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ABSTRACT 

HYBRIDIZATION DYNAMICS IN CATTAILS (TYPHA SPP.,) IN 

NORTHEASTERN NORTH AMERICA: NICHE SEGREGATION, POLLEN 

DISPERSAL, MATING PATTERNS, AND THE IMPORTANCE OF LOCAL-

SCALE PROCESSES 

Sara Jean Pieper 

 

Interspecific hybridization is an important evolutionary process which can 

contribute to the invasiveness of species complexes. In this dissertation I used the 

hybridizing species complex of cattails (Typha spp., Typhaceae) to explore some of the 

processes that could contribute to hybridization rates. Cattails in northeastern North 

America comprise the native T. latifolia, the non-native T. angustifolia, and their fertile 

hybrid, T. × glauca. First, I examined whether these taxa segregate by water depth as 

habitat segregation may be associated with lower incidence of hybridization. I found 

that these taxa occupy similar water depths and therefore that habitat segregation by 

water depth does not promote mating isolation among these taxa. I then compared 

pollen dispersal patterns between progenitor species as pollen dispersal can also 

influence rates of hybrid formation. Each progenitor exhibits localized pollen dispersal, 

and the maternal parent of first generation hybrids captures more conspecific than 

heterospecific pollen; both of which should lead to reduced hybrid formation. I then 

conducted controlled crosses using all three Typha taxa to quantify hybrid fertility and 

to parameterize a fertility model to predict how mating compatibilities should affect the 

composition of cattail stands. I found that highly asymmetric formation of hybrids and 

backcrosses and reduced hybrid fertility should favour the maintenance of T. latifolia 

under certain conditions. Finally, I used a population genetics approach to characterize 
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genetic diversity and structure of Typha in northeastern North America to determine the 

extent to which broad-scale processes such as gene flow influence site-level processes. I 

concluded that hybrids are most often created within sites or introduced in small 

numbers rather than exhibiting broad-scale dispersal. This suggests that local processes 

are more important drivers of hybrid success than landscape-scale processes which 

would be expected to limit the spread of the hybrid. Though my findings indicate some 

barriers to hybridization in these Typha taxa, hybrid cattail dominates much of 

northeastern North America. My results therefore show that incomplete barriers to 

hybridization may not be sufficient to prevent the continued dominance of hybrids and 

that active management of invasive hybrids may be required to limit their spread.  

 

KEYWORDS 

Hybridization; niche segregation; pollen dispersal; genetic structure; fertility model; 

invasive species; Typha. 
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PREFACE 

This dissertation has been written in manuscript format. Chapters 2 and 4 have been 

published in the journals Aquatic Botany and Journal of Heredity, respectively. Each of 

those chapters is presented in the style of the journal in which it was published. I use the 

plural ‘we’ in each of the published chapters as they are presented as they appear in the 

journal and I use ‘I’ in the remaining chapters. However, all manuscript chapters 

(Chapters 2-5, inclusive) are the result of collaborations and collaborators are indicated 

at the beginning of each chapter.  
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1. CHAPTER 1: GENERAL INTRODUCTION 

Hybridization has been recognized as an important evolutionary process (Abbott 

et al., 2013). Defined here as the successful mating between genetically distinguishable 

groups (Arnold 1997; Mallet, 2005), hybridization has consequences for conservation 

(Rhymer and Simberloff, 1996; Schierenbeck and Ellstrand, 2009), the movement of 

transgenes (Warwick et al., 2008; Lu and Yang, 2009), and as a source of adaptive 

genetic variation (Grant and Grant 1994; Arnold and Martin, 2009; Whitney et al., 2010). 

Hybridization may generate new species where the hybrid becomes reproductively 

isolated from its progenitors either through allopolyploidization (Abbott et al., 2013) or 

through isolating mechanisms such as the development of divergent traits leading to 

ecological isolation (e.g., Helianthus; Rieseberg et al., 2007). Hybrids are often fertile 

and capable of backcrossing with progenitors allowing for introgression (i.e., the invasion 

of foreign genetic material into the genome; Abbott et al., 2013). In these instances, 

hybrids act as conduits of gene flow between parental species and may erode species 

boundaries (e.g., Martin et al., 2006), causing what were once two species to fuse into 

one (‘despeciation’; Mallet, 2007). There are also several examples of hybridizing 

species complexes where species boundaries of progenitors remain despite ongoing 

introgression (e.g., Quercus spp., Howard et al., 1997; Iris spp., Arnold et al., 2010; 

Canis spp., Rutledge et al., 2010). In these complexes the hybrid may represent an 

ecological threat to one or both progenitors. For example, hybrids may compete with 

progenitors for habitat or usurp progenitor ovules or sites for progenitor seedling 

establishment (Ayres et al., 2004a). Globalization has increased opportunities for 

hybridization by bringing together species that have historically been allopatric 

(Chornesky and Randall, 2003). Where one progenitor is native and the other is not 
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native, the native progenitor may be at increased risk of extinction due to competing with 

both the non-native progenitor and the hybrid (Daehler and Strong, 1997) and/or through 

genetic assimilation (e.g., Burgess et al., 2005; López-Caamal et al., 2014).   

It is well documented that hybridization can contribute to the invasiveness of 

species complexes (Ellstrand and Schierenbeck, 2000; Schierenbeck and Ellstrand, 2009; 

Hovick and Whitney, 2014). For example, hybridization has been implicated in the 

invasive success of cordgrass (Spartina spp.) in the San Francisco Bay area where non-

native S. alterniflora hybridizes with the native (and threatened) S. foliosa (Ayres et al., 

2004b). The hybrid outcompetes the progenitors through greater height, clonal expansion, 

seed production, and a wider ecological niche compared to progenitors (Ayres et al., 

2004a,b). Hybridization and subsequent introgression may contribute to the invasiveness 

of a species complex via the generation of novel phenotypes (e.g. Rieseberg et al., 2003), 

the evolution of new traits (e.g. selfing in Spartina, Sloop et al., 2009), heterosis (e.g., 

Vilà and D’Antonio, 1998), or greater genetic diversity than progenitors (e.g., Zalapa et 

al., 2010). Hybrids may also exhibit traits that are commonly associated with 

invasiveness to a greater extent than their progenitors. A meta-analysis of hybridizing 

plants revealed that hybrids commonly have greater fecundity and size than their 

progenitors (Hovick and Whitney, 2014). Invasive species are a major threat to natural 

and managed ecosystems (Pimentel et al., 2005) and understanding mechanisms that 

promote invasiveness, including as they relate to hybridization, may help slow further 

invasions.  

Several processes can contribute to patterns of hybridization and introgression in 

plants. Mathematical models of hybrid zones indicate that habitat segregation, pollen 



3 

 

dispersal and spatial distribution, interfertility of taxa, and hybrid fitness are all important 

factors in hybrid zone stability (Wolf et al., 2001; Ferdy and Austerlitz, 2002; Hall et al., 

2006; Klein et al., 2017). Conclusions from these theoretical models are borne out by 

empirical evidence. For example, in water milfoil (Myriophyllum spp.), niche segregation 

of progenitors is associated with reduced frequency of hybrids (Wu et al., 2015). 

Furthermore, pollen dispersal distances of populations affect hybridization rates between 

Eucalyptus aggregata and E. rubida (Field et al., 2011). Hybridization in plants is often 

asymmetric with one progenitor more commonly acting as the maternal parent in crosses 

(Tiffin et al., 2001). The degree of asymmetry in interspecific mating influences the rate 

of hybrid formation, and hybrid fertility, including whether backcross formation is 

asymmetrical, will affect the degree and direction of gene flow between progenitors 

(Arnold et al., 2010). This will influence, for example, which species is at greater risk of 

genetic assimilation (e.g., López-Caamal et al., 2014). Understanding how processes that 

affect hybridization rates operate in species complexes is necessary to predict outcomes 

of hybridization and introgression, particularly where a native species is potentially 

threatened by the presence of the hybrid and by ongoing hybrid formation.   

 Cattails (Typha spp.; Typhaceae) are among the most aggressive wetland invaders 

in North America (Galatowitsch et al., 1999) with their invasiveness being at least 

partially attributable to their ability to hybridize (Galatowitsch et al., 1999; Olson et al., 

2009; Travis et al., 2010). They are globally-distributed, herbaceous, perennial wetland 

plants that are wind-pollinated, and reproduce clonally via rhizomes or sexually via 

seeds, capable of both self-fertilizing and outcrossing (Grace and Harrison, 1986). Typha 

in northeastern North America comprise T. latifolia L. which is native (Shih and 
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Finkelstein, 2008), T. angustifolia L. which is introduced from Europe (Ciotir et al., 

2013; Ciotir and Freeland, 2016), and T. × glauca Godr., which is the F1 hybrid of T. 

latifolia and T. angustifolia (Smith, 1967). Typha have become increasingly prevalent in 

wetlands in northeastern North America over the last hundred years (Shih and 

Finkelstein, 2008). Typha angustifolia, and T. × glauca, (including backcrosses and 

advanced-generation hybrids) are the most invasive of the cattails in the region, and as 

the spread of T. angustifolia has increased so too has the incidence of T. × glauca 

(Hotchkiss and Dozier, 1949; Galatowitsch et al., 1999). The invasion of Typha × glauca 

is associated with reduced native plant diversity (Tuchman et al., 2009), reduced 

macroinvertebrate abundance (Lawrence et al., 2016), and changes to nutrient cycling 

(Geddes et al., 2014; Lishawa et al., 2014).  

Work on Typha during the 1960s to the 1980s indicated that T. latifolia and T. 

angustifolia differ in several life history characteristics and it was speculated these should 

result in differences in colonization patterns, dispersal, and habitat usage. McNaughton 

(1966, 1968) suggested that colonization of new sites occurs via seed dispersal and that, 

once established, stands are maintained through vegetative reproduction. Furthermore, it 

had been argued that T. angustifolia is better able than T. latifolia to reach new sites due 

to higher seed production (McNaughton, 1966), but that T. latifolia is better able to 

spread within sites (local colonization) as it has greater clonal growth than T. angustifolia 

(McNaughton, 1966). However, these inferences are highly speculative based on crude 

proxies for seed set and a single-site germination experiment with germination conditions 

not necessarily representative of a natural wetland (McNaughton 1966, 1968). 

Additionally, in the absence of the hybrid T. latifolia and T. angustifolia were thought to 
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exhibit habitat segregation whereby T. latifolia tended to occupy shallower water depths 

than T. angustifolia (Grace and Wetzel, 1982). This would limit opportunities for 

hybridization as well as provide the native T. latifolia with a habitat refuge to escape 

competition from T. angustifolia and the hybrid. It is possible that the presence of the 

hybrid influences habitat occupation such that this warrants re-visiting.  

While early work on Typha in North America involved primarily T. latifolia and 

T. angustifolia, research over the last decade has included the hybrid (e.g., Olson et al., 

2009; Travis et al., 2011; McKenzie-Gopsill et al., 2012; Ball and Freeland, 2013; Zapfe 

and Freeland, 2015; Szabo et al., 2018) as it has become the dominant cattail in parts of 

the Upper Midwest in the USA (Travis et al., 2010) and in the Great Lakes-St Lawrence 

region of Canada (Kirk et al., 2011; Freeland et al., 2013). Hybrids exhibit several traits 

that contribute to their invasive success relative to their progenitors: greater vegetative 

biomass (Bunbury-Blanchette et al., 2015), greater clonal growth (Travis et al., 2010; 

Bunbury-Blanchette et al., 2015), greater height (Zapfe and Freeland, 2015), and the 

ability to suppress progenitor species’ seed germination via leaf litter (Szabo et al., 2018). 

Hybrids were initially thought to be sterile (Smith, 1967), however putative backcrosses 

to both species have been found (Kirk et al., 2011; McKenzie-Gopsill et al., 2012; 

Freeland et al., 2013) indicating some degree of hybrid fertility and therefore the 

potential for introgression between progenitor species. Furthermore, flowering times 

overlap for all three taxa (Ball and Freeland, 2013) which could also facilitate ongoing F1 

formation and introgression. First generation hybrids are formed almost exclusively with 

T. angustifolia as the maternal parent (Smith, 1967; Kuehn et al., 1999) and it is unclear 



6 

 

whether asymmetries extend to backcrosses which would have implications for patterns 

of introgression.  

Hybridization may affect patterns of genetic structure and genetic diversity within 

species complexes (Castiglione et al., 2010; Zalapa et al., 2010). Differences in genetic 

structure between hybrids and progenitors could reflect differences in dispersal and 

establishment of taxa across broad spatial scales. If hybrids are fertile and have similar 

habitat requirements as their progenitors, and similar or even greater dispersal than their 

progenitors, parental species could be threatened at both local and landscape scales 

(Gillies et al., 2016). Genetic structure of Typha has been studied in Europe (e.g., 

Tsyusko et al., 2005; Na et al., 2010; Ciotir et al., 2017) and Asia (Zhou et al., 2016), 

where the hybrid is absent (Tsyusko et al., 2005; Zhou et al., 2016) or very uncommon 

(Ciotir et al., 2017; but see Nowinska et al., 2014). Broadly, these studies suggest limited 

genetic structure in progenitors, with T. angustifolia exhibiting more structure than T. 

latifolia in some cases (Lamote et al., 2005; Tsyusko et al., 2005; Ciotir et al., 2017; but 

see Zhou et al., 2016). The relative importance of broad scale processes of the success of 

hybrid cattail is presently unclear as a landscape-scale population genetics study in a 

region where the hybrid is prevalent is lacking.  

In this dissertation, I explore some of the mechanisms that affect rates of 

hybridization and introgression in cattails in northeastern North America to better 

understand the invasiveness of Typha in this region. Each of Chapters 2 to 4 examines a 

specific mechanism that could influence hybridization rates, and Chapter 5 characterizes 

genetic structure and genetic diversity of Typha across northeastern North America to 

determine the extent to which broad-scale processes influence site-level processes. 
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Specifically, in Chapter 2, I explore whether spatial segregation by water depth occurs 

between T. latifolia, T. angustifolia, and T. × glauca. Habitat segregation between 

progenitor species has been associated with lower incidence of hybrids compared to 

where progenitor species habitats overlap (e.g., Myriophyllum spp., Wu et al., 2015; 

Quercus spp; Ortego et al., 2014). Whether Typha taxa occupy different water depths is 

unresolved as previous studies had been limited to single sites (Grace and Wetzel, 1982), 

restricted water depths (McKenzie-Gopsill et al., 2012), or did not involve sites 

containing all three taxa (Grace and Wetzel, 1982; Travis et al., 2010). In Chapter 3, I 

examine patterns of pollen dispersal in T. latifolia and T. angustifolia. Pollen dispersal, 

together with spatial distribution (Chapter 2), are key determinants of hybridization rates 

(Klein et al., 2017) as they both affect the frequency of interspecific mating. Pollen 

dispersal has not been measured for either progenitor species, though it has been inferred 

from seed set to be spatially restricted in T. latifolia (Ahee et al., 2015). I examine pollen 

dispersal in a wind tunnel and in a field experiment to compare dispersal patterns 

between progenitor species. In Chapter 4, with a clearer understanding of spatial 

segregation and pollen dispersal within Typha taxa, I explore potential outcomes of 

pollination events by examining mating asymmetries and hybrid fertility. Introgression is 

often asymmetrical in hybridizing plants (Tiffin et al., 2001) which reduces the frequency 

of F1 hybrids (Natalis and Wesselingh, 2012), but can put one progenitor species at 

greater risk of genetic assimilation (e.g., López-Caamal et al., 2014). First generation 

hybrid formation is highly asymmetrical in Typha (Kuehn et al., 1999), however the 

extent to which this extends to backcrosses and advanced generation hybrids is unknown. 

I performed controlled crosses between all three taxa and used the results to parameterize 
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a fertility selection model to predict how mating compatibilities should affect the 

composition of cattail stands. In Chapter 5, I present the first broad scale population 

genetics study of Typha in northeastern North America where I test the hypothesis that T. 

× glauca is more successful than its progenitors at dispersing among and establishing 

within sites. The ability of T. × glauca to dominate its progenitors is well described at 

local scales (e.g., Travis et al., 2010; Bunbury-Blanchette et al., 2015; Zapfe and 

Freeland, 2015), however it is not clear whether processes that operate at broader scales 

(e.g., dispersal) may also be contributing to hybrid dominance. I compare species-specific 

alleles present in hybrids and progenitors to explore relative contributions of each 

progenitor to the genetic structuring of the hybrid. Finally, in Chapter 6 I summarize my 

findings and interpret them together to make predictions about long-term stability of the 

Typha hybrid zone in northeastern North America. 
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2. CHAPTER 2: COEXISTENCE OF TYPHA LATIFOLIA, T. ANGUSTIFOLIA 

(TYPHACEACE) AND THEIR INVASIVE HYBRID IS NOT EXPLAINED BY 

NICHE PARTITIONING ACROSS WATER DEPTHS 

 

A version of this chapter has been published: 

Pieper, S.J. Freeland, J.R., and Dorken, M.E. 2018. Coexistence of Typha latifolia, T. 

angustifolia (Typhaceae) and their invasive hybrid is not explained by niche partitioning 

across water depths. Aquatic Botany. 144: 46-53.
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2.1 Abstract 

Spatial separation between hybridizing taxa can limit hybridization and introgression 

when mating occurs between near neighbours. Water depth can be an important factor 

structuring wetland plant communities, which often include cattails (Typha spp., 

Typhaceae). In eastern North America, native Typha latifolia regularly hybridizes with 

introduced T. angustifolia to produce the invasive F1 hybrid T. × glauca, which can 

backcross to both parental species. Hybridization in this wind-pollinated species complex 

may be facilitated by overlapping niches among taxa, but previous studies have yielded 

contradictory results, possibly because these studies were limited to shallow sites or 

single locations. We investigated patterns of depth occupancy in ditches (mean depth 3.4 

cm) and permanent wetlands (mean depth 25.0 cm) with various mixtures of T. latifolia, 

T. angustifolia, and T. × glauca across a 1700 km transect from Michigan, USA, to Nova 

Scotia, Canada. Overall, we found that water depth cannot on its own explain patterns of 

cattail occupancy. We therefore conclude that niche partitioning by water depth does not 

promote mating isolation in Typha. Previous findings of habitat segregation by depth may 

be attributable to a combination of idiosyncratic features of individual sites, multi-

dimensional niches, and phenotypic plasticity, which could prevent consistent niche 

segregation among Typha taxa. A lack of spatial segregation between Typha taxa should 

promote hybridization and introgression. This, coupled with the competitive superiority 

of hybrids, appears to be facilitating the displacement of native T. latifolia across a wide 

geographical range.  

Keywords: water depth; niche segregation; hybridization; Typha; habitat partitioning; 

mating isolation  
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2.2 Introduction 

Biological invasions and habitat modification are primary threats to native species 

diversity (Butchart et al., 2010). These threats can be compounded when introduced 

species hybridize with native flora and fauna (Todesco et al., 2016). In such cases, 

mechanisms that prevent hybrid formation and/or persistence play a central role in the 

maintenance of native species diversity. For plants, differences in habitats between 

potentially hybridizing species are an important reproductive barrier (‘ecogeographic 

isolation’; Sobel et al., 2010) because mating tends to occur between near-neighbours 

(Levin and Kerster, 1974) rendering habitat segregation, and therefore spatial segregation 

between heterospecifics, an effective means of limiting hybridization. For example, two 

species of watermilfoil, Myriophyllum spicatum and M. sibiricum, whose hybrid is 

invasive in North America (Moody and Les, 2002) exhibit limited hybridization in 

regions where there is little overlap in climatic niches between parent species (Wu et al., 

2015). Habitat segregation between taxa can remain important for native biodiversity 

even if viable hybrids are formed, as habitat segregation between hybrids and progenitors 

can impact the frequency and direction of genetic introgression between species. 

Additionally, where habitat segregation among parent species and their hybrid is lacking, 

native plants may be at greater risk of competitive displacement from hybrids than from a 

non-native progenitor alone (e.g. Spartina foliosa, Ayres et al., 2004).  

Water depth can strongly influence the structuring of aquatic plant communities, 

both directly and indirectly (Sculthorpe 1967; Lacoul and Freedman, 2006). Water depth 

can act directly on community structuring by driving niche segregation among even 

closely related species (e.g. Spartina densiflora and S. maritima, Castillo et al., 2010; 
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Ceratophyllum demersum and C. submersum, Nagengast and Gabka, 2017). Indirect 

effects of water depth can be mediated by competitive interactions in which water depth 

and the presence of neighbouring species interact to drive niche segregation (Boschilia et 

al., 2008). For example, in the absence of its congeneric Spartina maritima, S. densiflora 

can occupy a wide range of intertidal elevations (Castillo et al., 2000). However, S. 

densiflora occupies only mid- to high elevations when growing with S. maritima despite 

appropriate physiochemical conditions for the former’s growth at lower elevations, 

suggesting that it is being competitively excluded from lower elevations by S. maritima 

(Castillo et al., 2008).  

Cattails (Typha spp., Typhaceae) are a common emergent plant of wetland 

habitats around the world. In northeastern North America, three cattail taxa occur: the 

native T. latifolia L., (broad-leaved cattail); T. angustifolia L., (narrow-leaved cattail), 

which was introduced from Europe several centuries ago (Ciotir et al., 2013a; Ciotir and 

Freeland, 2016); and their F1 hybrid T. × glauca Godr., (Smith, 1967). Typha × glauca is 

particularly common in the Midwestern USA (Travis et al., 2010) and southern Ontario 

and Quebec, Canada (Kirk et al., 2011; Freeland et al., 2013) where it appears to have a 

competitive advantage over its parental species (Bunbury-Blanchette et al., 2015; Zapfe 

and Freeland, 2015). It has been described as highly invasive in parts of its range 

(Galatowitsch et al., 1999) and threatens to displace native T. latifolia in the Laurentian 

Great Lakes region (Pieper et al., 2017). Although studies from a small number of sites 

have reported niche segregation by water depth among cattail taxa (Grace and Wetzel, 

1981a, 1998; Travis et al., 2010), evidence in support of niche segregation is mixed. 

Travis et al. (2010) found that T. latifolia occupied shallower depths than both T. × 
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glauca and T. angustifolia in a mixed population though they were unable to determine 

whether taxa were restricted to particular water depths in single-species stands. A larger 

sampling of sites in south-eastern Ontario found no evidence that Typha taxa segregate 

along elevational gradients within sites (McKenzie-Gopsill et al., 2012). However, that 

study included a large proportion of sites that occurred in ditches, which are likely to 

have a narrower range of water depths compared to open marsh habitats, potentially 

reducing the scope for detecting niche segregation (and see Zapfe and Freeland, 2015). 

Cattail species are difficult to distinguish morphologically in areas where introgression 

occurs, making practical management options to reduce hybrid prevalence very 

challenging. Management therefore requires a greater understanding of ecological 

characteristics, such as habitat occupancy of taxa, that could influence the pervasiveness 

of hybrids.   

Here we present an examination of water depths occupied by different cattail taxa 

across a broad spatial scale to test the notion that northeastern North American cattails 

are subject to habitat segregation by water depth, and to understand why results have 

been mixed on this topic. As previous reports of water depth segregation in Typha have 

been based on distributions within single sites (Grace and Wetzel, 1981a, 1998; Travis et 

al., 2010), we sampled 22 Typha stands to determine whether patterns of depth 

occupancy by taxa are consistent. Furthermore, we tested whether patterns of segregation 

by water depth among cattails depended on whether they were growing in large, open 

wetlands or in ditch habitats since, as noted above, a previous test of the hypothesis might 

have been biased because of the inclusion of ditch sites in the analysis (McKenzie-

Gopsill et al., 2012). Whenever possible we attempted to sample sites in which at least 
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two taxa were growing, but the frequencies of the different species vary across regions, 

with high frequencies of T. angustifolia and hybrid cattails in the Midwestern USA and 

high frequencies of T. latifolia in eastern Canada (Travis et al., 2010; Freeland et al., 

2013). For this reason, our sampled sites included a mix of taxonomic compositions, 

ranging from single-taxon sites for T. latifolia and T. × glauca to sites where all three 

taxa were present. Using this mixture of habitats and taxonomic compositions we asked: 

(1) Is there evidence that different cattail taxa occupy different water depths? (2) If so, do 

patterns of segregation by water depth depend on the range of water depths at a site (i.e. 

do patterns depend on whether cattails were growing in large, open and relatively deep 

marshes, or in relatively shallow ditch habitats?); and (3) Do stands with different 

taxonomic compositions differ in their patterns of water-depth segregation? For the latter 

question we were particularly interested in whether the presence of hybrid cattails 

affected the distribution of water depths occupied by native T. latifolia. Because previous 

findings of differences in water depth-occupancy patterns have come from single sites 

(Grace and Wetzel, 1981a; Travis et al., 2010), we further asked (4) whether patterns of 

water depth occupancy differ between individual sites. A positive answer to this last 

question would indicate that patterns of water depth occupation depend on additional 

factors not considered here or in previous studies and may therefore reflect idiosyncratic 

features of individual wetlands (e.g. the history of colonization of the wetland by each 

species) instead of overall differences in water-depth occupation among taxa. 

  



23 

 

2.3 Methods 

2.3.1 Sampling and depth measurements 

In June and July, 2013 we sampled cattails growing in paired wetland and ditch 

habitats at each of eleven areas along a longitudinal transect of approximately 1700 km 

between Cheboygan, Michigan and Halifax Nova Scotia, yielding a total of 22 sites 

(Figure 2.1; Table 2.1). With one exception, sites in each pair were located within 20 

kilometres of each other (Table 2.1). We searched for wetland sites that occurred at the 

edges of lakes in open marsh habitats (herein ‘wetlands’), while ditches were channels 

adjacent to highways and surrounded by fields or development. In ditch sites we sampled 

both the channel of the ditch and the adjacent areas where Typha grew in exposed soil. 

Sites were included if they were large enough for the sampling of at least 100 ramets at 3 

m intervals, and, when possible, had a variety of Typha morphotypes likely to include at 

least two Typha taxa. As noted above, this latter criterion was not always met, 

particularly in eastern Canada where T. angustifolia and T. × glauca are uncommon 

(Freeland et al., 2013).  

Plants within sites were sampled using transects laid out at 3 m intervals running 

perpendicular to the shoreline (wetlands) or road (ditches) with a ramet sampled every 3 

m along each transect. Ditch sites were usually quite narrow so several short (up to 10 m) 

transects were sampled, whereas wetland sites often permitted longer (up to 60 m) 

transects to be sampled. In some ditch sites it was necessary to sample several smaller 

patches within the site. In these instances, there was no more than 10 m between adjacent 

patches and all patches were located within 500 m. For ditches less than 6 m wide, ramets 

were sampled at a random distance (0-6 m) from the edge of the ditch so as not to 
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repeatedly sample in the same area on each transect. Depth of standing water in which the 

plant was growing was measured to the nearest cm. We sampled a total of 1832 ramets. A 

leaf sample approximately 5 cm in length that was collected from the youngest leaf of 

each sampled ramet was placed in a paper envelope and then stored in sealed plastic bags 

filled with Sorbead orange silica beads (eCompressedair, Oklahoma) for desiccation. 

Leaves in silica beads were stored for up to two weeks. Upon returning to the lab, we 

placed leaves in a drying oven at 60 °C for 8 hr to ensure they were completely dried 

before storing them at -20 °C. 

2.3.2 Genotyping and assignment to taxon 

Approximately 3 cm of dried leaf tissue was ground using a Retsch® MM300 

mixer mill (Haan, Germany). DNA was extracted using E.Z.N.A Plant DNA Kit (Omego 

Bio-Tek, Inc., Georgia USA) or GeneJET Plant Genomic DNA Purification Kit (Thermo 

Scientific) following the manufacturer’s instructions for dried material and eluted in 100 

μl of buffer. 

Ramets were genotyped at 7 microsatellite loci: TA3, TA5, TA7, TA8, TA20 

(Tsyusko-Omeltchenko et al., 2003), TL213, and TL305 (Ciotir et al., 2013b). We used 

loci TA3, TA5, TA8, and TA20 to assign ramets to taxon as alleles at these loci have are 

specific to either T. latifolia or T. angustifolia (Snow et al., 2010; Kirk et al., 2011) and 

are commonly used to distinguish between the two and to identify hybrids (e.g., Travis et 

al., 2010; McKenzie-Gopsill et al., 2012; Bunbury-Blanchette et al., 2015). We included 

the remaining loci when assigning ramets to genets (see below). The forward primer for 

each locus was fluorescently labelled with one of Hex (TA3, TA5, TL213), Fam (TA8, 

TA20, TL213), or Ned (TA7). Amplifications were carried out in three multiplexes 
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(TA3-TA8-TA20, TA5-TA7, and TL213-TL305) using Type-it Microsatellite PCR Kits 

(Qiagen). Each reaction contained 1 U Master Mix, 0.2 μM of each primer (except TA20 

for which we used 0.1 μM), and approximately 10 ng DNA in a total volume of 10 μl. 

Reactions were conducted in a Mastercycler epgradient thermocycler (Eppendorf) with 

95 °C heat activation for five minutes, followed by 35 cycles of 30 s denaturation at 95 

°C, 90 s annealing at 57 °C, and 30 s extension at 72 °C. The final extension was 30 min 

at 60 °C. Genotyping was carried out on a 3730 DNA Analyzer (Applied Biosystems). 

Fragments were sized using GeneMarker® v. 1.91 (Soft-Genetics) with ROX 500 

(Applied Biosystems) as a size standard.  

Ramets containing only alleles specific to either T. latifolia or T. angustifolia at 

loci TA3, TA5, TA8, and TA20 were assigned to that species, while ramets containing a 

mixture of alleles from both species were considered hybrids. Ramets within a site were 

assigned to genets based on their multilocus genotypes using GenoDive (Meirmans and 

van Tienderen, 2004) and a threshold of 1 repeat under the step-wise mutation model. 

This approach allows for potential scoring or genotyping errors that would otherwise 

identify clone-mates as having different genotypes (Meirmans and van Tienderen, 2004). 

Across taxa, this reduced the total number of genets from 656 to 400. To determine 

whether the threshold had affected our conclusions, we also analysed our data with 

ramets assigned to clones based on a threshold of 0 and found the same patterns as we 

present here.   

2.3.3 Statistical analyses  

Each of the 22 sites (comprising 1832 ramets) was assigned to one of three stand 

composition types: single-taxon, two-taxa, or three-taxa (Table 2.1). Composition types 
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were distributed as follows between wetland and ditch sites, respectively: 2 and 4 three-

taxa sites, 5 and 3 two-taxa sites with T. latifolia and T. × glauca, 1 and 2 two-taxa sites 

with T. angustifolia and T. × glauca, 0 and 1 two-taxa sites with T. latifolia and T. 

angustifolia, 3 and 0 single taxon sites with T. latifolia, and 0 and 1 single taxon sites 

with T. × glauca (Table 2.1). The overall frequencies of the three taxa were comparable 

between the two site types with 44%, 42%, and 53% of all T. angustifolia, T. latifolia, 

and T. × glauca, respectively, found in ditches. 

