowers are produced on racemes with three flowers at each node. In our study area in Southern 

Ontario, flowering occurs from late June through to mid-September and flowers are pollinated by 

a variety of insects (Glaettli & Barrett 2008). Seed set is not pollen limited in dioecious 

populations (Glaettli & Barrett 2008). Male flowers have larger petals than female flowers, but 

female floral displays are larger due to greater floral synchrony (Yakimowski et al. 2011).  

Spatial processes have been shown to effect mating patterns in S. latifolia. For genets 

with multiple ramets, the spatial arrangement of ramets can impact mating patterns, by affecting 

self-pollen transfer between inflorescences on the same plant (Albert et al. 2008; Liao & Harder 
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2014). In the same monoecious population of S. latifolia studied here, genet size was found to 

have a strong positive relationship with siring success and clonal intermingling had a positive 

effect on siring success (Stephens et al. 2020). However, because of the aggregated arrangement 

of clones in this population, neighbouring ramets were often from the same genet, contributing to 

moderately higher selfing rates in larger genets (Stephens et al. 2020). Genets expand outward 

through ramet growth, allowing for aggregated clone structure. Clonal propagules can disperse 

when ramets disintegrate at the end of the growing season and during hydrological disturbances, 

allowing for intermingling of genets. Inter-ramet spacing can also contribute to intermingling, in 

a field transplant experiment daughter ramets were spaced approximately 30 cm from parent 

plants (Dorken & Barrett 2003).  

4.3.2 Study sites and floral sampling 
 

To survey flowering in S. latifolia, we sampled a monoecious and a dioecious population 

each over five consecutive days. The monoecious population was located in a shallow area of 

Thompson Creek in Meadowvale Park, Peterborough, Ontario, Canada (44° 20’ N, 78° 18’ W). 

Flowering shoots at this site were sampled from August 8th to 12th 2016 in a 13 m × 17 m area of 

the population. The dioecious population occupied a 13 m × 4 m area of a shallow roadside ditch 

beside an agricultural field near Stoney Point, Ontario, Canada (44° 17’ N, 82° 28’ W). Plants at 

this site were sampled between August 21st and 26th, 2016. Due to rain and the absence of 

pollinators there was no sampling on August 23rd. On the first day of sampling, study zones were 

delimited to areas of approximately 100 flowering ramets and open flowers were marked with 

tags. The study zone of the monoecious site was separated from the rest of the population by 

natural gaps between patches of S. latifolia. Additionally, male flowers from outside the study 

zone were removed to prevent matings from pollen sources outside the study zone, effectively 
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isolating the study population from other sources of S. latifolia pollen. All flowering ramets in 

the dioecious population were included in this study. The mean number of flowering ramets per 

day was similar in the monoecious (71.60 ± 15.14 SD) and the dioecious populations (68.80 ± 

22.54 SD). A total of 167 ramets were tracked at the monoecious site and 183 ramets were 

tracked at the dioecious site. To assess the spatial distribution of flowering ramets, the location of 

all flowering ramets were measured using triangulation. Polar coordinates of each ramet were 

then converted to Cartesian coordinates (e.g. Ahee et al. 2015; Stephens et al. 2020). 

In each population, the number of open female and male flowers was recorded each day 

for all flowering ramets in the study zone. Female flowers were in both populations were tagged 

and labelled each day to enable the tracking of pollination days. Developing fruits were collected 

approximately one month after initial sampling. The one-month gap between floral sampling and 

fruit collection resulted in numerous fruits not being recovered due to disturbances from flooding 

and foraging by wildlife. Because of these disturbances, the total sample of fruits obtained was a 

subset of the total number of ramets with female flowers (monecious: 33 ramets with fruits from 

an original of 113 ramets that produced female flowers; dioecious: 38 ramets with fruits from an 

original count of 54 flowering female ramets). Once collected, fruits were allowed to dry at room 

temperature and then stored in air-tight containers at 4 ºC. Fruits were stored individually in coin 

envelopes and labelled with the ramet ID and flowering date. 

4.3.3 Floral measurements and ramet size 
 

Vegetative and reproductive traits were measured to examine their contributions to 

patterns of mating and reproductive success. We estimated mean flower size by measuring the 

width of the largest flower at each inflorescence node using digital calipers (to the nearest 

0.01mm). Ramets produced only a single inflorescence. Daily average flower size was calculated 
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per genet and daily floral display size was estimated as the number of open flowers per genet. To 

account for variation in ramet size, we measured leaf mid-vein length of the largest leaf (cm) 

each day, a measure that is highly correlated with other estimates of ramet size (Dorken et al. 

2001). 

4.3.4 DNA extraction and genotyping  
 

Leaf and seed DNA were extracted and genotyped using microsatellite loci following 

procedures described in Chapter 2 (Chapter 2: Appendix: Genet and Paternity Assignments) and 

in previous studies of S. latifolia (Holt et al. 2017; Stephens et al. 2020). Leaf DNA was 

extracted using E.Z.N.A. Plant Extraction kits (Omega Bio-Tek Inc., GA, USA) following the 

manufacturer’s plant DNA dried sample protocol and eluted to a final volume of 100 µl. For 

seeds, prior to DNA extraction, a random subset of the seeds from each fruit were soaked in 

water to enable removal of maternally derived tissues around the embryo. Seed DNA was 

extracted using the QuickExtract Plant Seed DNA Extraction Solution (Lucigen, Madison WI) 

following the manufacturer’s protocol, and eluted to a final volume of 50 µl. Not all fruits were 

fully mature and some yielded insufficient DNA for our analyses. A total of 350 seeds from 33 

ramets from the monoecious population and 448 seeds from 36 ramets from the dioecious 

population were used for the parentage analysis.  

Leaf samples were genotyped at seven SSR microsatellite loci (SL06, SL09, SL21, SL21, 

SL65, SL74, and SL75) (Yakimowski et al. 2009). We screened 166 ramets from the monoecious 

population and 174 ramets from the dioecious population. Seeds were genotyped at either three 

(SL27, SL74, SL75 for the monoecious population and SL65, SL74, SL75 for the dioecious 

population) or all seven loci. Nine seeds per ramet per day per population were genotyped; three 

of these nine seeds were genotyped at all seven loci and the rest at the three loci listed above 
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(total sample of seeds genotyped at seven loci: 113 seeds from the monoecious population, 151 

seeds from the dioecious population; 3 loci: 247 seeds from the monoecious population, 297 

seeds from the dioecious population). 

4.3.5 Genet and paternity assignment 
 

The assignment of ramets to genets was conducted using the methods outlined in Chapter 

2 (Chapter 2: Appendix 7.1: materials, Genet and Paternity Assignments). Briefly, we used SSR 

data from leaf samples to group ramets into multi-locus genotypes (MLGs) using the RClone 

package (v.1.0.2 (Bailleul et al. 2016)) using R (v.4.3.1(R Core Team 2023)). To account for 

scoring errors, MLGs that differed by up to one allelic difference at any locus was grouped into 

multi-locus lineages (MLLs) using the MLG_list and MLL_generator2 function from the Rclone 

package. Siring success was calculated following the use of parentage analysis using COLONY2 

(v. 2.0.6.5; Jones & Wang 2010; Wang 2004, 2018). Paternity assignment was conducted using 

the procedures detailed in Chapter 2 (Chapter 2: Appendix 7.1: Genet and Paternity 

Assignments). However, separate paternity analyses were run for each day, limiting candidate 

sires to MLGs that were flowering on the same day as the recorded pollination date of the seed. 

Paternity assignments were made using MLGs, however siring success was summed per MLL so 

that siring success could be tabulated for each genet. Assignment to one or more sires was made 

for 197 seeds in the monoecious population and 205 seeds in the dioecious population. Siring 

probabilities for seeds genotyped at seven loci ranged from 0.002 to 1.00 (mean = 0.83 ± 0.001 

SE) for the monoecious population and 0.002 to 0.76 (mean = 0.55 ± 0.01 SE) for the dioecious 

population. For seeds genotyped at three loci, siring probabilities ranged from 0.002 to 1.00 

(mean = 0.69 ± 0.001 SE) for the monoecious population and 0.002 to 0.68 (mean = 0.44 ± 

4.8×10-4 SE) for the dioecious population. Each seed was assigned to a single sire (MLG), based 
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on the MLG with the highest siring probability. Because some seeds were assigned to sires with 

less than 100% probability, we tabulated total siring per multi-locus lineage (MLL) as the sum of 

each siring event per MLL multiplied by the siring probability.  

4.3.6 Inter-ramet mating distances  
 

Average inter-ramet mating distances were estimated by calculating the distance between 

maternal and siring ramets. The most probable siring ramet of a MLG was used as the siring 

ramet. Sires were identified as mostly single ramet MLLs, the exception of one multi-ramet MLL 

sire in the monoecious population. Because paternity assignments are made using MLGs, it is 

impossible to directly identify which ramet of a multi-ramet MLL was the sire. Other studies 

have used bootstrapping procedures to identify specific ramets of multi-ramet sires in order to 

calculate inter-ramet mating distances (Stephens et al. 2020), but analyses for the monoecious 

population did not converge. However, as there was only one multi-ramet sire identified in the 

monoecious population and two multi-ramet sires in the dioecious population, they were 

excluded from calculations of inter-ramet mating distances. Instead, we directly estimated the 

parameters of the underlying pollen dispersal kernel for both populations. We first identified the 

locations of maternal and paternal ramets of genotyped seeds and calculated the distance 

between parents, selfed mating events were excluded. We used a maximum likelihood method to 

parameterize the fit of the pollen dispersal kernel based on the mating distances of known dames 

and sires using the fitdistr function in the MASS package (7.3-60; Venables & Ripley, 2002) in 

R. A gamma distribution provided the best fitting function for the pollen dispersal kernel for both 

populations. Estimation of the pollen dispersal kernel used mating distances from all 5 days of 

sampling.  
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4.3.7 Genet size and local mating neighbourhoods 
 

To investigate contributions of plant size and location to mating and reproductive 

success, we combined patterns of genet size (the number of flowering ramets belonging to the 

same MLL) and genet intermingling to estimate the size of mating neighbourhoods. Because 

flowers open for a single day, and females (and female-function of hermaphrodites) tend to open 

a large proportion of their flowers at once, mating neighbourhoods are temporally dynamic. As a 

result, for the calculations presented below we use daily estimates of genet size, including only 

ramets with open flowers for the calculation of genet size. Because genet size also has a spatial 

component, we also estimated the total area occupied per genet per day. Following methods from 

Stephens et al. (2020), we estimated area of a genet by assuming that each ramet of a genet 

occupied a fixed area and summed areas of all ramets belonging to the same genet. Calculations 

of area started with superimposing a grid (grain resolution = 30 cm × 30 cm) onto the population 

and assuming that each ramet occupied a 1 m2 square within the grid, with daily estimates of 

genet area (area) equal to sum of the area occupied by each ramet per genet per day. If ramets 

had overlapping cells within the grid, overlapping areas were only counted once. Therefore, 

based on the degree of spatial overlap of ramets within a genet, two genets with the same number 

of flowering ramets could have different estimates of genet area (see Stephens et al. 2020). To 

determine how spatial relations between ramets affected mating patterns, we quantified variation 

in the daily size of local mating neighbourhoods for each male-phase MLL using methods for 

estimating intermingling outlined in Stephens et al. (2020). Briefly, the typical daily mating 

neighbourhood sizes for each MLL were determined as sum of the number of unrelated female-

phase ramets within the 50th percentile of the distribution of inter-ramet mating distances 

calculated from inter-ramet mating distances over all days. Daily mating distributions were used 
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because flowers are open for a single day and stochastic variations in the pollination environment 

would be different day to day. We assumed daily mating neighbourhoods for male-phase ramets 

included only female-phase ramets belonging to non-self genets, as female-phase ramets 

belonging to the same genet would not count as potential mates due to selfing.  