Variation in water depth among taxa was evaluated using linear mixed-effects 

models (LMEs). To address our first question of whether different Typha taxa occupied 

different water depths, we included data from all 22 sites and specified taxon, site type, 

composition type, taxon × site type, and composition × site type as fixed effects. This 

analysis revealed a significant site-type-by-taxon interaction, such that to evaluate our 

second question of whether site type (wetland versus ditch) affected patterns of depth 

occupancy among taxa we ran separate LMEs for each site type (one LME comprising 11 

wetlands, a second LME comprising 11 ditches) and included taxon and composition 

type as fixed effects. We were unable to test for an interaction involving composition 

type and taxon as not all combinations of the two factors were represented in our sites 

(i.e. single taxon sites with T. angustifolia were not represented). Therefore, to address 

our third question of whether stand composition affects intraspecific patterns of depth 

occupancy, we ran separate LMEs for each taxon (one LME comprising 10 sites with T. 

angustifolia, one comprising 18 sites with T. latifolia, one comprising18 sites with T. × 

glauca) that included composition type and site type as fixed effects. To evaluate our 

fourth and final question, we tested whether differences in water-depth occupancy 
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between taxa were apparent at any individual sites by running separate LMEs for each 

two- and three-taxa site with taxon as the fixed effect and genet as a random effect (17 

site-level LMEs). When taxon was a significant factor in a model, we conducted a post-

hoc t-test comparing least squares means to elucidate which taxon or taxa occupied 

different depths. Note that the purpose of these latter tests was not to provide a test of the 

general hypothesis of niche segregation by water depth but to evaluate whether previous 

reports of habitat segregation among cattails might have been biased by sampling cattails 

at only one or a few site(s). Accordingly, for these tests we did not incorporate any 

corrections for multiple comparisons. For all analyses, water depths were square-root 

transformed to meet assumptions of normality and homogeneity of variances. Unless 

otherwise specified, site and genet (nested within site) were included as random effects in 

all analyses. All statistical analyses were conducted using the lmer function from the 

lme4 package (v. 1.1-13; Bates et al. 2016) in R (v. 3.4.0; R Core Development Team 

2016). Significance tests for fixed effects were calculated using lmerTest (v. 2.0-33; 

Kuznetsova et al., 2016).  

2.4 Results 

As expected, there was a restricted range of water depths in ditches compared to 

wetlands, and cattails grew in deeper water in wetlands (mean ± SE: 24.99 ± 0.63 cm) 

than in ditches (3.40 ± 0.20 cm; Figure 2.2). More importantly, patterns of water-depth 

occupancy by the three taxa depended on whether they were growing in ditches or in 

larger, open-water wetlands. In particular, we detected a significant taxon-by-site-type 

interaction (Table 2.2a). Separate analyses for each site type revealed that this interaction 

was driven by a significant difference in patterns of water-depth occupancy among taxa 
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in wetland sites but not ditches (c.f. Table 2.2b and 2.2c), with T. angustifolia occupying 

shallower depths in wetlands than both the other taxa (T. latifolia: t80.9 = 2.66, p = 0.009; 

T. × glauca: t65.9 = 2.54, p = 0.014). In wetlands T. angustifolia occupied only depths of 

up to 48 cm while T. latifolia and T. × glauca each occupied a wide range of depths 

(spanning 0 cm to 75 cm and 65 cm, respectively; Figure 2.3a). In ditch habitats, 

however, more than 95% of ramets of all three taxa occupied shallow water depths (≤ 20 

cm; Figure 2.3a; see Appendix 2 Figure A2.1 for site-level boxplots). 

In our analyses of whether stand composition affected depths occupied by each 

taxon, the only significant effect was site type, and only for each of T. angustifolia and T. 

× glauca, (Table 2.3). As mentioned above, site type effects were driven by the 

occupancy of shallower depths in ditch habitats than in wetlands. Stand composition type 

was not a significant factor in depth occupancy patterns for any of the three taxa. 

However, in wetlands where all three taxa were growing together, T. latifolia occupied 

the shallowest depths (Figure 2.2b) while in sites where only T. latifolia and T. × glauca 

were growing together, there was considerable overlap in depths occupied regardless of 

the site type (Figure 2.3c).  

The conflicting results between those that showed T. angustifolia occurring in 

shallower depths across all wetland sites and T. latifolia occurring in shallower depths 

when all three taxa were present within wetlands appear to be explained by site-specific 

patterns of water-depth occupancy. In particular, the finding that T. latifolia occupied 

shallower depths in the presence of all three taxa appears to have been largely driven by 

differences in patterns of water-depth occupancy between taxa at a single site (Table 2.4); 

T. latifolia occupied significantly shallower depths than T. angustifolia (t77 = 2.53, p = 
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0.01) in a three-taxa wetland site in Pickering, Ontario, but not in any other three-taxa 

sites. Similarly, the finding that T. angustifolia occurred in shallower water than the other 

taxa in wetland sites appears to be an artefact of the relatively small number of wetland 

sites at which T. angustifolia occurred in our sampling (n = 3), all of which had lower-

than-average water depths compared to our other wetland sites [average water depth in 

wetlands with T. angustifolia: 10.55 cm ± 1.57 SE; average in wetlands without T. 

angustifolia: 31.17 cm ± 6.05 SE].  

2.5 Discussion 

Niche segregation can enable the coexistence of closely related taxa in plant 

communities (Silvertown, 2004). Whether the increasingly invasive Typha complex in 

northeastern North America exhibits niche segregation between hybrids and parental 

species has thus far yielded conflicting results. Our findings help resolve these conflicts 

by exploring specific factors that could contribute to water-depth segregation that have 

not been addressed in previous studies (e.g., Grace and Wetzel, 1981a, 1998; Travis et 

al., 2010; McKenzie-Gopsill et al., 2012). Here we show that water depth alone does not 

explain patterns of cattail occupancy within stands in northeastern North America and 

therefore it does not promote mating isolation among cattail taxa. In particular, even 

though we detected some significant differences in patterns of water-depth occupancy 

among some taxa in some habitat types and under certain mixtures of taxa, the only 

consistent pattern that emerged from our sampling was that ditch sites offered a limited 

range of water depths and that under these conditions all taxa grow in similar depths. 

Moreover, even when a broader range of water depths were available, as in our wetland 

sites, cattail species and hybrids typically shared similar patterns of water-depth 
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occupancy. Our results further indicate that previous reports of wetland partitioning 

among cattails according to water depth, each of which represented data collected from 

single sites (Grace and Wetzel, 1981a, 1998; Travis et al., 2010), might have reflected 

idiosyncratic features of the individual wetlands sampled (e.g. the history of colonization 

and subsequent clonal expansion) which are unrelated to drivers of niche segregation in 

these plants. We further suggest that the multi-dimensional nature of niches and 

phenotypic plasticity in Typha taxa may influence their spatial distributions within sites. 

Below we expand on these points, contrast the results of this study with tests for niche 

segregation in other aquatic and terrestrial plants, and discuss implications of our findings 

for Typha in northeastern North America.  

2.5.1 Factors affecting the distribution of taxa within sites 

Water depth is only one of several factors that may affect spatial patterns of plants 

within sites. Factors such as site history, the multi-dimensional nature of niches, and 

phenotypic plasticity may all affect spatial distribution patterns. Historical processes 

within sites have large influences on contemporary communities (Fukami, 2015). Species 

assemblages and spatial patterns within communities can be at least partially driven by 

colonization history (Fraaije et al., 2015; Fukami, 2015) and seedling survival (Fraaije et 

al., 2015). For example, species that arrive first at a site may have an advantage over 

later-arriving species through niche pre-emption (i.e. early-arriving species occupy 

available niche space such that they reduce niche space available for later-arriving 

species) (Fukami, 2015) which could have lasting effects on community dynamics 

(Fraaije et al., 2015). Field experiments by Grace (1987) revealed niche pre-emption 

between T. latifolia and T. domingensis, the latter being very similar to T. angustifolia in 
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both its ecology (Smith, 1986) and in its interactions with T. latifolia (Grace, 1989). In 

nearly all life stages examined (seeds, seedlings, single adult ramets, whole clones) the 

species that arrived (i.e. was planted) first outperformed the later-arriving species (Grace, 

1987). However, T. latifolia gained a larger benefit from temporal or spatial pre-emption 

than did T. domingensis, including T. latifolia being able to colonize deep water via its 

rapid vegetative growth if it arrived first (Grace, 1987). Conditions for niche pre-emption 

in our sites could involve new sites available for colonization or newly exposed soil from 

seasonal drawdown of water levels in established sites. In either case, the order in which 

taxa arrived at our sites could have influenced their spatial structure, thereby causing 

idiosyncratic patterns of water depth occupancy and therefore inconsistent patterns of 

water depth occupancy found here.  

A lack of spatial segregation by water depth may also be due to the multi-

dimensional nature of plant niches, with coexisting species segregating along a 

combination of several niche axes rather than just one (Silvertown, 2004). Niches of 

aquatic macrophytes are defined by several variables at local scales (Alahuhta et al., 

2017). For example, sites occupied by the submerged macrophytes Ceratophyllum 

demersum and C. submersum were differentiated by three environmental variables related 

to depth and light transmission (Nagengast and Gabka, 2017). Typha latifolia and T. 

angustifolia differ in their preferences for environmental variables such as soil minerals, 

climatic range, and shade tolerance (summarized in Smith, 1986), with the hybrid often 

displaying tolerances and morphological traits intermediate to those of the progenitor 

species (Grace and Harrison, 1986). The spatial distribution of Typha may therefore be 
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driven by a combination of abiotic variables, which might include water depth, but not by 

water depth on its own.  

Where water depth is associated with patterns of site occupancy, water-depth 

gradients coincide with parallel gradients in other abiotic conditions making patterns of 

depth occupancy by different species difficult to generalize across sites. For example, 

depths occupied by macrophytes differ according to water transparency levels 

(Middleboe and Markager, 1997) such that plants may be structured based more on the 

relationship between light availability and depth than by depth itself. Nagengast and 

Gabka (2017) found that Ceratophyllum demersum and C. submersum occupied different 

water depths, but that water colour and the concentration of chlorophyll a in the water 

column, both of which affect light transmission, were necessary to define habitats for 

these species. Cerotophyllum spp. are submerged plants and therefore light transmission 

underwater should be more important to these species than for Typha; however with 

ramets spanning 1 to 2.5 m in height (Travis et al., 2010; Zapfe and Freeland, 2015) and 

water depths up to 1 m (Grace and Wetzel, 1981a), a large portion of Typha leaves occur 

underwater. The ability to photosynthesize underwater could be important in species 

interactions and different water depths that are equal in terms of light transmission could 

help explain the seemingly inconsistent depth occupancy patterns among taxa found here. 

High levels of phenotypic plasticity may also confound patterns of depth 

occupancy by allowing species to occupy a wide variety of depths. For example, Solanum 

dulcamara occupies a broad range of hydrological habitats from dry dunes to 

continuously flooded lowlands. Plants from wet and dry habitats responded similarly to 

experimentally manipulated environmental conditions suggesting that high levels of 



33 

 

phenotypic plasticity allow it to occupy these contrasting hydrological habitats (Zhang et 

al., 2016). More specifically, Phragmites australis, an emergent wetland plant, exhibits 

plastic responses to water depth by allocating proportionally more biomass to leaves than 

to roots and rhizomes, and by producing fewer, taller ramets with increasing water depth 

(Vretare et al., 2001). Each of the Typha taxa studied here exhibit plasticity in response to 

other environmental variables, including reproductive allocation and investment in 

nutrient acquisition in different habitat types (T. latifolia; Grace and Wetzel, 1981b), 

variation in height under different temperature/photoperiod combinations (T. 

angustifolia; McNaughton, 1966), and variation in patterns of water-depth occupancy 

within genets (T. × glauca; Travis et al., 2010). Plastic responses to water depth could 

dampen potential patterns of segregation of taxa by water depth.  

2.5.2 Implications for Typha 

Patterns of site occupancy among taxa within hybridizing species complexes can 

affect rates of hybridization and introgression. For example, in regions of overlap in 

climatic niches between Myriophyllum sibiricum and M. spicatum, hybrids occurred at 

41% of surveyed sites, whereas hybridization was much less common (<8% of sites) in 

regions where parental species occupied distinct niches (Wu et al., 2015). Similarly, 

hybridization between Engelmann oak and scrub oaks (Quercus engelmannii and 

Quercus spp.) is constrained by the presence of habitat suitable for both Engelmann oak 

and the hybrid (Ortego et al., 2014), highlighting the importance of both proximity of the 

progenitor species to each other, and the presence of suitable habitat for the hybrid. Some 

spatial segregation between cattails should reduce rates of hybridization because pollen 

dispersal, at least for T. latifolia [the pollen parent of F1s, (Smith 1967; Pieper et al., 
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2017)] appears to be spatially restricted (Ahee et al., 2015). However, our finding that 

cattails share similar patterns of depth-occupancy indicates that any variation in water 

depth within sites should not result in spatial isolation between taxa and therefore, should 

not limit hybrid formation or introgression (Pieper et al. 2017).   

Temporal segregation in flowering times between taxa could have similar effects 

as spatial segregation in terms of limiting rates of hybrid formation and introgression. For 

example, limited flowering synchrony and short distances between intraspecific 

neighbours were each associated with low hybrid frequency in Eucalyptus spp. (Field et 

al., 2011). In wind-pollinated walnut (Juglans) species, limited flowering synchrony 

contributes to the low occurrence of hybrid walnut in natural stands (Pollegioni et al., 

2013). For cattails, however, there appears to be broad overlap in flowering time (Ball 

and Freeland, 2013), at least in the central part of the transect studied here. Taken 

together, there does not appear to be any spatial or temporal segregation among cattail 

taxa in our region. What does this mean for the long-term maintenance of the cattail 

hybrid zone in our region? Asymmetric mating between T. latifolia and other cattails 

should promote the maintenance of T. latifolia when it is the dominant cattail within 

stands (Pieper et al. 2017). However, without spatial or temporal segregation among 

cattails, seed production by T. latifolia could be reduced as ovules are wasted in 

interspecific pollination events. Because (1) ongoing sexual recruitment appears to be an 

important feature of cattail stands and (2) hybrid cattails appear to be competitively 

superior to the parental species, we therefore expect that even where T. latifolia is 

currently dominant it should eventually be replaced by hybrid lineages. 
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2.6 Conclusions 

Models of hybrid zones indicate that habitat segregation between parental species 

and their hybrids is required for the stable maintenance of hybrid zones, and that in the 

absence of mechanisms that promote reproductive isolation one of the taxa will 

eventually displace the others (Wolf et al., 2001). Hybrid cattails are fertile (Kirk et al., 

2011; Pieper et al., 2017), competitively dominant (Bunbury-Blanchette et al., 2015; 

Zapfe and Freeland, 2015) and have overlapping patterns of site occupancy with T. 

latifolia and T. angustifolia. We expect these features of hybrid cattails to drive the 

displacement of parental cattails, including native T. latifolia from wetlands in 

northeastern North America. This is likely already occurring in the eastern Great Lakes 

region where frequencies of T. × glauca and T. latifolia are negatively correlated 

(Freeland et al., 2013). Hybrid cattails are associated with reduced native plant diversity 

(Tuchman et al., 2009), macroinvertebrate abundance (Lawrence et al., 2016), and 

available nitrogen (Larkin et al., 2012). However, the difficulty in distinguishing species 

using morphological characters in areas where introgressed genotypes occur effectively 

eliminates any practical management options for reducing the prevalence of hybrid 

cattails. As a result, we expect the increased prevalence of hybrid cattails and the 

corresponding reduction in the frequency of native T. latifolia to continue apace. 
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2.9 Tables 

Table 2.1: Location and site characteristics of Typha stands sampled during June and July 2013. Numbers and percentages of each 

taxon in a site are based on ramets. 

*Precise location of site and distance between sites estimated

Location 
Site 

Type 

Site 

code 

Location 

(°N, °W) 

Distance 

between sites at 

location (km) 

# (%)               

T. 

angustifolia 

# (%)             

T. latifolia 

# (%) 

T. × glauca 

Composition 

type 

Cheboygan, MI 
Ditch CHD 45.641, 84.459 

2.10 
15 (16) 0 (0) 77 (84) Two-taxa 

Wetland CHW 45.645, 84.424 45 (47) 0 (0) 51 (53) Two-taxa 

Lapeer, MI 
Ditch LAD 43.043, 83.328 

3.95 
29 (33) 24 (28) 34 (39) Three-taxa 

Wetland LAW 43.018, 83.361 15 (16) 13 (13) 68 (71) Three-taxa 

West Branch, MI 
Ditch WBD 44.276, 84.269 

14.20 
10 (12) 0 (0) 76 (88) Two-taxa 

Wetland WBW 44.404, 84.268 0 (0) 47 (48) 51 (52) Two-taxa 

Pickering, ON 
Ditch PID 43.834, 79.060 

2.11 
0 (0) 0 (0) 75 (100) Single-taxon 

Wetland PIW 43.820, 79.042 51 (64) 5 (6) 24 (30) Three-taxa 

Kingston, ON 
Ditch ODD 44.250, 76.572 

3.48* 
0 (0) 47 (48) 49 (51) Two-taxa 

Wetland ODW  44.252, 76.616* 0 (0) 1 (1) 83 (99) Two-taxon 

Cornwall, ON 
Ditch COD 45.044, 74.750 

6.57 
28 (29) 38 (40) 29 (31) Three-taxa 

Wetland COW 45.042, 74.833 0 (0) 5 (6) 83 (94) Two-taxa 

Montmagny, QC 
Ditch MOD 46.937, 70.653 

132.31 
4 (6) 40 (60) 23 (34) Three-taxa 

Wetland MOW 47.726, 69.340 0 (0) 96 (100) 0 (0) Single-taxon 

Edmundston, NB 
Ditch EDD 47.034, 67.768 

18.18 
0 (0) 62 (93) 5 (7) Two-taxa 

Wetland EDW 47.159, 67.922 0 (0) 66 (80) 16 (20) Two-taxa 

Fredericton, NB 
Ditch FRD 45.924, 66.634 

7.95 
0 (0) 65 (96) 3 (4) Two-taxa 

Wetland FRW 45.887, 66.634 0 (0) 105 (100) 0 (0) Single-taxon 

Sackville, NS 
Ditch SAD 45.870, 64.132 

14.66 
1 (2) 9 (14) 52 (84) Three-taxa 

Wetland SAW 45.973, 64.016 0 (0) 79 (100) 0 (0) Single-taxon 

Halifax, NS 
Ditch HAD 44.739, 63.253 

16.86 
1 (2) 65 (98) 0 (0) Two-taxa 

Wetland HAW 44.705, 63.460 0 (0) 69 (95) 4 (5) Two-taxa 
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Table 2.2: Results of linear effects models examining the effects of variables on water 

depths occupied in cattail stands of different site and composition types. Composition 

types include: three-taxa, two-taxa (T. latifolia and T. × glauca, T. angustifolia and T. × 

glauca, or T. latifolia and T. angustifolia), and single-taxon sites (T. latifolia or T. × 

glauca). Models includes sites of (a) both site types or only (b) wetland or (c) ditch sites. 

*Approximately 60%, 70%, and 30% of the variance was attributed to variation between 

sites, in models a, b, and c, respectively. Genet accounted for less than 10% of the 

variance in all cases. 

Model* Fixed effect F df p-value 

(a) All sites 

Taxon 1.689 2, 214.72 0.187 

Site type 10.984 1, 16.68 0.004 

Composition type 1.104 2, 17.97 0.353 

Taxon × Site type 4.529 2, 214.72 0.011 

Composition type × Site type 1.318 2, 17.97 0.292 

(b) Wetland 

Taxon 3.889 2, 80.77 0.024 

Composition type 1.080 2, 15.96 0.363 

(c) Ditch 

Taxon 0.960 2, 152.11  0.385 

Composition type 0.778 2, 7.72 0.492 
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Table 2.3: Results of linear effects models examining the effects of variables on water 

depths occupied by specific taxa in cattail stands of different site types (wetland or ditch) 

and composition types. Composition types include: three-taxa, two-taxa (T. latifolia and 

T. × glauca, or T. latifolia and T. angustifolia), and single-taxon sites (T. latifolia or T. × 

glauca). 

  

Model Fixed effect F df p-value 

(a) T. latifolia 

Composition type 1.976 2, 26.66 0.158 

Site type 3.293 1, 14.72 0.090 

(b) T. angustifolia 

Composition type 0.417 1, 3.20 0.562 

Site type 14.436 1, 3.19 0.032 

(c) T. × glauca 

Composition type 0.530 2, 11.51 0.602 

Site type 10.176 1, 12.38 0.007 
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Table 2.4: Results of linear mixed effects examining differences in water depth between 

taxa (the fixed effect in each model) at each site (grouped by composition type). Sites 

codes that end in ‘D’ represent ditches, those that end in ‘W’ represent wetlands. Sites are 

listed west to east within a site type for each composition type. 

  

Composition type Site F df p 

Three-taxa 

LAD 0.620 2, 10.08 0.558 

COD 2.987 2, 4.13 0.158 

MOD 1.088 2, 19.39 0.357 

LAW 2.821 2, 2.59 0.224 

PIW 3.393 2, 77.00 0.039 

Two-taxa:  

T. latifolia – T. × glauca 

ODD 1.508 1, 12.48 0.242 

EDD 1.634 1, 65.00 0.206 

FRD 0.009 1, 40.68 0.927 

SAD 1.670 1, 59.00 0.201 

WBW 0.441 1, 5.25 0.535 

ODW 0.010 1, 82.00 0.921 

COW 0.013 1, 42.42 0.910 

HAW 1.014 1, 16.22 0.329 

Two-taxa:  

T. angustifolia – T. × glauca 

CHD 0.519 1, 90.00 0.473 

WBD 0.013 1, 51.28 0.909 

CHW 2.079 1, 0.43 0.549 

Two-taxa:  

T. latifolia – T. angustifolia 
HAD 0.671 1, 45.05 0.417 
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2.10 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Locations of sites used in this study. Wetland sites are represented by solid 

circles and ditch sites are represented by ‘×’s. 
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Figure 2.2: Notched boxplots of water depths at which Typha ramets are growing in (a) 

ditches and (b) wetlands sampled from Michigan to Nova Scotia in 2013.   
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a)                                                                     b)                                          
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Figure 2.3: Frequency histograms of depths occupied by each taxon in each of ditches 

and wetlands. (a) Frequencies summed across all composition types. Numbers of sites are 

indicated in each panel. (b) Frequencies in three-taxa sites only (n = 3 for ditch; n = 2 for 

wetland). (c) Detailed look at depth occupancy of T. latifolia and T. × glauca in two-taxa 

stands (n = 2 for ditch; n = 4 for wetland). Dark grey bars represent frequencies of T. 

latifolia, white bars represent those of T. × glauca, and light grey bars represent 

frequencies of both species simultaneously. Bars overlap, rather than stack. For example, 

the largest bar in the ditch panel indicates that there are nearly 150 T. × glauca ramets 

and approximately 175 T. latifolia ramets in that bin.  
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2.11 Appendix 
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b)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1: Boxplots of water depths occupied by three different Typha species found 

at each of 20 sites ordered from west to east from Cheboygan, MI (top) to Halifax, NS 

(bottom). Panels are separated into (a) ditches and (b) wetlands. Site codes as in Table 

2.1. 
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3. CHAPTER 3: PATTERNS OF POLLEN DISPERSAL AND POLLEN 

CAPTURE IN HYBRIDIZING CATTAILS (TYPHA LATIFOLIA AND T. 

ANGUSTIFOLIA) ASSESSED IN A WIND TUNNEL AND IN THE FIELD 

Authorship: Sara Pieper and Marcel Dorken 

3.1 Abstract 

Pollen dispersal is an important component of evolutionary processes in plants, including 

hybridization dynamics. Cattails (Typha spp., Typhaceae) are an aggressive wetland 

invader in southern Ontario whose invasiveness is at least partially attributable to their 

ability to hybridize. Cattails in southern Ontario comprise the native T. latifolia, the non-

native T. angustifolia, and their fertile hybrid, T. × glauca; pollen dispersal of progenitors 

is therefore important in understanding both F1 formation and backcrossing. Previous 

work on pollen dispersal in T. latifolia has inferred that dispersal is highly localized, with 

95% of pollen falling within 1 m. Here I examine patterns of pollen dispersal of T. 

latifolia and T. angustifolia in a wind tunnel and using a field experiment where Typha 

plants act as pollen recipients, assessing conspecific and heterospecific pollen capture. 

Both species exhibit highly localized dispersal at low wind speeds (1 m/s; ~95% within 1 

m) and longer-distance dispersal at higher wind speeds (5 m/s) with up 12% of grains 

dispersing 5 m. In the field I found that pollen dispersal of both species can occur 

between stands over at least 25 m. Typha angustifolia captures more conspecific than 

heterospecific pollen which should reduce hybrid formation. Although both localized 

dispersal of T. latifolia and preferential conspecific pollen capture by T. angustifolia 

should reduce hybridization rates, the hybrid continues to dominate southern Ontario. I 

suggest hybrids are likely overcoming the expected effects of these findings due to a lack 

of spatial segregation between Typha taxa and competitive superiority of the hybrid. 
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3.2 Introduction 

Pollen dispersal is a major component of gene flow in plant populations and is an 

important biological process for plants due to their immobility. For the individual, pollen 

dispersal determines male mating success (Oddou-Muratorio et al., 2005), and on a 

population level, pollen dispersal is an important determinant of genetic diversity within 

populations and gene flow between populations (Saro et al., 2014). Understanding 

patterns of pollen dispersal can provide insights into the movement of transgenes (e.g., 

Rognli et al., 2000; Yoshimura, 2011), the ability of populations to adapt to climate 

change (Robledo-Arnuncio et al., 2014), and rates of hybridization between species 

(Lagache et al., 2013; Klein et al., 2017). Several processes contribute to pollen dispersal 

and uncovering patterns of dispersal provides better understanding of these mechanisms 

(Bullock et al., 2006; Nathan et al., 2012).  

In anemophilous plants, the majority of pollen dispersal occurs over short 

distances, though dispersal patterns in most species are punctuated by infrequent long-

distance dispersal events (Austerlitz et al., 2004; Nathan et al., 2012). Short distance 

pollen dispersal drives within-population dynamics such as the local distribution of 

genotypes (Saro et al., 2014). On the other hand, long-distance dispersal affects 

connectivity between populations (Sork and Smouse, 2006; Semizer-Cuming et al., 

2017), the potential for adaptive evolution (Kremer et al., 2012), and can contribute 

disproportionately to population genetics (Robledo-Arnuncio et al., 2014). Pollen 

dispersal is typically described using dispersal kernels – i.e., probability distributions of 

dispersal distances relative to the pollen source. Several families of dispersal functions 

have been used to describe pollen dispersal phenomenologically (Nathan et al., 2012), 
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with functions varying in their ability to capture both the predominant short distance 

dispersal of pollen and the less frequent long-distance dispersal events (Bullock et al., 

2006; Nathan et al., 2012). Pollen dispersal kernels for wind-pollinated plants may be fat-

tailed (e.g., Quercus lobata, Austerlitz et al., 2004; Fraxinus excelsior, Semizer-Cuming 

et al., 2017), characterized by mostly short-distance dispersal with some long-distance 

dispersal, or thin-tailed (e.g., Festuca pratensis, Rognli et al., 2000; Mercurialis annua, 

Hesse and Pannell, 2011) with pollen dispersal decreasing sharply with distance and very 

little long-distance dispersal. 

Patterns of pollen dispersal between progenitor species, together with patterns of 

spatial distribution of taxa, are key determinants of hybridization rates (Lagache et al., 

2013; Klein et al., 2017) The hybridizing cattail (Typha spp., Typhaceae) species 

complex in southern Ontario is a favourable system in which to study the impacts of 

pollen dispersal of hybridizing species because the progenitor species, T. latifolia L. and 

T. angustifolia L., do not exhibit spatial segregation (Pieper et al., 2018); however, 

spatially restricted pollen dispersal could still serve to reduce hybrid formation. Ahee et 

al., (2015) used spatial patterns of seed set and pollen production to infer that 95% of 

pollen dispersal from T. latifolia occurs within 1 m, however pollen dispersal has not 

been assessed directly for either T. latifolia or T. angustifolia. Pollen grains are smaller in 

T. angustifolia than in T. latifolia (Gregory, 1973) such that T. angustifolia is expected to 

disperse farther (Niklas, 1985). Female inflorescences are also smaller in T. angustifolia 

compared to T. latifolia which could influence pollen receipt by females as smaller pollen 

grains are more likely to be intercepted by smaller inflorescences and vice versa (Paw U 

and Hotton, 1989). In this system, F1s of the hybrid cattail (T. × glauca Godr.) are 
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formed almost exclusively with T. latifolia acting as the pollen parent, however, both 

species can act as the pollen parent in backcrosses (Pieper et al., 2017) such that patterns 

of pollen dispersal and the receipt of pollen on female inflorescences for both species are 

important in hybridization dynamics. Furthermore, T. × glauca forms dense 

monocultures outcompeting other plant species (Tuchman et al., 2009), and altering 

nutrient regimes (Woo and Zedler, 2002) such that understanding mechanisms that 

contribute to hybrid formation is important for the management of this aggressive plant. 

I examined pollen dispersal of T. latifolia and T. angustifolia under controlled and 

field conditions to characterize patterns of pollen dispersal of two hybridizing, 

anemophilous plants. I measured pollen dispersal of each species under controlled 

conditions in a wind tunnel at three different wind speeds to compare patterns of inferred 

dispersal between species. To compare patterns of realized pollen dispersal between taxa, 

I used an experimental approach in which pollen-dispersing plants were placed in the 

center of isolated stands of T. latifolia and T. angustifolia. I used dispersal distances to 

parameterize pollen dispersal kernels using maximum likelihood estimation. Specifically, 

I asked: (1) What is the shape of the pollen-dispersal kernel for T. latifolia and T. 

angustifolia? (2) Do patterns of realized pollen dispersal in natural stands mirror those 

expected from the pollen dispersal kernel? (3) Do these Typha species preferentially 

capture conspecific pollen?  

3.3 Materials and Methods 

3.3.1 Study species 

Cattails (Typha spp; Typhaceae) are anemophilous, emergent plants common in 

wetlands worldwide. They are monoecious, with separate male and female flowers 
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arranged on a terminal inflorescence with male flowers occupying the upper portion of 

the inflorescence and female flowers occupying the lower portion. They are capable of 

sexual reproduction, including selfing (Grace and Harrison, 1986), and prolific clonal 

reproduction via rhizomes (Travis et al., 2010; Yeo, 1964). Typha latifolia is native to 

North America, while T. angustifolia was introduced from Europe several centuries ago 

(Ciotir et al., 2013; Ciotir and Freeland, 2016). While the hybrid is found across 

northeastern North America (Freeland et al., 2013; Kirk et al., 2011; Travis et al., 2010), 

it is particularly common in southern Ontario (McKenzie-Gopsill et al., 2012; Pieper et 

al., 2018).  

3.3.2 Wind tunnel 

I assessed pollen dispersal under controlled conditions in the Trent Environmental 

Wind Tunnel at Trent University in Peterborough, Ontario. I collected cattail 

inflorescences that were at their peak of shedding pollen from a nearby (< 500 m away) 

cattail stand for use in trials. Cattails of both species were collected from the same stand 

which is located beside a low-traffic road with a narrow strip of shrubs and trees between 

the stand and the road. The rest of the approximately 7000 m2 stand is bordered by shrubs 

and trees and by a pond on one side. Both cattail species and their hybrid are present in 

the stand in roughly equal proportions. The stand has seasonally wet ground, but little 

standing water. Cattails were identified to species in the field using morphological 

characteristics and later confirmed by pollen morphology (T. latifolia pollen are released 

as tetrads; T. angustifolia pollen as monads; hybrid pollen morphology is variable and 

tetrads occur, but single grains, dyads, and triads also occur at high frequencies; Smith, 

1967). Inflorescences were kept in Canvasback® pollination bags (Seedburo, Des 
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Plaines, IL) and were used in trials on the same day they were collected. Trials were 

conducted on 25 July 2014 for T. latifolia and on 14 July 2015 for T. angustifolia.   

Trials were completed in an open circulation, suction type wind tunnel. Details 

about the facility can be found in McKenna Neuman (1998), Nickling and McKenna 

Neuman (1997), and online (http://people. trentu.ca/cmckneuman/website/facilities.html). 