4.3.8 Estimates of reproductive and mating success 
 

Mating and reproductive success were calculated as daily estimates to ensure that daily 

changes in the spatial arrangement of flowering ramets and the mating environment were 

captured. First daily reproductive success via female-function was estimated as the total number 

of seeds produced per ramet j: 

𝑅𝑆#
" = 𝑁#$0 , 

where Ns was the estimated sum of the number of seeds produced per ramet j per pollination date 

k. Because ramets typically produce 1000s of seeds, we estimated Ns as the product of the total 

mass of all fruits per ramet and the average mass of individual seeds (achenes). 

Daily reproductive success via male function (RSm) was calculated as the number of 

outcrossed seeds sired per MLL i as:  

𝑅𝑆!' =28
∑ 𝜋!#$22

𝑁#$9
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#

 

where π is the probability that each genotyped seed l per maternal ramet j was sired by MLL i on 

pollination date k, and the sum of these probabilities was scaled by the total number of seeds that 

were genotyped per maternal ramet j per pollination date k (𝑁#$9 ). This value was multiplied by 

the total number of seeds produced per maternal ramet (NS) and summed across ramets of MLL i 

for each pollination date to estimate total male reproductive success. Self-fertilized seeds were 

excluded from the calculations of RSf and RSm. There is substantial inbreeding depression in 
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monoecious populations of S. latifolia (Dorken et al. 2002) reducing the contribution of selfed 

offspring to reproductive success. 

Male mating success (MSm) was estimated as the number of female mating partners (Nf) 

per paternal MLL i summed across ramets j on day k:  

𝑀𝑆!' = ∑ 𝑁#$
"

#4!, , 

such that our measure of male mating success was intended to reflect the number of female-

phase MLLs in the population that produced offspring after mating with each male-phase MLL. 

4.3.9 Predictors of male mating and reproductive success  
 

We evaluated the contribution of plant-level traits and population-level features to daily 

mating and reproductive success using linear models. All explanatory variables, excluding 

flowering date, were standardized with a mean of 0 and a standard deviation of 1 prior to 

analysis so that the units of the regression coefficients are the same. For both populations, to 

explain variation in daily mating success, we used a multiple generalized linear regression of 

daily mating success as a function of daily vegetative traits, reproductive traits, a population-

level feature and to account for temporal differences pollination date was also included. Plant-

level traits consisted of ramet size (average mid-vein length per ramet per MLL per day), genet 

size (daily number of flowering ramets per MLL), genet area (area per MLL), number of flowers 

and mean flower size. Daily mating neighbourhood was used as the population feature. 

Interaction terms included were mating neighbourhood × clone size, mating neighbourhood × 

ramet size, mating neighbourhood × plant size and flower number × flower size. All plant traits, 

population-level feature and pollination date were treated as independent variables with daily 

mating success as the dependent variable. For both populations, we used a generalized linear 
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multiple regression of daily reproductive success as a function of the same predictor variables 

listed above. Male reproductive success for both populations was right skewed and was log10 

transformed prior to analysis. The lm function from the stats package in R was used to analyze 

all linear models. Backwards model selection was used to determine the best fitting models, 

where parameters with the smallest and non-significant partial F-statistic is dropped (Quinn & 

Keough, 2002). For all models, remaining variation was attributed to stochasticity, measurement 

error and unmeasured variables (Cintrón-Berdecia & Tremblay 2006).  

To understand how much each predictor contributed to explaining variation in mating and 

reproductive, we calculated the relative importance of independent variables to each model. 

Relative importance analysis determines the proportional contribution of each predictor to the R2 

in relation to other variables (Budescu 1993; Azen & Budescu 2003; Baltes et al. 2004; 

Tonidandel & LeBreton 2010) and therefore its relative importance to explaining variation in a 

response variable. For all linear models, the calc.relaimpo function in the relaimpo package (v 

2.2-6, Gromping, 2007) in R was used to determine the relative contribution of each predictor to 

the R2.  

4.3.10 Observed and predicted pollen dispersal 
 

The gynoecium on female flowers of S. latifolia is composed of many (> 100) unfused 

carpels, each with a single stigma and ovule. To estimate the amount of pollen received per 

female flower, a fraction of the stigmas per flower were sampled from each female ramet by 

collecting stigmas from a single female flower on the second whorl of the inflorescence. For 

each female inflorescence, stigmas from the sampled flower were collected from the center of 

the gynoecium using fine-tipped forceps and mounted onto a microscope slide in the field using 

basic-fuchsin glycerin jelly modified to exclude the use of phenol (Beatie 1971; Kearns & 
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Inoyue, 1993). The total number of pollen grains in each sample of stigmas was counted using a 

light microscope (Nikon Eclipse E200) at 40 × magnification and divided by the number of 

sampled stigmas (mean 23.48 stigmas per ramet per day ± 9.17 SD) to estimate the average 

number of pollen grains per stigma. This average was then extrapolated to estimate the total 

number of pollen grains deposited per inflorescence per day by multiplying it by the mean 

number of stigmas per flower (calculated from the average weight of a whole fruit divided by the 

average weight of a single achene from the whole sample) and the number of open female 

flowers on the inflorescence that day.  

To understand how plant-level traits and accounting for population-level features and 

stochastic spatial-temporal variation influence mating outcomes, we used a spatially explicit 

model to predict patterns of pollen movement in the both the monoecious and dioecious 

populations. We then compared the patterns of modelled pollen dispersal to observed pollen 

dispersal to determine the accuracy of the model. To predict pollen dispersal, we used the pollen 

dispersal kernels to determine how far pollen was moving in each population and we estimated 

the number of pollen grains deposited by other ramets in the population based on spatial and 

temporal patterns of flowering using methods outlined in Stephens et al. (2020). Briefly, we first 

predicted the amount of pollen that could be transferred to ramets with female flowers given the 

overlap in flowering time of ramets with male-flowers that were within local mating 

neighbourhoods, as estimated from the inferred pollen dispersal kernel. Our predictions were 

based on the assumptions that all male flowers had the same pollen production and that they 

were all equal in their ability to attract pollinators. All calculations were completed at the ramet 

level. We assumed the total amount of pollen reaching stigmas of ramets were sourced from 

ramets belonging to the same genet and unrelated genets. The amount of self pollen reaching 
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stigmas was proportional to the number of female and male flowers with overlapping flowering 

on pairs of ramets of the same genet within mating neighbourhoods as estimated from the 

gamma distribution of the pollen dispersal kernel (Clark et al. 1998, Stephens et al. 2020). The 

amount of outcross pollen dispersed to stigmas was proportional to the number of open female 

and male flowers from pairs of ramets from different genets within the same mating 

neighbourhood, estimated from the same gamma distribution. Additional details of calculations 

and equations can be found in Stephens et al. (2020). To compare how well the pollen dispersal 

model predicted pollen movement in the populations, both the observed and predicted pollen 

deposition were standardized with a mean of 0 and standard deviation of 1. To determine how 

well the modelled pollen deposition predicted realized pollen deposition we used a linear 

regression using the lm function from the stats package (3.6.2; R Core Team 2023), with 

observed pollen deposition as the dependent variable and predicted pollen deposition as the 

independent variable.  

 

4.4 Results 
 
4.4.1 Plant- and population-level characteristics 
 

The mean ramet size (measured as mid-vein length of the largest leaf) in the monoecious 

population was 12.79 cm ± 0.35 SE and 15.58 cm ± 0.21 SE in the dioecious population. There 

were few multi-shoot genets in either population that were involved in siring events. In the 

monoecious population mean genet size of siring genets was 1.06 ramets ± 0.04 SE, while the 

mean genet size of siring genets in the dioecious population was 2.92 ramets ± 1.36 SE. Mean 

male flower size (flower diameter) in the monoecious population was 22.10 mm ± 0.23 SE, 

while in the dioecious population mean flower size was 32.14 mm ± 0.36 SE. Siring ramets in 
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both populations produced similar number of flowers each day (monoecious: 2.11 flowers ± 0.07 

SE; dioecious: 3.30 flowers ± 0.14 SE). The mating neighbourhood size in the monoecious 

population included an average of 52.5 ramets ± 11.7 SE but only 29.9 ramets ± 5.68 SE in the 

dioecious population.  

4.4.2 Predictors of male mating and reproductive success 
 

The final linear model for male mating success in the monoecious population included 

mating neighbourhood, genet area, the number of male flowers, and male flower size as 

predictors (F4,11 = 4.08, p = 0.03, R2 = 0.59) (table 4.1, model A). Genet area had a significant, 

positive effect on male mating success, but male flower production, mating neighbourhood and 

male flower size did not (table 4.1, model A). Together, plant-level traits explained 47% of the 

variation in mating success. Mating neighbourhood size - a population-level feature - explained 

13% of the variation (figure 4.1a), leaving 40% of the variation in male mating success 

unattributed to the independent variables in the model. For male reproductive success in the 

monoecious population, the best fitting model included the size of mating neighbourhoods, genet 

area, and the number of male flowers per ramet as predictor variables (F3, 12 = 2.98, p =0.07, R2 = 

0.43; table 4.1, model B). The population-level feature, size of mating neighbourhoods, 

explained 12% of the variation in reproductive success, while plant-level traits (genet area and 

number of flowers) contributed 31% of the variation (figure 4.1b). This left the majority of the 

variation in reproductive success unattributed to the independent variables in the model (57%).  