The dimensions of the working section of the tunnel are: height 0.74 m, width 0.71 m, 

and length 13.5 m. To complete a trial, an inflorescence was placed into a retort clamp 

attached to a retort stand such that the inflorescence was upright in the clamp and the 

centre of the male inflorescence was 0.45 m from the floor of the wind tunnel. In each 

trial I placed microscope slides covered in petroleum jelly at 0.2, 0.4, 0.8, 1.6, 2, 3, 4, and 

5 m from the pollen source (i.e., the inflorescence). Slides were positioned vertically with 

the centre of the slides 0.35 m from the floor of the wind tunnel using retort stands and 

clamps. Slides and the inflorescence were placed in line with each other in the centre of 

the tunnel (0.31 m from each interior wall of the tunnel). Trials were conducted at three 

wind speeds: 1 m/s, 2 m/s, and 5 m/s. Pollen release was triggered by striking the 

inflorescence with the broad side of a small paddle that had been fed through the roof of 

the tunnel. I completed three replicates for each wind speed × species combination except 

for 2 m/s for each species for which I was only able to complete two trials. I used a new 

inflorescence for each trial for T. angustifolia, but used the same T. latifolia inflorescence 

for three trials (one for each wind speed) due to a shortage of shedding inflorescences 

when trials were conducted in 2015. Patterns of dispersal for T. latifolia were different 

across trials, however there was no clear pattern with respect to the order in which an 

inflorescence was used in a trial, and dispersal patterns were similarly variable across 
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trials for T. angustifolia (Figure A3.1). Furthermore, I found that the number of times an 

inflorescence had been used previously was not a significant factor in the total number of 

grains counted in a trial for T. latifolia (one-way ANOVA, F2,5 = 0.891, p = 0.467).  

I counted the number of pollen grains (tetrads for T. latifolia; monads for T. 

angustifolia) in 1 cm2 in the centre of each microscope slide manually using a Nikon® 

Eclipse E200 compound light microscope at 400X magnification. I re-counted pollen 

grains on slides from two complete trials (one for each species) for repeatability and 

found that total numbers of pollen grains were within an average of 6.8% with little 

difference in repeatability between species (5.6% for T. latifolia, 7.9% for T. 

angustifolia). I calculated median numbers of pollen grains at each distance across trials 

at each wind speed for each species (n = 3 at each distance for each species for both 1 m/s 

and 5 m/s, n = 2 at each distance for each species for 2 m/s). Medians were based on 

initial counts rather than on re-counts. 

3.3.3 Pollen movement in the field 

Pollen movement in the field was assessed from mid-June to mid-July 2014. 

Trials were conducted at two sites. To identify study sites I used information from 

previous surveys of cattails in my study region (McKenzie-Gopsill et al., 2012; Ball and 

Freeland, 2013; Ahee et al., 2015; Zapfe and Freeland, 2015). I chose the two most 

isolated (from other cattails) sites that contained only a single Typha species (one for T. 

latifolia and one for T. angustifolia). The T. latifolia site was located in the Cavan 

Swamp Wildlife Area near Cavan, Ontario (44.233º, -78.498º; herein ‘Cavan’) (at the site 

used in Ahee et al., 2015). Typha latifolia is the dominant herbaceous vegetation at this 

site and the only Typha taxon present. The boundary of the site is defined by shrubs and 
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trees that partially surround the T. latifolia, though there were T. latifolia beyond this 

boundary and across the road. The site is in a large marsh approximately 100 m off a 

paved, low-traffic road. The T. angustifolia site was in the Uxbridge Countryside 

Preserve in Uxbridge, Ontario (44.087º, -79.130º; herein ‘Uxbridge’) (at a site used in 

Zapfe and Freeland, 2015). The site comprised a small pond up to approximately 1 m 

deep with T. angustifolia distributed somewhat patchily throughout the pond and onto the 

bank. The pond was surrounded by mature trees and was adjacent to a hiking trail. As far 

as I am aware there was no Typha within 200 m of the pond.  

To assess pollen dispersal in the field, I had to control when and from where 

pollen was shed within sites. Flowering cattails growing within each site acted as 

recipient plants and I installed potted cattails into the site to act as the donor plants on 

trial days (see below). To ensure that recipient plants did not receive pollen from other 

plants at the site, all plants were emasculated and the female portion of the inflorescence 

bagged with Canvasback® pollination bags (Seedburo, Des Plaines, IL). Inflorescences 

were bagged before they emerged from their sheath (mid- to late-June), ensuring that they 

had not yet received pollen. Inflorescences that had emerged from their sheath without 

having been bagged (e.g., between trial days) were removed from the site and not used. 

Bags were removed from a subset of inflorescences on trial days once a donor plant was 

in place (see below) so that pollination could occur.  

Donor plants comprised potted T. latifolia and T. angustifolia that were placed 

into sites during their peak pollen shedding to act as the sole pollen sources for recipient 

plants on trial days. Donor plants were collected from cattail stands located at Trent 

University (44.354º, -78.267º; approximately 20 km NE of Cavan site) (for Cavan) and in 
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a roadside ditch approximately 4 km south of the Uxbridge site (for Uxbridge). I dug up 

entire flowering ramets whose inflorescences had not yet emerged and potted them in 12” 

pots in Sunshine professional growing soil #1 (Sun Gro Horticulture, Brantford, ON, 

Canada) and transported them to study sites. Pots were kept in buckets of water until 

ready to use (up to five days). Donor plants were only used once. 

During trials, donor plants were placed into a wooden stand that had been 

installed at the approximate centre of the site in early June. Wooden spacers were used to 

adjust the height of donor plants so that the centres of male inflorescences of each species 

were at the same height and within the range of heights of female inflorescences of 

recipient plants. Donor plants were left to shed pollen for four hours during midday 

(approximately 10:00-14:00). Trials were conducted on days free of precipitation. Using 

a HOBO® Micro Station data logger (Onset Computer Corporation, Bourne, MA), I 

recorded wind speed (average wind speed over the time interval; m/s) and gust speed 

(highest 3-second gust during the interval; m/s) every 2 minutes during the four hours 

that donor plants were deployed. I completed two trials in each site. I also carried out a 

negative control in each site to detect levels of background pollen. These controls were 

conducted in the same manner as trials, but without deploying donor plants. For 

comparison between sample days and negative controls, references to ‘dispersal distance’ 

or ‘distance from pollen source’ on negative control days refer to distances from the 

wooden stand, in these cases, with no pollen donor. After trials were complete, I mapped 

recipient plants in each stand using triangulation to fixed landmarks and ground-truthed 

the maps to confirm plant locations (Ahee et al., 2015). For analysis I assumed isotropic 

dispersal (Bullock et al., 2017).  
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The amount of pollen received by recipient plants was assessed by collecting 

stigmas and mounting them on microscope slides using basic fuchsin jelly (Kearns and 

Inouye, 1993) immediately upon collection. Stigmas were removed from the centre of the 

inflorescence on the side facing the donor plants using a razor blade. I counted the 

number of pollen grains from each species within a 1 cm2 segment of each slide. Because 

some pollen grains may have been dislodged during the mounting of female florets on the 

slides I counted all pollen grains observed in each 1 cm2 segment not only those attached 

to stigmas. The area covered by female florets (and stigmas) in each 1 cm2 segment 

differed among slides, so I measured the area covered by stigmas within the 1 cm2 and 

then standardized pollen grain counts by that area. To measure the area, I first placed 

each prepared microscope slide on a light table and took a high-resolution photograph 

using a tripod-mounted camera (Nikon® D5000) placed 15 cm above the slide. From the 

photograph, I then measured the area covered by stigmas using the software ImageJ 

(Rasband, 2016; more details in the Appendix). I tested my measurement method for 

repeatability for both T. latifolia and T. angustifolia stigmas by re-measuring 20 

preparations (8% of total) and comparing measured areas covered by stigmas. On 

average, measurements of the same preparation were within 3.52%. I also re-counted 

pollen grains on a subset of slides (7 % of total). On average recounts were within 

13.88%.    

3.3.4 Statistical analyses 

 I used phenomenological models and maximum likelihood estimation (MLE) to 

characterize pollen dispersal patterns of each species. I fit the number of pollen grains 

counted on recipient plants (or slides in the wind tunnel) for each wind speed (wind 
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tunnel) or trial (field) and for each species to each of three functions which are frequently 

used to characterize spatial patterns of pollen dispersal (e.g., Austerlitz et al., 2004; Klein 

et al., 2006; Saro et al., 2014): the gamma and exponential distributions, and an 

exponential power function from Clark (1998) (equation 5 in Clark 1998; herein ‘Clark’). 

For the field trials, I also fit the data to the uniform distribution to act as a null model 

because all plants receiving pollen on negative control days were assumed to be 

equidistant from any pollen sources. I tested a variety of functions to determine which fit 

the data best as dispersal functions do not always appropriately capture both near and far 

dispersal events (Bullock et al., 2006). 

The single-parameter exponential curve is defined by scale parameter, a, where a 

> 0, and larger values correspond to faster rates of decline (i.e., shorter tails). The gamma 

distribution is defined by a similar scale parameter a and by a shape parameter, b. This 

second parameter yields curves similar to the exponential for b ≤ 1 but also yields hump-

shaped curves for b >1 (Bolker, 2008). The Clark function (Clark, 1998; equation 5) is a 

two-parameter exponential power function; the shape parameter, b, is positive and 

determines the fatness of the tail, whereby b<1 is fat-tailed and smaller values are more 

fat-tailed than those closer to 1 and, b = 1 is the exponential curve (Clark, 1998). The 

uniform curve has one parameter (x; the mean number of pollen grains across samples). 

Each dispersal function was scaled by a constant, p, representing pollen production, 

defined as the maximum number of grains dispersed to any distance within a trial. This 

transforms the kernels from probabilities to numbers of grains (Nathan et al., 2012). In 

instances where the gamma function converged on b > 1 (C2 T. latifolia in the field and 

T. latifolia at 5 m/s and T. angustifolia 2 and 5 m/s in the wind tunnel), I also added a 
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constant, c, to act as the intercept because otherwise the curve starts at pollen dispersal of 

0 which is highly unlikely very close to the pollen source. The value ‘c’ was defined as 

the number of grains at the closest distance to the pollen source. 

I used BFGS (Broyden-Fletcher-Goldfarb-Shanno) optimization to calculate 

maximum likelihood estimates of the parameters for each of the distributions described 

above. In each case, I assumed that the data were distributed according to the function 

under consideration, with negative binomial errors (Bolker, 2008). The negative binomial 

is discrete and can tolerate overdispersion in the data (Bolker, 2008). This latter point is 

important because, particularly in the wind tunnel, pollen dispersal was very clumped. In 

all cases, the dispersal function was used as the count parameter and the dispersion 

parameter, k, was estimated along with the other parameters using MLE. The parameter k 

was estimated as,  

𝑘 ≈  
�̅�

𝑠2

�̅�⁄
 , 

where �̅� is the mean dispersal distance and 𝑠2is the standard deviation of dispersal 

distance. Each of �̅� and 𝑠2 were calculated two ways: based on measured distance and 

based on distance weighted by the number of grains counted at each distance. Starting 

values for model parameters were estimated using the method of moments (Table 3.1). I 

determined whether parameter estimates were sensitive to starting conditions by testing 

various combinations of starting parameters (Table 3.1), reflecting the number of 

parameters estimated for each function, as well as the variety of shapes possible with 

different functions. Functions that did not converge or yield consistent parameter 

estimates across starting conditions were excluded from further analysis. For field data, I 

also set starting parameters to those estimated from pollen dispersal at 1 and 2 m/s in the 
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wind tunnel to determine whether these parameters fit the field data, however functions 

failed to converge in all cases using starting parameters from the wind tunnel trials. 

BFGS optimization of parameter values was conducted using the ‘mle2’ function in the 

‘bbmle’ package (v. 1.0.19; Bolker, 2017) in R (v. 3.4.1; R Core Development Team).  

I used Akaike Information Criteria (AIC) to determine which dispersal function 

best fit the data for each wind speed or field trial. As AIC only determines the best of the 

available models, I assessed goodness of fit of the best model following Bullock et al.’s 

(2017) assessment of seed dispersal functions using Nakagawa and Schielzeth’s (2013) 

general r2. I calculated 95% confidence intervals around parameter estimates for the 

model that was identified as best (i.e., highest AIC weight) for each wind speed or field 

trial. AIC and confidence intervals were calculated using the ‘bbmle’ R package (Bolker, 

2017); however, in some instances, I was unable to calculate confidence intervals and had 

to estimate them using quadratic approximations,  

𝑐 =  √𝜒1
2(1 − 𝛼) ∙

𝜎

√𝑛
 , 

(Bolker, 2008, eqn 6.5.3), where α is 0.05 and 
𝜎

√𝑛
 is the standard error of the parameter 

estimate. I estimated confidence intervals for parameters for which I was able to also 

calculate them in order to compare intervals between the two methods. In all 28 cases, 

estimated confidence intervals were narrower than calculated ones. 

 I also determined whether the proportion of T. latifolia pollen received by a 

recipient plant depended on the species of the recipient because there is often a 

relationship between pollen grain size and female inflorescence size in anemophilous 

species (Paw U and Hotton, 1989) and Typha species differ in both. I tested for this 
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difference in proportion using a generalized linear mixed effects model (GLMM) with 

binomial errors. The proportion of T. latifolia pollen was the response variable, recipient 

plant species was a fixed effect, and day nested within site was a random effect. I used 

only the two test days at each site for this analysis. This analysis was conducted using 

‘glmer’ in the ‘lmerTest’ package (v. 2.0-33; Kuznetsova et al., 2016) in R.  

3.4 Results 

3.4.1 Wind tunnel 

Patterns of dispersal in the wind tunnel depended on wind speed and species 

(Figure 3.1). Typha angustifolia tended to be dispersed over greater distances than T. 

latifolia at wind speeds of 1 and 2 m/s (mean ± SE: 0.44 ± 0.01 m and 0.39 ± 0.01 at 1 

m/s, and 1.33 ± <0.01 and 0.89 ± 0.01 at 2 m/s for T. angustifolia and T. latifolia, 

respectively), though mean dispersal distances were similar between T. latifolia and T. 

angustifolia at 5 m/s (2.27 ± 0.01 and 2.26 ± 0.01 m, respectively).  

At wind speeds of 1 m/s, more than 95% of grains for both T. latifolia and T. 

angustifolia were dispersed within 1 m (Figure 3.1), with the data for both species best fit 

by a gamma curve (Table 3.2). Both curves were thin-tailed and exponential-like in shape 

(Figure 3.1; Table 3.3) with less than 1% of pollen grains reaching 5 m. At wind speeds 

of 2 m/s, 74% of T. latifolia were dispersed within 1 m. Dispersal patterns best fit an 

exponential curve (Figure 3.1; Table 3.2), though the curve was more fat-tailed than at 1 

m/s (Figure 3.1; Table 3.3) with 1.6% of grains reaching 5 m. In contrast to T. latifolia, at 

wind speeds of 2 m/s dispersal of T. angustifolia pollen was hump-shaped with the 

highest percentage of T. angustifolia pollen grains dispersed 0.8 m (36%) with only 10% 
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and 13% of grains dispersed 0.2 m and 0.4 m, respectively (Figure 3.1) for a total of 59% 

of pollen falling within 1 m. The distribution was more fat-tailed at 2 m/s than at 1 m/s 

with 2.6% of grains reaching 5 m. The AIC results indicate that the data best fit the Clark 

dispersal curve (Table 3.2) which fit the tail of the curve well (Figure 3.1); however, the 

r2 was quite low (0.084) compared to that of the gamma curve (r2 = 0.677) which fit the 

hump-shaped pattern in the closer distances better than Clark (Figure 3.1). At wind 

speeds of 5 m/s pollen dispersal for each species best fit a hump-shaped gamma curve 

with a very fat tail (Figure 3.1; Tables 3.2 and 3.3). More than 70% of pollen for each 

species dispersed more than 1 m. The T. latifolia curve showed small increases in grains 

dispersed over distance up to 0.8 m and then gently declined with nearly 1800 grains 

(tetrads; 10% of total counted in trial) reaching 5 m (Figure 3.1). The T. angustifolia 

curve showed a steeper increase in grains over distance up to 0.8 m and then a gentle 

decline similar to T. latifolia, including over 10 000 grains (monads; 12%) dispersing 5 

m.     

3.4.2 Field trials 

Wind speeds were greater in the Cavan site than in the Uxbridge site, with mean 

wind speeds up to 0.81 ± 0.03 m/s per day in Cavan and up to 0.32 ± 0.01 m/s per day in 

Uxbridge (Table 3.4; Figure A3.2). Mean gusts were up to just over 2 m/s in Cavan 

compared to around 0.8 m/s in Uxbridge (Table 3.4; Figure A3.2). Maximum gusts 

approached 5 m/s in Cavan and remained < 3 m/s in Uxbridge (Table 3.4). Wind speeds 

and gusts were variable over the four-hour pollination period though stayed mostly 

between 0.4 and 1 m/s in Cavan and between 0.2 and 0.6 m/s in Uxbridge (Figure A3.2). 

There was a predominant wind direction on each day, with winds mostly (69-81% of 
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readings) blowing approximately northwest on each day in Uxbridge, most often (61% 

and 75%) approximately east on sample days in Cavan, and 67% of the time 

approximately northwest on the negative control day in Cavan.  

Dispersal patterns did not fit any of the dispersal functions examined for either 

species on any sample day at either site (Figure 3.2; Table 3.4). For both species, the 

uniform curve was identified most often as being the best fit, but r2 values were near zero 

for all sample days (Table 3.4). The two instances where a curve other than the uniform 

was identified as the best fit (T. latifolia on one sample day in Cavan and T. angustifolia 

on a sample day in Uxbridge; Figures 3.3c and 3.3h; Tables 3.4 and 3.5) had low r2 

values indicating poor overall fits. Despite there being a predominant wind direction for 

each sample day, patterns of dispersal to plants located in that direction did not appear to 

differ from dispersal patterns to the rest of the recipient plants, though the sample size 

was small (Figure 3.2). Notably, dispersal patterns on the negative control days did not 

differ from those on sample days, nor did they yield substantially fewer pollen grains per 

recipient plant compared to the sample days (Figure 3.2).  

There was evidence of species-specific pollen capture for T. angustifolia, but not 

T. latifolia. The GLMM revealed that there was a significant effect of recipient plant 

species on the proportion of T. latifolia grains received on trial days (T. latifolia vs T. 

angustifolia: parameter estimate = -2.18 ± 0.42 SE; Wald’s Z = -5.12; p <0.001) with 

each donor species comprising half (49% T. angustifolia, 51% T. latifolia) the grains on 

T. latifolia recipient plants, and only 28% of grains on T. angustifolia being T. latifolia. 

On negative control days, however, T. angustifolia comprised the majority of pollen 

grains on recipient plants at both sites (79.3% at Cavan, 86.7% at Uxbridge).   



69 
 

3.5 Discussion 

The wind-tunnel results support the inference that T. latifolia pollen is dispersed 

over short distances and demonstrate that T. angustifolia pollen is likely to be dispersed 

over greater distances than T. latifolia pollen when wind speeds are low. The results of 

the field experiment show that patterns of pollen receipt are species-specific and that 

pollen dispersal occurs between stands over at least tens of metres. Taken together, these 

results indicate that spatially restricted pollen dispersal for T. latifolia combined with 

preferential conspecific pollen capture by T. angustifolia should serve to reduce rates of 

F1 hybrid formation. Below I discuss each of these results in turn and consider their 

implications for understanding the stability of the hybrid zone in eastern North America. 

Pollen dispersal in anemophilous plants is typically between near-neighbours 

(Gleaves, 1973; Levin and Kerster, 1974). For example, in the wind-pollinated herb 

Mercurialis annua, seed set decreases dramatically when females are >2 m from the 

nearest male (Hesse and Pannell, 2011). Similarly, in anemophilous Rumex nivalis, 

numbers of pollen grains per stigma is 85% lower when males are 80 cm away from 

females compared to when males are 5 cm (Stehlik and Barrett, 2006). Previous work on 

pollen dispersal of T. latifolia inferred that dispersal is very limited with 95% falling 

within 1 m and 99% within 2 m (Ahee et al., 2015). At a wind speed of 1 m/s, my wind 

tunnel data support this inference for T. latifolia and suggest it is also the case for T. 

angustifolia as dispersal for both species fit thin-tailed exponential curves and 

specifically 95% of pollen for each species was dispersed within 1 m. This, combined 

with wind speeds averaging less than 1 m/s in the field, supports the notion that within 

populations under prevailing conditions, the majority of pollen dispersal occurs within 
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highly localized neighbourhoods. My data also indicate that pollen dispersal is greater in 

T. angustifolia than in T. latifolia at low and moderate wind speeds as indicated by 

greater overall mean dispersal distances in T. angustifolia compared to T. latifolia at 1 

and 2 m/s.  

While most pollen dispersal in wind-pollinated plants is local, less frequent long-

distance pollination events also occur in a variety of species (e.g., Mercurialis annua, 

Hesse and Pannell, 2011; Fagus sylvatica, Oddou-Muratorio et al., 2011; Pinus sylvestris, 

Robledo-Arnuncio and Gil, 2005) and are recognized as important contributors to 

population genetics (Robledo-Arnuncio et al., 2014). Under moderate to high wind 

speeds in the wind tunnel, I show that as much as 10% of the pollen from a source plant 

can disperse up to 5 m. Variation in wind speeds, including gusts over 4.5 m/s, found in 

the field could therefore be causing long distance dispersal of pollen grains in both T 

angustifolia and T. latifolia. Furthermore, data from my field trials, particularly the pollen 

loads found on recipient plants on negative control days, suggest that pollen dispersal in 

Typha can occur over much greater distances than what had been inferred. Donor plants 

were not deployed on negative control days yet I found similar numbers of pollen grains 

per recipient plant as on test days. This indicates that pollen dispersed at least 25 m at 

Cavan and at least 200 m at Uxbridge based on my assessment of the nearest Typha 

outside study sites. Pollination events between stands occur in other anemophilous 

species. For example, Robledo-Arnuncio and Gil (2005) specifically targeted an isolated 

stand of Pinus sylvestris (stand isolated from conspecifics by at least 30 km) to assess 

pollen dispersal and found that pollen from outside the stand accounted for 4.3% percent 

of pollination events. Similarly, in the wind-pollinated palm, Phoenix canariensis, 12% 
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of pollination events were due to pollen that had immigrated into the study site (Saro et 

al., 2014). Population genetics studies of Typha in both Europe (Ciotir et al., 2017) and 

northeastern North America (Freeland et al., 2013; S. Pieper unpublished data) indicate 

that there is little genetic differentiation between stands for both T. latifolia and T. 

angustifolia which could be due at least in part to pollen movement between stands.   

My field experiment allowed me to assess pollen dispersal that incorporated 

pollen capture by female inflorescences. There is evidence that anemophilous plants 

preferentially select conspecific pollen from the airborne pollen pool. Linder and Midgley 

(1996) found that at least 40% and as much as 80% of the pollen present on the stigmas 

in a community of four wind-pollinated plants was conspecific, with patterns not 

matching those of background pollen frequencies. Species-specific pollen capture 

efficiency in wind-pollinated plants is affected by the size and morphology of both pollen 

grains and inflorescences and stigmas between species (Paw U and Hotton, 1989; 

Friedman and Harder, 2005). Specifically, larger pollen grains are more likely to be 

intercepted by larger receptors and small pollen grains are more likely to be intercepted 

by smaller receptors. The cattail species examined here differ in relative sizes of both 

pollen grains and female inflorescences, whereby T. latifolia exhibits both larger pollen 

grains (Bassett et al., 1978) and broader / thicker female inflorescences (Grace and 

Harrison, 1986) compared to T. angustifolia. However, preferential conspecific pollen 

capture was only found in T. angustifolia where 72% of grains on recipient plants were 

conspecific, while pollen grains on T. latifolia were an even mix of both species. This 

should have implications for the hybrid zone dynamics in this species complex, which I 

discuss below.  
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3.5.1 Fitting dispersal functions to field data 

Fat-tailed exponential-power functions (e.g., the Clark function used here) are 

often found as best-fitting in other pollen dispersal studies that examine several curves 

(e.g., Austerlitz et al., 2004; Semizer-Cuming et al., 2017) due to their ability to capture 

long-distance dispersal events. That the pollen dispersal data assessed in the field do not 

fit any of the examined functions is likely due to two interrelated factors. First, the pollen 

signal from donor plants was clearly not strong enough to overcome background pollen 

as there was little difference in pollen grains per recipient plant on negative control days 

compared to sample days at either site. Other field studies of pollen dispersal have 

achieved appropriate pollen signal strength by using as many as several hundred plants as 

pollen sources (e.g., Rognli et al., 2000; Klein et al., 2003). I did not use this approach as 

I had assumed that the large amount of pollen produced by individual cattail shoots 

would compensate for using a small number of individuals, and because when using 

several plants as pollen donors they no longer function as point sources (Greene and 

Calogeropoulos, 2002), decreasing the accuracy of measured dispersal distances. Second, 

the short time (four hours) that I left donor plants in stands may not have been long 

enough for appropriate signal strength. Individual Typha ramets shed pollen for about 5-7 

days (pers. obs.) which would perhaps be enough time to generate a strong signal even 

with few donor plants. A future field experiment should therefore combine a small 

increase in the number of donor plants used and a longer time deployed (e.g., a few days) 

to generate a stronger pollen signal.   

Wind parameters such as direction, speed, and horizontal and vertical gusts can 

have large impacts on dispersal distances (Nathan et al., 2012). In corn, for example, 
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pollen dispersal patterns are strongly influenced by wind direction, including long-

distance dispersal events not being rare in the prevailing wind direction, but being quite 

rare upwind (Klein et al., 2003). I found no apparent effect of wind direction in the field 

data, however a more extensive sampling scheme may reveal one (Austerlitz et al., 2007). 

Moments of turbulent air flow, such as wind gusts, are important in driving long-distance 

dispersal events in a variety of biological particles, including pollen (summarized in 

Nathan et al., 2005). My wind tunnel data indicate that patterns of dispersal are greatly 

affected by wind speed for both species such that variation in wind speeds, including 

moderate gusts, in both field sites likely contributed to pollen dispersal not fitting to the 

tested dispersal functions. Finally, anemophilous plants often demonstrate a threshold 

wind speed for pollen release (Jackson and Lyford, 1999), which suggests that wind gusts 

may disproportionately affect dispersal as gusts would also carry pollen grains farther 

once shed. Wind dispersed seeds demonstrate this ‘preferential abscission’ (Savage et al., 

2014) where seeds are released into wind gusts over a certain threshold speed and achieve 

greater dispersal distances as a result (e.g., Schippers and Jongejans, 2005; Soons and 

Bullock, 2008). I do not expect that other factors such as variation in height or 

inflorescence size of recipient plants were strong factors in dispersal functions not fitting 

the data. In general wind parameters tend to have greater impacts on variation in median 

dispersal distances than do biological parameters (Soons et al., 2004; Nathan and Katul, 

2005) and I found that patterns of dispersal converged at high wind speeds in the wind 

tunnel despite different pollen morphology between species.    
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3.5.2 Implications for Typha hybrid zones   

The composition of the pollen pool reaching female flowers in hybridizing 

species complexes has a large effect on hybridization rates (Klein et al., 2017). The 

pollen pool is determined by the dispersal distances and kernel shape of local species, and 

the type of pollen that reaches the stigmas is influenced by the sizes of inflorescences and 

pollen grains (Paw U and Hotton, 1989; Friedman and Harder, 2005). Flowering times 

between T. latifolia and T. angustifolia overlap in our study region (Ball and Freeland, 

2013) so the pollen pool would contain grains of both species simultaneously such that 

the pollen dispersal patterns and pollen capture capabilities of each are important in 

understanding the dynamics of pollination, and therefore hybridization. I found 

differences in interspecific pollen capture and pollen dispersal patterns between species 

which should affect hybrid zone dynamics. 

Preferential conspecific pollen capture by T. angustifolia should reduce the 

formation of F1 hybrids. First generation hybrid formation in this species complex is 

highly asymmetrical with T. angustifolia nearly always acting as the maternal parent 

(Kuehn et al., 1999; Pieper et al., 2017) such that reduced capture of T. latifolia pollen by 

T. angustifolia should decrease hybridization. The capture of T. × glauca pollen by 

progenitors and pollen capture by T. × glauca should affect rates of backcrossing as T. × 

glauca can act as both the maternal and paternal parent in backcrosses (Pieper et al., 

2017). To further understand how these processes affect hybridization beyond the F1 

generation, future studies of pollen dispersal in this species complex should investigate 

the ability of T. × glauca to capture Typha pollen and of T. angustifolia in capturing T. × 

glauca pollen. Finally, that the native T. latifolia receives pollen of both species equally 
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likely decreases its mating success as ovules whose stigmas are pollinated by T. 

angustifolia might be lost to interspecific ovule discounting (e.g., Burgess et al., 2008). 

As T. latifolia is the pollen parent of F1 hybrids (Pieper et al, 2017), localized 

dispersal of T. latifolia pollen should also contribute to reduced hybridization rates. In 

rice, rates of hybridization between varieties have been shown to decrease with 

increasing distance between heterospecific pollen sources (Kawashima and Hama, 2012). 

In Eucalyptus aggregata, in a site where pollen dispersal distances were shorter there was 

a with lower incidence of hybrid seeds compared to areas where E. aggregata dispersal 

was greater (Field et al., 2011). Pollen dispersal of both T. latifolia and T. angustifolia are 

important in rates of backcrossing in this species complex, as hybrids can produce seed 

with pollen from either progenitor species (Pieper et al., 2017).  

 Although limited dispersal of T. latifolia and reduced heterospecific pollen 

capture by T. angustifolia, should reduce hybridization rates, the hybrid, T. × glauca is 

the dominant cattail type in most of the study region (Kirk et al., 2011; McKenzie-Gopsill 

et al., 2012; Freeland et al., 2013) and clonal richness within sites can be high (Kirk et al., 

2011; McKenzie-Gopsill et al., 2012). However, Typha taxa examined here do not exhibit 

spatial segregation (Pieper et al. 2018) such that T. latifolia and T. angustifolia do not 

segregate by water depth (Pieper et al., 2018) and may grow in close enough proximity 

within stands to overcome the expected effects of localized dispersal on hybrid 

formation. Furthermore, hybrids exhibit greater above-ground biomass (Bunbury-

Blanchette et al., 2015), rates of clonal expansion (Bunbury-Blanchette et al., 2015), and 

height (Zapfe and Freeland, 2015) compared to parent species which could also 

contribute to their dominance despite localized dispersal of the pollen parent.  
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3.5.3 Conclusions  

My results at low wind speeds are consistent with inferred dispersal for T. latifolia 

(Ahee et al., 2015). At greater wind speeds, however, my results are consistent with data 

indicating that pollen dispersal is often fat-tailed with frequent localized dispersal 

punctuated by long-distance dispersal (Austerlitz et al., 2004). I was unable to 

characterize pollen dispersal kernels for either species in the field, however I did find that 

T. angustifolia exhibits preferential capture of conspecific pollen which has important 

implications for hybridization dynamics, acting to decrease F1 formation. It is important 

to gain a clearer understanding of pollen dispersal of these hybridizing cattail species to 

further our knowledge of processes relevant to ongoing hybrid formation in this 

increasingly invasive species complex.   
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3.8 Tables 

Table 3.1: Model formulae for dispersal functions fit to pollen dispersal data from wind 

tunnel and field trials. Note the uniform distribution was only fit to field data (see text for 

details). a = scale parameter; b = shape parameter; p = maximum number of pollen grains 

counted within the trial; c = number of pollen grains at the closest distance to the pollen 

source; v = mean number of pollen grains found within a trial; x = dispersal distance; �̅� = 

mean dispersal distance which was calculated two ways: simple average distance, and 

average distance weighted by the number of grains counted at each distance. 