For the dioecious population, the best fitting model for mating success included the effects of 

genet size, ramet size, the number of male flowers per ramet, and size of mating neighbourhoods. 

However, the mating neighbourhood size did not account for a significant fraction of the 

variance in mating patterns (F4,8 = 0.23, p=0.91, R2 = 0.10; table 4.2, model A). Only a small 
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portion (2%) of the variation in mating success was explained by the effect of the size of mating 

neighbourhoods, while plant-level traits (genet size, ramet size and number of flowers) explained 

only 8% of the variation (figure 4.2a). This left the majority of the variation in mating success 

unattributed to the independent variables in the model (90%). In the dioecious population, the 

final model for reproductive success included, ramet size and mating neighbourhood size as 

explanatory variables (F4, 8 = 0.44, p =0.77, R2 = 0.18; table 4.2, model B). Here, the plant-level 

traits and the population-level feature explained 13% and 5% of the variation in reproductive 

success, respectively, with 82% of the remaining variation unattributed to the independent 

variables in the model (figure 4.2b). 

4.4.3 Observed and predicted pollen dispersal 
 

In the monoecious population, ramets received on average of 8.9 ×103 ± 800 SE pollen 

grains per day and a mean observed number of pollen grains per stigma of 8.13 ± 0.48 SE, while 

mean daily pollen deposition in the dioecious population was 2.0 ×104 ± 2000 SE pollen grains 

per ramet per day and a mean of 12.15 ± 0.84 SE pollen grains observed per stigma. We inferred 

that pollen was dispersed 4.13 m ± 0.26 SE on average, in the monoecious population, but only 

and 2.47 m± 0.10 SE in the dioecious population. Based on these average dispersal distances and 

the number of open male flowers per day in each population, we expected a total of 9.27 pollen 

grains to be deposited per ramet per day (SE ± 1.49) in the monoecious population and a mean of 

11.74 pollen grains per ramet per day (SE 1.28) in the dioecious population. However, these 

expectations were inconsistent with observed patters of pollen deposition in each population, 

with no patterns between observed and predicted pollen deposition in either population  

(monoecious: F1,16 = 0.30, p = 0.59; dioecious: F1,33 = 2.65, p = 0.07) (table 4.3, figure 4.3).  
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4.5 Discussion 
 

We found that both plant-level traits and population-level features accounted for some of 

the variation in mating and reproductive success in a monoecious and dioecious population of S. 

latifolia. Our results revealed that plant- and population-level characteristics explained most of 

the variation in mating success and a substantial proportion of the variation in reproductive 

success via male function in the monoecious population. However, in the dioecious population, 

only a small portion of the variation in mating and reproductive success was explained by our 

statistical models, none of which were significant, leaving the majority of the variation in mating 

and reproductive success unexplained. Our probabilistic model of pollen movement also did not 

predict realized patterns of pollen deposition. Together, these results indicate that while plant-

level traits and population-level features contribute to patterns of mating and reproduction, 

stochasticity and contributions from unmeasured processes affecting mating and reproduction 

played a large role,  particularly in the dioecious population where much of the variation was 

unexplained. We explore further how processes that impact traits, features, stochasticity, and 

other variables can influence patterns of mating and reproduction in plants.  

The joint effect of genet area (the cumulative sum of grid cells occupied by ramets for 

each genet) had the strongest effect on mating patterns, positively affected mating success in the 

monoecious population. The area over which a genet was able to disperse pollen increased the 

number of mating events, so a genet that has a larger area would have more mating opportunities 

than a genet with smaller areas. Pollen movement can be locally restricted, as seen in Trillium 

cuneata (Gonzales et al. 2006) where maternal plants were most likely to be pollinated by a few 

plants within short distances. For bees, foraging strategies are optimal when they only need to fly 

short distances between flowers (Sowig, 1989; Smithson & Macnair 1997). For male fitness, the 
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greater number of potential mates within short distances increases the likelihood of successful 

pollen export, resulting in greater mating and reproductive success. Plants in the monoecious 

population were more spread out, with large patches of plants that were dense or sparse. Plants 

that were able to move pollen over larger areas had greater mating success. Contrary to 

expectations that the more potential mates that a plant spatially overlaps with the greater the 

mating opportunities it would have, mating neighbourhood did not affect mating success in either 

population. However, the mating neighbourhood did have a negative effect on reproductive 

success in the monoecious population. The spatially explicit pollen dispersal model did not 

predict the realized movement of pollen in either population, indicating factors other than the 

spatial overlap between potential mates contributed to the movement of pollen. While the 

number of potential mates available is affected by temporal overlap, this is accounted for in our 

daily surveys of flowering ramets and more specifically in Kwok et al. (2023). Traits and 

features associated with the spatial distribution of plants (area and mating neighbourhood) did 

not affect mating success in the dioecious population. The more even distribution of plants in the 

dioecious population may have negated the benefits of a plant having a large area. Plant-level 

traits, such as area, may only have impacts on mating in the context of the population it is found.  

Floral traits did not significantly explain variation in mating and reproductive success, 

inconsistent with past findings that suggest sexual selection may operate on flower size and floral 

display size in S. latifolia (Glaettli & Barrett 2008; Dorken & Perry 2017). Together with the 

finding that sexual selection operates on male function in both of the populations studied here 

(Kwok & Dorken 2022), we expected floral and other genet-level traits to affect mating success . 

However, flower size and number explained only 10% of the variation in mating success in the 

monoecious population studied here, and even less in the dioecious population. Moreover, and 
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contrary to expectations, flower size was negatively associated with mating success in the 

monoecious population. These findings contrast with previous studies showing that larger floral 

displays are generally more attractive to pollinators (Fritz & Nilsson 1996; Harder & Barrett 

1996; Kudo & Harder 2005), and accordingly are under strong selection (Delph & Herilihy 

2012; Hodgins & Barrett 2008; Parachnowitsch & Kessler 2010; Brunet et al. 2021). Larger 

floral displays lead to greater mating success. In spite of these patterns in other plants (and the 

previous studies of S. latifolia mentioned above), the operation of sexual selection in the 

populations studied here appears not to have been driven by variation in floral display size. One 

possible explanation for this is that sexual selection could be acting on post-pollination processes 

in S. latifolia (and see Tonnabel et al. 2021). In both populations studied here, multiple pollen 

grains deposited on each stigma (mean across both populations = 10.90 pollen grains per stigma 

± 0.99 SE) and because there is only one ovule per stigma there would have been competition 

among pollen grains for mating success. Indeed, once pollen grains arrive on stigmas, direct 

competition among them might lead to greater opportunities for the operation of sexual selection 

than does indirect competition among plants for the attraction of pollinators (Dorken and Perry 

2017; Beaudry et al. 2020; Tonnabel et al. 2021). In Viola tricolor, pollen tube growth rates have 

been shown to vary among individuals and are heritable (Skogsmyr & Lankinen 2000), showing 

the potential for selection to affect the evolution of male gametophytes. Biochemical interactions 

between pollen and pistils that drive variation in fertilization success have been suggested as 

potential evidence of female choice in plants (Higashiyama & Hamamura 2008; Skogsmyr & 

Lankinen 2000; Immler & Otto, 2018), however direct evidence of intersexual selection in plants 

remains understudied. While we did not see evidence of sexual selection acting on traits that 
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impact the pollination phase, sexual selection may be acting on traits that influence fertilization 

success in the post-pollination phase.       

An alternative explanation for evidence of the operation of sexual selection in these 

populations of S. latifolia (Kwok & Dorken 2022) despite no apparent associations between 

floral traits and mating success, is that commonly use metrics of sexual selection (the 

opportunity for sexual selection - Is, Bateman gradients) often overestimate the strength of sexual 

selection (Klug et al. 2011), because they measure the potential for sexual selection to operate in 

a population (Jones 2009; Krakauer et al. 2011). For example, if mating success were stochastic 

(and therefore not subject to sexual selection) and males were more mate limited than females, 

both Is and Bateman gradients would still indicate that sexual selection is operating (Klug et al. 

2010). While these metrics of sexual selection are useful in determining if sexual selection is 

able to operate in a population, to understand how sexual selection actually operates in a 

population, it is necessary to know how traits affect mating success (Jones 2009; Klug et al. 

2010; Krakauer et al. 2011). However, for S. latifolia and other plants, we still do not know 

which traits are impacting mating success (Tonnabel et al. 2021). Until such time, by accounting 

for stochasticity in mating and reproductive success we can determine if mating success is non-

random and a reflection that sexual selection is operating. 

Despite plant traits explaining some of the variation in mating and reproductive success, 

much of the remaining variation could be attributed to stochasticity. Although plant- and 

population level features are known to affect plant reproduction, several aspects of mating are 

fundamentally uncertain and may have important effects on realized mating and reproductive 

success. In Lavandula latifolia, stochastic variation in spatial and temporal access to sunlight in a 

population influenced pollinator composition and quality (Herrera 1995). Stochastic variation in 
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extrinsic environmental factors, such as sunlight, can be more important to pollinator 

assemblages and plant fitness than traits intrinsic to the plants (Lechowicz & Bell 1991; Herrera 

1995). Heterogenous environments allow for more opportunity for stochasticity to operate, in 

particular, due to pollinator responses to environmental factors that are highly variable (Kilkenny 

& Galloway 2005). Variation in pollinator environments can vary considerably annually, 

seasonally, daily, and within days. Here we measured mating and reproductive success daily 

because the availability of flowers for pollination in S. latifolia lasts a single day. Within a day 

stochastic variation in the pollination environment can change to impact plant fitness. Variation 

in pollen dispersal is determined by the type of pollinators, number of visits, and stochasticity 

during pollen dispersal (Richards et al. 2009). While plant-level traits and population-level 

features can influence pollinator visitations and pollinator types (Ghazoul 2006; Ishii & Harder 

2006; Richards et al. 2009), there are many avenues where unpredictable events can disrupt 

pollen dispersal and pollination. Stochasticity may have the opportunity to act during pollen 

transfer, but there are fewer opportunities for disruption once pollination has occurred and the 

first phase of mating has taken place (Minnaar et al. 2019). However, the stochastic nature of 

pollen delivery can impact patterns of mating. In Hellebore foetidus, pollen tube formation on 

stigmas was highly variable between flowers and within stigmas of the same flower due to 

stochastic variation in pollen loads among flowers and styles (Herrera 2002). Fine-scale variation 

between flowers and stigmas within plants explained more variation in pollen tube formation 

than population or regional differences. Stochastic variation in pollen loads on stigmas impacted 

the competitive environment in which pollen tubes are formed. Sources of stochastic effects on 

mating and reproductive success can range from broad-scale extrinsic factors to fine-scale 

intrinsic factors.  
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The unexplained variation in mating and reproductive success can be attributed to 

stochasticity in part. Variables that were not measured and measurement error likely also 

contributed. While we measured many plant-level traits, other traits have been shown to affect 

mating and reproduction in plants. Both the volume (Delph & Lively 1992) and concentration 

(Kulbaba & Worley 2012) of nectar have been shown to affect pollination and specifically to 

have an effect on male (or male function of hermaphrodites) fitness. Pollen traits may also affect 

patterns of pollen transfer or fertilization (Opedel et al. 2023). Pollen grain size can affect 

successful pollination, pollinators that forage on pollen may select for smaller grains that are less 

likely to be consumed and more likely to successfully reach stigmas (Hao et al. 2020). 