 

  

Model Dispersal function Starting values for model 

parameters 

Exponential 𝑓(𝑥) = 𝑝 ×  𝑎𝑒(−𝑎𝑥) 𝑎 =
1

�̅� 
 

Gamma 𝑓(𝑥) = 𝑐 + 𝑝 ×
1

𝑎𝑏Γ(b)
𝑥𝑏−1𝑒−𝑥 𝑎⁄  

𝑎 =
�̅�

𝑏
 

b = 0.5, 0.9, 1.5, 2.5, 3.5, 4.0, 5.0 

Clark 𝑓(𝑥) = 𝑝 ×
𝑏

2𝑎Γ (
1
𝑏

)
𝑒 (− (

𝑥

𝑎
)

𝑏

) 
𝑎 =

�̅�Γ(1 𝑏⁄ )

Γ(2 𝑏⁄ )
 

b = 0.5, 0.9, 1.5, 2.5 

Uniform 𝑓(𝑥) =  𝑝 ×  𝑣 p, v 
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Table 3.2: Fits of three dispersal functions to Typha spp. pollen dispersal data observed 

in a wind tunnel at each of three wind speeds. ΔAIC, df, and weight values are results 

from AIC analysis and indicate relative fits of the data, while r2 is a measure of goodness 

of fit of the best model. Models within a species × wind speed are ordered from best (Δ 

AIC = 0) to worst fit. 

Species 
Wind speed 

(m/s) 
Model ΔAIC df Weight r2 

T. latifolia 1 Gamma 0.0 4 0.816 0.676 

 Exponential 4.4 3 0.093  

 Clark 4.4 4 0.091  

2 Exponential 0.0 3 0.420 0.665 

 Clark 0.1 4 0.400  

 Gamma 1.7 4 0.180  

5 Gamma 0.0 5 0.964 0.514 

 Clark 6.6 4 0.036  

 Exponential 33.5 3 <0.001  

T. angustifolia 1 Gamma 0.0 4 0.895 0.810 

  Exponential 5.4 3 0.059  

  Clark 6.0 4 0.046  

 2 Clark 0.0 4 0.820 0.084 

  Gamma 4.1 5 0.107  

  Exponential 4.8 3 0.073  

 5 Gamma 0.0 5 0.907 0.313 

  Clark 4.5 4 0.093  

  Exponential 26.1 3 <0.001  
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Table 3.3: Parameter estimates and confidence intervals for models that were identified as best using AIC (see Table 3.2) for each 

wind speed in the wind tunnel. In some instances, confidence intervals were estimated (indicated with *; see Methods). Parameters 

represented as letters in Table 3.1. 

 

  Species 

Wind 

speed 

(m/s) 

Model 

p c a b k 

Estimate Estimate Estimate CI Estimate CI Estimate 

T. latifolia 1 Gamma 5300.00 - 2.621 1.225, 

37.122 

0.162 0.069, 

0.542 

1.436 

 2 Exponential 7609.04 - 0.639 0.499, 0.767 - - 8.216 

 5 Gamma 3049.02 1581.05 0.541 0.261, 

0.821* 

4.650 2.616, 

6.683* 

10.940 

T. angustifolia 1 Gamma 22442.00 - 2.062 1.200, 4.947 0.244 0.127, 

0.563 

3.379 

 2 Gamma 22273.02 2249.63 0.388 0.323, 

0.454* 

3.266 2.563, 

3.670* 

12.092 

 5 Gamma 19650.01 4975.06 0.625 0.358, 

0.892* 

3.807 2.532, 

5.083* 

7.329 
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Table 3.4: Fits of dispersal functions to Typha spp. pollen dispersal data observed in each of two field sites. Wind speed metrics are 

included for each sampling day. ΔAIC, df, and weight values are results from AIC analysis and indicate relative fits of the data within 

a trial, while r2 is a measure of goodness of fit of the best model. Models within a species × wind speed are ordered from best (ΔAIC = 

0) to worst fit. Different numbers of models used in AIC analysis for trials reflect that some models I attempted to fit did not converge 

during maximum likelihood analysis and so were not included in AIC. Trial codes starting with ‘C’ are from the Cavan sites and those 

starting with ‘U’ are from the Uxbridge site. Codes ending in ‘N’ indicate the negative control trials at each site. 

 

 

 

  

  

Trial Wind speed (m/s) T. latifolia T. angustifolia 

 Mean 

Speed 

(± SE) 

Mean 

gust 

(± SE) 

Maximum 

gust 
Model ΔAIC df Weight r2 Model ΔAIC df Weight r2 

C1 
0.637 ± 

0.02 

1.716 

± 0.05 
3.152 

Uniform - - - 0.000 Uniform 0.0 3 0.82 0.000 

     Clark 3.1 4 0.18  

C2 
0.668 ± 

0.03 

1.712 

± 0.05 
3.532 

Gamma 0.0 4 0.530 0.098 Uniform - - - 0.000 

Clark 0.9 4 0.330       

Uniform 2.7 3 0.140       

CN 
0.809 ± 

0.03 

2.079 

± 0.07 
4.640 Uniform - - - 0.000 Uniform - - - 0.000 

U4 
0.318 ± 

0.01 

0.845 

± 0.02 
1.672 Uniform 0.0 3 0.660 0.000 Clark 0.0 4 0.590 -0.003 

    Clark 1.3 4 0.340  Uniform 0.7 3 0.410  
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U5 
0.284 ± 

0.02+  

 0.848 

± 

0.04+ 

1.860 

Uniform 0.0 3 0.926 0.000 Uniform 0.0 3 0.740 0.000 

 Clark 5.0 4 0.074  Clark 2.1 4 0.260  

UN 
0.286 ± 

0.13 

 0.787 

± 0.03 
2.781 

Clark 0.0 4 0.780 0.043 Uniform - - - 0.000 

 Uniform 2.5 3 0.220       
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Table 3.5: Parameter estimates and confidence intervals for models that were identified as best using AIC (see Table 3.4) for each 

species on each of six sampling days. Trial codes starting with ‘C’ are from the Cavan sites and those starting with ‘U’ are from the 

Uxbridge site. Codes ending in ‘N’ indicate the negative control trials at each site. In some instances, confidence intervals were 

estimated (indicated with *; see Methods). Parameters represented as letters as in Table 3.1. 

 

 

  

Species Trial Model 
p m a b k 

Estimate Estimate Estimate CI Estimate CI Estimate 

T. latifolia C1 Uniform 81.383 0.331 - - - - 1.119 

 C2 Gamma 232.929 - 2.128 0.883, 18.598 2.811 0.348, 6.961 0.574 

 CN Uniform 42.285 0.544 - - - - 1.485 

 U4 Uniform 233.053 0.079 - - - - 0.416 

 U5 Uniform 179.832 0.214 - - - - 1.159 

 UN Clark 160.223 - 2.765 0.745, 14.821* 0.646 0.215, 5.689* 0.932 

T. angustifolia C1 Uniform 102.855 0.272 - - - - 1.159 

 C2 Uniform 167.284 0.132 - - - - 0.397 

 CN Uniform 101.456 0.459 - - - - 0.853 

 U4 Clark 186.751 - 0.865 -2.851, 4.580* 0.220 0.013, 0.427* 1.458 

 U5 Uniform 297.68 0.273 - - - - 1.969 

 UN Uniform 249.95 0.302 - - - - 1.890 
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3.9 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Dispersal of pollen grains of each of two Typha species in a wind tunnel at 

each of three wind speeds. Exponential, gamma and Clark dispersal functions, fit to the 

data using maximum likelihood estimation, are overlaid. See Table 3.2 for fits (AIC and 

r2) of functions. 
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Figure 3.2: Number of pollen grains of Typha latifolia (left-hand panels) and T. 

angustifolia (right-hand panels) counted on female inflorescences from each of two field 

sites (C- and U-) in southern Ontario. Dispersal functions that converged over a variety of 

starting conditions (see Table 3.1) are overlaid. Open circles represent recipient plants 

that were in the dominant wind direction (see text). See Table 3.4 for AIC values and fits 

of best models.  
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3.10 Appendix 

Details of measuring area covered by stigmas using ImageJ 

I used the ‘Color Threshold’ tool in ImageJ to measure the area covered by 

stigmas in the photographs of the prepared microscope slides. This tool allows the user to 

set a threshold colour in an image; any parts of the image above that threshold will be 

aggregated and the area measured by the program. I used the Default thresholding 

method and RGB colour space. ImageJ approximates a useful threshold with the Default 

method applied, and then the user can adjust the threshold settings manually as required. 

In this case, stigmas appear as dark purple in the images and so the user can set a 

different threshold manually for each image in ImageJ for use in calculating the area 

covered by stigmas. Typha latifolia stigmas were lighter in colour than T. angustifolia 

stigmas so I increased the contrast of the images before measuring the area covered by 

stigmas with ImageJ.  
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Figure A3.1: Number of pollen grains from Typha latifolia (a, c, e) and T. angustifolia 

(b, d, f) counted in 1 cm2 on microscope slides in each of 2 or 3 pollen dispersal trials in a 

wind tunnel at three different wind speeds. Each curve represents one trial. Inflorescences 

were used up to three times in T. latifolia trials and the line type represents whether the 

trial was the first, second, or third use of the inflorescence, while curves of the same 

colour represent the same inflorescence. This does not apply to T. angustifolia where an 

inflorescence was used for a single trial and different line types are just used for clarity.  
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Figure A3.2: Wind speeds (top row) and gust speeds (bottom row) from the Cavan (left 

column) and Uxbridge (right column) site recorded every 2 minutes. Wind speeds are 

average speeds over the time interval and gust speed is the maximum 3-second gust 

during the interval. Wind data were collected over a four-hour period between 10:00 and 

16:00 each day except C2 when data were collected from 14:15-18:15. The apparatus got 

stuck on a nearby Typha on day U5 for about one hour.  
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4. CHAPTER 4: ASYMMETRIC HYBRIDIZATION IN CATTAILS (TYPHA 

SPP.) AND ITS IMPLICATIONS FOR THE EVOLUTIONARY 

MAINTENANCE OF NATIVE T. LATIFOLIA 

 

A version of this chapter has been published: 

Pieper, S.J., Nicholls, A.A., Freeland, J.R. and Dorken, M.E. 2017. Asymmetric 

hybridization in cattails (Typha spp.) and its implications for the evolutionary 

maintenance of native Typha latifolia. Journal of Heredity. 108: 479-487. 
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4.1 Abstract 

Cattails (Typha spp.) have become an increasingly dominant component of wetlands in 

eastern North America and this dominance is largely attributable to the high frequency of 

Typha × glauca, the hybrid of native T. latifolia and putatively introduced T. angustifolia. 

Hybridization in this group is asymmetric, with T. angustifolia nearly always the 

maternal parent of F1 hybrids. However, the magnitude of hybrid infertility and whether 

mating asymmetries extend to the formation of advanced-generation hybrids have not 

been examined. We used hand-crosses to measure seed set and germination success. We 

found that mating asymmetries extend to the formation of back-crosses, with ~0 seeds set 

when T. latifolia was pollinated by hybrid cattails. Seed set was unaffected by pollen 

source for T. × glauca or T. angustifolia. However, seed production by T. angustifolia 

was consistently high while that of T. × glauca was variable and when pollinated by other 

T. × glauca more than 75% lower than for any other intraspecific cross indicating 

reduced hybrid fertility. We used these results to parameterize a model of hybrid zone 

evolution in which mating patterns and fertility were governed by interactions between 

alleles at nuclear and cytoplasmic loci. The model revealed that asymmetric mating and 

reduced hybrid fertility should favour the maintenance of T. latifolia over T. angustifolia 

compared to null expectations. However, the model also indicated restrictive conditions 

for the long-term maintenance of T. latifolia within populations, indicating that 

asymmetric mating might only stall rather than prevent the displacement of native cattails 

by hybrids. 

Keywords: introgression; invasive species; hybrid dominance; hybridization; hybrid 

infertility  
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4.2 Introduction 

Interspecific hybridization is increasingly recognized as an important evolutionary 

process (Abbott et al. 2013). Hybridization and subsequent introgression may erode 

species boundaries (Martin et al. 2006) or promote phenotypic diversity by introducing 

new genes or gene combinations into parental genomes (Rieseberg et al. 2003). At least 

two mechanisms affect patterns of hybridization and introgression within a species 

complex: the direction of gene flow and the magnitude of selection against hybrids 

(Barton and Hewitt, 1985). The direction of gene flow and introgression is commonly 

asymmetric in plants (Tiffin et al. 2001), reducing the frequency of F1 hybrids (Natalis 

and Wesselingh 2012). Additionally, asymmetries in the formation of backcrosses can 

cause disproportionate gene flow between parental species (Arnold et al. 2010), such that 

one species may be a greater risk of genetic assimilation (López-Camaal et al. 2014). 

Reduced hybrid fertility also restricts opportunities for backcrossing and subsequent 

introgression, further affecting the movement of genes between hybridizing species 

(Turner et al. 2012).  

The evolutionary fate of hybrid zones can be of particular interest when hybrids 

involving at least one introduced species threaten to displace native taxa (Schierenbeck 

and Ellstrand 2009). Indeed, it is becoming apparent that the formation of these novel 

hybrid lineages can increase the invasiveness of a species complex (Hovick and Whitney 

2014). Hybridization might contribute to invasiveness because of novel genetic 

combinations (Rieseberg et al. 2003; Rieseberg 2006), heterosis (Vilá and D’Antonio 

1998), or an increase in genetic diversity, any of which might promote the colonization of 

novel habitats (Rieseberg et al. 2007). Moreover, hybrids frequently possess traits 
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commonly associated with invasiveness (e.g., greater size, fecundity, and growth rate) to 

a greater degree than their parental species. In a meta-analysis of 15 invasive hybridizing 

systems, Hovick and Whitney (2014) found that hybrids commonly had higher fecundity 

and were larger than their parent species, with size differences being even greater in plant 

species capable of clonal growth. Numerous examples of the association between 

hybridization and increased invasiveness (Schierenbeck and Ellstrand 2009) highlight the 

need to better understand mechanisms behind ongoing hybrid formation and 

introgression.  

We studied cattails (Typha; Typhaceae) to examine how mating asymmetries and 

the magnitude of hybrid infertility affect the evolution of a hybridizing species complex. 

Cattails are among the most aggressive invaders of wetlands in North America 

(Galatowitsch et al. 1999), and hybridization appears to contribute to their invasiveness 

(Galatowitsch et al. 1999; Travis et al. 2010). Typha species in northeastern North 

America comprise T. latifolia L. (broad-leaved cattail) which is native to North America 

(Shih and Finkelstein 2008); T. angustifolia L., which was likely introduced from Europe 

(Ciotir et al. 2013); and T. × glauca Godr., which is a hybrid of T. latifolia and T. 

angustifolia (Smith 1967). The ranges of both T. latifolia and T. angustifolia in eastern 

North America have been expanding for over a century, and the distributions of the two 

species now overlap substantially (Shih and Finklestein 2008) providing increased 

opportunities for hybridization. Indeed, T. × glauca has been increasing in prevalence in 

northeastern North America over the last century (Galatowistch et al. 1999), including 

areas around the Great Lakes where T. × glauca is often the most common cattail (Travis 

et al. 2010; Kirk et al. 2011; Freeland et al. 2013). Typha × glauca dominates wetlands 
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through copious litter formation that limits the growth of other plants (Larkin et al. 2012), 

higher rates of clonal growth (Bunbury-Blanchette et al. 2015), and greater height 

compared to parental species (Zapfe and Freeland 2015). Substantial clonal richness 

(Travis et al. 2010; Kirk et al. 2011) and large clone sizes (Travis et al. 2010) of T. × 

glauca indicate that F1 hybrids are repeatedly formed through sexual reproduction and 

therefore a clear understanding of mating patterns is needed to generate predictions of the 

composition of cattail populations in eastern North America.  

Hybrid cattails were once thought to be largely sterile (Smith 1967), but data from 

population genetic surveys have shown that advanced-generation hybrids and 

backcrosses to both T. latifolia and T. angustifolia are common in the Great Lakes region 

(Kirk et al. 2011; Travis et al. 2011; Freeland et al. 2013), indicating some degree of 

hybrid fertility. Clearly the hybrids are fertile, at least to some extent; however, the seed 

fertility of hybrid cattails in comparison with parental lineages is not known. Moreover, 

the initial formation of F1 hybrids is highly asymmetrical: F1s are formed almost 

exclusively with T. angustifolia acting as the maternal parent (Smith 1967; Kuehn et al. 

1999; Ball and Freeland 2013). The population-genetic data indicates that backcrosses to 

T. angustifolia are more common than those to T. latifolia suggesting mating 

asymmetries in subsequent generations (Kirk et al. 2011; Freeland et al. 2013). However, 

a preliminary investigation of cpDNA sequences revealed that asymmetries in 

backcrossing are not as strong as those in F1 formation (Freeland et al. 2013). The recent 

documentation of backcrosses and advanced-generation hybrids indicate a need to better 

understand patterns of mating and hybrid fertility, both of which are expected to affect 
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evolutionary dynamics within this species complex, including the persistence of native T. 

latifolia in eastern North America.  

In this study, we quantified the extent of asymmetric mating and backcrossing 

within this hybridizing cattail species complex to examine how these processes affect 

patterns of sexual recruitment in cattail stands. First, we compared the seed fertility of 

parental and hybrid cattails using hand pollinations conducted in the field. Because hand-

crosses can remove pre-pollination barriers to seed formation, we also obtained data from 

open-pollinated plants from Typha stands to quantify the seed set of maternal taxa in the 

field. We then evaluated whether the seeds from different crosses differed in their percent 

germination. Our results revealed that (1) hybrids are roughly half as fertile as parental 

species, (2) mating barriers between species are primarily governed by barriers to seed 

formation, not germination, and (3) mating asymmetries extend beyond the formation of 

F1 hybrids. To evaluate how these patterns of cross-compatibility and seed fertility might 

affect the persistence of T. latifolia in mixed stands, we used our crossing results to 

parameterize a model of hybrid zone evolution. The model was used to predict changes in 

stand composition across generations from observed patterns of cross-compatibility, and 

therefore, whether patterns of asymmetric mating can be expected to accelerate or delay 

the loss of T. latifolia under recurrent hybridization and sexual recruitment.  

4.3 Materials and Methods 

4.3.1 Controlled crosses 

Controlled crosses were performed using cattails from each of seven different 

populations near Peterborough, Ontario (44.3 °N, 78.3 °W; Table A4.1). Cattail 
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populations in this region are characterized by extensive mixing of different species and 

many sites have all three taxa (i.e. T. angustifolia, T. × glauca, and T. latifolia; 

McKenzie-Gopsill et al. 2012). Accordingly, all but two sites used in this study were 

composed of all three taxa, although not all taxa at a site were necessarily used in our 

crosses (Table A4.1). Sites were selected based on prior knowledge of their composition 

of Typha taxa (McKenzie-Gopsill et al. 2012; Ball and Freeland 2013; Ahee et al. 2015). 

Prior to hand-pollination, preliminary species assignments were made in the field using 

leaf morphology and the size (or absence) of the gap between staminate and pistillate 

flowers. However, cattail taxa can be hard to distinguish in mixed stands and 

morphological characters available before anthesis can be unreliable especially in sites 

containing advanced-generation hybrids. Accordingly, molecular markers were used to 

assist in species assignment (see below for further details). All possible combinations of 

maternal and paternal taxa were crossed for a total of nine cross types and at least six 

replicates per cross type (Table A4.1). Flowering shoots (hereafter referred to as “plants”) 

used as maternal parents were separated by at least 2 m within a site, and more 

commonly by a much greater distance. There was no set minimum distance between 

plants used as maternal and paternal pairs, however, the majority of crosses (81/92) were 

made between plants from different sites to decrease the likelihood of breeding among 

close relatives (Table A4.1). Due to constraints on available pollen, 6/92 paternal parents 

were used in two crosses (5 T. × glauca, 1 T. latifolia). Crosses are listed throughout as 

maternal species × paternal species.   

Pollen was collected from 19 June until 4 July 2013. Dehiscent staminate spikes 

were removed from plants and placed into 9.5" × 11" glassine envelopes that were stored 
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in a fridge for up to three weeks. Buitink et al. (1998) found T. latifolia pollen to retain 

approximately 90% viability when stored in similar conditions for up to 50 days. Plants 

that were to be used as maternal plants in controlled crosses were emasculated and the 

pistillate spike was covered with a Canvasback® pollination bag (Seedburo, Des Plaines 

IL). This was completed before the pistillate spike had emerged from its sheath to ensure 

that flowers had not received any pollen. Hand pollinations were performed between 24 

June and 8 July once bagged pistillate spikes had emerged from their sheaths. Pollen was 

brushed onto all sides of pistillate spikes using clean, 1-inch paintbrushes. Pistillate 

spikes were then re-bagged and left to develop fruits and seeds in the field. 

Fruits were collected from 28 August until 15 October. Pistillate spikes were 

deemed ready for collection if seed dispersal seemed imminent (the fruit was soft and 

easy to pull away from the stem) or, in some cases, had already begun. Spikes were cut 

from the plant and placed into paper bags. Spikes were stored in the fridge at 4 °C for up 

to four months before all seeds (achenes) and fruit material were removed from the rachis 

and placed into sealed plastic bags for longer-term storage. Total weight of all seeds and 

fruit material from a pistillate spike was determined once fruits were removed from the 

rachis.  

4.3.2 Seed production and germination 

Seed production was quantified for a total of 92 crosses, of which 67 produced 

seeds and were used in germination trials. Because (i) seeds were processed in a way that 

might immediately stimulate germination (see below) and (ii) the processing of all the 

seeds could not be completed simultaneously, germination was assessed in nine replicate 

blocks, with each block established in approximately 2-week intervals between 25 
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February and 23 May 2014. The first six blocks were each represented by one replicate of 

each cross type. There were insufficient replicates of both the T. × glauca × T. 

angustifolia cross and the T. angustifolia intraspecific cross to include representatives in 

the remaining three blocks. 

Before seed production or germination could be evaluated, seeds were removed 

from the perianth hairs and other non-seed parts of the fruits following Ahee et al. (2015). 

Fruit and seed material was weighed prior to the separation of achenes from the perianth 

hairs (~ 0.50 g for each sample). Seeds were counted using a macro script in the image-

processing software ImageJ (Rasband 2014; see Ahee 2013 for details on the use of this 

method for cattails). Following Ahee et al. (2015) the number of seeds per gram of fruit 

and seed material is referred to as ‘seed set’.  

Seeds were germinated in covered Petri dishes filled with deionized (DI) water. 

Dishes were placed on benches in a greenhouse where they were subject to ambient light 

and approximately 18-20 °C temperatures. Seeds were left to germinate for one week, 

with DI water being added to dishes as needed. A seed was considered to have 

germinated if the radicle had emerged. Seed germination was scored as the proportion of 

seeds that had germinated within a one-week period.  

4.3.3 Open-pollinated seeds 

Open-pollinated seeds were collected from mature pistillate spikes from five 

mixed Typha stands in the Peterborough region (McKenzie-Gopsill et al. 2012; Table 

A4.2). We used spikes collected by and assigned to maternal taxon by McKenzie-Gopsill 

et al. (2012; T. angustifolia: n = 16; T. × glauca: n = 19; T. latifolia: n = 20). We 
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processed the seeds as outlined above. Germination success was assessed in the same 

manner as controlled cross seeds and replicate blocks (3) were completed over three days. 

4.3.4 Assignment to taxon 

A leaf sample, approximately 7 cm in length, was taken from the tip of the 

youngest leaf of each plant used in the controlled crosses (for both pollen and seed 

parents). Samples were stored at  

-20 °C until being dried in an oven at 65 °C for 4 h. Approximately 3 cm of dried leaf 

tissue was ground with a Retsch® MM300 mixer mill (Haan, Germany). DNA was 

extracted using E.Z.N.A. Plant DNA Kit (Omega Bio-Tek, Inc., Georgia USA), 

following the manufacturer’s instructions for dried samples, and eluted in a final volume 

of 100 μl.  

We used allelic variation at microsatellite loci TA3, TA8, TA16, and TA20 

(Tsyusko-Omeltchenko et al. 2003) to assign plants to one of three taxa (T. angustifolia, 

T. latifolia, or T. × glauca). Alleles at these loci have been previously shown to be 

specific to either T. latifolia or T. angustifolia (Snow et al. 2010; Kirk et al. 2011) and 

have been widely used to differentiate the two species (e.g. Travis et al. 2010, 2011; 

McKenzie-Gopsill et al. 2012; Freeland et al. 2013). Genotyping methods followed Kirk 

et al. (2011) with the following modifications: each reaction included 3.0 mM Mg2+, 0.2 

mM dNTPs, and 0.7 U HP Taq (UBI Life Sciences), and we used 1.0 μM primer when 

amplifying TA16. All plants were initially genotyped at loci TA3 and TA16. Plants with 

a mix of alleles from both T. latifolia and T. angustifolia were identified as hybrids and 

further genotyping was not carried out on these samples. Plants having alleles solely from 

either T. latifolia or T. angustifolia at the first two loci were genotyped at the remaining 
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two loci (TA8 and TA20) to increase our confidence that the samples were indeed from 

non-hybrid individuals. In only 3.5% of cases did species assignments change when we 

increased the number of loci from two to four.  

Despite T. angustifolia being the maternal parent of all or most F1 hybrids (Smith 

1967; Ball and Freeland 2013), hybrids inferred to be backcrosses to T. latifolia can 

sometimes have T. latifolia cpDNA (Freeland et al. 2013). Because cytonuclear 

incompatibility can influence hybrid fitness (reviewed in Burton et al. 2013) we used 

Sanger sequencing to identify whether 21 of the 29 hybrids used as seed parents 

possessed maternally-inherited cpDNA (Corriveau and Coleman 1988) from T. 

angustifolia or T. latifolia. Sequence data were generated from a region spanning the trnL 

intron and the trnL-trnF intergenic spacer; in this region cpDNA from T. angustifolia has 

an ‘A’ at nucleotide position 51114 and a ‘C’ at nucleotide 51129 while cpDNA from T. 

latifolia has a ‘C’ and a ‘T’, respectively (Ciotir et al. 2013). Nucleotide positions refer to 

those in the complete T. latifolia chloroplast genome (GenBank accession number: 

NC_013823; Guisinger et al. 2010). Each PCR reaction included 1× Dream Taq reaction 

buffer (Thermo Scientific), 2 mM dNTPs, 1 μM each primer (primers ‘c’ and ‘f’ from 

Taberlet et al. 1991), 1.25 U Dream Taq (Thermo Scientific), and approximately 5 ng of 

DNA in a final volume of 25 μl. Amplifications were carried out in an Eppendorf 

Mastercycler epgradient (Eppendorf AG, Hamburg, Germany) with an initial 

denaturation at 94 °C for 2 min, followed by 35 cycles of 1 min denaturation at 94 °C, 1 

min annealing at 55 °C, and 2 min extension at 72 °C. This was followed by a final 

extension for 10 min at 72 °C. Samples were purified and sequenced following Ball and 
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Freeland (2013). Nucleotide sequences were edited and aligned in BioEdit (v. 7.2.5; Hall 

1999). 

4.3.5 Statistical analysis 

Seed set and germination success following controlled crosses were analyzed 

using linear mixed effects (LME) models. For these analyses, maternal and paternal 

species assignments were treated as separate fixed effects. Maternal site of origin was 

included as a random grouping variable. Our initial analyses also included paternal site of 

origin as a random effect, but no variation was attributed to this effect and it was 

therefore removed from the final models. For the seed germination trial, block was 

included as an additional random effect. Seed set and germination of open-pollinated 

seeds were also analyzed using LME models. For these analyses, maternal species was 

the only fixed effect (paternal parent was not known for these seeds) and maternal site 

was included as a random effect, with block as an additional random effect in the 

germination model. We used restricted maximum likelihood estimation (REML) to fit 

each of these models and to estimate the variance components for the random factors. All 

LME models were evaluated for departures from model assumptions. To meet 

assumptions of normality and homogeneity of variances, the analysis of seed set from the 

controlled crosses was fourth-root transformed. No other variables required 

transformation to meet model assumptions. All statistical analyses were conducted using 

the lmer function from the lme4 package (Bates et al. 2014) in R (R Core Team 2014) 

and significance of fixed effects was evaluated using the package lmerTest (Kuznetsova 

et al. 2014).  



108 
 

4.3.6 Fertility selection model 

To examine how patterns of mating compatibility might influence hybrid zone 

evolution, we used a fertility selection model in which mating and fertility were governed 

by interactions between species-specific alleles involving nuclear and cytoplasmic loci. 

As shown below, and elsewhere (Kuehn et al. 1999; Ball and Freeland 2013), hybrid 

Typha have cpDNA that is almost exclusively identified as having come from T. 

angustifolia even in stands where there is overlap in flowering between taxa (Ball and 

Freeland 2013) suggesting that the cytoplasmic genomes of T. angustifolia may be 

compatible with a wider variety of nuclear genomes than T. latifolia. Indeed, cyto-nuclear 

incompatibilities (CI) can be the cause of asymmetric hybridization (Greiner and Bock 

2013). Because asymmetric hybridization in cattails might be caused by CI, and because 

the patterns of cross compatibility uncovered here can easily be accommodated under CI, 

we assumed that the loci governing cross compatibility were located in both the nuclear 

and cytoplasmic genomes. Specifically, we assumed that cross-compatibility was 

determined by interactions between a single biallelic nuclear locus and each of two 

cytoplasmic genotypes. In applying the model, we were solely interested in examining 

how patterns of cross compatibility might affect inter-generational changes in the 

frequency of each taxon, and therefore, how mating incompatibilities might affect the 

maintenance of native T. latifolia in mixed stands under recurrent hybridization and 

sexual recruitment. Other details of cattail life history, and clonality in particular, were 

not considered in the model. We further assumed that selection operates only on seed 

fertility, that mating is random involving discrete generations, and that seeds, once 

formed, had equal germination success and survival.  
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The effects of asymmetric mating on the maintenance of T. latifolia were 

evaluated by comparing a model parameterized with the results of our crossing 

experiment to a null model in which there were no differences in mating compatibility or 

fertility among taxa. The models were based on standard fertility selection models 

(Bodmer 1964) but expanded to allow for cytonuclear interactions. We assumed there 

were two cytoplasmic genotypes, A and L corresponding to plants with T. angustifolia or 

T. latifolia cytoplasms, respectively, and that there was a single biallelic nuclear locus 

that exhibited Mendelian segregation, yielding six possible cytonuclear genotypes. The 

frequency of each cytonuclear genotype in the next generation was calculated as the sum 

of the products of the genotype frequencies of the parents in the current generation 

required to generate the genotype, the probability that a cross yielding that genotype was 

compatible, and the corresponding fertility coefficient from that cross, divided by the 

population size (Appendix 4.10).  

Under the null model, mating was random and each cross produced equal seed 

regardless of cytoplasmic genotype and/or taxa of the parents. For the alternative model 

we set mating patterns to reflect those found using our hand crosses. In particular, we 

assumed that crosses involving Aij maternal genotypes were compatible with any 

combination of nuclear loci. However, crosses involving Lij maternal genotypes were 

compatible only if the paternal parent was LLL, corresponding with our observation that 

seed set involving interspecific crosses to T. latifolia was effectively nil. This meant that 

all genotypes with L cytoplasms were also homozygous for L alleles at the nuclear locus 

(Appendix 4.10). Under these rules, the following genotypes were possible: AAA (= T. 

angustifolia), AAL & ALL (hybrid genotypes), and LLL (= T. latifolia). We initialized 
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populations by assuming equal frequencies of parental genotypes (AAA & LLL; i.e. hybrids 

were only formed in the second and subsequent generations). We then relaxed this 

assumption to identify how starting conditions affected the trajectories of cattail 

genotypes. Because we used a single nuclear locus our model allows parental genotypes 

to be regenerated via crosses involving hybrid genotypes. The contribution of these 

introgressed genotypes to model outcomes was tested using runs of the model in which 

parental genotypes with hybrid parents were reassigned as hybrid genotypes (Figure 

A4.1a). 

4.4 Results 

4.4.1 Controlled crosses 

Patterns of seed set in controlled crosses were strongly asymmetrical. Typha 

latifolia plants produced no (or very few) seeds when crossed with pollen from any non-

T. latifolia plants compared to nearly full seed set when T. latifolia was the sire (Figure 

4.1a). In contrast, T. angustifolia produced numerous seeds regardless of the pollen 

parent (Figure 4.1a). Hybrid T. × glauca had consistently low seed set regardless of the 

pollen parent (Figure 4.1a). Together, these patterns resulted in a significant interaction 

between maternal and paternal species for seed set (F4, 81.19 = 7.42; P < 0.001). However, 

we also detected significant effects of the identity of the maternal (F2, 58.57 = 25.10; P < 

0.001) and paternal (F2, 82.77 = 7.27; P < 0.001) parents. On the maternal side, these 

significant terms for the main effects appear to have been caused in large part by the 

consistently low seed fertility of hybrid T. × glauca and the uniformly high seed fertility 

of T. angustifolia. On the paternal side, however, this result appears to have been driven 
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by asymmetric patterns of compatibility, with relatively low success of T. angustifolia 

pollen on (incompatible) T. latifolia and (relatively infertile) T. × glauca. Notably, of the 

three cross types involving T. × glauca as the maternal plant, seed set was lowest when 

seeds were sired by T. × glauca rather than by T. angustifolia or T. latifolia (Figure 4.1a). 

Maternal site explained 10.5% of the variation in seed set of controlled crosses (Table 

4.1). 

Patterns of seed germination for the controlled crosses were broadly similar to 

those for seed set, with intraspecific crosses of T. angustifolia having the highest percent 

germination, regardless of the identity of the pollen parent (mean percent seed 

germination ± SE: 90.56% ± 4.65). Similarly, the T. latifolia × T. angustifolia cross had 

the lowest germination success (40.17% ± 20.42; Figure 4.1c). As with seed set, maternal 

species had a significant effect on germination success (F2, 51.33 = 6.00, P = 0.004). 

However, neither paternal species (F2, 53.44 = 0.56, P = 0.572), nor the interaction between 

maternal and paternal species (F4, 50.81 = 1.48, P = 0.224), influenced the proportion of 

seeds that germinated. Across all cross types, seeds from T. angustifolia had 30% higher 

average germination success than T. latifolia (T. angustifolia: 85.9% ± 3.2, n = 24; T. 

latifolia: 65.9% ± 7.8, n = 20). The proportion of seeds germinated from T. × glauca 

mothers was intermediate to those from T. latifolia and T. angustifolia (77.9% ± 0.5, n = 

23). Block was the only random factor that accounted for any of the variation in the 

germination model, explaining 10.5% (Table 4.1). There was a general trend for higher 

germination success in later blocks and this effect appeared to be similar for all cross 

types. 
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4.4.2 Open-pollination 

Patterns of seed set from open-pollinated seeds mirrored those from the controlled 

crosses, with uniformly high seed fertility for T. angustifolia and lower average seed 

fertility for both hybrid T. × glauca and T. latifolia (Figure 4.1b). These patterns yielded 

a significant effect of maternal species on seed set (F2, 49.9 = 22.81; P < 0.001). Pistillate 

spikes from T. angustifolia had much higher seed set (2644.70 ± 453.73 seeds/g, n = 16) 

than those from either T. latifolia (736.72 ± 162.27 seeds/g, n = 20) or T. × glauca 

(572.70 ± 127.33 seeds/g, n = 19). Indeed, T. angustifolia seed set under open pollination 

was very similar to that generated from the controlled crosses (within 2%). However, 

average open-pollinated seed set for T. × glauca was 78% lower than for T. angustifolia 

but mirrored the seed fertility of controlled crosses involving only T. × glauca. Similarly, 

T. latifolia produced 74% fewer seeds under open pollination than under intraspecific 

crosses. Site accounted for 32% of the variation in seed set of open-pollinated pistillate 

spikes (Table 1). The identity of the maternal parent was not a significant factor in 

determining germination success of open-pollinated seeds (F2, 44.73 = 1.19, P = 0.313) 

which had an average germination success of 59% (Figure 4.1d). Block did not account 

for any of the variation in germination success of open-pollinated seeds, though as with 

the seed-set data, maternal site accounted for nearly one third of the variation in seed 

germination (Table 4.1).  

4.4.3 Hybrid genotypes 

Of the 21 hybrids sequenced (which involved a mix of hybrid classes, including 

potential back-crosses), twenty had T. angustifolia cpDNA and the remaining one had T. 

latifolia cpDNA. The nuclear genotype of the latter comprised two T. latifolia alleles at 
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each of three microsatellite loci, and one allele from each species at TA8, suggesting it 

was either a backcross to T. latifolia or an advanced-generation hybrid. The plant was 

used in a cross with T. latifolia and its germination success and seed set are within the 

range of those for other T. × glauca × T. latifolia and T. latifolia intraspecific crosses. 

4.4.4 Fertility selection model 

Patterns of asymmetric mating and reduced hybrid fertility favoured hybrids and 

introgressed lineages of T. angustifolia when parental species each initially comprised 

50% of the population (Figure 4.2a). Specifically, hybrids rapidly increased in frequency 

but because hybrids have lower seed fertility than T. angustifolia they were then replaced 

by introgressed T. angustifolia (i.e. T. angustifolia genotypes reformed via crosses 

involving hybrids; cf. Figure 4.2a and Figure A4.1a). By contrast, because we assumed 

that T. latifolia does not produce seeds when pollinated by other cattails, T. latifolia 

genotypes cannot be reconstituted through crosses involving hybrids. As a result, non-

introgressed lineages of T. latifolia can be maintained indefinitely in populations where 

T. latifolia initially occurs at high frequencies. In particular, under model assumptions 

this can occur only if populations start with frequencies of T. latifolia ≥ 64% (Figure 

4.2b). That asymmetric mating regulates the composition of mixed populations of cattails 

was further highlighted by comparison with the results of the null model, which yielded 

stable equilibrium frequencies of hybrids and (introgressed) T. angustifolia and T. 

latifolia genotypes after a few generations of mating (Figure 4.2c).  
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4.5 Discussion 

Our results confirm the existence of strong asymmetries in the formation of F1 

hybrids and demonstrate that these asymmetries extend to the formation of advanced-

generation hybrids. They also provide a quantitative estimate of the magnitude of hybrid 

infertility, with hybrids roughly half as fertile as parental species in terms of their seed 

production. Because cattail populations are subject to recurring sexual recruitment 

(Travis et al. 2010; Kirk et al. 2011; McKenzie-Gopsill et al. 2012), the mating patterns 

and reduced hybrid fertility identified here are expected to have important consequences 

for the composition of mixed populations, and therefore the evolutionary stability of 

cattail hybrid zones. In particular, the restricted introgression of genes into T. latifolia 

populations and the reduced seed fertility of hybrid T. × glauca should promote the 

persistence of native cattails over (putatively introduced) T. angustifolia and delay the 

spread of the more invasive hybrid. These inferences are consistent with the relative 

frequencies of parental species of cattails in the study region, where T. latifolia greatly 

outnumbers non-introgressed T. angustifolia (Kirk et al. 2011, McKenzie-Gopsill et al. 

2012).  

Asymmetrical hybridization in cattails is nearly complete and is driven by 

processes that occur after pollination. Seed set of T. latifolia was typically nil, or nearly 

so, when pollinated with anything other than pollen from other T. latifolia. Conversely, 

seed set of T. angustifolia and T. × glauca was largely independent of the pollen source. 

Although asymmetric hybridization is a common feature of plant hybrid zones (Tiffin et 

al. 2001), it is not always as absolute as found here. For example, in sunflower hybrid 

zones of North America asymmetric hybridization between Helianthus petiolaris and H. 
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annuus is driven, in part, by pollen competition when stigmas receive mixed pollen loads 

(Rieseberg et al. 1995). Populations of Ipomopsis aggregata and I. tenuituba vary in the 

occurrence of asymmetric hybridization, but again pollen competition appears to govern 

asymmetric hybridization where it occurs (Aldridge and Campbell 2006). In both cases, 

asymmetric hybridization is incomplete and requires mixed pollen loads on stigmas to 

occur, and therefore, the net direction of hybridization is determined by processes 

operating during pollination. Although there is some evidence that events during 

pollination can affect patterns of hybridization in cattails (Selbo and Snow 2004), three 

lines of evidence indicate that asymmetric hybridization is driven by post-pollination 

processes. First, a more recent study showed that flowering times of T. latifolia, T. 

angustifolia, and T. × glauca substantially overlap in our study region (Ball and Freeland 

2013), limiting the scope for processes occurring during pollination to cause asymmetric 

pollen movement. Second, our hand crosses demonstrated clear patterns of cross-

incompatibility that were independent of natural pollen movement. Finally, patterns of 

open-pollinated seed set in the mixed stands studied here mirrored what one would 

expect under mixed pollination with different cattail taxa. In particular, seed set of T. 

latifolia was almost 75% lower under natural pollination than when hand-pollinated with 

intra-specific pollen suggesting that inter-specific pollination in mixed stands reduces its 

seed set. Together, these findings indicate that the direction of hybridization in cattails is 

regulated by post-pollination processes that act to prevent hybrid seed formation by T. 

latifolia.  

Patterns of hybridization in cattails appear to be governed not only by differences 

in seed production between parental species but also by asymmetries in seed germination 
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and reductions in the sexual fertility of hybrids. Although asymmetric seed production 

can be driven by either pre- or post-zygotic barriers to hybridization, reduced germination 

rates for T. latifolia × T. angustifolia seeds compared to T. angustifolia × T. latifolia 

seeds can only be driven by post-zygotic barriers. Therefore, asymmetric hybrid 

formation in cattails is at least in part due to post-zygotic processes. Such asymmetries in 

post-zygotic isolation between species probably occur via nuclear-cytoplasmic 

interactions (Tiffin et al. 2001) and is consistent with the operation of Dobzhansky-

Muller incompatibilities between alleles in these two genomic compartments (Greiner 

and Bock 2013), as we assumed in our model. Indeed, cytoplasmic incompatibility 

appears to evolve readily among isolated populations (Greiner and Bock 2013) and if so, 

this would help explain the high frequency of asymmetric hybridization in the flowering 

plants.  

A previous model of hybrid zone dynamics showed that the fate of hybrid zones is 

partly determined by the interfertility of hybridizing species and the numeric dominance 

of one species over another (Ferdy and Austerlitz 2002). Although hybridization in that 

model was assumed to be symmetric, numeric dominance of one species over another can 

have an effect similar to asymmetric mating, with the less common species being 

assimilated via hybridization with the numerically dominant species (situation #2 in 

Ferdy and Austerlitz 2002). Alternatively, if the two hybridizing species are fully 

interfertile, hybrid and introgressed genotypes rapidly displace parental species (situation 

#3 in Ferdy and Austerlitz 2002). Although our parameterized model results yielded 

results similar to their situations #2 and #3, the mechanisms driving those outcomes were 

somewhat different. In particular, in our model introgression depended on the starting 
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frequencies of the various lineages, and if T. latifolia was numerically dominant it 

persisted in the population. Moreover, the lack of barriers to hybrid seed formation for T. 

angustifolia resulted in its rapid genetic assimilation via introgression. Indeed, if we 

assume that introgression cannot result in the re-formation of parental genotypes, the 

frequency of T. angustifolia rapidly declines to zero, regardless of its initial frequency 

(Figure A4.1b). If we make the same assumption with T. latifolia initially dominant 

however, T. latifolia is still protected by its near inability to mate with heterospecifics and 

becomes fixed (Figure A4.1c). Taken together, our model leads to the following 

qualitative predictions: (1) T. latifolia should be more common than T. angustifolia, 

which is rapidly assimilated via hybridization in mixed stands; (2) large pure stands of T. 

latifolia that are resistant to persistent hybrid formation should occur; and (3) that hybrid 

cattails should rapidly dominate populations whenever frequencies of T. latifolia fall 

below a threshold. The first two of these predictions are upheld, at least in our region; 

native T. latifolia is much more common than T. angustifolia and pure stands of T. 

latifolia occur. The third prediction cannot be evaluated without historical information on 

the relative frequencies of cattails across populations, however, the dominance of hybrid 

cattails in our region indicates that the eventual displacement of T. latifolia populations 

by hybrids might be a common occurrence. Reduced hybrid fertility and asymmetric 

mating are each predicted to slow the spread of hybrids within stands in comparison with 

null expectations. Both patterns were evident in our fertility model and are expected from 

other genetic models of evolutionary dynamics in hybrid zones (Hall et al. 2006). On one 

hand, the importance of sexual recruitment in regulating the frequency of hybrid cattails 

makes it clear that asymmetric mating and reduced fertility should slow the spread of 
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hybrids. In particular, low seed production by T. × glauca, particularly when pollinated 

by other hybrid cattails (and under open pollination, which suggests that under field 

conditions they are primarily pollinated by other hybrids) is indicative of impaired pollen 

(Dugle and Copps 1972) and ovule fertility. If so, one might expect that hybrid sexual 

fertility should decline as hybrids increase in frequency within a population. On the other 

hand, the magnitude of mating asymmetry and infertility among hybrid cattails clearly 

have not prevented hybrids from becoming the dominant lineage in the study region 

(Kirk et al. 2011; McKenzie-Gopsill et al. 2012; Freeland et al., 2013). Hybrid vigour in 

early life stages, and increased growth and clonal reproduction compared to parental 

species may compensate for the effects of reduced hybrid fertility (Marques et al. 2011). 

Hybrid T. × glauca are larger (in terms of above-ground biomass; Bunbury-Blanchette et 

al. 2015) appear to have higher rates of clonal expansion (Bunbury-Blanchette et al. 

2015) and are taller (Zapfe and Freeland 2015) than both T. latifolia and T. angustifolia. 

Enhanced vegetative performance can be expected to give hybrids a competitive 

advantage over parental species and in this complex may allow hybrids to become 

established in stands initially dominated by T. latifolia, contributing to the potential 

demographic swamping of T. latifolia. However, our data also indicate that hybrid seed 

fertility is frequency-dependent and should decline as they begin to dominate a 

population. 

In the absence of specific processes that promote the maintenance of parental 

species, hybrid zones are evolutionarily unstable with hybrids eventually expected to 

replace parental species (Wolf et al. 2001). Native T. latifolia has greatly reduced 

compatibility with other cattails, which should slow the rate at which it is displaced from 
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populations (and see Hall et al. 2006). However, unless there is habitat differentiation 

between parental species or some other process that prevents hybrids from occurring 

alongside T. latifolia, hybrids are expected to displace it. In our study region there is no 

evidence for habitat differentiation among taxa (McKenzie-Gopsill et al. 2012; Zapfe and 

Freeland 2015) and mixed evidence for it in other areas (Travis et al. 2010). This, along 

with greater vegetative growth and clonal expansion of the hybrid compared to parental 

species (Travis et al. 2010; Bunbury-Blanchette et al. 2015), suggests that without active 

management targeted at protecting native cattails, strong mating asymmetries within this 

species complex are unlikely to preclude the replacement of T. latifolia by hybrids.  
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4.7 Tables 

Table 4.1: Variance components of random factors included in four different linear 

mixed effects models and the associated percentage of variance explained. 

 

 

Model 

Variance 

component 

Variance Standard 

deviation 

Percent 

variance 

explained 

Controlled cross - 

seeds/g 

Maternal site 0.41 0.64 10.5% 

Residual 3.48 1.87 89.5% 

Controlled cross - 

percent germination 

Block 0.01 0.09 10.5% 

Maternal site 0.00 0.00 0.0% 

Residual 0.06 0.25 89.6% 

Open pollination - 

seeds/g 

Site 4.59 × 105 6.77 × 102 32.3% 

Residual 9.59 × 105 9.79 × 102 67.7% 

Open pollination – 

percent germination 

Block 0.00 0.00 0.0% 

Site 0.31 0.18 33.0% 

Residual 0.06 0.25 67.0% 
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4.8 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Seed set and seed germination for hand crosses (A and C) and open-

pollinated (B and D) cattails. Hand crosses were conducted using all combinations of 

Typha angustifolia, T. latifolia, and their hybrid T. × glauca as maternal and paternal 

seed parents. For open-pollinated plants, only the maternal parent was known. Values 

shown are the mean (± SE) for seed set (measured as the number of seeds per gram of 

fruit; A and B) and for the proportion of seeds germinated (C and D).   
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Figure 4.2: Changes in the frequencies of cattail taxa over 25 generations in mixed 

populations of Typha angustifolia and T. latifolia. When the two parental species occur at 

equal frequencies, hybridization and backcrossing to the more fertile T. angustifolia leads 

to the domination of the population by introgressed T. angustifolia genotypes (A). If 

populations begin with high frequencies (≥ 64%) of T. latifolia, non-introgressed 

genotypes of T. latifolia dominate the population because of asymmetric mating (B). By 



129 
 

comparison, under the null model, hybridization leads to the stable coexistence of hybrids 

and introgressed parental genotypes (C). 
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4.9 Appendix: Supplementary tables and figures 

Table A4.1 Site locations and number of ramets used for each of the nine cross types examined (‘A’, ‘G’, and ‘L’ refer to T. 

angustifolia, T. × glauca, and T. latifolia, respectively). For each cross type the number of ramets used as a maternal parent (left-side) 

and the number used as a paternal parent (right side) is indicated. Superscript numbers indicate the number crosses for which the 

maternal and paternal parents were from the same site. Stewart Line was comprised of T. latifolia only, Jackson Park of T. latifolia 

and T. × glauca only; all other sites contained all three taxa though not all taxa were necessarily used in crosses. 

Site 
Location 

(°N, °W) 
A×A A×G A×L G×A G×G G×L L×A L×G L×L 

Barnardo 

Park 

44.325, 

78.330  
0 0 0 4 0 1 1 0 5 4 1 0 1 0 11 81 0 0 

Cedargrove 

Park 

44.293, 

78.358 
1 4 1 1 11 31 1 2 11 11 2 3 11 31 52 52 1 2 

East Bank 

Drive 

44.360, 

78.289 
2 1 1 2 5 4 0 3 1 0 1 1 0 5 2 1 2 5 

Jackson 

Park 

44.314, 

78.340 
0 0 0 4 0 0 2 0 5 6 5 0 0 0 0 0 0 1 

Mackenzie 

House 

44.355, 

78.287 
3 0 2 0 52 32 0 0 0 0 0 2 6 1 3 0 41 11 

Nassau 

Mills Road 

44.349, 

78.292 
0 1 6 0 0 0 21 11 21 31 0 0 0 2 0 1 0 0 

Stewart 

Line 

44.233, 

78.498 
0 0 0 0 0 0 0 0 0 0 0 3 3 0 4 0 2 0 
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Table A4.2 Locations of sites from which open-pollinated seeds were collected and numbers of 

seed heads collected of each taxon from each site. Site codes correspond with those from 

McKenzie-Gopsill et al. (2012).  

 

Site Location (°N, °W) T. angustifolia T. × glauca T. latifolia 

CP  

(Cedargrove Park, 

Table A4.1) 

44.293, 78.358 3 1 2 

LL 44.305, 78.446 3 5 3 

ML 44.225, 78.413 5 4 0 

RR 44.338, 78.225 0 5 10 

SV 44.386, 78.367 5 5 4 
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Figure A4.1: Frequencies of Typha taxa over 25 generations under asymmetric mating. When 

parental genotypes are not generated via hybrid matings (i.e. when introgressed genotypes are re-

assigned as back-crossed hybrid genotypes), hybrids rapidly displace parental genotypes (A).  

This first scenario involves populations initialized with equal frequencies of parental genotypes 

(and no hybrid genotypes). However, under the same assumption that parental genotypes cannot 
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be formed through introgression, even when T. angustifolia is initially abundant, hybridization 

with other cattails rapidly leads to its displacement by hybrids (B; dashed line). For comparison, 

the solid line shows model results when parental genotypes are allowed to be formed via 

introgression. By contrast, T. latifolia remains the predominant genotype when they occur in 

high initial frequencies because asymmetric mating prevents the formation of introgressed 

genotypes (i.e. the assumption that introgression cannot yield parental genotypes has no effect on 

the model outcome) (C). Note that the T. angustifolia line in A, all solid lines in B and the T. 

latifolia solid line in C have been offset for clarity.  
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4.10 Appendix: Model details 

We used the model described below to explore changes in the frequency of cattail taxa 

across generations via differences in cross compatibility between taxa. The expected frequency 

of each taxon in the next generation was evaluated by multiplying the probability of a particular 

cross in the current generation by its corresponding fertility coefficient following Bodmer (1964, 

eqn. 1), and adjusted to accommodate different cytoplasmic genotypes. Cytonuclear interactions 

governed whether crosses were compatible and the resulting seed fertility of a compatible cross 

was determined from our hand crosses (Table A4.4). In particular, seed fertilities of reciprocal 

crosses were not necessarily equal to one another, and instead depended on the specific 

combination of nuclear alleles and cytotypes and seed fertilities found in the controlled crosses.  

We assumed that there were two cytotypes, Aij and Lij, representing T. angustifolia and T. 

latifolia, respectively, and one diploid nuclear locus with alleles A and L. Genotypes denoted AAA 

and LLL represented T. angustifolia and T. latifolia individuals, respectively, while all other 

genotypes were hybrids including F1s, backcrosses to each of the parental species, and advanced 

generation hybrids. These parental genotypes could be reformed via the segregation of alleles 

during the formation of F2s and parental backcrosses. However, the assumption that parental 

genotypes could be reconstituted was relaxed for some of the results presented below, where we 

assumed that all crosses involving hybrids resulted in the formation of hybrid genotypes. The 

frequencies of each cytonuclear genotype in the next generation were calculated as follows: 

𝐴𝐴𝐴′ = [𝑓1(𝐴𝐴𝐴 × 𝐴𝐴𝐴) + 𝑓2(𝐴𝐴𝐴 × 𝐿𝐴𝐴) +
1

2
𝑓2(𝐴𝐴𝐴 × 𝐴𝐴𝐿) +

1

2
𝑓2(𝐴𝐴𝐴 × 𝐿𝐴𝐿)

+
1

2
𝑓4(𝐴𝐴𝐿 × 𝐴𝐴𝐴) +

1

2
𝑓5(𝐴𝐴𝐿 × 𝐿𝐴𝐴) +

1

4
𝑓5(𝐴𝐴𝐿 × 𝐴𝐴𝐿) +

1

4
𝑓5(𝐴𝐴𝐿 × 𝐿𝐴𝐿)] /𝑇 
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𝐴𝐴𝐿′ = [𝑓2(𝐴𝐴𝐴 × 𝐴𝐿𝐿) + 𝑓3(𝐴𝐴𝐴 × 𝐿𝐿𝐿) + 𝑓4(𝐴𝐿𝐿 × 𝐴𝐴𝐴) +
1

2
𝑓2(𝐴𝐴𝐴 × 𝐴𝐴𝐿) +

1

2
𝑓2(𝐴𝐴𝐴 × 𝐿𝐴𝐿)

+
1

2
𝑓4(𝐴𝐴𝐿 × 𝐴𝐴𝐴) +

1

2
𝑓6(𝐴𝐴𝐿 × 𝐿𝐿𝐿) + 𝑓5(𝐴𝐿𝐿 × 𝐿𝐴𝐴) +

1

2
𝑓5(𝐴𝐴𝐿 × 𝐴𝐴𝐿)

+
1

2
𝑓5(𝐴𝐴𝐿 × 𝐿𝐴𝐿) +

1

2
𝑓5(𝐴𝐴𝐿 × 𝐿𝐴𝐴) +

1

2
𝑓5(𝐴𝐴𝐿 × 𝐴𝐿𝐿) +

1

2
𝑓5(𝐴𝐿𝐿 × 𝐴𝐴𝐿)

+
1

2
𝑓5(𝐴𝐿𝐿 × 𝐿𝐴𝐿)] /𝑇 

𝐴𝐿𝐿′ = [𝑓6(𝐴𝐿𝐿 × 𝐿𝐿𝐿) + 𝑓5(𝐴𝐿𝐿 × 𝐴𝐿𝐿) +
1

2
𝑓6(𝐴𝐴𝐿 × 𝐿𝐿𝐿) +

1

2
𝑓5(𝐴𝐴𝐿 × 𝐴𝐿𝐿)

+
1

2
𝑓5(𝐴𝐿𝐿 × 𝐴𝐴𝐿) +

1

2
𝑓5(𝐴𝐿𝐿 × 𝐿𝐴𝐿) +

1

4
𝑓5(𝐴𝐴𝐿 × 𝐴𝐴𝐿) +

1

4
𝑓5(𝐴𝐴𝐿 × 𝐿𝐴𝐿)] /𝑇 

𝐿𝐴𝐴′ = [𝑓4(𝐿𝐴𝐴 × 𝐴𝐴𝐴) + 𝑓5(𝐿𝐴𝐴 × 𝐿𝐴𝐴) +
1

2
𝑓4(𝐿𝐴𝐿 × 𝐴𝐴𝐴)

1

2
𝑓5(𝐿𝐴𝐴 × 𝐴𝐴𝐿) +

1

2
𝑓5(𝐿𝐴𝐴 × 𝐿𝐴𝐿)

+
1

2
𝑓5(𝐿𝐴𝐿 × 𝐿𝐴𝐴) +

1

4
𝑓5(𝐿𝐴𝐿 × 𝐴𝐴𝐿) +

1

4
𝑓5(𝐿𝐴𝐿 × 𝐿𝐴𝐿)] /𝑇 

𝐿𝐴𝐿′ = [𝑓8(𝐿𝐿𝐿 × 𝐿𝐴𝐴) + 𝑓7(𝐿𝐿𝐿 × 𝐴𝐴𝐴) + 𝑓6(𝐿𝐴𝐴 × 𝐿𝐿𝐿) +
1

2
𝑓8(𝐿𝐿𝐿 × 𝐴𝐴𝐿) +

1

2
𝑓8(𝐿𝐿𝐿 × 𝐿𝐴𝐿)

+
1

2
𝑓6(𝐿𝐴𝐿 × 𝐿𝐿𝐿) +

1

2
𝑓4(𝐿𝐴𝐿 × 𝐴𝐴𝐴) +

1

2
𝑓5(𝐿𝐴𝐴 × 𝐴𝐴𝐿) +

1

2
𝑓5(𝐿𝐴𝐴 × 𝐿𝐴𝐿)

+
1

2
𝑓5(𝐿𝐴𝐿 × 𝐴𝐴𝐿) +

1

2
𝑓5(𝐿𝐴𝐿 × 𝐿𝐴𝐿) +

1

2
𝑓5(𝐿𝐴𝐿 × 𝐿𝐴𝐴) +

1

2
𝑓5(𝐿𝐴𝐿 × 𝐴𝐿𝐿)] /𝑇 

𝐿𝐿𝐿′ = [𝑓9(𝐿𝐿𝐿 × 𝐿𝐿𝐿) + 𝑓8(𝐿𝐿𝐿 × 𝐴𝐿𝐿) +
1

2
𝑓8(𝐿𝐿𝐿 × 𝐴𝐴𝐿) +

1

2
𝑓8(𝐿𝐿𝐿 × 𝐿𝐴𝐿) +

1

2
𝑓6(𝐿𝐴𝐿 × 𝐿𝐿𝐿)

+
1

2
𝑓5(𝐿𝐴𝐿 × 𝐴𝐿𝐿) +

1

4
𝑓5(𝐿𝐴𝐿 × 𝐴𝐴𝐿) +

1

4
𝑓5(𝐿𝐴𝐿 × 𝐿𝐴𝐿)] /𝑇, 

 

where fk corresponds with the relative seed set from each type of cross (as estimated from the 

hand crossing experiment; Table A4.4) and T is a normalizing factor such that ∑Aij + ∑Lij = 1. 

Each cross was assigned a compatibility coefficient of 1 (fully compatible) or 0 (incompatible); 

in the null model all crosses were fully compatible (Table A4.4). Genotypes LAA and LAL were 

not generated under the fertility model (Table A4.4), but were included in the null model. 

Allowing these genotypes to form did not qualitatively change our results.   
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Table A4.4 Parameters values for the alternate model. Aij represents genotypes with T. 

angustifolia cytoplasm and Lij represents those with T. latifolia cytoplasm. Subscripts A and L 

represent T. angustifolia and T. latifolia nuclear alleles, respectively. Fertility values are the 

observed seed set for the corresponding cross relative to the seed set of the cross that generated 

the most seed (AAA × AAA). Compatibility and fertility coefficient values for the null model were 

set at 1.  

 

Female 

parent 

Male 

parent 

Compatibility 

coefficient 

Fertility 

coefficient 

Fertility 

coefficient 

value 

AAA AAA 1 f1 1.000 

AAA AAL 1 f2 0.823 

AAA ALL 1 f2 0.823 

AAL AAA 1 f4 0.641 

AAL AAL 1 f5 0.625 

AAL ALL 1 f5 0.625 

ALL AAA 1 f4 0.641 

ALL AAL 1 f5 0.625 

ALL ALL 1 f5 0.625 

AAA LAA 0 f2 0 

AAA LAL 0 f2 0 

AAA LLL 1 f3 0.944 

AAL LAA 0 f5 0 

AAL LAL 0 f5 0 

AAL LLL 1 f6 0.625 

ALL LAA 0 f5 0 

ALL LAL 0 f5 0 
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ALL LLL 1 f6 0.625 

LAA AAA 0 f4 NA 

LAA AAL 0 f5 NA 

LAA ALL 0 f5 NA 

LAL AAA 0 f4 NA 

LAL AAL 0 f5 NA 

LAL ALL 0 f5 NA 

LLL AAA 0 f7 0.002† 

LLL AAL 0 f8 0.064† 

LLL ALL 0 f8 0.064† 

LAA LAA 0 f5 NA 

LAA LAL 0 f5 NA 

LAA LLL 0 f6 NA 

LAL LAA 0 f5 NA 

LAL LAL 0 f5 NA 

LAL LLL 0 f6 NA 

LLL LAA 0 f8 NA 

LLL LAL 0 f8 NA 

LLL LLL 1 f9 0.995 

 

† Observed seed fertilities associated with these crosses and designated as incompatible
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5. CHAPTER 5: POPULATION GENETICS DATA SUGGEST THAT LOCAL 

PROCESSES ARE MORE IMPORTANT THAN LANDSCAPE-LEVEL 

PROCESSES IN THE SUCCESS OF THE INVASIVE HYBRID CATTAIL, 

TYPHA × GLAUCA 

Authorship: Sara Pieper, Joanna Freeland, and Marcel Dorken 

 

5.1 Abstract 

Extensive hybrid zones in which progenitors and hybrids co-exist have been 

characterized less often than hybrid zones with clearly defined spatial or ecological 

barriers between taxa, and there is a particular knowledge gap around our understanding 

of how landscape-level processes might influence the local success of hybrids. Cattails 

(Typha spp., Typhaceae) in northeastern North America comprise an extensive hybrid 

zone in which the hybrid, T. × glauca, and its progenitors, T. latifolia and T. angustifolia, 

share similar habitat requirements and have largely overlapping distributions. I used 

molecular genetic data to characterize genetic diversity and structure in hybrid cattails 

and their progenitors across a broad spatial scale, and tested the hypothesis that the 

hybrid is more successful at dispersing to and establishing within stands than either of its 

progenitor species, particularly in disturbed sites (ditches) compared to more mature sites 

(wetlands). Simulated datasets allowed me to compare hybrid-mediated dispersal of T. 

latifolia versus T. angustifolia alleles, to investigate the possibility that asymmetric 

hybridization and different dispersal of pollen and seeds influence genetic structure in 

hybrids. Genetic structure across taxa was comparable among ditches and among 

wetlands, although clonal richness was greater in ditches across all taxa, suggesting 

greater recruitment in ditches. The simulated datasets suggested that hybrids restrict the 

distributions of T. angustifolia, but not T. latifolia alleles. Both the original and the 
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simulated datasets showed that overall, hybrids have greater genetic structure across sites 

than either progenitor, suggesting limited dispersal of hybrids compared to progenitors. 

Hybrids are therefore either created in situ or introduced into new sites in small numbers 

following relatively infrequent dispersal events. Repeated introductions of hybrids 

following extensive gene flow is therefore unlikely to explain hybrid success, and hybrids 

are seemingly able to outcompete progenitor species within sites even if they are initially 

rare. I conclude that local-scale processes are more important than landscape-scale 

processes in driving the success of hybrid cattails in northeastern North America. 