In Fusarium oxysporum, pollen size was negatively associated with pollen tube growth rate 

(Tejaswini 2002). The stickiness of pollen is suggested as another trait that may maximize pollen 

delivery (Hasegawa et al. 2021). Differences in daily flowering phenology can influence 

pollination success, depending on when a flower opens during the day can determine how 

successful a plant is at donating pollen (Miyake & Yahara 1999). Environmental factors that may 

have undue effects on pollinator behaviour (Kilkenny & Galloway 2005; Sanchez-Lafuente et al. 

2005). There are many plant-level traits and environmental factors that could explain variation in 

mating and reproductive success.  

Our findings suggest that plant-level traits and a population-level feature explained some 

of the variation in mating and reproductive success in a monoecious population of S. latifolia. 

However, stochastic effects and unmeasured traits are likely culprits of much of the observed 

variation. Additionally, there are opportunities for sexual selection to act on post-pollination 

traits. The dynamics of mating and reproduction in plants may have some predictability, but they 
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are also contextual and dependent on more than intrinsic plant-level traits or extrinsic 

population-level features.  
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4.4 Tables 
 
Table 4.1. Linear models of mating success on determinants of mating success and reproductive 

success on determinants of reproductive success in a monecious population of Sagittaria 

latifolia. Explanatory variables are genet area, number of flowers, flower size, and local mating 

neighbourhood. Significant values are in bold. Values are the parameter estimates, and associated 

t-test and p-values. we also report measures of overall fit for each model, including associated F-

test statistics, their numerator and denominator degrees of freedom, and R2. 

 

 Estimate 
(SE) 

t p F p df R2 

A. Mating success        
Intercept 4.55 (0.41) 11.1

4 
<0.00

1 
4.08 0.03 4, 

11 
0.6

0 
Mating neighbourhood -2.39 (1.23)  -1.94 0.08     
Genet area 2.87 (0.89) 3.20 <0.01     
Number of flowers 0.51 (0.65) 0.78 0.45     
Flower size -0.58 (0.63) 0.93 0.34     

B. Reproductive success        
Intercept 3.29 (0.14) 23.4

8 
<0.00

1 
2.98 0.07 3, 

12 
0.4

2 
Mating neighbourhood -0.83 (0.36) -2.35 0.03     
Genet area 0.63 (0.29) 2.16 0.05     
Flower number 0.47 (0.22) 2.13 0.05     
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Table 4.2. Multiple linear regression of mating and reproductive success on determinants of 

mating and reproductive success in a dioecious population of Sagittaria latifolia. Explanatory 

variables are genet size (number of ramets), ramet size (mid-vein length), number of flowers, 

flower size (flower diameter), and local mating neighbourhood. Values are the parameter 

estimates, and associated t-test and p-values. we also report measures of overall fit for each 

model, including F-tests and their numerator and denominator degrees of freedom, R2 for the 

whole model and the relative R2 contributions of each explanatory variable. 

 
 Estimate (SE) t p F p df R2 

A. Mating success        
Intercept 4.46 (0.75) 5.94 <0.001 0.23 0.91 4,8 0.10 
Genet size -4.52 (7.11)  -0.63 0.54     
Mating neighbourhood 4.01 (11.73) 0.34 0.74     
Ramet size -0.28 (1.21) -0.23 0.82     
Number of flowers 0.09 (8.55) 0.01 0.99     

B. Reproductive success        
   Intercept 3.39 (0.17) 20.53 <0.001 0.44 0.77 4, 8  0.18 

Genet size -2.21 (2.21) -1.00 0.35     
Ramet size -0.17 (0.23) -0.72 0.49     
Mating neighbourhood 2.15 (2.25) 0.95 0.37     
Number of flowers 0.20 (0.31) 0.64 0.54     

 

 

 

 

 

 

 

 

 



 94 

Table 4.3. Linear regression of observed pollen deposition on predicted pollen deposition in a 

monoecious and dioecious population of Sagittaria latifolia. Response and explanatory variables 

were observed and predicted pollen deposition, both were standardized by dividing by their mean 

values. Values are the parameter estimates, and associated t-test and p-values. We also report 

measures of overall fit for each model, including F-tests and their numerator and denominator 

degrees of freedom, R2 for the whole model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Estimate (SE) t p F p df R2 

A. Monoecious         
Intercept -2.15 × 10-16 (0.24) 0.00 1.00 0.30 0.59 1, 16 0.02 
Predicted pollen 

deposition 
-1.35 (0.25)  -0.55 0.59     

B. Dioecious         
   Intercept 2.20 × 10-17 (0.17) 0.00 1.00 2.65 0.11 1, 33  0.07 

Predicted pollen 
deposition 

-0.27 (0.17) -1.67 0.11     
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4.5 Figures 
 
 

 
Figure 4.1: The relative contribution of plant-level traits, population-level feature and 

stochasticity to patterns of male mating (A) and reproductive success (B) in a monoecious 

population of Sagittaria latifolia. Withdrawn segments indicate predictors that had a negative 

effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

area
(37%)

mating neighbourhood
(13%)

No. flowers
(6%) flower size

(4%)

residual
(40%)

A) Mating success
Monoecious

No. flowers
(16%)

area
(15%)

mating neighbourhood
(12%)

residual
(57%)

B) Reproductive success



 96 

 
Figure 4.2: The relative contribution of plant-level traits, population-level feature and 

stochasticity to patterns of male mating (A) and reproductive success (B) in a dioecious 

population of Sagittaria latifolia. Withdrawn segments indicate predictors that had a negative 

effect. 
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Figure 4.3: Relationships between predicted pollen deposition and realized pollen deposition per 
ramet in populations of Sagittaria latifolia. Points represent standardized daily predicted and 
realized pollen deposition per ramet. The line represents the slope of the regression of realized 
vs. predicted pollen deposition, shaded area is the 95% CI.  
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5. CHAPTER 5. GENERAL DISCUSSION 
 

Mating in plants is complex and has far reaching consequences for the evolution of plant 

sexual diversity. Understanding plant mating patterns and the forces that drive variation in how 

mating is achieved is an important area of research in the evolutionary biology of plants. While 

numerous studies examine plant reproductive patterns, few investigate mating patterns using 

mating success. This thesis contributes to our understanding of plant mating and reproduction, 

bringing greater insight into patterns of male mating and reproductive success and their 

evolutionary consequences. The variation in gender strategies of Sagittaria latifolia provided a 

unique opportunity to study how different sexual systems affect plant mating. I found that in 

natural populations of S. latifolia, male mating success was associated with reproductive success 

more so than female mating and reproductive success, that shifts in sex allocation were not 

associated with greater siring in hermaphrodites, and that the predictable effects of plant traits 

and population features on male mating and reproductive success were obscured by stochastic 

factors. My results show that sexual selection does operate in natural populations of plants, 

validating its broad acceptance as an important evolutionary force in plants. However, mating in 

plants is highly complex and while adjustments to sex allocation or plant traits may influence 

mating opportunities, there is still much about mating dynamics and their outcomes that remain 

unclear. 

5.1 Sexual Selection in natural populations 
 

In Chapter 2, I quantified sexual selection in natural populations of S. latifolia using 

Bateman gradients. I found that the relationship between mating and reproductive success in 

males and male-function of hermaphrodites was greater than that of females and female-function 

of hermaphrodites, indicating that sexual selection is operating in these two populations. 



 99 

Variation in size is often a trait that is subject to sexual selection in unitary organisms (Höglund 

& Säterberg 1989). In freshwater snails, Physa acuta, body size was found to have positive effect 

on mating and fitness for both sex functions, with a greater effect on male mating (Pélissié et al. 

2011). For modular organisms, such as the case for plants, size variation may instead be due to 

non-heritable variation in local-resource conditions and plant-age. And plants that are larger or 

older may have more reproductive capability than plants that are smaller and younger. For 

Plantago laceolata, larger plants had greater reproductive output, and plants that were larger and 

older had a higher probability of flowering (Baden et al. 2020). I found that without accounting 

for size variation, patterns of sexual selection could be masked. However, once size was 

accounted for strong sexual selection was found to be operating in both monoecious and 

dioecious populations, in accordance with predictions made under Bateman’s principles 

(Bateman 1948) and patterns of sexual selection found in the animal literature (Seehausen et al. 

1999; Boughman 2001). 

In addition, I found that pattens of sexual selection were similar between monoecious and 

dioecious populations. Differences in patterns of sexual selection were expected due to cross-sex 

effects associated with hermaphroditism (Anthes et al. 2015). However, in the case of S. latifolia, 

female and male sex functions are separated during mating and may allow for greater 

independence. In accordance with a study on freshwater snails, P. acuta, found that there were 

minor cross-sex effects despite being simultaneous hermaphrodites (Pélissié et al. 2011). The 

snails were found to preferentially outcross over selfing, in this case mating behaviours of the 

snails allowed for independence of sex functions which may have reduced any cross-sex effects. 

The temporal separation of sexes granted plants temporary phases of unisexuality, which 

tempered the cross-sex effects on mating success in S. latifolia.    
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This chapter joins other research (Dai & Galloway 2013; Cocucci et al. 2014; Tonnabel et 

al. 2019; Barbot et al. 2023; Lavaut et al. 2023) in the application of sexual selection theory to 

plants. Specifically, this research contributes to the broader literature in being the first to measure 

the strength of sexual selection in natural populations of plants and comparing patterns of sexual 

selection in a species with variable sexual systems. Next steps would be to determine if Bateman 

gradients can be used more broadly and to determine the extent to which sexual selection is 

operating in pre- and post-pollination phases.  