Keywords:   Hybridization; Typha; genetic structure; microsatellites; invasive species 
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5.2 Introduction 

Interspecific hybridization is common in plants (Ellstrand et al., 1996) and can 

have a variety of important ecological and evolutionary consequences. Hybridization has 

been attributed to the evolution of new traits (e.g., selfing in Spartina; Sloop et al., 2009), 

the generation of novel genotypes and the occupation of new habitats (Rieseberg et al., 

2007), an increase in heterozygosity (Ellstrand and Schierenbeck, 2000), the erosion of 

species barriers (Mallet, 2007), and an increase in the invasiveness of species complexes 

(Hovick and Whitney, 2014). In the absence of habitat segregation, hybrids that are 

competitively superior to progenitors can displace them within sites (e.g., Ayres et al., 

2004). Furthermore, where hybrids are fertile and capable of backcrossing, they can act 

as conduits of gene flow between parent species (Abbott et al., 2013), altering the genetic 

structure of each as well as affecting how genetic diversity is partitioned across the 

species complex (e.g., Taylor et al., 2006). Extensive introgression can erode species 

boundaries to such an extent that very few ‘pure’ genotypes of progenitor species remain 

(e.g., Minder et al., 2007), potentially leading to species fusion or ‘despeciation’ (Mallet, 

2007).  

The displacement of progenitors by hybrids and the erosion of species boundaries 

can be influenced by the characteristics of hybrid zones. Hybrids may exist in tension 

zones, which can arise when the distributions of parental species overlap in a narrow 

region where hybrids are repeatedly formed, and the zone is maintained by a balance of 

dispersal of progenitors into the zone and selection against hybrids within the zone 

(Barton and Hewitt, 1985). However, if hybrids are more fit than their progenitors in 

novel habitats, hybrids and progenitors can exist in a mosaic hybrid zone in which the 
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presence of a particular taxon within sites depends on the distribution of suitable habitat 

(e.g., Quercus spp., Dodd and Afzal-Rafii, 2004). These hybrids could threaten to 

displace progenitors at local scales through competitive superiority in the intermediate 

habitat, but across broader scales hybrids should be maintained at low levels. 

Introgression should be limited in both tension zones and mosaic hybrid zones due to low 

hybrid fitness in the former (Barton and Hewitt, 1985), and environmental selection 

acting on admixed and pure parental genotypes to limit introgression in the latter (Dodd 

and Afzal-Rafii, 2004).  

When hybrid zones are delimited by spatial or ecological boundaries between 

hybrids and progenitors, hybridization dynamics should largely reflect local events. The 

situation should become more complicated when hybrids and their progenitors have 

similar habitat requirements and largely overlapping distributions, because although 

widescale introgression is a common outcome in these situations (e.g., Gammon et al., 

2007; Gaskin and Kazmer, 2009), it is less clear how landscape-level processes such as 

hybrid dispersal influence local processes such as recruitment. There is some evidence 

that suggests hybrids can be more effective dispersers than their progenitors. For 

example, hybrid seeds may have morphological characteristics such as larger wings and 

less mass compared to progenitors, which should facilitate greater dispersal in the hybrid 

than in the progenitors (Mao et al., 2009; Navarro-Cano et al., 2016). Effects of different 

dispersal patterns may also depend on habitat type. Roadsides may permit greater 

dispersal than more natural habitats (Hansen and Clevenger, 2005), and if hybrids are 

better able than their progenitors to disperse between relatively disturbed sites such as 
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roads, they may experience greater recruitment in disturbed sites which in turn could 

promote a stepping-stone pattern of dispersal to more natural habitats.  

The hybridizing species complex of cattails (Typha spp.; Typhaceae) in 

northeastern North America represents a system in which progenitors and their fertile 

hybrid have similar distributions and occupy the same habitats. In this region, cattails 

comprise T. latifolia L., which is native to North America (Grace and Harrison, 1986); T. 

angustifolia L., which is introduced from Europe (Ciotir et al., 2013a; Ciotir and 

Freeland, 2016); and their hybrid, T. × glauca Godr. (Smith, 1967). Hybrids arise 

following asymmetric hybridization in which T. angustifolia is pollinated by T. latifolia 

(Ball and Freeland, 2013; Pieper et al., 2017). The distributions of these three taxa in 

North America include the Upper Midwest, USA; southern Ontario and Quebec, Canada; 

and Atlantic Canada (Galatowitsch et al., 1999; Freeland et al., 2013; pers. obs.). The 

abundance of the three taxa varies across their ranges, however, with T. angustifolia and 

T. × glauca often the most common cattails in the western Great Lakes region, the hybrid 

being particularly dominant in the eastern Great Lakes and St. Lawrence Seaway region, 

and T. latifolia being the most common cattail in Atlantic Canada (Travis et al., 2010; 

Kirk et al., 2011a; Freeland et al., 2013; Pieper et al., 2018). Cattails have become 

increasingly invasive in northeastern North America. They are extensively managed 

using a variety of techniques (e.g., mowing, herbicide application) in parts of the 

Midwest, USA (summarized in Wilcox et al., 2018), and in many regions their 

invasiveness is attributed to the prevalence of hybrids (Galatowitsch et al., 1999). 

Characteristics of the hybrid and its progenitors are well-documented at local scales (i.e., 

within natural sites and common gardens). They all reproduce asexually leading to clonal 
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spread, and sexually following both selfing and outcrossing (Smith, 1967). Taxa occupy 

similar water depths (McKenzie-Gopsill et al., 2012; Pieper et al., 2018), potentially 

competing for habitat, and hybrid cattails exhibit evidence of heterosis in greater clonal 

growth, height, and seed germination compared to progenitor species (Bunbury-

Blanchette et al., 2015; Zapfe and Freeland, 2015; Szabo et al., 2018). Typha × glauca 

invasion is associated with reduced native plant diversity (Tuchman et al., 2009), reduced 

macroinvertebrate abundance (Lawrence et al., 2016), and changes to nutrient cycling 

(Geddes et al., 2014; Lishawa et al., 2014). While the effects of hybrids on both 

ecosystems and progenitor species have been extensively researched at the site level, a 

wide-scale population genetics study has not been conducted in North America. This 

would allow for inferences about dispersal and landscape-level genetic structure of each 

taxon, specifically comparing hybrids to progenitors. Population genetics studies of 

Typha have been conducted in Europe and Asia (e.g., Tsyusko et al., 2005; Zhou et al., 

2016; Ciotir et al., 2017), however hybridization in cattails is very rare in these regions 

(Zhou et al., 2016; Ciotir et al., 2017). It is therefore not clear how the presence of the 

hybrid affects broad scale patterns in Typha, which in turn can impact local patterns of 

recruitment and diversity.   

Here I used a population genetics approach to characterize genetic diversity and 

structure within and among hybridizing Typha taxa to determine the extent to which 

broad-scale processes influence site-level processes. I tested the hypothesis that the 

hybrid cattail, T. × glauca, is more successful at dispersing to and establishing within 

stands than either of its progenitor species, particularly in disturbed sites (ditches) 

compared to more mature sites (wetlands). I predicted that 1) there is less genetic 
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differentiation and spatial genetic structure in hybrids compared to progenitors and that 

differences between the hybrid and progenitors are greater in ditches than in wetlands; 

and 2) clonal richness and genetic diversity are greater in hybrids than in progenitors, 

particularly in ditches, reflecting the greater ability of the hybrid to disperse to and 

establish in disturbed sites compared to progenitors. Understanding the role and 

importance of landscape-scale processes such as dispersal will help elucidate whether the 

success and invasiveness of hybrids relies primarily on local-scale events such as 

competitive superiority of hybrids within sites and repeated local hybrid formation, or 

whether hybrid success is also driven by more effective dispersal across the landscape 

compared to progenitors. To test these predictions, I sampled multi-taxon cattail stands 

across northeastern North America and measured genetic differentiation and genetic 

diversity of hybrids and progenitors from both wetlands and ditches. I further tested these 

predictions by simulating datasets that allowed me to compare hybrid-mediated dispersal 

of T. latifolia versus T. angustifolia alleles, thereby testing the possibility that asymmetric 

hybridization and higher dispersal of pollen versus seeds lead to greater genetic 

homogenization among stands of paternal (T. latifolia) versus maternal (T. angustifolia) 

stands. Few studies have examined the influence of landscape-scale processes on the 

local success of hybrids, and as hybridization is expected to increase with continued 

climate change (Chunco, 2014), it is important to understand how both local- and 

landscape-scale processes are affected by hybridization.  
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5.3 Methods 

5.3.1 Sampling 

In June 2013 I sampled a total of 22 stands along a 1700 km longitudinal transect 

from Cheboygan, Michigan to Halifax, Nova Scotia (Figure 5.1, Table A5.1). My main 

objective was to compare patterns of genetic differentiation and genetic diversity of 

hybrids and progenitors in wetlands vs roadside ditches. To this end, I sampled one 

wetland and one ditch site in each of 11 regions, roughly 200 km apart (Figure 5.1). With 

only one exception, the wetland and ditch site for each region were within 20 km of each 

other (the ditch and wetland at Montmagny, Quebec were separated by 130 km). Wetland 

sites occurred at the edges of lakes in open marsh habitats while ditches were located 

adjacent to highways and surrounded by fields. In ditch sites I sampled both the channel 

of the ditch and the adjacent areas where Typha grew in exposed soil. Although stand 

selection was largely opportunistic, i.e., accessible stands in each target region, stands of 

each site type had to meet certain criteria. Since my objective was to compare 

differentiation and diversity between T. × glauca, T. latifolia, and T. angustifolia, sites 

ideally contained a variety of Typha morphotypes likely to include at least two Typha 

taxa. Sites also needed to be large enough for the sampling of at least 100 ramets (shoots) 

at 3 m intervals (see below). The first criterion was not always met, particularly in eastern 

Canada where T. angustifolia and T. × glauca are relatively rare (Freeland et al., 2013).  

Plants within sites were sampled using transects laid out at 3 m intervals running 

perpendicular to the shoreline (wetlands) or road (ditches) with leaves being collected 

every 3 m along each transect. In wetlands sampling began at a non-random point at the 

edge of a continuous cattail patch. Sampling in both site types continued past gaps in 
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cattail occurrence of up to 6 m. Ditch sites were usually quite narrow so several short (up 

to 10 m) transects were sampled, whereas wetland sites often permitted fewer, longer (up 

to 60 m) transects to be sampled. All samples were collected on foot and as such transect 

length was sometimes limited in wetland sites where the water was too deep to continue 

sampling. In some ditch stands it was necessary to sample several smaller sub-stands as a 

single stand. In these instances, there was not more than 10 m between adjacent sub-

stands and all sub-stands were within 500 m of each other. Where the stand was less than 

6 m wide (only at ditch sites) ramets were sampled at a random distance (0 – 6 m) from 

the edge of the stand so as not to repeatedly sample the same place on each transect (e.g., 

not always directly in the middle or always right at the edge). 

5.3.2 Genotyping and assignment to taxon 

A leaf sample approximately 5 cm in length was collected from the youngest leaf 

of each sampled ramet. Each leaf sample was placed in an individual paper envelope and 

then stored in zippered plastic bags filled with Sorbead orange silica beads 

(eCompressedair, Oklahoma) for desiccation. Leaves were stored in this manner in dry 

bins for up to two weeks. On return to the lab, leaves were dried at 60 °C for 8 hr before 

being stored at -20 °C. Approximately 3 cm of dried leaf tissue from each sample was 

ground using a Retsch® MM300 mixer mill (Haan, Germany). DNA was extracted using 

either E.Z.N.A Plant DNA Kit (Omega Bio-Tek, Inc., Georgia USA) or GeneJET Plant 

Genomic DNA Purification Kit (Thermo Scientific) following the manufacturer’s 

instructions for dried material, and eluted in a final volume of 100 μl. I genotyped ramets 

at 7 microsatellite loci: TA3, TA5, TA7, TA8, TA20 (Tsyusko-Omeltchenko et al., 
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2003), and TL213, TL305 (Ciotir et al., 2013b). See Pieper et al. (2018) for detailed 

genotyping methods.   

Ramets were assigned to taxon using the alleles at loci TA3, TA5, TA8, and 

TA20. Alleles at these loci are specific to either T. latifolia or T. angustifolia (Snow et 

al., 2010; Kirk et al., 2011a) and are commonly used to distinguish between the two (e.g., 

Travis et al., 2010; McKenzie-Gopsill et al., 2012; Bunbury-Blanchette et al., 2015). 

Based on these four loci, ramets containing only alleles specific to either T. latifolia or T. 

angustifolia at all loci were assigned to that species, while ramets containing a mixture of 

alleles from both species were considered hybrids. Hybrids were provisionally assigned 

to F1s, backcrosses to one of the progenitor species, or advanced generation hybrids 

following Kirk et al. (2011a), though, unless otherwise noted, all hybrid classes were 

grouped together for analyses. Assignments of ramets to genets were based on all seven 

loci. I considered ramets with the same multilocus genotype (MLG) within a site to be 

from the same clone (genet). I removed duplicate MLGs from within a site before 

conducting analyses in all cases except for clonal richness (see below). My final dataset 

constituted 1926 ramets comprising 682 MLGs, however for most analyses only sites 

with ≥ 10 MLGs for a particular taxon were included (see below; Table A5.1). 

I tested for deviations from Hardy-Weinberg equilibrium (HWE) using exact tests 

(Guo and Thompson, 1992) for each locus × site combination. I also tested for linkage 

disequilibrium (LD) between each pair of loci in each site using log-likelihood ratio tests 

(Goudet et al., 1996). Analyses of HWE and LD were conducted using GenePop on the 

web (Raymond and Rousset, 1995) using a dememorization number of 1000, 100 batches 

and 1000 iterations per patch as the Markov chain parameters for each test. I applied 
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Bonferroni corrections for multiple comparisons when assessing statistical significance of 

deviations from HWE (# sites × 7 loci) and LD (# sites × 21 locus pairs) (Rice, 1989).  

5.3.3 Genetic differentiation and spatial genetic structure in Typha 

I had predicted that T. × glauca are more successful at dispersing to and 

establishing in disturbed sites than in well established sites. As such, I first evaluated 

whether hybrids were more common in ditches than in wetlands. I used a generalized 

linear mixed effects model (GLMM) to determine whether there were differences in 

taxonomic composition between site types. I used the number of MLGs as the response 

variable (though conclusions were the same when I ran the GLMM using ramets instead 

of MLGs). I used site type (ditch or wetland), taxon, and the interaction between site and 

taxon as fixed effects. I used region as a random effect. I used negative binomial errors in 

the GLMM as my data were overdispersed (Zuur et al., 2009). Analyses were run using 

the ‘glmer.nb’ function in the ‘lmerTest’ package (v. 2.0-33; Kuznetsova et al., 2016) in 

R (v. 3.4.0 R Core Development Team 2016). 

Next, I compared genetic differentiation and spatial genetic structure between 

hybrids and progenitors and between site types to address whether these were lower 

(suggesting greater gene flow) in hybrids than in progenitors and whether differences 

between hybrids and progenitors were greater in ditches than wetlands. I estimated 

genetic differentiation and spatial genetic structure metrics of each taxon using only those 

sites that had ≥ 10 MLGs of the relevant taxon. Therefore, I used 13 sites (6 wetlands and 

7 ditches) with T. latifolia, 4 sites (2 wetlands and 2 ditches) with T. angustifolia, and 11 

sites (5 wetlands and 6 ditches) with T. × glauca (Table A5.1). I estimated genetic 

differentiation among sites using FST (Nei, 1973), and DEST (Jost, 2008). Different 
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measures of genetic differentiation capture different aspects of the processes that 

contribute to differentiation between subpopulations (Meirmans and Hedrick, 2011; 

Verity and Nichols, 2014). I calculated FST within taxa to permit comparison with other 

studies on Typha (e.g., Tsyusko et al., 2005; Zhou et al., 2016) as suggested by Meirmans 

and Hedrick (2011), however FST underestimates genetic differentiation when using 

polymorphic markers like microsatellites (Hedrick, 1999) and should not be used for 

inter-taxon comparisons (Jost, 2008). DEST calculates differentiation based on allelic 

differentiation between subpopulations (Jost, 2008; Meirmans and Hedrick, 2011) and is 

unaffected by differences in allele frequencies (Jost, 2008). For each metric, I tested for 

statistical significance of genetic differentiation between sites using 999 permutations of 

MLGs across sites in GenAlEx (v. 6.503; Peakall and Smouse, 2006, 2012). I conducted 

a two-way AMOVA using the program xAMOVA (Daniel Wilson, unpublished; http: 

//www.danielwilson.me.uk/xAMOVA.html) to determine the contribution of taxon and 

site type to the distribution of genetic variation in Typha. xAMOVA is an extension of 

AMOVA (Excoffier et al., 1992) that allows for crossed designs rather than hierarchical 

ones allowing for the specific testing of fixed effects (taxon and site type here). 

Simulation-based significance tests were performed using 1000 permutations. The two-

way AMOVA revealed that site type explained 1.2% of the genetic variance (p < 0.0001) 

and that taxon explained 43% of the variance (p < 0.0001). Based on these results, I 

carried out analyses of molecular variance (AMOVA; Excoffier et al., 1992) to describe 

and compare the partitioning of genetic variation within and among sites separately for 

each taxon, using MLGs from all sites regardless of type. AMOVAs were conducted in 

GenAlEx using 999 permutations to assess statistical significance.   
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I evaluated patterns of isolation by distance and global spatial autocorrelation to 

test for spatial genetic structure between sites for each taxon. I assessed isolation by 

distance (Wright, 1943, 1946) using Mantel tests (i.e., the correlation between genetic 

and [log + 1] geographic distance matrices; Mantel, 1967). I assessed spatial 

autocorrelation between genetic and geographic distances up to a maximum distance of 

1000 km (750 km for T. angustifolia, owing to its relatively restricted distribution) using 

50 km distance classes to determine at what scale spatial autocorrelation was evident. 

Spatial autocorrelation was assessed using the method of Smouse and Peakall (1999) to 

generate the correlation coefficient r, which measures the correlation between genetic and 

geographic distances of sites over different distance classes. Isolation by distance was 

assessed for all sites collectively and separately for each site type (wetland and ditch) 

except for analyses of T. angustifolia which was present in too few sites to analyze by 

site type. Spatial autocorrelation was not assessed separately by site type as there were 

too few site pairs at short distance classes when sites were separated by site type. 

Isolation by distance and spatial autocorrelation were assessed using each of FST and DEST 

as the genetic distances. Statistical significance was assessed using 999 permutations of 

individuals across sites. Analyses of IBD and spatial autocorrelation were conducted in 

GenAlEx.   

 I used FLOCK (Duchesne and Turgeon, 2009, 2012) to evaluate patterns of 

genetic structure across all taxa and separately for each taxon. While STRUCTURE 

(Pritchard et al., 2000; Falush et al., 2003) is very commonly used to evaluate population 

structure (Puechmaille, 2016), my data do not meet the assumptions of HWE and linkage 

equilibrium used in STRUCTURE (see Results). Furthermore, STRUCTURE does not 
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reliably uncover the correct population structure if sampling among groups is uneven 

(Puechmaille, 2016) as is the case here with limited T. angustifolia MLGs. FLOCK is a 

non-Bayesian, non-Monte Carlo Markov Chain (MCMC) method of clustering 

individuals through iterative reallocation of genotypes to increasingly differentiated 

reference groups based on maximum likelihood scores. FLOCK does not try to optimize 

HWE or linkage equilibrium within clusters. Samples are first placed into k randomly 

generated clusters, then allele frequencies within those clusters are calculated, and 

genotypes are reallocated to k clusters based on likelihood scores. As reallocation 

proceeds, clusters become increasingly genetically differentiated (and therefore more 

homogeneous within clusters). A series of reallocations (‘iterations’) makes up a ‘run’, at 

the end of which FLOCK calculates the log likelihood difference (LLOD) for each 

genotype (i.e., the difference between the log likelihood of the most likely cluster and 

that of the second most likely cluster) and the mean LLOD over all genotypes. The mean 

LLOD for a run is calculated with high precision such that identical mean LLODs should 

very rarely happen by chance. Identical mean LLODs between runs (called ‘plateaus’) 

are used to objectively determine the most likely number of clusters (Duchesne and 

Turgeon, 2012). Analyses were carried out for k values of 2 to 10 using the default 

settings: 20 iterations per each of 50 runs, a minimum log-likelihood difference of 0 to 

assign an individual to a cluster, and without creating isolated reference groups. FLOCK 

was run for all MLGs together (without assigning MLGs to taxa a priori) to determine 

genetic structure of all taxa together and separately for each taxon (i.e., with the MLGs 

identified as a particular taxon based on their alleles) to determine whether genetic 

substructure exists within any taxon. For comparison, parallel analyses were run using 
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STRUCTURE for comparison and methods and results can be found in the Appendix. I 

used DISTRUCT (Rosenberg, 2004) to generate bar plots of FLOCK output.  

5.3.4 Clonal richness and genetic diversity in Typha 

I compared clonal richness and genetic diversity between hybrids and progenitors 

and between site types to address whether these were greater in hybrids than in 

progenitors and whether differences were greater in ditches than wetlands. I calculated 

clonal richness for each taxon within sites as R = (G-1)/(n-1), in which G is the number of 

unique genotypes (MLGs here) in a stand and n is the number of ramets in a stand 

(Dorken and Eckert, 2001). R can range from 0 (all ramets are of the same genotype) to 1 

(all ramets are of unique genotypes). I used linear mixed effects models (LMEs) to 

determine whether there were differences in clonal richness between taxa or site types as 

these could reflect differences in sexual reproduction and abilities of taxa to establish 

within sites.  

I calculated rarefied allelic richness (AR) using the package ‘hierfstat’ (v. 0.04-22; 

Goudet and Jombart, 2015) in R. For each value of AR (calculated separately for each 

taxon × site combination), I used the minimum number of MLGs (10 in all cases) 

multiplied by two as the number to which the number of alleles was rarefied. I calculated 

the number of effective alleles (Ne), observed and expected heterozygosity (Ho and He, 

respectively), and the inbreeding coefficient (FIS) for each site using GenAlEx.  

I used linear mixed effects models (LMEs) to determine whether there were 

differences in clonal richness or genetic diversity measures between taxa or site types. 

Models were constructed with clonal richness or a diversity metric as the response 

variable, taxon (T. angustifolia, T. latifolia, or T. × glauca), site type (ditch or wetland), 
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and the interaction between taxon and site type as fixed effects, and site region as a 

random effect. Linear mixed effects models of clonal richness were analyzed using R 

values from all sites regardless of the number of MLGs present (all ≥ 2) while LMEs of 

the genetic diversity metrics were conducted using only those sites that had at least ten 

MLGs of the relevant taxon. These sites were the same as those used for the analyses of 

genetic differentiation. Clonal richness was square-root transformed prior to analyses to 

meet model assumptions. Where taxon was a significant factor, I conducted post-hoc t-

tests comparing least squares means to further explore differences among taxa. LMEs 

were run using the ‘lmer’ function in the package ‘lme4’ (v. 1.1-13; Bates et al., 2016) 

and statistical significance of fixed effects was assessed using ‘lmerTest’ (Kuznetsova et 

al., 2016) in R.   

5.3.5 Generation and analysis of haploid datasets 

To further address whether the hybrid is more successful at dispersing and 

establishing within stands than progenitors, I simulated haploid datasets that would allow 

for the comparison of differentiation and diversity inferred from parental alleles present 

in progenitor species to parental alleles present in hybrids (e.g., compare T. latifolia 

alleles present in T. latifolia to T. latifolia alleles present in T. × glauca); this approach 

also allowed for comparisons of hybrid-mediated dispersal of T. latifolia versus T. 

angustifolia alleles. I conducted spatial genetic analyses and calculated diversity metrics 

using each of these datasets and compared values between those generated using 

progenitors to those from hybrids (see below). These datasets were based on the four loci 

for which species-specific alleles have been identified (TA3, TA5, TA8, TA20; Snow et 

al., 2010; Kirk et al., 2011a). I made the datasets as follows: T. latifolia alleles from T. 
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latifolia (‘parental T. latifolia haploid dataset’), T. latifolia alleles from T. × glauca 

(‘hybrid T. latifolia haploid dataset’), T. angustifolia alleles from T. angustifolia 

(‘parental T. angustifolia haploid dataset’), and T. angustifolia alleles from T. × glauca 

(‘hybrid T. angustifolia haploid dataset’). In making the two parental datasets I used one 

allele in cases of homozygosity and a randomly chosen allele in cases of heterozygosity 

(which was necessary in only 17.3% of alleles for the parental T. latifolia dataset and 

19.8% of alleles for the parental T. angustifolia dataset). To make the two hybrid 

datasets, for F1s I included the allele from the target progenitor species that was present at 

each locus. In some cases, hybrids were backcrosses or advanced generation hybrids and 

had two loci from the same progenitor species at a locus. Here, if the alleles at a locus 

were heterozygous and from the target progenitor species, which occurred for only 0.1% 

of alleles for the hybrid T. latifolia dataset and 2.9% of alleles for the hybrid T. 

angustifolia dataset, I randomly selected which allele to include in the data set; if the 

alleles at a locus were from the non-target progenitor species, that locus was considered 

missing data and only three loci were used for that MLG. If a MLG had two alleles of the 

non-target progenitor species at more than one of the relevant loci, the MLG was not 

included in the haploid dataset. I generated 50 simulated haploid datasets for each of the 

four dataset types and used an average of diversity and differentiation indices across 

these 50 simulated datasets as values for the haploid data. I calculated means and 95% 

confidence intervals for metrics across the 50 simulated datasets.   

Similar to the diploid data, differentiation and diversity metrics based on the 

haploid data sets were calculated using only those sites that had at least ten MLGs of the 

relevant taxon. Therefore, I used 13 sites (6 wetlands and 7 ditches) for the parental T. 
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latifolia haploid dataset, and 9 sites (3 wetlands and 6 ditches) for the hybrid T. latifolia 

haploid dataset, 4 sites (2 wetlands and 2 ditches) for the parental T. angustifolia haploid 

dataset, and 10 sites (4 wetlands and 6 ditches) for the hybrid T. angustifolia haploid 

dataset (Table A5.1). I calculated rarefied allelic richness (AR) as for the diploid data, 

though I used the minimum number of MLGs (11 in all cases) as the number down to 

which the number of alleles was rarefied. I calculated the number of effective alleles (Ne) 

and haploid genetic diversity (h) for each site using GenAlEx.  

I used ϕPT (Meirmans, 2006) to estimate genetic differentiation between sites 

based on parental alleles present in hybrids and those present in progenitors to determine 

whether gene flow is greater in hybrids than in progenitors. I tested for statistical 

significance of genetic differentiation using 999 permutations across MLGs and sites. 

Differentiation was assessed between all sites and then between all wetland and all ditch 

sites separately. I carried out analyses of molecular variance (AMOVA; Excoffier et al., 

1992) using 999 permutations of MLGs across sites. I used isolation by distance and 

spatial autocorrelation to test for spatial structure in the same manner as for the diploid 

data, but using ϕPT as the genetic distance metric. 

I used LMEs to test for differences in diversity metrics between parental alleles in 

progenitor species and parental alleles in hybrids (e.g., T. latifolia alleles in T. latifolia 

MLGs compared to T. latifolia alleles in T. × glauca) to determine whether the hybrid 

had greater diversity of progenitor alleles compared to progenitors. I used the diversity 

metric as the response variable and site type (ditch or wetland) and dataset type (parental 

or hybrid) as fixed effects, and region as a random effect. I ran separate analyses for each 

progenitor species. LMEs were run using the same packages as for the diploid datasets.  
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5.4 Results  

Eight percent of the 91 locus × site combinations for T. latifolia were not in 

HWE, with Ho being less than He in all cases and none of the loci × site combinations 

deviated from HWE in T. angustifolia. For T. × glauca, 34% of 77 locus × site 

combinations deviated from HWE with Ho > He in nearly all cases (88%). For a single 

locus, deviations from HWE occurred in not more than 3 of 13 sites for T. latifolia and 

not more than 5 of 11 sites for T. × glauca. Linkage disequilibrium was very rare in both 

progenitor species (< 1% of 273 and < 1% of 84 locus pair × site combinations for T. 

latifolia and T. angustifolia, respectively), and occurred in 14% of 231 locus × site 

combinations for T. × glauca with no more than 15% of that attributed to a single locus 

pair.  

5.4.1 Stand composition  

Stand composition varied across the study region. The hybrid and T. latifolia were 

found in most stands across the study transect with the hybrid being most common in 

Michigan and southern Ontario and T. latifolia dominating in eastern Canada (Figure 

5.1). Typha angustifolia was the least common overall, but was most abundant in 

Michigan compared to other areas of the study transect and was not found at any sites 

east of Quebec (Figure 5.1). Typha × glauca was similarly abundant in wetlands and 

ditches (mean proportion of ramets ± SE; wetlands: 0.38 ± 0.11, ditches: 0.48 ± 0.11). 

The GLMM revealed that relative abundances of all three taxa were similar in wetlands 

and ditches (ditch vs wetland: parameter estimate = -0.29 ± 0.60 SE, Wald’s Z = -0.48, p 

= 0.632) and that T. latifolia and T. × glauca were each more abundant than T. 

angustifolia (T. angustifolia vs T. latifolia: parameter estimate = 1.28 ± 0.58 SE, Wald’s 
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Z = 2.21, p = 0.027; T. angustifolia vs T. latifolia: parameter estimate = 1.51 ± 0.58 SE, 

Wald’s Z = 2.61, p = 0.009). Patterns of occupancy of wetlands versus ditches for all 

three taxa were similar across the study transect as there was no interaction between 

region and site type (-0.50 ≤ Wald’s Z ≤ 0.25, p > 0.60). 

5.4.2 Genetic differentiation and spatial genetic structure in Typha 

I compared patterns of genetic differentiation between taxa and site types to 

explore whether gene flow was greater in hybrids than progenitors and whether it was 

greatest in ditches. Overall, patterns indicated spatially restricted gene flow in T. × 

glauca and T. angustifolia, but not T. latifolia. All three taxa exhibited significant 

differentiation across all sites (Table 5.1). FST values were comparable across taxa and 

ranged from 0.063 to 0.194 (Table 5.1), however, DEST was greater in T. × glauca and T. 

angustifolia than in T. latifolia (Table 5.1). Site type did not affect levels of genetic 

differentiation as FST and DEST values among ditches were comparable to those among 

wetlands (Table 5.1). AMOVAs conducted for each taxon, across all sites revealed that 

most of the genetic variance for each taxon was distributed within sites (77–92%) rather 

than among sites (8–23%), with T. angustifolia having the most variation among sites of 

any taxon (Table 5.1). All three taxa exhibited spatial genetic structure as evidenced by 

significant isolation by distance across sites, with strong IBD in T. angustifolia and the 

hybrid and fairly weak IBD in T. latifolia (Table 5.2). Typha × glauca exhibited 

significant spatial autocorrelation across all distance classes based on FST and DEST with 

the strength of the autocorrelation decreasing with increasing distance class size (0.063 ≤ 

r ≤ 0.348; p < 0.05). There was some evidence of spatial autocorrelation in T. 

angustifolia at 400 to 700 km with both FST and DEST (0.281 ≤ r ≤ 0.356; p ≤ 0.10). 
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Spatial autocorrelation was not significant at any distance class for T. latifolia, based on 

either genetic differentiation metric (p > 0.10).  

Comparisons of genetic differentiation and spatial genetic structure between 

hybrid and parental taxa based on simulated haploid datasets revealed patterns broadly 

consistent with those found using the original diploid dataset; that is, more differentiation 

and more genetic structure in the hybrids compared to the progenitor. The haploid 

datasets further revealed that differences between hybrids and progenitors were greater 

for T. angustifolia than T. latifolia. Though both the hybrid and parental haploid T. 

angustifolia datasets displayed significant genetic differentiation across all sites, values 

of ΦPT were lower in the parental T. angustifolia dataset than in the hybrid T. angustifolia 

dataset (Table 5.3). Furthermore, AMOVA results indicated that there was less genetic 

variance among sites in the parental T. angustifolia dataset than in the hybrid T. 

angustifolia dataset across all sites (~16% and 22%, respectively, Table 5.3). Patterns of 

isolation by distance were marginally significant in both the hybrid and progenitor 

haploid T. angustifolia datasets (Table 5.4). The parental T. angustifolia dataset did not 

exhibit significant spatial autocorrelation at any distance class (0.15 ≤ r ≤ 0.59; p ≥ 0.09), 

whereas the hybrid T. angustifolia dataset exhibited spatial autocorrelation over distances 

of 250 to 600 km (0.079 ≤ r ≤ 0.248; 0.001 ≤ p ≤ 0.079). 

A comparison between parental T. latifolia haploid datasets and hybrid T. latifolia 

haploid datasets revealed that patterns of genetic differentiation were different across 

wetlands, but not across all sites or across ditches. Across wetlands, parental T. latifolia 

haploid datasets exhibited higher levels of genetic differentiation than hybrid T. latifolia 

haploid datasets (Table 5.3). Furthermore, the results of the AMOVA revealed there was 
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much less molecular variation among stands in the hybrid T. latifolia dataset than in the 

parental T. latifolia dataset across wetlands, and no difference in the distribution of 

genetic variance between hybrid and progenitor T. latifolia datasets across all sites or in 

ditches (Table 5.3). Patterns of spatial genetic structure were similar between parental 

and hybrid T. latifolia datasets whether across all sites or across wetlands or ditches. 

Isolation by distance was insignificant for both dataset types (p ≥ 0.056; Table 5.4). 

Patterns of spatial autocorrelation across all sites were different between parental and 

hybrid T. latifolia datasets as there was no significant spatial autocorrelation in the 

parental T. latifolia dataset whereas there was significant spatial autocorrelation for some 

distance classes between 200 and 550 km in the hybrid T. latifolia dataset (200 km r = 

0.486, p <0.04; 250 km: r = 0.316, 0.012 ≤ p ≤ 0.109; 300 km: r = 0.316, p < 0.100; 500 

km: r = 0.163, 0.025 ≤ p ≤ 0.124; 550 km: r = 0.316, 0.023 ≤ p ≤ 0.131).  

FLOCK analysis involving all MLGs revealed that each taxon grouped together, 

as indicated by a k ≥ 3 that was consistent with each taxon comprising a cluster with no 

subdivision within taxa (Figure 5.2a). Typha angustifolia genotypes aligned almost 

entirely with one cluster (orange), while a few of T. latifolia and T. × glauca had a higher 

proportion of membership to a different cluster. For T. × glauca, these genotypes were 

provisionally identified as backcrosses to either T. latifolia (blue) or T. angustifolia 

(orange). The genotypes identified as T. latifolia genotypes that were most like the T. × 

glauca group (yellow) all had alleles at TA7 (a locus at which species-specific alleles 

have not been identified) that were much more common in T. angustifolia or T. × glauca 

than in T. latifolia. MLGs arranged by site within site types reveal that clustering was not 

dependent on site type or location (Figure 5.2b). Typha latifolia did not exhibit 
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substructure, with FLOCK identifying an ‘undecided’ number of clusters for T. latifolia 

(interpreted as a K of 1; Duchense and Turgeon, 2012). Three clusters were identified for 

T. angustifolia (Figure 5.2c): two of which (blue and orange) have genotypes scattered 

across the sampling area and one (yellow) comprised almost entirely of MLGs from a 

ditch in southern Ontario (site COD). The T. angustifolia in the orange and blue clusters 

were distinguished by alleles at TA8 (274 common in the orange cluster and 287 in blue) 

and TL213 (231 common in orange and 229 common in blue). The T. angustifolia in site 

COD were distinguished by a private allele at locus TA7 (208; allele frequency 0.18) and 

high frequencies of an allele at each of TA7 (210; allele frequency 0.68) and TL305 (321; 

allele frequency 0.41) that were relatively rare in T. angustifolia in the other sites (mean 

allele frequencies of TA7-210 and TL305-321 in T. angustifolia across remaining sites: 

0.08 and 0.13, respectively). Two clusters were identified for T. × glauca (Figure 5.2d). 

One cluster (blue cluster, Figure 5.2d) mostly comprised F1s (43%), and MLGs 

provisionally assigned as backcrosses to T. latifolia (38%), or advanced generation 

hybrids (18%). The other cluster (orange, Figure 5.2d) mostly comprised F1s (75%) and 

MLGs provisionally assigned as backcrosses to T. angustifolia (17%).  

5.4.3 Clonal richness and genetic diversity in Typha 

 I compared clonal richness and genetic diversity indices between taxa and site 

types to explore whether hybrids have greater genetic diversity than progenitors. Clonal 

richness ranged from 0.059 to 1 across taxa and sites (Table 5.5). There was not a 

significant difference in clonal richness between taxa (F2, 29.07 = 0.001, p = 0.999; overall 

mean ± SE: 0.414 ± 0.036), but clonal richness was significantly greater in ditches (0.475 
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± 0.044) than in wetlands (0.347 ± 0.055) (F2, 21.65 = 5.503, p = 0.029) with no significant 

interaction between taxa and site type (F2, 29.07 = 0.877, p = 0.427).  

Hybrids had greater genetic diversity than either progenitor species. Averaged 

across all sites, allelic richness and effective number of alleles ranged from 2.25 to 3.35, 

and 1.53 to 2.54, respectively and average observed and expected heterozygosity for the 

different taxa ranged from 0.187 to 0.782, and 0.271 to 0.593, respectively (Table 5.5). 

Taxon was a significant factor for each diversity metric (p ≤ 0.001), though site type and 

the interaction between site type and taxon were not (p ≥ 0.347) (Table A5.2). Post-hoc 

tests revealed that all genetic diversity metrics were significantly greater in T. × glauca 

than in either T. latifolia or T. angustifolia (T. × glauca–T. angustifolia: -4.48 ≤ t ≤ -4.14, 

p < 0.001; T. × glauca–T. latifolia: -10.70 ≤ t ≤ -8.14, p < 0.001) and that metrics were 

not different between T. latifolia and T. angustifolia (0.74 ≤ t ≤ 2.27; p≥ 0.340). 

Observed heterozygosity of T. latifolia was significantly lower than expected in nine 

sites, though there were no significant differences between Ho and He for T. angustifolia 

at any site (Table A5.3). Heterozygosity was higher than expected in T. × glauca in all 

but two sites (EDW and SAD, Table A5.3), each of which had a high proportion of 

MLGs provisionally identified as backcrosses to T. latifolia and advanced generation 

hybrids, comprising the T. × glauca MLGs. Site-level genetic diversity indices and FIS 

for each taxon are provided in Table A5.3. 

The simulated haploid datasets revealed no differences in genetic diversity 

metrics (AR, Ne, h) between progenitors and hybrids for either T. latifolia or T. 

angustifolia, nor was there a difference in genetic diversity based on site type, nor an 

interaction between site type and dataset type for either T. latifolia or T. angustifolia 
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(Table 5.6; p > 0.1; Table A5.4). Site-level genetic diversity indices for the simulated 

haploid datasets for hybrids and progenitors are in Table A5.5. 

 

5.5 Discussion 

This work used population genetics data to infer whether the hybrid cattail, T. × 

glauca, is more successful at dispersing to and establishing within stands compared to its 

progenitor species. Hybrid cattails are the most dominant cattail in southern Ontario and 

Quebec, Canada, and in parts of Michigan, USA (Travis et al., 2010; Kirk et al., 2011a; 

Freeland et al., 2013) where they often have deleterious effects on wetlands; in addition, 

they are increasing their distribution across the Prairie Pothole Region of North America 

(K. Gow unpublished data) and in eastern Canada (K. Tisshaw pers. comm.). Over a 

broad spatial scale spanning approximately 1700 km, I found that T. angustifolia was the 

least common cattail (77 MLGs in 8 sites) with most of the T. angustifolia found in 

Michigan, and that T. latifolia and T. × glauca were found at most sites across the 

sampling region (~300 MLGs in 18 of 22 sites for each taxon). Mechanisms of hybrid 

cattail dominance over progenitors are well documented at local scales (e.g., Travis et al., 

2010; Bunbury-Blanchette et al., 2015; Zapfe and Freeland, 2015; Szabo et al., 2018), 

however it is not clear whether hybrids are also more able than progenitors to spread 

across broad spatial scales. If hybrids exhibit more effective dispersal than their 

progenitors, it will accelerate their spread across the landscape, and, as T. × glauca is 

fertile, facilitate widespread introgression. I predicted that the hybrid exhibits less genetic 

differentiation and spatial genetic structure compared to its parental species and that the 

hybrid has greater clonal richness and genetic diversity than its progenitors. I further 
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predicted that differences in genetic differentiation between hybrids and progenitors 

would be greater in ditches than in wetlands as I expected hybrids are better able to 

disperse to and establish in disturbed sites. Overall, I found that genetic differentiation 

and spatial genetic structure were greatest in the hybrids, and greater in T. angustifolia 

than in T. latifolia. Genetic diversity was greater in T. × glauca than in either progenitor, 

but comparable between T. latifolia and T. angustifolia. Clonal richness was similar 

across taxa. There were very few differences in genetic diversity and genetic structure 

between Typha in wetlands versus those in ditches; however clonal richness across taxa 

was greater in ditches than in wetlands. Below I discuss what these findings suggest 

about gene flow in hybrids and how processes operating at local and landscape scales can 

affect the spread of hybrids.  

5.5.1 Genetic differentiation 

Genetic differentiation is strongly influenced by gene flow, which in turn is 

important within hybridizing species complexes as it influences the rate at which novel 

hybrids spread across the landscape. Furthermore, gene flow by fertile hybrids can affect 

rates of introgression and the potential for genetic assimilation of progenitor species 

(Arnold 1997; Ayres et al., 2004). Plants exhibit a variety of dispersal mechanisms which 

operate at different spatial scales and could, therefore, have a variety of impacts on 

genetic structure (Eckert et al., 2016). For example, in the clonal wetland invader, 

Phragmites australis, long-distance dispersal of clonal fragments via waterways is 

thought to have contributed to genetic clusters comprised of plants spread across Atlantic 

Canada, Maine, and Ontario, while leading-edge dispersal of seeds over land yielded 

localized spatial structure (Kirk et al., 2011b). Therefore, there is potential for 
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hybridization to affect patterns of dispersal in a variety of ways, such as increased 

opportunities for seed or pollen dispersal (e.g., Gillies et al., 2016), different dispersal 

distances (e.g., Lamberti-Raverot et al., 2017), and/or greater establishment success (e.g., 

Ayres et al., 2004) compared to progenitors.  

Species with limited dispersal typically show more genetic structure than species 

with long-distance dispersal (Loveless and Hamrick, 1984). Typha × glauca showed 

higher levels of genetic differentiation, stronger isolation by distance, and stronger spatial 

autocorrelation at all distance classes than either progenitor species based on both the 

diploid and haploid datasets (except compared to T. latifolia in wetlands; see below). 

Typha angustifolia exhibited greater genetic differentiation, stronger isolation by 

distance, and stronger spatial genetic structure than T. latifolia, although, spatial patterns 

of T. angustifolia should be interpreted with some caution. Analyses of genetic 

differentiation and spatial structure revealed T. angustifolia in a ditch in southern Ontario 

(site COD) to be anomalous compared to T. angustifolia in other sites. Typha angustifolia 

in site COD had high frequency alleles at two loci that were rare or absent in T. 

angustifolia from other sites, and T. angustifolia in COD comprised their own cluster in 

the FLOCK analysis. The site had a disproportionate influence on patterns of genetic 

differentiation and spatial genetic structure in the diploid dataset. Specifically, when site 

COD was excluded from analyses of genetic differentiation and spatial genetic structure, 

there was no evidence of the genetic structure that was evident when COD was included. 

In the haploid dataset, the inference that T. × glauca has greater genetic structure than T. 

angustifolia persisted when COD was excluded, though the differences between the 

progenitor and hybrid T. angustifolia haploid datasets were greater than when COD was 
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included, indicating gene flow may be even more restricted in T. × glauca than in T. 

angustifolia. More extensive study of T. angustifolia may be required to more clearly 

uncover spatial genetic patterns as T. angustifolia was the least common taxon and 

therefore numbers of sites and MLGs within sites were limited in this study. In addition 

to insignificant spatial autocorrelation, Typha latifolia exhibited the lowest genetic 

differentiation and weakest IBD compared to the other two taxa based on both the diploid 

and haploid datasets (except in wetlands for the haploid data; see below). Together, this 

indicates that gene flow is most spatially restricted in the hybrid cattail and that the 

native, T. latifolia, is the least genetically structured.   

Examining patterns of genetic structure of the haploid data in addition to the 

diploid data allowed me to explore relative contributions of each progenitor to the genetic 

structuring of the hybrid. Other studies that have examined genetic structure of hybrids 

and their progenitors analyzed genetic structure of species complexes with and without 

hybrids included in analyses to determine how the presence of the hybrid changes the 

genetic structure of the species complex (e.g., Valbuena-Carabaña et al., 2007; 

Castiglione et al., 2010; Zalapa et al., 2010). Here, however, I have compared spatial 

genetic patterns of progenitors and their hybrid, but also of parental alleles within 

progenitors and the hybrid to unravel how each parental species contributes to the genetic 

structure of T. × glauca. Hybrids exhibiting more genetic structure than progenitors could 

reflect selective incorporation of parental alleles in hybrids. This is not likely the case 

here, as I found similar genetic diversity across all metrics between progenitor and hybrid 

haploid datasets for both T. latifolia and T. angustifolia. Comparisons of the hybrid and 

progenitor T. angustifolia haploid datasets indicated that there is less genetic 
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differentiation of T. angustifolia alleles in the progenitor than in the hybrid, suggesting 

that the hybrid restricts the movement of T. angustifolia alleles. However, in the T. 

latifolia haploid datasets, genetic structure was similar for alleles in the progenitor and 

the hybrid, suggesting that the hybrid has little influence on the movement of T. latifolia 

alleles (except in wetlands, see below). Typha × glauca are formed almost exclusively 

with T. angustifolia acting as the seed parent and T. latifolia as the pollen parent (Kuehn 

et al., 1999; Pieper et al., 2017). That the hybrid restricts the movement of T. angustifolia 

alleles, but not T. latifolia alleles could suggest that gene flow is more limited by the 

maternal than the paternal parent and therefore that dispersal of hybrids by seed is 

limited. Most of the comparisons from both the haploid and diploid datasets indicate that 

the hybrid exhibits the greatest degree of genetic structure of these taxa. This may reflect 

differences in the spread of each taxon across North America. Typha latifolia is native to 

North America (Grace and Harrison, 1986) and it has been in the northeastern part of the 

continent since at least the Holocene (Shih and Finkelstein, 2008). Typha angustifolia, on 

the other hand, is native to Europe and may have arrived in North America as recently as 

European colonization (Ciotir et al., 2013a; Ciotir and Freeland, 2016). Typha 

angustifolia increased in abundance from east to west from New England to Ontario and 

Michigan from about 1900 to 1970 (Shih and Finkelstein, 2008), seemingly via leading 

edge expansion. Typha × glauca was first reported in North America in the 1880s near 

Cayuga Lake, NY, USA (reported in Galatowisch et al., 1999). If it has been formed 

repeatedly in various locations based on where T. angustifolia are (or were historically) 

present, as opposed to following a pattern of leading edge expansion, we would expect to 

find greater genetic structure in the hybrid relative to the progenitor species as was found 
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here. Hybrids likely exhibit limited (but not zero) dispersal after formation, reflecting the 

greater importance of local processes compared to landscape-scale processes.    

Patterns of gene flow could be further influenced by different site types that offer 

different opportunities for dispersal and/or establishment of hybrids and progenitors. The 

distribution of hybrids and progenitors across the landscape can be determined by 

environmental factors if progenitors and hybrids exhibit different habitat preferences 

(e.g., Quercus spp.; Dodd and Afzal-Rafii, 2004; Ortego et al., 2014). However, where 

distributions and habitats of taxa overlap, as is the case with Typha (Olson et al., 2009; 

Travis et al., 2011; Freeland et al., 2013; Pieper et al., 2018), differences in the abilities 

of taxa to disperse to and establish within sites become important in understanding 

patterns of hybridization and introgression. Here I found that for the most part, genetic 

differentiation and patterns of spatial genetic structure did not differ between wetlands 

and ditches within taxa, suggesting that gene flow within a taxon is similar between site 

types. However, while spatial genetic patterns in hybrid and progenitor T. latifolia 

haploid datasets were similar across all sites and in ditches, genetic differentiation and 

spatial genetic structure were greater in progenitor than in hybrid T. latifolia haploid 

datasets, suggesting the hybrid facilitates the movement of T. latifolia alleles in wetlands 

but not ditches. Genetic differentiation was much lower for hybrid T. latifolia haploid 

data in wetlands than in any other haploid dataset. This is somewhat surprising as the 

wetland sites included in the hybrid T. latifolia dataset are spread across a broad spatial 

scale spanning parts of Michigan and southern Ontario. It is unclear why T. latifolia 

alleles in T. × glauca would be more similar between wetlands than between ditches, but 

if hybrids are better able to disperse than T. latifolia in wetlands, they could have 
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negative impacts on native plant diversity as hybrid cattails reduce the diversity of native 

plants (Tuchman et al., 2009), which are more likely to be found in relatively undisturbed 

wetlands sites than in roadside ditches (Zedler and Kercher, 2004). The approach I used 

here should be applied to more ditch and wetland sites in the future to determine whether 

T. × glauca do indeed have greater dispersal than T. latifolia among wetlands. 

5.5.2 Genetic diversity and clonal richness 

The amount of sexual versus vegetative reproduction has substantial impacts on 

gene flow, because higher levels of sexual reproduction should yield greater gene flow 

via seeds and pollen compared to clonal reproduction. In Sparganium emersum, for 

example, gene flow is mediated primarily through seed dispersal such that there is little 

genetic differentiation between stands that reproduce sexually, but genetic structure exists 

where stands reproduce exclusively through clonal means (Pollux et al., 2007). This 

suggests that T. latifolia, which was found to have the least genetic differentiation among 

the study taxa, should have the highest clonal richness (as a proxy for sexual 

reproduction) and T. × glauca which had the highest genetic differentiation should have 

the lowest clonal richness. However, all taxa exhibited comparable levels of clonal 

richness, suggesting that each taxon is engaging in similar amounts of sexual and clonal 

reproduction. It is therefore likely that inferences of greater gene flow in T. latifolia 

compared to the other two taxa may not be attributable to greater sexual reproduction. 

Early work on Typha suggested that stands are initially colonized by a few propagules 

and then maintained by clonal expansion with established stands providing few 

opportunities for seedling establishment (McNaughton, 1968; Grace and Wetzel, 1981). 

This should yield a pattern of high genetic differentiation between stands and low clonal 
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diversity within stands. This pattern was not found here or in other recent work on Typha 

(e.g., Tsyusko et al., 2005; Travis et al., 2010; McKenzie-Gopsill et al., 2012). This 

suggests, therefore, that sexual reproduction is occurring more than had been previously 

thought for Typha and that it is similar between these taxa, but that it is not closely 

associated with genetic differentiation across broad spatial scales.  

I expected that genetic diversity and clonal richness would be greater in ditches 

than in wetlands, reflecting greater dispersal and establishment in the former compared to 

the latter. I found that clonal richness was higher in ditches than in wetlands across taxa. 

Greater clonal richness in ditches reflects greater recruitment which could indicate 

greater dispersal to ditches and/or more successful establishment in disturbed habitats. 

That clonal richness is greater in ditches than in wetlands, despite genetic differentiation 

being similar in the two site types (see above), likely reflects differences in establishment 

and persistence of genets in each site type rather than differences in dispersal between 

ditches and wetlands. Ditches, as defined in this study, are expected to experience 

frequent turnover of individuals from on-going disturbance (e.g., from vehicular traffic 

on adjacent roads, mowing, run-off and debris from roads, higher incidence of water level 

draw-down). This could yield greater clonal richness by introducing open spaces for new 

recruits to establish within stands.  Furthermore, if turnover is higher in disturbed ditches 

then stands may be relatively young, and younger stands may have greater clonal richness 

due to less time for clonal selection to have occurred (e.g., Phragmites austrailis, 

Hazelton et al., 2015). However, genetic diversity was not higher in ditches compared to 

wetlands, and this could be explained by larger population sizes and therefore slower 

genetic drift in the latter. Levels of genetic diversity and clonal richness therefore likely 



171 
 

reflect differences in characteristics of sites at local scales rather than differences in 

dispersal at broader scales.  

5.5.3 Local- vs landscape-scale processes 

The success of hybridizing invaders is often attributed to local scale processes 

such as outcompeting progenitors within sites (e.g., Ayres et al., 2004; Parepa et al., 

2014). However, understanding the role of landscape-scale processes is also important for 

understanding how hybrids are so successful. Specifically, we can start to understand 

whether the success of invasive hybrids depends largely on local processes, or if hybrid 

success is also influenced by landscape-scale processes, most notably dispersal. In some 

cases, hybridization may yield advantages that operate both locally and across broad 

scales. For example, Japanese knotweed (Fallopia japonica) employs only clonal 

reproduction in Europe and as such, has very low genetic diversity and limited potential 

for broad-scale dispersal (reviewed in Bailey et al., 2009). Its hybrid, F. × bohemica, 

produces copious amounts of seed yielding new genotypes, some capable of 

outperforming progenitors, and with the potential for greater dispersal than F. japonica 

(Buhk and Thielsch, 2015).  

Hybrids can be dominant over progenitors across a large region such as that 

occupied by T. × glauca either through repeated local formation with limited dispersal of 

hybrid seed, long-distance dispersal of hybrids across the landscape, or a combination of 

both. That T. × glauca exhibits a greater degree of spatial genetic structuring according to 

most comparisons with parental species suggests either limited dispersal/establishment of 

the hybrid compared to progenitors or that the hybrid has been formed repeatedly across 

its distribution and insufficient time has passed for alleles within the hybrid to 
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homogenize across the landscape. Both scenarios suggest that the hybrid is dominant in 

northeastern North America through local processes rather than via broad-scale dispersal. 

Presently, most hybrids in northeastern North America are first generation hybrids 

(Travis et al., 2010; Kirk et al., 2011a; Freeland et al., 2013; this study), however as T. 

angustifolia is the least common taxon, particularly in southern Ontario and Atlantic 

Canada, future hybrid formation may be increasingly skewed toward advanced 

generation hybrids because hybrids can act as both pollen and seed parents (Pieper et al., 

2017). The implications of this for the invasiveness of the species complex is unknown as 

advanced generation hybrids may be less fit than first generation hybrids due to 

incompatibilities of genomes (‘hybrid breakdown’; reviewed in Burton et al., 2013), or 

they may yield opportunities for more invasive genotypes due to the increased variation 

in gene combinations in advanced generation hybrids compared to F1s (Arnold, 1997).   

Greater dispersal between stands can increase genetic diversity within stands by 

moving foreign alleles into sites. However, even if hybrids have similar or restricted 

dispersal compared to their progenitors, they may have an advantage over progenitors 

locally by having greater genetic diversity. Greater standing genetic variation in hybrids 

compared to progenitors can generate novel genotypes with adaptive potential (Buhk and 

Thielsch, 2015) and increases in heterozygosity can increase fitness in hybrids via 

heterosis (Ellstrand and Schierenbeck, 2000). This could give hybrids an advantage over 

progenitors at local scales despite a seemingly restricted potential for dispersal. For 

example, the presence of hybrid elms (Ulmus pumila × rubra) had inconsistent effects on 

the genetic differentiation of its progenitor, U. pumila, however the hybrid did have 

greater genetic diversity than the progenitor at local scales, possibly contributing to the 
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increased invasiveness of the hybrid (Zalapa et al., 2010). In Typha, high heterozygosity 

in hybrids compared to progenitors is due to most hybrids being F1s and therefore 

heterozygous at species-specific loci. Competitive superiority of hybrids over progenitors 

reported at local scales for a variety of traits (Bunbury-Blanchette et al., 2015; Zapfe and 

Freeland, 2015; Szabo et al., 2018) may be due to heterosis. High heterozygosity in T. × 

glauca compared to progenitors may therefore give the hybrid an advantage at local 

scales despite spatially restricted dispersal.  

The findings of the present study combined with what is known about Typha at 

local scales suggest that local-scale processes are more important than landscape-scale 

processes in driving the success of hybrid cattails in northeastern North America. At 

small scales (i.e., within stands or in common gardens) hybrids exhibit greater clonal 

growth (Travis et al., 2010; Bunbury-Blanchette et al., 2015), height (Zapfe and Freeland, 

2015), and germination (Szabo et al., 2018) compared to progenitors, but, as found here, 

hybrids exhibit genetic structure which may indicate limited dispersal combined with 

relatively recent (and ongoing) local hybrid formation. That the three Typha taxa 

clustered into three discrete groups corresponding to those taxa indicates that species 

boundaries of the progenitors are currently maintained across a broad spatial scale. 

However, continued introgression is predicted to lead to the eventual replacement of 

progenitors by the hybrid through a combination of wasted sexual reproductive effort by 

T. latifolia and a high risk of genetic swamping in T. angustifolia (Pieper et al., 2017). 

The success of hybrids within stands suggests that even if dispersal leads to the 

introduction of very few hybrids into novel sites, local processes may lead to site 
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domination by hybrids within a relatively short period of time, which in turn could allow 

T. × glauca to invade sites from which T. angustifolia is absent.   
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5.7 Tables 

Table 5.1: Differentiation metrics for three Typha taxa either for all sites combined showing means ± SE over all loci and sites. 

Differentiation was significant (AMOVA; p=0.001) for all metric × taxon combinations. ‘N’ is number of sites used to calculate 

metrics. 

 

 

  

  T. latifolia T. angustifolia T. × glauca 

  

N FST DEST 

Among 

sites 

(%) 

Within 

sites 

(%) 

N FST DEST 

Among 

sites 

(%) 

Within 

sites 

(%) 

N FST DEST 

Among 

sites 

(%) 

Within 

sites 

(%) 

All sites 13 

0.107 

± 

0.011 

0.049 

± 

0.015 

15 85 4 

0.194 

± 

0.060 

0.166 

± 

0.068 

23 77 11 

0.097 

± 

0.021 

0.169 

± 

0.033 

8 92 

Wetlands 6 

0.095 

± 

0.017 

0.043 

± 

0.014 

       5 

0.084 

± 

0.019 

0.159 

± 

0.036 

  

Ditches 7 

0.103 

± 

0.013 

0.055 

± 

0.016 

       6 

0.101 

± 

0.023 

0.194 

± 

0.038 
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Table 5.2: Results of isolation by distance (IBD) analyses for each Typha taxon across all sites and across wetlands and ditches 

separately. IBD was calculated using each of three different differentiation metrics. ‘N’ is number of sites used to calculate metrics. 

Sample sizes were too small for T. angustifolia to warrant assessing IBD for wetlands and ditches separately. P-values ≤ 0.05 are in 

bold.  

 

 

  

  T. latifolia T. angustifolia T. × glauca 

  
N 

FST DEST 
N 

FST DEST 
N 

FST DEST 

 r p r p r p r p r p r p 

All sites 13 0.233 0.042 0.241 0.040 4 0.852 0.058 0.824 0.031 11 0.517 0.001 0.448 <0.001 

Wetlands 6 0.371 0.160 0.456 0.170      5 0.726 0.048 0.690 0.080 

Ditches 7 0.465 0.035 0.259 0.160      6 0.788 0.005 0.673 0.010 
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Table 5.3: Genetic differentiation (ΦPT) and AMOVA results for T. latifolia and T. angustifolia alleles present in progenitor species 

and in T. × glauca across all sites and in each of wetland and ditch sites. Differentiation based on T. angustifolia alleles in progenitors 

was not assessed separately for wetlands and ditches due to small sample size. Where applicable, ranges of p-values calculated across 

the 50 simulated datasets are presented. Other values presented are means followed by 95% confidence intervals (lower, upper). If 

only one or two values are presented with no confidence interval it is because there was so little variation between the simulated 

datasets that only one or two values were generated.  P-values ≤ 0.05 are highlighted in bold.  

 

  

  T. latifolia T. angustifolia 

  

N ΦPT p 

AMOVA 

among 

(%) 

AMOVA 

within 

(%) 

N ΦPT p 

AMOVA 

among 

(%) 

AMOVA 

within 

(%) 

All sites 

In progenitor 13 

0.111 

(0.107, 

0.114) 
0.001 

11.12 

(10.77, 

11.47) 

88.88 

(88.53, 

89.23) 

4 

0.166 

(0.159, 

0.173) 
0.001 

16.65 

(15.94, 

17.38) 

83.35 

(82.62, 

84.06) 

In T. × glauca 9 0.135 0.001 13 87 10 

0.226 

(0.225, 

0.227) 
0.001 22, 23 77, 78 

Wetlands 

In progenitor 6 

0.121 

(0.114, 

0.128) 
0.001 

11.88 

(11.04, 

12.72) 

88.12, 

(87.28, 

88.96) 

     

In T. × glauca 3 
0.021, 

0.043 
>0.10 2, 4 96, 98 4 

0.155 

(0.153, 

0.159) 
<0.05 

15.58 

(15.24, 

15.92) 

84.42 

(84.08, 

84.76) 

Ditches 

In progenitor 7 

0.119 

(0.114, 

0.124) 
0.001 

11.96 

11.46, 

12.46 

88.04 

87.54, 

88.54 

     

In T. × glauca 6 

0.149 

(0.147, 

0.150) 
0.001 

14.78 

(14.63, 

14.94) 

85.22 

(85.07, 

85.38) 

6 

0.280 

(0.279, 

0.281) 
0.001 

28.02 

(27.89, 

28.16) 

71.98 

(71.85, 

72.12) 
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Table 5.4: Results of assessment of isolation by distance (IBD) for T. latifolia and T. angustifolia alleles present in progenitor species 

and in T. × glauca across all sites and in each of wetland and ditch sites. Analyses were based on ΦPT and log+1 geographic distances 

(km) between sites. Differentiation based on T. angustifolia alleles in progenitors was not assessed separately for wetlands and ditches 

due to small sample size. Where applicable, ranges of p-values calculated across the 50 simulated datasets are presented. Other values 

presented are means followed by 95% confidence intervals (lower, upper). If only one or two values are presented with no confidence 

interval it is because there was so little variation between the simulated datasets that only one or two values were generated. P-values 

≤ 0.05 are highlighted in bold.  

 

  

  T. latifolia T. angustifolia 

  N r p N r p 

All sites 

In progenitor 13 

-0.029 

(-0.046, -

0.013) 

≥0.120 4 
0.921 

(0.909, 0.934) 
0.020 ≤ p ≤ 0.100 

In T. × glauca 9 0.151 ≥0.130 10 
0.261 

(0.256, 0.267) 
0.033 ≤ p ≤ 0.098 

Wetlands 

In progenitor 6 
0.274 

(0.237, 0.311) 

0.056 ≤ p ≤ 

0.620 
   

In T. × glauca 3 0.245, 0.489 ≥0.410 4 
0.629 

(0.611, 0.648) 
0.064 ≤ p ≤ 0.149 

Ditches 

In progenitor 7 

-0.077 

(-0.106, -

0.047) 

≥0.120    

In T. × glauca 3 
0.380 

(0.376, 0.384) 
≥0.140 6 

0.173 

(0.169, 0.178) 
≥0.250 
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Table 5.5: Genetic diversity metrics of Typha (means ± SE). Metrics included are: clonal richness (R), rarefied allelic richness (AR), 

number of effective alleles (Ne), observed heterozygosity (Ho), and unbiased expected heterozygosity (He). Only sites with at least 10 

MLGs were included in calculations (except R; see note below table). ‘N’ is number of sites used in calculating means and SE (except 

R, see note). 