5.2 Sex allocation and flowering phenology 
 

In Chapter 3, I measured seasonal changes in sex allocation, mating environment and 

siring success in a population of hermaphroditic S. latifolia. I found that changes in sex 

allocation across the season could offset missed mating opportunities due to dichogamy. Plants 

that flowered earlier allocated more to male function than plants that flowered later. The patterns 

of allocation were as predicted by the mating environment hypothesis (Brunet & Charlesworth 

1995) and mating opportunities for male function (as measured by pollen transfer opportunities) 

corresponded to this pattern. However, pollen transfer opportunities were not associated with 

siring success. The results in this chapter align with other studies in showing that temporal shifts 

in sex allocation can alter mating opportunities in dichogamous plants. However, I did not find 

evidence that seasonal adjustments to sex allocation affected siring success. Despite the 

importance of temporal overlap in flowering for determining mating opportunities, other 

processes were responsible for shaping patterns of siring.  

The mating environment hypothesis assumes that the probability of transferring pollen to 

potential mates is equal among flowers based only on the temporal overlap between female and 

male flowers. However, the ability to transfer pollen is not equal between plants, nor between 
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flowers of the same plant. Sexual selection is linked to differential pollen transfer based on a 

variety of traits, including but not limited to floral morphology, scent, nectar production, flower 

duration, and flower height (Delph & Ashman, 2006). Pollen and flower production can be 

affected by variable local environmental conditions (Delph et al. 1997). For example, soil 

fertility (Lau & Stephenson 1993; Lau & Stephenson 1994), herbivory (Quesada et al. 1995; 

Delph et al. 1997) and mycorrhizal infections (Stephenson et al. 1994) can all affect pollen 

production and quality, which in turn affects the likelihood of pollen being transferred 

successfully. Additionally, if pollen dispersal is spatially restricted in a population, patterns of 

pollen transfer probabilities may not be realized as siring success. Pollination typically occurs 

between nearest neighbours (Levin & Kerster 1974), pollen is less likely to be transferred to 

potential mates that are farther away. For Raphanus sativus, pollen dispersal and siring were 

negatively affected with increasing distance (Devlin et al. 1992). In the case of S. latifolia, past 

studies have found that there is some spatial restriction in pollen dispersal (Stephens et al. 2023). 

While temporal overlap undoubtedly contributes to the mating environment, incorporating a 

spatial component can further our understanding of the mating environment and subsequent 

mating patterns. To further explore the mating environment hypothesis, as S. latifolia is a clonal 

plant, accounting for both temporal and spatial variation may provide further insight to how 

changes in sex allocation can affect mating opportunities and siring patterns.  

5.3 Stochasticity and predictors of male mating and reproductive success 
 
 In Chapter 4, I examined the effect of intrinsic traits, extrinsic features and stochasticity 

on male mating and reproductive success. While both intrinsic plant-level traits and extrinsic 

population-level features of plants can have predictable effects on patterns of mating and 

reproduction (Bickle & Freeman 1993; Karron et al. 1995), there is inherent stochasticity to plant 
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mating that can disrupt these predictable effects (Minnaar et al. 2019). I found that while plant-

level traits and population-level features explained some of the variation in mating and 

reproductive success, much of the variation was attributed to stochasticity and unmeasured 

variables. Despite evidence of sexual selection occurring in both these populations (Chapter 2), I 

did not find evidence that floral traits were sexually selected for. While sexual selection is most 

often studied during pre-pollination phases, sexual selection can also operate post-pollination. 

The scope for sexual selection during the post-pollination phase through pollen-pistil 

interactions remains a possibility (Tonnabel et al. 2021). Continued interactions between female 

and male functions in the pistil has been proposed as an arena for female choice, another mode of 

sexual selection. During the pre-pollination phase, competition is indirect between competing 

males. However, the first direct contact between female and male mating partners occurs during 

the post-pollination phase, providing an opportunity for intrasexual competition. Pistils are 

responsible for nutritive molecules that promote pollen tube growth, while pollen grains are also 

able to harvest nutrients from pistils (Iwano et al. 2014). Additionally, tissues in the style guide 

pollen tube formation towards ovules (Chae & Lord 2011). Pollen grains have numerous cellular 

processes that affect pollen tube performance, for example, reorganization of actin filaments to 

stabilize pollen tube growth (Zhang et al. 2010), expression of molecule transporters that 

regulate metabolic activity of pollen tubes (Cheng et al. 2015) and navigation through the style 

(Yanagisawa et al. 2017). These processes provide opportunity for both female choice and male-

male competition in the post-pollination phase. Further study on both pollen and pistil traits, and 

their effects on mating and reproductive success is needed. 

 While stochasticity had a large effect in both populations of S. latifolia, this study was a 

snapshot of the flowering season. Flowering for S. latifolia in S. Ontario, typically lasts from 
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June to mid-September. It is possible that stochastic processes had a smaller contribution when 

considering the whole of the reproductive season. Past studies have found that flower size and 

floral display size in S. latifolia may be under sexual selection (Glaettli & Barrett 2008; Dorken 

& Perry 2017). Sexual selection may be operating in these two populations but has been 

obscured by stochastic processes for the short duration of this study. To have a more complete 

understanding of how predictive and stochastic processes affect mating and reproduction 

patterns, observations of the entire mating season would be valuable. 

 This chapter joins other research on understanding the role of intrinsic traits (Schemske et 

al. 1978; Eckhart 1991; Robertson & McNair 1995) and population features (Karron et al 1995; 

Mustajärvi et al. 2001; Ramussen & Brødsgard 1992; Sowring, 1989; Ghazoul 2005) in 

examining patterns of mating and reproduction. However, this study provides additional 

consideration of the contributions of stochastic processes. Stochasticity has effects, whether 

through error and measurement bias or through chance alone, it is a non-selective process that 

can affect mating and reproduction. Accounting for it, is a necessary part of having a more 

complete understanding of how predictive processes impact patterns of plant mating and 

reproduction 

5.4 Conclusions and summary 
  

In summary, these findings suggest that in natural populations of S. latifolia: sexual 

selection operates on male function, even in monoecious populations despite the potential for 

cross-sex effects (Chapter 2), that temporal changes to sex allocation in hermaphrodites can 

result in more mating opportunities, however siring success is dependent on more than the 

mating opportunities garnered from temporal overlap in flowering (Chapter 3), and while 

intrinsic traits and extrinsic features contribute to male mating and reproductive success, 
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stochastic factors play a large role in determining patterns of mating and reproduction (Chapter 

4).  

My thesis has helped to shed light on male mating patterns in plants. Sexual selection 

operates in plants as predicted by Bateman’s Principles (Bateman 1948), males and male 

function of hermaphrodites experience greater variation in mating and reproductive success. 

Despite this, I failed to find patterns of selection acting on traits acting on traits that would 

impact pollination. This leads to the conclusion that the post-pollination phase may be an arena 

where sexual selection could operate, through pollen competition, female choice or more likely 

some combination of the two. For hermaphroditic plants, how a plant allocates resources to each 

sex function and when affects mating opportunities. Yet, temporal overlap and the potential for 

mating alone cannot explain the patterns of siring I observed. There are many steps between 

flowering and siring. The complexity of mating in plants makes it difficult to predict interactions 

between potential mating partners and subsequent reproductive patterns. Despite extensive 

studies on pollination and floral trait selection, further research into post-pollination processes, 

sporophyte-gametophyte interactions may provide more insight to plant mating patterns. This 

underscores the need for further investigation into factors influencing plant mating patterns, 

including those occurring after pollination. 
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7. APPENDIX 
7.1 Appendix: Sexual selection on male but not female function in monoecious and dioecious 
populations of Broadleaf Arrowhead (Sagittaria latifolia) 
 

 
 
Figure A7.1.1 Photos of inflorescences in the monoecious and dioecious populations of 

Sagittaria latifolia studied here. Left: a hermaphrodite inflorescence from the monoecious 

population showing senesced female flowers at basal nodes and open male flowers at distal 

nodes. Center and right: Female (center) and male (right) inflorescences from the dioecious 

population. 
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DNA extraction and SRR genotyping  
 

Leaf tissue was dried using silica and then stored at 4 °C. To extract genomic DNA for 

assignments of ramets to genets, we homogenized approximately 5 mg of dried leaf tissue using 

a MM 300 Retsch mixer mill (Haan, Germany). We followed procedures for leaf DNA extraction 

used in previous studies of S. latifolia (Holt et al. 2020; Stephens et al. 2020).  

Leaf DNA was extracted using E.Z.N.A. Plant Extraction kits (Omega Bio-Tek Inc., GA, 

USA) following the manufacturer’s plant DNA dried sample protocol and eluted to a final 

volume of 100 µl. To extract seed DNA, we first separated seeds from maternally derived tissues 

after soaking them in water. We sampled a total of nine seeds per fruit from each ramet for 

subsequent genotyping. Seed DNA was extracted using the QuickExtract Plant Seed DNA 

Extraction Solution (Lucigen, Madison WI) following the manufacturer’s protocol, and eluted to 

a final volume of 50 µl. Not all fruits were fully mature and produce insufficient progeny DNA 

for our analyses. A total of 350 seeds from 33 ramets from the monoecious population and 448 

seeds from 36 ramets from the dioecious population were used for parentage analysis.  

Leaf samples were genotyped at eight SSR microsatellite loci (SL06, SL09, SL21, SL 27, 

SL30, SL65, SL74, and SL75) (Yakimowski et al. 2009) and seeds were genotyped at either 

three (SL27, SL74, SL75 for the monoecious population and SL65, SL74, SL75 for the dioecious 

population) or all eight loci. Nine seeds per ramet per day per population were genotyped; three 

of these nine seeds were genotyped at all eight loci and the rest at the three loci listed above 

(total sample of seeds genotyped at eight loci: 113 seeds from the monoecious population, 151 

seeds from the dioecious population; 3 loci: 247 seeds from the monoecious population, 297 

seeds from the dioecious population). Our initial aim for genotyping additional seeds at 3 loci 

was to enable the calculation of outcrossing rates and correlated paternity. Those data are not 
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presented here, however, seeds genotyped at three loci were also useful for paternity assignment 

and are included here. Each sample of DNA was amplified at each of the loci specified above 

and sequenced following methods in (Yakimowski et al. 2009).  