 

 

 

 

 

 

 

+
 Means calculated based on all values of R. See Table A5.1 for sample size 

  

 
T. latifolia T. angustifolia T. × glauca 

N R+ AR Ne Ho He N R+ AR Ne Ho He N R+ AR Ne Ho He 

All sites 13 

0.39 

± 

0.05 

2.25 

± 

0.08 

1.53 

± 

0.05 

0.187 

± 

0.018 

0.271 

± 

0.023 

4 

0.47 

± 

0.12 

2.39 

± 

0.13 

1.66 

± 

0.09 

0.281 

± 

0.053 

0.339 

± 

0.041 

11 

0.42 

± 

0.06 

3.35 

± 

0.11 

2.54 

± 

0.11 

0.782 

± 

0.030 

0.593 

± 

0.015 

Wetlands 6 

0.36 

± 

0.08 

2.15 

± 

0.09 

1.44 

± 

0.06 

0.157 

± 

0.024 

0.248 

± 

0.032 

2 

0.23 

± 

0.08 

2.41 

± 

0.22 

1.69 

± 

0.20 

0.326 

± 

0.067 

0.344 

± 

0.064 

5 

0.37 

± 

0.11 

3.34 

± 

0.23 

2.51 

± 

0.22 

0.772 

± 

0.051 

0.589 

± 

0.024 

Ditches 7 

0.43 

± 

0.05 

2.33 

± 

0.11 

1.60 

± 

0.07 

0.212 

± 

0.021 

0.291 

± 

0.023 

2 

0.58 

± 

0.13 

2.17 

± 

0.17 

1.62 

± 

0.04 

0.237 

± 

0.016 

0.333 

± 

0.060 

6 

0.46 

± 

0.07 

3.35 

± 

0.10 

2.56 

± 

0.11 

0.790 

± 

0.037 

0.596 

± 

0.020 
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Table 5.6: Diversity metrics (means ± SE) for T. latifolia and T. angustifolia alleles present in progenitor and in T. × glauca across all 

sites and in each of wetland and ditch sites. Values are. N = number of sites; AR = rarefied allelic richness; Ne = number of effective 

alleles; h = unbiased genetic diversity. 

 

 

 

  

 
T. latifolia T. angustifolia 

N AR Ne h N AR Ne h 

All sites 

In progenitor 13 
1.80 ± 

0.09 

1.38 ± 

0.05 

0.234 ± 

0.025 
4 

2.18 ± 

0.19 

1.73 ± 

0.15 

0.360 ± 

0.063 

In T. × glauca 9 
1.74 ± 

0.09 

1.28 ± 

0.06 

0.181 ± 

0.035 
10 

2.22 ± 

0.10 

1.65 ± 

0.09 

0.342 ± 

0.034 

Wetlands 

In progenitor 6 
1.72 ± 

0.11 

1.34 ± 

0.06 

0.224 ± 

0.036 
2 

2.37 ± 

0.14 

1.89 ± 

0.10 

0.416 ± 

0.035 

In T. × glauca 3 
1.64 ± 

0.07 

1.17 ± 

0.04 

0.129 ± 

0.025 
4 

2.39 ± 

0.09 

1.84 ± 

0.04 

0.406 ± 

0.014 

Ditches 

In progenitor 7 
1.86 ± 

0.14 

1.41 ± 

0.08 

0.243 ± 

0.036 
2 

1.98 ± 

0.23 

1.56 ± 

0.19 

0.302 ± 

0.102 

In T. × glauca 6 
1.79 ± 

0.13 

1.34 ± 

0.08 

0.207 ± 

0.049 
6 

2.11 ± 

0.14 

1.53 ± 

0.12 

0.299 ± 

0.050 



190 
 

5.8 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Locations and compositions of Typha stands used in this study. Sizes of circles indicate different site types rather than 

reflecting sample size. Wetland and ditch sites that represent one sampling region are connected by a solid black line as paired wetland 

and ditch sites are located within 20 km of each other. 
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Figure 5.2: Bar plots of genetic membership coefficients from FLOCK output. Each vertical bar is a multilocus genotype which is 

partitioned into k coloured segments that represent the proportion of membership in each cluster. (a) all MLGs arranged by taxon, (b) 

all MLGs arranged by site type (separated by a dashed line) and site. The colours are the same as in (a), (c) T. angustifolia arranged by 

site, (d) T. × glauca arranged by site. Colour-coding in (c) and (d) are independent of each other and from (a) and (b). Sites are 

arranged from west to east. Site codes ending in ‘D’ represent ditches and those ending in ‘W’ reprsent wetlands.  
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5.9 Appendix: STRUCTURE   

5.9.1 STRUCTURE analysis - Methods 

Data were analyzed in STRUCTURE (Pritchard et al., 2000) using an admixture 

ancestry model with correlated allele frequencies to estimate posterior probabilities of K. 

Analyses were carried out on k values ranging from 2 to 10 when all taxa were included 

and on k ranging from 1-10 for each taxon separately. Analyses were run with a burn-in 

of 30 000 and an MCMC run length of 100 000. Five runs were carried out for each value 

of k. I determined the most likely value of K using the Evanno method (Evanno et al., 

2005) in STRUCTURE Harvester (Earl and vonHoldt, 2012). If the smallest log 

likelihood was observed at k = 1 across all replicates I accepted that as the most likely 

value of K following Vonhof et al., (2016).  

 

5.9.2 STRUCTURE analysis - Results 

STRUCTURE identified a k of 3 using the Evanno et al., (2005) method when 

MLGs of all taxa were included in analyses. Each cluster aligned predominantly with 

either T. latifolia or T. angustifolia with T. × glauca MLGs having roughly equal 

portions of each progenitor cluster (Figure A5.1a) with no pattern of clustering by region 

or site type (Figure A5.1b). STRUCTURE identified a k of 1 for T. latifolia MLGs and 

substructure was identified in each of T. angustifolia and T. × glauca with estimated k 

values of 3 and 2, respectively. 
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5.10 Appendix: Supplementary tables and figures 
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Table A5.1: Location and composition of study sites. Site codes ending in ‘D’ indicate ditch sites and those ending in ‘W’ indicate 

wetland sites. Superscripts indicate that the site was included in the diploid (D), T. latifolia haploid (L), or T. angustifolia haploid (A) 

datasets. 

    T. latifolia T. angustifolia T. × glauca 

    Ramets Genets Ramets Genets Ramets Genets 

Region 
Site 

code 

Location 

(°N, °W) 
N % N % N % N % N % N % 

Cheboygan, MI 
CHD 45.641, 84.459 0 0 0 0 15 16 6 27 77 84 16D, A, L 73 

CHW 45.645, 84.424 0 0 0 0 45 47 16 D, A 53 51 53 14 D, A, L 47 

Lapeer, MI 
LAD 43.043, 83.328 33 33 11 D, L 31 29 29 13 D, A 36 39 39 12 D, A, L 33 

LAW 43.018, 83.361 22 21 5 42 15 14 2 17 69 65 5 42 

West Branch, MI 
WBD 44.276, 84.269 0 0 0 0 10 12 8 13 76 88 56 D, A, L 88 

WBW 44.404, 84.268 47 47 19 D, L 70 0 0 0 0 52 53 8 30 

Pickering, ON 
PID 43.834, 79.060 0 0 0 0 0 0 0 0 97 100 29 D, A, L 100 

PIW 43.820, 79.042 11 13 4 14 51 58 15 D, A 52 26 30 10 D, A 34 

Kingston, ON 
ODD 44.250, 76.572 47 48 25 D, L 43 1 1 1 2 50 51 32 D, A, L 55 

ODW 44.252, 76.616* 5 5 4 25 0 0 0 0 88 95 12 D, A, L 75 

Cornwall, ON 
COD 45.044, 74.750 39 39 18D, L 51 28 28 10 D, A 29 32 32 7 20 

COW 45.042, 74.833 5 6 4 10 0 0 0 0 82 94 36 D, A, L 90 

Montmagny, QC 
MOD 46.937, 70.653 41 60 23 D, L 66 4 6 4 11 23 34 8 23 

MOW 47.726, 69.340 99 100 12 D, L 100 0 0 0 0 0 0 0 0 

Edmundston, NB 
EDD 47.034, 67.768 63 93 18 D, L 82 0 0 0 0 5 7 4 18 

EDW 47.159, 67.922 66 80 12 D, L 55 0 0 0 0 16 20 10 D 45 

Fredericton, NB 
FRD 45.924, 66.634 65 96 39 D, L 95 0 0 0 0 3 4 2 5 

FRW 45.887, 66.634 108 100 32 D, L 100 0 0 0 0 0 0 0 0 

Sackville, NS 
SAD 45.870, 64.132 9 15 5 13 1 2 1 3 52 84 34 D, A, L 85 

SAW 45.973, 64.016 81 100 43 D, L 100 0 0 0 0 0 0 0 0 

Halifax, NS HAD 44.739, 63.253 72 99 20 D, L 95 1 1 1 5 0 0 0 0 
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*Precise location of site has been estimated

HAW 44.705, 63.460 71 95 11 D, L 73 0 0 0 0 4 5 4 27 
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Table A5.2: Results of linear effects models examining the effects of taxon, site type, 

and their interaction on genetic diversity metrics calculated using diploid data. Metrics 

included are: rarefied allelic richness (AR), number of effective alleles (Ne), observed 

heterozygosity (Ho), and unbiased expected heterozygosity (He). P-values ≤ 0.05 are 

highlighted in bold.  

 

Response variable Fixed effect F df p-value 

AR 

Taxon 35.586 2, 21.00 <0.001 

Site type 0.319 1, 21.00 0.578 

Taxon × Site type 1.061 2, 21.00 0.364 

Ne 

Taxon 40.251 2, 18.77 <0.001 

Site type 0.005 1, 18.84 0.942 

Taxon × Site type 0.536 2, 17.71 0.594 

Ho 

Taxon 35.030 2, 17.94 <0.001 

Site type 0.175 1, 17.89 0.681 

Taxon × Site type 0.370 2, 16.68 0.696 

He 

Taxon 57.819 2, 19.77 <0.001 

Site type 0.259 1, 20.21 0.617 

Taxon × Site type 1.120 2, 18.91 0.347 
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Table A5.3: Genetic diversity metrics of Typha latifolia and T. angustifolia (a) and T. × glauca (b) from sites. Sites ending in ‘D’ 

represent ditches and those ending in ‘W’ represent wetlands. Metrics included are: number of multilocus genotypes (G), clonal 

richness (R), rarefied allelic richness (AR), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity 

(He), and inbreeding coefficient (FIS). 

a) 

  T. latifolia T. angustifolia 

Site 

code 
Area G R AR Ne Ho He FIS G R AR Ne Ho He FIS 

CHD 
Cheboygan, 

MI 
0 - - - - - - 6 0.36 1.46+ 1.26 0.143 0.165 0.000 

CHW 
Cheboygan, 

MI 
0 - - - - - - 16 0.34 2.18 1.49 0.214 0.247 0.026 

LAD Lapeer, MI 11 0.31 1.86 1.30 0.130 0.186 0.227 13 0.43 2.35 1.66 0.252 0.360 0.196 

LAW Lapeer, MI 5 0.19 1.29+ 1.26 0.086 0.143 0.483 2 0.07 - - - - - 

WBD 
West Branch, 

MI 
0 - - - - - - 8 0.78 2.01+ 1.55 0.214 0.298 0.432 

WBW 
West Branch, 

MI 
19 0.39 2.02 1.55 0.120 0.311* 0.653 0 - - - - - - 

PID 
Pickering, 

ON 
0 - - - - - - 0 - - - - - - 

PIW 
Pickering, 

ON 
4 0.30 1.71+ 1.47 0.143 0.291 0.442 15 0.28 3.71 1.89 0.438 0.442 -0.036 
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ODD 
Kingston, 

ON 
25 0.52 2.56 1.82 0.314 0.351* 0.123 1 - - - - - - 

ODW 
Kingston, 

ON 
4 0.75 2.00+ 1.49 0.286 0.296 

-

0.150 
0 - - - - - - 

COD 
Cornwall, 

ON 
18 0.45 2.30 1.79 0.183 0.360* 0.425 10 0.33 2.00 1.59 0.221 0.307 0.260 

COW 
Cornwall, 

ON 
4 0.75 2.00+ 1.65 0.214 0.337 0.184 0 - - - - - - 

MOD 
Montmagny, 

QC 
23 0.55 2.70 1.64 0.211 0.327* 0.247 4 1.00 1.14+ 1.53 0.179 0.342 0.427 

MOW 
Montmagny, 

QC 
12 0.11 1.85 1.25 0.167 0.189 0.085 0 - - - - - - 

EDD 
Edmundston, 

NB 
18 0.27 2.44 1.60 0.198 0.298* 0.377 0 - - - - - - 

EDW 
Edmundston, 

NB 
12 0.17 2.39 1.28 0.095 0.192* 0.409 0 - - - - - - 

FRD 
Fredericton, 

NB 
39 0.59 2.41 1.65 0.212 0.268* 0.138 0 - - - - - - 

FRW 
Fredericton, 

NB 
32 0.29 2.22 1.60 0.205 0.270* 0.354 0 - - - - - - 

SAD Sackville, NS 5 0.50 1.54+ 1.33 0.229 0.222 
-

0.156 
1 - - - - - - 

SAW Sackville, NS 43 0.53 2.42 1.54 0.199 0.285* 0.236 0 - - - - - - 

HAD Halifax, NS 20 0.27 2.03 1.41 0.236 0.247 
-

0.015 
1 - - - - - - 
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HAW Halifax, NS 11 0.14 2.00 1.41 0.156 0.241 0.319 0 - - - - - - 

* Ho ≠ He p<0.05;  
+ AR rarefied down to 4 (see Methods for details about other AR and diversity metric calculations) 
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  T. × glauca 

Site code Area G R AR Ne Ho He FIS 

CHD 
Cheboygan, 

MI 
16 0.20 3.38 2.61 0.964 0.619* -0.627 

CHW 
Cheboygan, 

MI 
14 0.26 3.41 2.65 0.949 0.618* -0.623 

LAD Lapeer, MI 12 0.28 3.07 2.55 0.845 0.623* -0.452 

LAW Lapeer, MI 5 0.06 3.15+ 2.26 0.886 0.606* -0.659 

WBD 
West Branch, 

MI 
56 0.73 3.62 2.79 0.760 0.627* -0.234 

WBW 
West Branch, 

MI 
8 0.14 2.88+ 2.45 0.929 0.619* -0.612 

PID 
Pickering, 

ON 
29 0.29 3.54 2.84 0.980 0.651* -0.543 

PIW 
Pickering, 

ON 
10 0.36 3.57 2.69 0.871 0.651* -0.422 

ODD 
Kingston, 

ON 
32 0.63 3.45 2.44 0.746 0.577* -0.282 

ODW 
Kingston, 

ON 
12 0.13 3.61 2.70 0.953 0.645* -0.553 

COD 
Cornwall, 

ON 
7 0.19 3.29+ 2.90 0.714 0.694* -0.125 

COW 
Cornwall, 

ON 
36 0.43 3.69 2.87 0.889 0.649* -0.409 

b) 



202 
 

 

 

 

 

MOD 
Montmagny, 

QC 
8 0.32 2.83+ 2.69 0.893 0.654* -0.466 

MOW 
Montmagny, 

QC 
0 - - - - - - 

EDD 
Edmundston, 

NB 
4 0.75 2.43+ 1.96 0.250 0.403 0.272 

EDW 
Edmundston, 

NB 
10 0.60 2.43 1.65 0.200 0.380* 0.441 

FRD 
Fredericton, 

NB 
2 0.50 - - - - - 

FRW 
Fredericton, 

NB 
0 - - - - - - 

SAD Sackville, NS 34 0.65 3.04 2.12 0.445 0.481* 0.055 

SAW Sackville, NS 0 - - - - - - 

HAD Halifax, NS 0 - - - - - - 

HAW Halifax, NS 4 1.00 2.73+ 1.46 0.286 0.270 -0.173 
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Table A5.4: Results of linear effects models examining the effects of taxon type 

(parental or hybrid), site type, and their interaction on genetic diversity metrics calculated 

using haploid data. T. latifolia alleles (a) and T. angustifolia alleles (b) are presented. 

LMEs were conducted using mean values from the 50 simulated datasets based on sites 

with ≥10 multilocus genotypes. 

 (a) 

 

(b) 

Response variable Fixed effect F df p-value 

AR 

Taxon 2.514 1, 17.31 0.131 

Site type 1.736 1, 17.53 0.205 

Taxon × Site type 0.016 1, 17.31 0.900 

Ne 

Taxon 1.333 1, 16.74 0.265 

Site type 2.728 1, 17.20 0.117 

Taxon × Site type 0.508 1, 16.47 0.486 

h 

Taxon 2.264 1, 16.99 0.151 

Site type 2.283 1, 17.40 0.149 

Taxon × Site type 0.641 1, 16.99 0.434 

Response variable Fixed effect F df p-value 

AR 

Taxon 0.041 1, 3.51 0.850 

Site type 2.766 1, 8.23 0.134 

Taxon × Site type 0.733 1, 3.51 0.447 

Ne 

Taxon 0.129 1, 10.00 0.727 

Site type 4.854 1, 10.00 0.052 

Taxon × Site type 0.023 1, 10.00 0.884 

h 

Taxon 0.019 1, 10.00 0.892 

Site type 2.920 1, 10.00 0.118 

Taxon × Site type 0.174 1, 10.00 0.898 
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Table A5.5: Site-level diversity metrics calculated for the simulated parental and hybrid 

haploid datasets for (a) T. latifolia and (b) T. angustifolia. Values are means followed by 

95% confidence intervals (lower, upper). If only one or two values are presented with no 

confidence interval it is because there was so little variation between the simulated 

datasets that only one or two values were generated. 

 

(a) 

 Parental T. latifolia Hybrid T. latifolia 

Site G AR Ne h G AR Ne h 

CHD 0 - - - 16 1.91 1.41 0.269 

CHW 0 - - - 14 1.71 1.25 0.176 

COD 18 

1.72 

(1.68, 

1.75) 

1.44 

(1.42, 

1.46) 

0.263 

(0.255, 

0.270) 

7 - - - 

COW 4 - - - 29 

1.71 

(1.68, 

1.75) 

1.11 

(1.10, 

1.12) 

0.093 

(0.086, 

0.093) 

EDD 18 

2.45 

(2.42, 

2.48) 

1.73 

(1.71, 

1.75) 

0.374 

(0.367, 

0.418) 

4 - - - 

EDW 12 

1.33 

(1.23, 

1.46) 

1.06 

(1.05, 

1.09) 

0.059 

(0.042, 

0.083) 

9 - - - 

FRD 39 

1.72 

(1.69, 

1.73) 

1.26 

(1.25, 

1.27) 

0.196 

(0.190, 

0.202) 

2 - - - 

FRW 32 

1.80 

(1.78, 

1.83) 

1.41 

(1.39, 

1.42) 

0.245 

(0.238, 

0.251) 

0 - - - 

HAD 20 

1.86 

(1.82, 

1.90) 

1.44 

(1.41, 

1.46) 

0.256 

(0.246, 

0.266) 

0 - - - 

HAW 11 

1.49 

(1.25, 

1.50) 

1.33 

(1.32, 

1.35) 

0.211 

(0.202, 

0.221) 

4 - - - 

LAD 11 

1.44 

(1.25, 

1.50) 

1.14 

(1.32, 

1.35) 

0.112 

(0.100, 

0.125) 

12 1.75 1.48 0.258 

LAW 5 - - - 5 - - - 

MOD 23 

2.24 

(2.20, 

2.27) 

1.64 

(1.62, 

1.66) 

0.340 

(0.333, 

0.346) 

8 - - - 

MOW 12 

2.03 

(1.98, 

2.08) 

1.36 

(1.33, 

1.39) 

0.268 

(0.251, 

0.284) 

0 - - - 

ODD 25 1.60 1.20 0.160 32 1.17 1.00 0.000 
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(b) 

(1.58, 

1.62) 

(1.19, 

1.22) 

(0.150, 

0.169) 

ODW 4 - - - 12 1.50 1.14 0.117 

PID 0 - - - 29 1.83 1.49 0.290 

PIW 4 - - - 8 - - - 

SAD 5 - - - 34 

1.93 

(1.92, 

1.94) 

1.17 

(1.14, 

1.20) 

0.124 

(0.105, 

0.143) 

SAW 43 

1.86 

(1.84, 

1.88) 

1.33 

(1.32, 

1.34) 

0.237 

(0.232, 

0.242) 

0 - - - 

WBD 0 - - - 56 2.1 1.4 0.302 

WBW 19 

1.83 

(1.79, 

1.85) 

1.54 

(1.54, 

1.55) 

0.321 

(0.318, 

0.325) 

8 - - - 

 Parental T. angustifolia Hybrid T. angustifolia 

Site G AR Ne h G AR Ne h 

CHD 6 - - - 16 1.90 1.40 0.250 

CHW 16 

2.23 

(2.12, 

2.27) 

1.79 

(1.76, 

1.83) 

0.380 

(0.370, 

0.391) 

14 2.18 1.83 0.365 

COD 10 1.50 

1.32 

(1.31, 

1.34) 

0.209 

(0.202, 

0.217) 

7 - - - 

COW 0 - - - 33 

2.31 

(2.30, 

2.31) 

1.92 

(1.92, 

1.93) 

0.418 

(0.417, 

0.420) 

EDD 0 - - - 4 - - - 

EDW 0 - - - 2 - - - 

FRD 0 - - - 2 - - - 

FRW 0 - - - 0 - - - 

HAD 1 - - - 0 - - - 

HAW 0 - - - 4 - - - 

LAD 13 

2.17 

(2.13, 

2.22) 

1.66 

(1.63, 

1.69) 

0.364 

(0.351, 

0.376) 

11 1.73 1.29 0.190 

LAW 2 - - - 4 - - - 

MOD 4 - - - 8 - - - 

MOW 0 - - - 0 - - - 

ODD 1 - - - 30 

2.67 

(2.65, 

2.68) 

1.97 

(1.95, 

1.98) 

0.493 

(0.490, 

0.497) 

ODW 0 - - - 11 2.45 1.88 0.432 

PID 0 - - - 29 1.92 1.55 0.317 

PIW 15 2.51 2.00 0.451 10 2.60 1.73 0.410 
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(2.48, 

2.55) 

(1.96, 

2.03) 

(0.443, 

0.458) 

(2.50, 

2.75) 

(1.72, 

1.74) 

(0.403, 

0.418) 

SAD 1 - - - 12 2.08 1.19 0.170 

SAW 0 - - - 0 - - - 

WBD 8 - - - 50 

2.35 

(2.34, 

2.37) 

1.76 

(1.75, 

1.77) 

0.374 

(0.371, 

0.377) 

WBW 0 - - - 7 - - - 
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Figure A5.1: Bar plots of genetic membership coefficients from STRUCTURE output. Each vertical bar is a multilocus genotype 

which is partitioned into k coloured segments that represent the proportion of membership in each cluster. (a) all MLGs arranged by 

taxon, (b) all MLGs arranged by site type (separated by a dashed line) and site. The colours are the same as in (a), (c) T. angustifolia 

arranged by site, (d) T. × glauca arranged by site. Colour-coding in (c) and (d) are independent of each other and from (a) and (b). 

Sites are arranged from west to east. Site codes ending in ‘D’ represent ditches and those ending in ‘W’ reprsent wetlands. 
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6. CHAPTER 6: GENERAL DISCUSSION 

This dissertation contributes to our understanding of the ecological and genetic 

effects of hybridization, the ecology and evolution of invasive plants, and to the growing 

body of work that specifically addresses hybridization in cattails. I found several 

incomplete barriers to hybridization that should slow the extirpation of a native plant, 

including highly asymmetric mating, limited pollen dispersal of the pollen parent, and 

preferential conspecific pollen capture of the seed parent. However, I found no evidence 

that progenitor species exhibit niche segregation by water depth in a manner that might 

reduce hybridization; and genetic structure of the taxa in the species complex combined 

with what is known at local scales suggest that the success of the hybrid does not depend 

an ability to disperse widely across the landscape. My results show that for the Typha 

species complex in northeastern North America incomplete barriers to hybridization are 

not sufficient to prevent the continued dominance of the hybrid cattail.  

Niche segregation between progenitors can reduce the incidence of hybrids (e.g., 

Wu et al., 2015) and if hybrids have different habitat requirements than their progenitors, 

the occurrence of hybrids is limited by the availability of their habitat which could reduce 

opportunities for introgression (Ortego et al., 2014). In Chapter 2, I examined whether 

progenitors, T. latifolia and T. angustifolia, and their hybrid, T. × glauca, segregate by 

water depth, something that had been found previously (e.g., Grace and Wetzel, 1982; 

Travis et al., 2010; McKenzie-Gopsill et al., 2012), but which may have reflected limited 

numbers of sites and/or water depths assessed. Using 22 sites comprising a variety of 

stand compositions and a range of water depths, I concluded that these Typha taxa do not 

segregate by water depth and therefore that segregation by water depth does not promote 

mating isolation in Typha. This has implications for the ongoing production of hybrids as 
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niche segregation between progenitors can reduce the incidence of hybrids (e.g., Wu et 

al., 2015). Furthermore, a lack of segregation by water depth could present an additional 

threat to the native, T. latifolia, if it is unable to escape competition from the hybrid and 

non-native via a refuge habitat.   

In Chapter 3, I examined pollen dispersal of progenitor species, T. latifolia and T. 

angustifolia, under controlled and field conditions to characterize patterns of pollen 

dispersal to better understand the extent to which a lack of spatial segregation could 

affect rates of hybridization and introgression. A lack of spatial segregation (Chapter 2) 

may still permit mating isolation between taxa if pollen dispersal is very limited as had 

been inferred for T. latifolia (Ahee et al., 2015). I found limited pollen dispersal of both 

progenitor species, with it being most limited in the pollen parent T. latifolia, and that T. 

angustifolia exhibits conspecific preferential pollen capture. Both processes should 

restrict rates of hybrid formation. This work did not consider the pollen dispersal of the 

hybrid, which has implications for introgression. Typha × glauca pollen is dispersed as 

monads, dyads, triads, and tetrads (Smith, 1967). Monads and tetrads may be expected to 

disperse similarly to T. angustifolia and T. latifolia, respectively, however the dispersal of 

dyads and triads, and the proportions of different pollen grain arrangements shed by T. × 

glauca are unknown.  

In Chapter 4, I conducted hand crosses between all three Typha taxa to quantify 

hybrid fertility and examine the extent to which mating asymmetries extend beyond the 

F1 generation. I used these findings to parameterize a model of hybrid zone evolution to 

predict whether T. latifolia will be maintained in cattail stands. I found that hybrids have 

reduced fertility compared to progenitors and that mating was highly asymmetric with T. 
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angustifolia acting as a universal seed parent and T. latifolia acting as a universal pollen 

parent in crosses. This led to predictions of stands being dominated by highly 

introgressed T. angustifolia and T. latifolia only able to persist with high initial 

frequencies. The mechanism(s) of such asymmetric hybrid formation are not clear.   

In Chapter 5, I characterized genetic structure and genetic diversity across 

northeastern North America to investigate whether broad-scale processes seem likely to 

influence the dominance of the hybrid in that region. I found that the hybrid exhibits 

more genetic structure than either progenitor and concluded that this may indicate limited 

dispersal and relatively recent (and ongoing) local hybrid formation. Combined with 

previous findings of interactions between hybrid cattails and progenitors at local scales 

(e.g., Travis et al., 2010; Bunbury-Blanchette et al., 2015; Zapfe and Freeland, 2015) my 

findings in Chapter 5 suggest that local processes are more important than landscape-

level processes in driving hybrid success in northeastern North America.  

Together these findings indicate that hybrid spread should be somewhat limited 

since, despite a lack of spatial segregation (Chapter 2), there is limited pollen dispersal by 

the pollen parent of hybrids (T. latifolia; Chapter 3), strong asymmetries in F1 formation 

(Chapter 4), low hybrid fertility (Chapter 4); furthermore, local-scale processes are more 

important than landscape-scale processes in driving hybrid success (Chapter 5). However, 

as found in this dissertation (Chapter 5) and by others (Travis et al., 2010; Kirk et al., 

2011; Freeland et al., 2013) the hybrid is the most dominant cattail in parts of Michigan, 

southern Ontario and Quebec, and is increasing in eastern Canada and the Prairie Pothole 

Region of North America (K. Gow unpublished data; K. Tisshaw pers. comm.). This 

suggests that the hybrid is overcoming what are expected to be barriers to hybridization 
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which has implications for ongoing hybridization and introgression and therefore 

evolution of the hybrid zone. 

6.1 Long-term stability of the Typha hybrid zone 

Mathematical models of hybrid zone evolution predict that in the absence of 

specific processes that permit the maintenance of progenitor species, hybrid zones are 

evolutionarily unstable with hybrids predicted to eventually replace progenitors (Wolf et 

al., 2001; Hall et al., 2006). Without active management of the hybrid (see below) I 

expect that T. angustifolia and T. latifolia in northeastern North America will be replaced 

by various hybrid classes of T. × glauca, including highly introgressed T. angustifolia. At 

least in the short-term, T. latifolia will likely continue to be more common than T. 

angustifolia as the former is protected from introgression due to its near inability to set 

seed with interspecific pollen. Typha latifolia is still threatened by a lack of habitat 

segregation from the hybrid (McKenzie-Gopsill et al., 2012; Chapter 2) and competitive 

superiority of T. × glauca (Travis et al., 2010; Bunbury-Blanchette et al., 2015; Zapfe 

and Freeland, 2015; Szabo et al., 2018). The dynamics of this hybrid zone may change if 

F1s become rarer than other hybrid classes. Currently, F1s appear to be the most common 

Typha hybrid class (Travis et al., 2010; Kirk et al., 2011; Freeland et al., 2013; Chapter 

5), however, the proportion of backcrosses and advanced generation hybrids can increase 

over time (Buggs, 2007) and is predicted for Typha in northeastern North America 

(Chapter 4). Heterosis in F1s may be driving some of the competitive advantages seen in 

T. × glauca (Zapfe and Freeland, 2015). In advanced generation hybrids, there may be a 

decrease in heterozygosity as individuals are not necessarily heterozygous at species-

specific loci. Furthermore, advanced generation hybrids may exhibit reduced fitness 
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compared to F1s due to a breakdown of co-adapted gene complexes that are maintained in 

first generation hybrids (Burton et al., 2013).  

Active management can reduce the prevalence of T. × glauca, reducing 

ecological impacts and affecting evolutionary outcomes in hybrid zones. Hybrid cattails 

are actively managed in several regions in the Midwest, USA using herbicide application, 

mowing, and biomass harvest (Linz and Homan, 2011; Wilcox et al., 2018). These 

practices break up dense hybrid cattail monocultures, increasing marsh bird abundance 

(Hill, 2017) and native plant cover (Wilcox et al., 2018). Decreased densities of hybrid 

cattail could decrease the potential for introgression as well as benefit T. latifolia.  

` In general, rates of hybridization and introgression and their ecological and 

evolutionary outcomes are complex and context dependent (Seehausen et al., 2008). 

Hybridization is expected to increase in the future due to ongoing climate change 

(Chunco, 2014), habitat disturbance (Seehausen et al., 2008), and globalization 

(Chornesky and Randall, 2003). Typha is one of several hybridizing plant species 

complexes with ample research on the factors that contribute to interspecific 

hybridization and the outcomes of ongoing hybridization and introgression (see also 

Helianthus spp., Rieseberg, 2006; Iris spp., Arnold et al., 2012; Fallopia spp., Bailey, 

2012; Spartina spp., Strong and Ayres, 2013). By studying multiple species complexes 

extensively and over time we can better understand mechanisms that contribute to 

hybridization with the hope of predicting when it might occur and ideally being able to 

prevent it in the future. This work has contributed to this goal by highlighting that hybrid 

cattail dominates regions of northeastern North America due to incomplete barriers to 

hybridization and to local scale processes such as competitive superiority within sites. 
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This species complex should continue to be monitored as the potential elimination of T. 

angustifolia, and the prevalence and relative fitness of advanced generation hybrids and 

backcrosses will determine the fate of this hybrid zone.  
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