Successfully amplified DNA samples were genotyped using an automated sequencer 

(Applied Biosystems 3730 DNA analyzer). Each run included a ROX 500 size standard (Applied 

biosystems, Waltham, MA, USA) and results were scored manually using GeneMarker® 

(SoftGenetics). Locus SL30 appeared to have a high frequency of null alleles and this locus was 

not included in the analyses presented below. 
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Genet assignment & paternity analysis 
 

We used the SSR data from leaf samples to group ramets into multi-locus genotypes 

(MLGs). Assignment of ramets to MLGs was conducted to enable measurement of mating and 

reproductive success at the whole-plant (genet) level. Analyses of genet size were based on 

samples that amplified at all seven loci (i.e. all loci excluding SL30) using the RClone package 

(v. 1.0.2., Bailleul et al. 2016) using R (v. 3.6.1., R Core Team 2019) following procedures 

outlined in (Holt et al. 2020; Stephens et al. 2020). Samples with missing data were excluded 

because RClone package cannot process missing data. One ramet from the monoecious 

population and nine ramets from the dioecious population were excluded due to incomplete 

genotyping data, a total of 166 ramets from the monoecious population and 174 ramets from the 

dioecious population were included for further analysis. The probability that ramets with the 

same multi-locus genotypes (MLG) arose from independent mating events was estimated using 

the ‘psex_Fis’ function from the Rclone package (v. 1.0.2. Bailleul et al. 2016). We identified 

160 unique MLGs from the monoecious population and 153 MLGs from the dioecious 

population, all of which had calculated values of Psex less than 0.0001, indicating that ramets 

with identical MLGs were likely the result of clonal growth. To account for scoring errors and 

somatic mutations, we grouped MLGs that differed by up to one allelic difference at any locus 

into multi-locus lineages (MLLs) (Arnaud-Haond et al. 2007). Ramets were assigned to MLLs 

using the ‘MLG_list’ and ‘MLL_generator2’ functions from the Rclone package, which assign 

MLLs using MLG scores and a threshold value of pairwise genetic differences (see Holt et al. 

2020, for details of a similar analysis using the same SSR loci for S. latifolia). Together 140 

MLLs and 110 MLLs were identified for the monoecious and dioecious populations, 

respectively.  
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Seed paternity was determined by parentage analysis using COLONY2 (v. 2.0.6.5 Jones 

& Wang 2010; Wang 2012). Paternity assignments involved MLG- level data to account for any 

potential somatic mutations within MLGs that might have been passed to offspring. MLG-level 

assignments were then converted to the MLL level so that siring success could be tabulated for 

each genet. COLONY2 was run after selecting the following options: polygamy for both males 

and females with inbreeding; species was selected to be dioecious and diploid; and a full-

likelihood analysis method was used as it provides the greatest accuracy in parental assignments 

(Wang 2012). The monoecious option was used for the parentage analysis of the monoecious 

population, where all potential dams are also potential sires. While female and male flowers on 

the same ramet do not typically open at the same time, it is possible for female and male flowers 

on different ramets that are from the same MLG to be open at the same time and therefore act as 

both dam and sire. For each run, we specified maternal sibships based on the MLG of the 

maternal parent. In both populations, MLGs that produced male flowers were included in the list 

of potential sires. Runs of COLONY2 were conducted separately for each population using 

medium run lengths with high likelihood precision. Each run also allowed for stochastic per 

locus genotyping error rates, values for which were estimated by comparing expected and 

observed heterozygosity in parental genotypes at each locus using CERVUS 3.0.7 (Marshall et 

al. 1998) (table A7.1.1).  

Assignment to one or more sires was made for most of the genotyped seeds from the 

monoecious (218 of 247) and dioecious (233 of 297) populations. For seeds genotyped at all 

seven loci, siring probabilities for individual sire MLGs ranged from 0.42 to 1.00 (mean = 0.89 ± 

0.02 SE) for the monoecious population and from 0.46 to 1.00 (mean = 0.58 ± 0.01 SE) for the 

dioecious population. For seeds genotyped at three loci, siring probabilities ranged from 0.42 to 
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1.00 (mean = 0.86 ± 0.03 SE) for the monoecious population and 0.46 to 1.00 (mean = 0.72 ± 

0.01 SE) for the dioecious population. Each seed was assigned a single sire corresponding to the 

MLL with highest siring probability. To account for uncertainty in siring assignments when 

calculating male reproductive success, we tabulated total siring per MLL as the sum of the siring 

events associated with each MLL weighted by their estimated probability. 

Selfed seeds were excluded from counts of mating and reproductive success. Only two 

MLLs in the monoecious population produced any selfed seed but selfing rates were quite high 

in those two MLLs. The proportion of selfed seed for the two MLLs involved in selfing events 

was 0.63 and 0.89 respectively, and because one of these MLLs was among the largest in the 

population, the overall population average selfing rate was 0.36 ± 0.07 SE. No females in the 

dioecious population were inferred to have produced selfed seeds. 
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Figure A7.1.2 Frequency distribution of genet (MLL) sizes in the monoecious (left panel) and 

dioecious populations (right panel) of Sagittaria latifolia for which patterns of sexual selection 

were studied. 
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Table A7.1.1 Per-locus genotyping error rates for the dioecious and monoecious populations of 

Sagittaria latifolia for which patterns of sexual selection were studied, calculated using 

CERVUS (v 3.0.7). 

 
Population SL06 SL09 SL21 SL27 SL65 SL74 SL75 
Dioecious 0.04 0.01 0.02 0.04 0.05 0.06 0.01 
Monoecious 0.08 0.02 0.00 0.00 0.01 0.09 0.02 
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Size-dependency of flower production 
 

A least-squares linear regression was used to examine the relationship between clone size 

and number of flowers produced for each sex in both monoecious and dioecious populations. 

Flower number was used as the dependent variable and clone size, measured as the number of 

ramets, was used as the independent variable for each sex. Regression analyses were calculated 

using lm function in R (R Core Team 2019). 

For both populations, genet size had a significant positive association with flower 

production in both sexes (or sex functions of hermaphrodites; table A7.1.2, figure A7.1.3). 

Genets composed of many clones had more flowers than genets composed of few clones. 
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Figure A7.1.3 Number of flowers as a function of genet size calculated as number of ramets in 

Sagittaria latifolia for each sex (red circles for female function, blue triangles for male function) 

in a (A) monoecious and (B) dioecious population from a linear model.  
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Table A7.1.2 Linear regression parameters, standard errors, t- and P-values for the association between the number of flowers per 

genet and genet size (number of ramets) for each sex function in the monoecious and dioecious population of Sagittaria latifolia 

studied here.  

 
 Estimate (SE) t P F df P R2 
Monoecious        
n female flowers         
   (intercept) -4.25 (0.70) -6.06 <0.001 297.80 1, 98 <0.001 0.75 
   Genet size  8.98 (0.52) 17.26 <0.001     
n female flowers         
   (intercept)  -1.88 (0.49) -3.79 <0.001 242.60 1, 123 <0.001 0.66 
   Genet size  5.76 (0.37) 15.56 <0.001     
Dioecious        
n female flowers         
   (intercept) 10.17 (1.59) 1.10 0.27 370.00 1, 28 <0.001 0.93 
   Genet size  10.17 (0.53) 19.24 <0.001     
n female flowers         
   (intercept) 1.23 (0.88) 1.39 0.17 533.10 1, 78 <0.001 0.87 
   Genet size  6.02 (0.26) 23.09 <0.001     
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Bateman gradients uncorrected for plant size 
 

Least-squares linear regressions were used to model the relationship of reproductive 

success against mating success to determine Bateman gradients for each sex function without 

accounting for ramet or genet size. Standardized reproductive success was used as the dependent 

variable and standardized mating success was the independent variable. 	

𝑅𝑆" =	𝛼 + β"	𝑀𝑆" + ε 

𝑅𝑆' =	𝛼 + β'	𝑀𝑆' + ε 

The sex difference in Bateman gradients was calculated using separate least-squares multiple 

regression with a mating success × sex interaction term. Specifically, the sex-difference in 

Bateman gradients was estimated from:  

RS = α + β1 × MS + β2 ×Sex + β3 × MS × Sex + ε,  

where β3 corresponds with ΔβSS.  

Using this uncorrected approach for the monoecious population there was a significant 

positive association between mating and reproductive success for both female (βff = 1.20 ± 0.30 

SE) and male function (βmm = 1.17 ± 0.10 SE) of hermaphrodites (table A7.1.3). Accordingly the 

value for the sex-difference in Bateman gradients was small (Δβss = -0.03 ± 0.30, table A7.1.4). 

By contrast, in the dioecious population, there was a stronger positive association between 

mating and reproductive success for females (βf = 2.16 ± 0.42 SE) than for males (βm = 0.88 ± 

0.09 SE, table A7.1.3), and the sex-difference in Bateman gradients was negative (Δβss = -1.28 ± 

0.45, table A7.1.4). Together, this analysis - that do not take variation in plant size into account –

provided values suggesting marginal sex-differences in sexual selection in the monoecious 

populations and stronger sexual selection in females compared to males in the dioecious 

population.  
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Table A7.1.3 Bateman gradient analysis for female and male function of hermaphrodites in the monoecious population, and females 

and males of the dioecious population of Sagittaria latifolia, uncorrected for variation in ramet or genet size. Relative mating success 

was the number of genetic mating partners, standardized by dividing by their mean values. Significant values are in bold. Parameter 

estimates for mating success via female function (βff), male function (βmm), and for females (βf) and males (βm). Parameter estimates 

are reported alongside their associated standard errors, test-statistic and P-values. Model-wide F-statistics (with numerator and 

denominators degrees of freedom), p-values, and R2 are reported for each population. 

 

 Estimate (SE) t P F df P R2 
Monoecious        
Female function Relative RS        
   (intercept) -0.20 (0.33) -0.61 0.55 16.54 1, 23 <0.001 0.39 
   Relative MS  1.20 (0.30) 4.07 <0.001     
Male function Relative RS        
   (intercept) -0.17 (0.17) -1.00 0.33 130.30 1, 17 <0.001 0.88 
   Relative MS 1.17 (0.10) 11.42 <0.001     
Dioecious        
Female Relative RS        
   (intercept) -1.16 (0.46) -2.5 0.03 27.05 1, 14 <0.001 0.63 
   Relative MS 2.16 (0.42) 5.20 <0.001     
 Male Relative RS        
   (intercept) 0.12 (0.11) 1.10 0.31 102.50 1, 7 <0.001 0.93 
   Relative MS 0.88 (0.09) 10.12 <0.001     
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Table A7.1.4 Bateman gradient analysis for female and male function of hermaphrodites in the monoecious population, and females 

and males of the dioecious population of Sagittaria latifolia, uncorrected for variation in ramet or genet size. Relative mating success 

was the number of genetic mating partners, standardized by dividing by their mean values. Significant values are in bold. Coefficients 

for the interaction term were used to estimate the sex-difference in Bateman gradients (Δβss). Parameter estimates are reported 

alongside their associated standard errors, test-statistic and P-values. Model-wide F-statistics (with numerator and denominators 

degrees of freedom), p-values, and R2 are reported for each population. 

 
 Estimate (SE) t P F df P R2 
Monoecious        
Relative RS        
   (intercept) -0.20 (0.30) -0.66 0.51 38.99 3, 40 <0.001 0.73 
   Relative MS  1.20 (0.27) 4.31 <0.001     
   Sex (males) 0.03(0.36) 0.09 0.98     
   Relative MS: males     -0.03 (0.30) -0.11 0.91     
Dioecious        
Relative RS        
   (intercept) -1.16 (0.38) -3.02 <0.01 16.18 3, 21 <0.001 0.65 
   Relative MS  2.16 (0.34) 6.27 <0.001     
   Sex (males) 1.28 (0.53) 2.41 0.03     
   Relative MS: males     -1.28 (0.45) -2.85 0.01  1   
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Bateman gradients calculated using multiple regression 
 
Multiple regression is an alternative to residual regression for controlling for confounding 

variables (Freckleton 2002). For each population, we calculated least-squares linear multiple 

regression of relative reproductive success using relative mating success, genet size (number of 

clones), and ramet size (measured as height), subset for each sex function, as the independent 

variables: 

 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑅𝑆 = 	𝛼 + β&(𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑀𝑆)		+	β'	(𝑙𝑜𝑔&)𝑐𝑙𝑜𝑛𝑒	𝑠𝑖𝑧𝑒) + 	β*(𝑟𝑎𝑚𝑒𝑡	𝑠𝑖𝑧𝑒) + ε, 

 

where β1 corresponds with the Bateman gradient for each sex (or sex function). Genet size was 

log-transformed due to right skew. The results of the multiple regression analyses indicated that 

there were significant positive effects of mating success on reproductive success via male 

function in both populations (monoecious βmm = 1.01 ± 0.37 SE; dioecious: βm = 0.95 ± 0.18 SE; 

table A7.1.5). By contrast, there were no significant associations between mating and 

reproductive success via female function in either population (monoecious βff = 0.42 ± 0.27 SE; 

dioecious βf = 0.20 ± 0.27; table A7.1.5). Together, these values are consistent with the results 

presented in the main text indicating that sexual selection was more likely to operate on male 

compared to female function (i.e., once ramet and clone size are taken into account).  
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Table A7.1.5 Multiple regression of relative reproductive success on relative mating success ramet size (measured as mid-vein length) 

and genet size (number of ramets) from a monoecious and a dioecious population of Sagittaria latifolia. Genet size was log10 

transformed because of right skew. Significant values are in bold. Values are the parameter estimates, and associated t-test and p-

values. We also report measures of overall fit for each model, including F-tests and their numerator and denominator degrees of 

freedom, and R2. 

 
 Estimate (SE) t p F df p R2 
Monoecious        
  female RS        
   (intercept) -0.03 (0.45) -0.07 0.94 19.40 3, 21 <0.001 0.70 
   relative MS 0.42 (0.27) 1.55 0.14     
   log10(genet size) 3.38 (0.67) 5.00 <0.001     
   ramet size 0.02 (0.03) 0.82 0.42     
 male RS        
   (intercept) 0.15 (0.52) 0.28 0.78 38.21 3, 14 <0.001 0.87 
   relative MS  1.01 (0.37) 2.73 0.02     
   log10(genet size) 1.27 (2.86) 0.44 0.67     

ramet size -0.02 (0.03) -0.64 0.53     
Dioecious        
 female RS        
   (intercept) -0.57 (0.54) -1.04 0.32 91.56 3, 12 <0.001 0.95 
   relative MS 0.20 (0.27) 0.73 0.48     
   log10(genet size) 3.56 (0.40) 9.01 <0.001     

ramet size 0.06 (0.03) 1.86 0.09     
 male RS        
   (intercept) 0.08 (0.41) 0.19 0.86 25.90 3, 5 <0.01 0.90 
   relative MS 0.95 (0.18) 5.30 <0.01     

log10(genet size) -0.15 (0.30) -0.51 0.63     
ramet size -9.08 × 10 -5 (0.03) 3.00 × 10 -3  1.00     
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Associations between plant size and mating and reproductive success 
 

Plant size, and clone size in particular, was strongly associated with both mating and 

reproductive success in the two populations of S. latifolia included in our study (table A7.1.6). In 

both the monoecious and the dioecious population, mating success and reproductive success was 

positively associated with genet size (the number of ramets per MLL) but not with ramet size 

(the average mid-vein length of ramets within MLLs; table A7.1.6). This was true for both sexes 

in the dioecious population, and for both sex functions in the monoecious population. 

To determine how the effect of variation in plant size affected our raw estimates of 

reproductive success (i.e., before taking size variation into account), we evaluated the association 

between female reproductive success (at the MLL level) and number of genotyped seeds using a 

linear model. We calculated a least-squares linear regression of relative reproductive success as a 

function of number of seeds genotyped for each population.  

For both populations, the number of genotyped seeds had a significant positive effect on 

raw estimates of female reproductive success (table A7.1.7). Larger genets (from which more 

seeds were sampled) tended to have higher female reproductive success (figure A7.1.4).  
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Table A7.1.6 Multiple regression of mating and reproductive success on ramet size (measured as mid-vein length) and log10 

transformed genet size (number of ramets) in a monoecious and a dioecious population of Sagittaria latifolia. Significant values are in 

bold. Values are the parameter estimates, and associated t-test and p-values. We also report measures of overall fit for each model, 

including F-tests and their numerator and denominator degrees of freedom, and R2. 

 Estimate (SE) t p F df p R2 
Monoecious        
   log10(female MS)        
    (intercept) 0.32 (0.35) 0.92 0.37 7.30 2, 22 <0.01 0.34 
    log10(genet size)  1.49 (0.43) 3.48 0.02     
    ramet size 0.03 (0.02) 1.70 0.10     
   log10(male MS)        
   (intercept) 0.95 (0.27) 3.53 <0.01 78.21 2, 15 <0.001 0.90 
   log10(genet size)  7.36 (0.59) 12.51 <0.01     

ramet size -0.02 (0.02) -1.03 0.32     
   log10(female RS)        
    (intercept) 0.10 (0.46) 0.22 0.83 26.20 2, 22 <0.01 0.68 
    log10(genet size)  4.01 (0.56) 7.14 <0.01     
    ramet size 0.03 (0.02) 1.39 0.18     
   log10(male RS)        
    (intercept) 1.11 (0.46) 2.40 0.03 37.39 2, 15 <0.001 0.81 
    log10 genet size)  8.75 (1.01) 8.63 <0.001     

ramet size -0.03(0.03) -1.15 0.26     
Dioecious        
   log10 female MS)        
    (intercept) 0.80 (0.52) 1.53 0.15 12.19 2, 13 <0.01 0.60 
    log10(genet size)  1.20 (0.24) 4.91 0.01     
    ramet size 3.10×10-3 (0.03) 0.10 0.92     
  log10(male MS)        
   (intercept) -0.13 (0.95) -0.14 0.89 6.67 2, 6 0.03 0.59 
   log10(genet size)  1.38 (0.39) 3.50 0.01     

ramet size 0.06 (0.06) 0.93 0.39     
  log10(female RS)        
   (intercept) -0.41 (0.49) -0.83 0.42 142.10 2, 13 <0.001 0.95 
   log10(genet size)  3.80 (0.23) 16.50 <0.001     
   ramet size 0.06 (0.03) 1.92 0.07     
  log10(male RS)        
   (intercept) -0.05(0.98) -0.05 0.96 4.50 2, 6 0.06 0.47 
   log10(genet size)  1.15(0.41) 2.84 0.03     
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ramet size 0.05 (0.06) 0.86 0.43     

Table A7.1.7 Linear regression of female reproductive success on the number of genotyped seeds from a monoecious and dioecious 

population of Sagittaria latifolia. Values are the parameter estimates with the associated t-test and p-values. We include measures of 

overall fit for each model, including F-test, their numerator and denominator degrees of freedom and R2. 

 
. Estimate (SE) t P F df P R2 
Monoecious        
   (intercept) 0.25 (0.12) 2.03 0.05 84.5 1, 23 <0.001 0.78 
   Number of genotyped seeds 0.05 (0.01) 9.19 <0.001     
Dioecious        
   (intercept) -0.14 (0.13) -1.04 0.32 160.0 1, 14 <0.001 0.91 
   Number of genotyped seeds 0.05 (0.00) 12.7 <0.001     
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Figure A7.1.4 Linear regression of relative reproductive success of females on number of 

ovules genotyped for a monoecious and dioecious population of Sagittaria latifolia. Points 

represent the relative reproductive success of seed-producing MLLs (females in the dioecious 

population, and hermaphrodites in the monoecious populations) versus the number of 

genotyped seeds per MLL in each population. Points are jittered to enable visualization of 

points from MLLs with a similar number of genotyped seeds.
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Table A7.1.8 Summary of linear (residual) regression of reproductive success on mating success 

for female and male function from a monoecious and a dioecious population of Sagittaria 

latifolia. Values are the parameter estimates, and associated t-test and p-values. We also report 

measures of overall fit for each model, including F-tests and their numerator and denominator 

degrees of freedom, and R2. 

 
 Estimate (SE) t P F df P R2 
Monoecious        
   Female resid. RS        
   (intercept) 6.30×10-17 (0.10) 0.00 1.00 2.65 1, 23 0.11 0.06 
   Resid. MS  0.42 (0.26) 1.63 0.11     
  Male resid. RS        
   (intercept) -2.61 ×10-17 (0.14) 0.00 1.00 8.60 1, 16 <0.01 0.31 
   Resid. MS           1.02 (0.35) 2.93 <0.01     
Dioecious        
   Female resid. RS        
   (intercept) -1.39×10-17 (0.07) 0.00 1.00 0.63 1, 14 0.44 -0.03 
   Resid. MS  0.20 (0.24) 0.79 0.44     
   Male resid. RS        
   (intercept) 1.67×10-17 (0.07) 0.00 1.00 39.36 1, 7 <0.001 0.83 
   Resid. MS  0.95 (0.15) 6.27 <0.01     
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Table A2.9. Summary of multiple linear (residual) regression of reproductive success on mating 

success for female and male function from a monoecious and a dioecious population of 

Sagittaria latifolia. Sex-differences in the Bateman gradient (Δβss) were estimated from the 

interaction term between (residual) mating success and sex. Values are the parameter estimates, 

and associated t-test and p-values. We also report measures of overall fit for each model, 

including F-tests (with numerator and denominator degrees of freedom), and R2. 

 

 Estimate (SE) t P F df P R2 
Monoecious        
Relative RS        
   (intercept) 5.52 × 10-17 (0.11) 0.00 1.00 4.17 3, 39 0.01 0.18 
   Relative MS  0.42 (0.27) 1.51 0.14     
   Sex (males) -1.35 × 10-16 (0.17) 0.00 1.00     
   Relative MS: males     0.60 (0.42) 1.42 0.17     
Dioecious        
Relative RS        
   (intercept) 3.89 × 10-17 (0.07) 0.00 1.00 7.81 3, 21 0.001 0.46 
   Relative MS  0.20 (0.22) 0.87 0.39     
   Sex (males) -2.03 × 10-17 (0.11) 0.00 1.00     
   Relative MS: males     0.76 (0.30) 2.52 0.02    
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Bateman gradients calculated using bootstrapping 
 

Bateman gradients for female function are subject to sampling biases if different numbers 

of offspring are sampled across females. Sampling different numbers of offspring per female can 

lead to covariances between measures of reproductive success and – if females have 

opportunities to mate multiple times – and measures of mating success, leading to positive 

estimates of the female Bateman gradient even in the absence of sexual selection. Our study 

design involved the sampling of an equal number of seeds per fruit. However, our calculations of 

the strength sexual were made at the genet (MLL) level, and genets varied in their number of 

ramets (and fruits). Our use of size-corrected estimates of Bateman gradients via residual 

regression represents one approach to correct for underlying covariances between plant (clone) 

size and the sample sizes used to estimate reproductive and mating success to affect inferences 

regarding the strength of sexual selection. An alternative approach is to randomly sample the 

same number of seeds from same-sized MLLs using bootstrapping. 

We calculated Bateman gradients for both sexes using clustered bootstrapping of the seed 

data set. From each maternal MLL, 5 seeds were randomly sampled with replacement from a 

single, randomly sampled ramet per MLL. Random samples were replicated 1000 times using 

the ‘replicate’ function in base R (R Core Team 2019). Each of these seed datasets were used to 

estimate mating and reproductive success for female and sex functions in each population, and 

from these values calculate the sex-specific Bateman gradients using least squares multiple 

regression. Sex-differences in sex Bateman gradients (Δβss) were calculated using separate 

multiple regressions that included a mating success sex interaction, as described above for the 

data presented in table A7.1.4. The regression model was estimated with 1000 replicates and 
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95% confidence intervals were calculated from the distribution of estimates from these replicate 

analyses. Regression models were calculated using the lm function in R (R Core Team 2019).  

Using this bootstrapping approach we found positive Bateman gradients for both female 

and male function, but with much larger values for female than for male function in the 

monoecious population (mean βmm = 3.82 ± 0.02 SE, βff = 0.33 ± 0.01 SE; table A7.1.10, Figure 

A7.1.5A). As a result, the sex-difference in Bateman gradients was strongly positive (Δβss = 3.49 

± 0.72 SE, table A7.1.11), consistent with stronger sexual selection on male than on female 

function. We obtained a similar result in the dioecious population, with a strongly positive 

association between mating and reproductive success for males, but not females (mean βm = 1.06 

± 0.05 SE, βf = -0.11 ± 0.01 SE; table A7.1.10, Figure A7.1.5B). Again, this yielded a positive 

sex-difference in Bateman gradients for the dioecious population (Δβss = 1.17 ± 1.59 SE, table 

A7.1.11) indicating much stronger sexual selection in males compared to females.  
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Table A7.1.10: Bateman gradient analysis for each sex function in a monoecious and a dioecious 

population of Sagittaria latifolia. Bootstrapped analyses each with 1000 replicates were 

performed by sampling seeds from a single ramet per MLL. Bateman gradients were calculated 

for each replicate using relative mating success was the number of genetic mating partners, 

standardized by dividing by their mean values. Values shown are the bootstrapped mean 

parameter estimates and 95% confidence intervals. 

 

 Mean estimate (SE) 95% CI 
Monoecious   
   Female relative RS   
   (intercept) 0.34 (0.01) (-0.43, 1.04) 
   Relative MS  0.33 (0.01)  (-0.42, 1.14) 
  Male relative RS   
   (intercept) -2.25 (0.01) (-3.19,-1.52) 
   Relative MS  3.82 (0.02) (2.70, 5.19) 
Dioecious   
   Female relative RS   
   (intercept) 1.81 (0.06) (-1.69, 5.06) 
   Relative MS  -0.11 (0.05) (-3.13, 3.01) 
Male relative RS   
   (intercept) -0.48 (0.01) (-0.87, -0.20) 
   Relative MS  1.06 (0.01) (0.78, 1.43) 
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Table A7.1.11. Summary of multiple linear regression of reproductive success on mating success 

for female and male function from a monoecious and a dioecious population of Sagittaria 

latifolia. Bootstrapping with 1000 replicates were performed on seed sampling with MLLs as a 

clustering factor. Both male and females were included in this model with sex as an interaction 

term. The estimate for the interaction was used to estimate sex-differences in the Bateman 

gradient (ΔβSS). Values are the bootstrapped mean parameter estimates and 95% confidence 

intervals. 

 

 Mean estimate (SE) 95% CI 
Monoecious   
   (intercept) 0.34 (0.66) (-0.43, 1.04) 
   Relative MS  0.33 (0.64)  (-0.42, 1.15) 
   Sex (male) -2.59(0.78) (-3.7, -1.49) 
   Relative MS: males 3.49 (0.72) (2.07, 5.04) 
Dioecious   
   (intercept) 1.81 (1.64) (-1.69, 5.06) 
   Relative MS  -0.11 (1.40)  (-3.13, 3.02) 
   Sex (male) -2.29 (2.05) (-5.58, 1.24) 
   Relative MS: males  1.17 (1.59) (-2.00, 4.13) 

  



 159 

 

   
 
Figure A7.1.5: Sex-specific Bateman gradients in a monoecious (A) and dioecious (B) 

population of Sagittaria latifolia. Gradients for both sexes were calculated using linear models 

with clustered bootstrapping, regressing relative mating success onto reproductive success of 

ramets at the MLL level. The bootstrapped mean regressions are shown for males (and male 

function; blue dashed line) and for females (and female function; red dashed line).  
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7.2 Appendix: Male reproductive success is not strongly affected by phenological changes in 
mate availability in monoecious Sagittaria latifolia 
 

 
Figure A7.2.1 Male and female flowering days for each ramet of Sagittaria latifolia, sampled 

July 18th (day 199) to Aug 28, 2013 (day 240) in Peterborough, Ontario. Each panel represents an 

approximate 10 day period of the 41 day flowering season. Each row of paired pink and blue 

bars represents the pistillate and staminate phases of a single genet (MLL), with pink bars 

representing female phase and blue bars representing male phase. The bar width is scaled by 

number of female and male flowers open per day.  
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Seasonality of Inflorescence sex allocations 
 

To examine whether patterns of allocation to male and female flowers varied over the flowering 

season, we calculated the inflorescence sex ratio (n = 298 inflorescences) and used this as the 

measure of sex allocation. We compared model fits of a generalized additive mixed model 

(GAMM) (as specified in the main text) and a generalized linear mixed effect (GLME) model. 

For inflorescence sex ratio (a composite variable was the response variable of female and male 

flowers, and the first flowering date per inflorescence was the predictor variable. The GLME 

model was specified using a binomial error distribution and a logit link function. Because 

inflorescences and MLLs were sampled across multiple days, inflorescence and MLL were 

specified as random effects, with inflorescence nested within MLL. using the glmer function 

from the lme4 package (Bates et al. 2015) in R (v. 4.3.1; R Core Team 2023). The AIC values of 

the GAMM and GLME models were used to assess the best fitting model (Quinn and Keough 

2002). 
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Table A7.2.1 Generalized linear mixed effects (GLME) model of inflorescence-level sex allocations a combination of female and male 

flowers per inflorescence in a monoecious population of Sagittaria latifolia. The model used a binomial error distribution and included 

random effects of  MLL and ramet ID nested within MLL. Significant model terms are in bold. Values are the parameter estimates, 

associated z-score and p-values, χ2 and p-values of the model test statistics and model Akaike Information Criterion value (AIC).  

 
Model Estimate (SE) z p χ 2 df p AIC 

Sex allocation ~ date of first flowering         

(intercept) 2.92 (1.70) 1.72 0.09 2.15 1 0.14 1061.70 
First flowering date -0.01 (7.50 ×10-3) -1.47 0.14     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 163 

 

 
 
Figure A7.2.2 Estimated trends of the first flowering date and the sex ratios (proportion of male 

flowers) of each inflorescences in a population of S. latifolia, July 18th (day 199) to August 28th, 

2013 (day 240). The blue line represents the trend of date of first flowering as a predictor of sex 

ratio estimated using a generalized additive mixed effect model. The shaded area represents the 

95% confidence intervals. 
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Seasonality of the mating environment 
 
To evaluate seasonal changes in mating opportunities via the male function, we again compared a 

GAMM (as described in the main text) and linear mixed effect model (LME) results to examine 

daily changes in pollen transfer opportunities over time. For the  LME model, daily pollen 

transfer opportunity was the response variable and date was the independent variable and treated 

as a fixed effect using the lmerTest package (v 3.1-3, Kuznetsova et al. 2017). Because pollen 

transfer opportunities were calculated at the genet level (n =123 genets) and repeated sampling of 

MLLs occurred over multiple dates, MLL was included as a random effect. The GAMM and 

LME were compared using AIC to determine the best fitting model (Quinn & Keogh 2002). 
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Table A7.2.2 Linear mixed effects (LME) model of pollen transfer opportunity (PTO) in a monoecious population of Sagittaria 

latifolia. PTO was measured at the genet-level and so MLL was included as a random effect. Significant model terms are in bold. 

Values are the parameter estimates, associated t-value and p-values, F-test and p-values for the overall fit of the model and model 

Akaike Information Criterion values (AIC). 

 
Model Estimate (SE) t p F df p AIC 

PTO ~ date        
(intercept) -2.48 (0.23) -10.99 <0.001 149.17 1, 5042 <0.001 13691.86 

Date 0.01 (1.02 ×10-3) 12.21 
 

<0.001     
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Figure A7.2.3 Estimated trend of the mating opportunity for each flowering ramet  for everyday 

of the flowering season in a population of Sagittaria latifolia sampled July 18th (day 199) to 

August 28th, 2013  (day 240). Mating opportunity as measured as the pollen transfer opportunity 

(PTO)  of each MLL per day (n=123 MLLs). The blue line denotes the trend of the day as a 

predictor of PTO estimated using a generalized additive mixed effect model. PTO values (open 

dots) are jittered so that overlapping values can be more easily seen. 
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