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Abstract

Invasive plants pose a threat to local floras in many locations around the world. Invasion 

by non-native perennial vine Vincetoxicum rossicum (pale swallow-wort) in the 

northeastern United States and southern Ontario has recently attracted attention with its 

propensity to form monocultures in urban parklands. The goal of this study was to 

comprehensively assess whether seed mass affected the dispersal and subsequent success 

of seeds. Seed germination, seedling over-winter survivorship, and seedling presence in 

the second year were taken as measures of early colonization success. Increased seed 

mass predicted germination and subsequent seedling success. But seed mass did not 

predict decreased dispersal and because of this no evidence for a biological meaningful 

dispersal-establishment trade-off was found.

m
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Chapter One: General Introduction

1.1 Biological Invasions

Today, our global ecology is an invader’s market. The worldwide mass 

transport of commerce and people both deliberately and accidentally moves species from 

their regions of origin to altogether new ones; the rate of novel species introductions with 

so little regard for geographic barriers is unprecedented (Vermeij 1991, D'Antonio & 

Vitousek 1992, Lodge 1993, Vitousek et al. 1997a). Indeed, we may soon reach a point 

where none of our valued natural areas are unscathed from the assaults of exotic 

invasions (Usher 1988). The costs of invasion axe not just aesthetic ones but economic 

as well; Pimentel (2000) estimated costs of damage by and control of exotic invasives in 

the United States is in excess of $130 billion USD per year. The exigency of exotic 

invasions is that in many cases they are effectively irreversible (Coblentz 1990). Many 

contend that the serious threat posed to global biodiversity from biological invasions is 

second only to that of habitat loss (Vitousek et al. 1997b, Wilcove et al. 1998).

Alien invasive plants are well known to degrade habitat for native species 

(Brothers & Spingarn 1992, Nee & May 1992) and diminish native populations (Vitousek 

1986, Randall 1996, Gordon 1998, Hobbs & Mooney 1998). Change in ecosystem 

structure is wrought through decreases in native diversity, often from suppression of 

native seedling recruitment (Tyser 1992, Busch & Smith 1995, Lesica & Shelly 1996). 

When invasives take over, entire ecosystem processes can be affected (Melgoza et al. 

1990, Verstraete & Schwartz 1991, Walker & Vitousek 1991); even biogeochemical and 

hydrological cycles can be changed (Vitousek et al. 1987, Ley & D'Antonio 1998).
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Granted, many introduction attempts fail, and only a small percentage ultimately 

succeed, but the overall number of successes is still large (Pimentel et al. 1989, Mack et 

al. 2000). Williamson and Fitter (1996) devised a rule of tens such that one in ten 

introductions persist, one in ten persistent species proceeds to invade, and one in ten 

invaders becomes a pest problem. But these authors concede that variation in the data 

makes the one in ten rule anywhere between one in five to one in 20; the bottom line is 

that the exact probabilities are still not known.

Natural areas are increasingly under pressure from development including 

recreational use, trails, and dissection by roads and corridors. Human access leads to 

transportation of invaders to these areas and disturbance of the existing vegetation and 

soil structure; both these processes further facilitate invasion (Hobbs 1989, Noble 1989, 

Bergelson et al. 1993, Mack & D'Antonio 1998, Schippers et al. 2001).

The underlying goals of research on invasive species have been to predict which 

species will invade and where invasions will occur. Some authors have attempted to 

identify life history traits that are common to successful invaders such as annual weeds 

(Perrins et al. 1992), birds in New Zealand and Australia (Newsome & Noble 1986, 

Veltman et al. 1996), terrestrial plants (Noble 1989), and pasture plant species of North 

America (Lonsdale 1994)

It is probably not surprising that the two main characteristics for predicting 

invasiveness are previous invasiveness in other locations and a large native geographic 

range (Daehler & Strong 1993). The first has been found for invading plants in 

Australia (Scott & Panetta 1993), vertebrates (Ehrlich 1989), Hawaiian birds (Moulton & 

Pimm 1986), and insects (Crawley 1987). A large native geographic range, perhaps
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indicative of wide environmental tolerances, has been linked to future success in a new 

range from analyses based on congeneric comparisons (Goodwin et al. 1999). Similarly, 

in herbaceous Poaceae, Asteraceae, and Fabaceae, invasiveness has been predicted from 

latitudinal range (Rejmanek 1996).

Models based on discriminant and regression analysis of life history and 

biogeographic characteristics have been used to develop predictive frameworks for 

woody invasives (Reichard & Campbell 1996, Reichard & Hamilton 1997, Reichard 

1999). Life history traits associated with growth and reproduction have been used to 

predict invasiveness. High relative growth rate shortens the time to reproduction and 

increases the population growth rate; both of these factors increase the likelihood of 

population persistence after invasion (Baker 1965,1974). Other traits such as small 

seed size, short juvenile period, and short interval between large seed crops have also 

been found to predict invasiveness in woody plants (Rejmanek 1996).

In efforts to find out where invasions succeed, authors have found that habitats with 

high disturbance and nutrient addition suffered the highest rates of invasion (Burke & 

Grime 1996). Also, part of determining where invasions occur has included determining 

where they do not occur. An environment’s resistance to invasion has been linked to its 

total species diversity (Naeem et al. 2000, Prieur-Richard et al. 2002).

1.2 Vincetoxicum rossicum

In eastern North America, amongst other places, swallow-worts are non-native, 

invasive, herbaceous perennial vines (Kirk 1985, Brown et al. 2001). Pale swallow-wort, 

Vincetoxicum rossicum (Kleo.) Barb., is native to the Ukraine and southeastern Russia
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(Markgraf 1972, McNeill 1981) and the distribution of the genus is for the most part 

temperate (Liede 1996). The nomenclature of the genus in North America has been 

controversial and confusing (Bullock 1958, Ross 1966, 1967, Markgraf 1972, Liede 

1996); the main synonym still in use is Cynanchum rossicum (USDA NRCS 2004). The 

history of the invasion of Vincetoxicum rossicum and its close relative V. nigrum in 

eastern North America has been described (Sheeley 1992, Sheeley & Raynal 1996); the 

genus has been present in Ontario for almost a century (Macoun 1906, Pringle 1973).

In both Canada and the United States, the risk of spread of the two species was 

recognized decades ago (Monachino 1957, Moore 1959). Within the past few decades, 

the visibility of the plant as a serious pest has increased (Pringle 1973, Kaiser 1986, Riley 

1989, Christensen 1998, Webster 2003). The distribution of V. rossicum in southern 

Ontario has been described and mapped (Pringle 1973, Kirk 1985), although occurrences 

have also been reported for Quebec and possibly British Columbia as well (Moore 1959, 

Scoggan 1979). The general consensus has been that the range of Vincetoxicum sp. is 

expanding westward (Moore 1959, Pringle 1973, Sheeley 1992,Sheeley & Raynal 1996).

Vincetoxicum rossicum has been reported as being more successful in sunny or 

open sites (Sheeley 1992, Christensen 1998); these types of areas are often characteristic 

habitat of urban parks (Webster 2003). Dog-strangling vine can grow to lengths of 2 to 3 

m during a single season and can reach such a height if the support of woody vegetation 

is present such as in forest edges or fencerows. In large stands, V. rossicum plants will 

twine around each other and fall over under their own weight forming large mats of 

tangled vines.
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The root system is well developed into a dense structure that could be described 

as a root ball. This structure may allow the plant to survive times of stress including 

drought and soil disturbance. Clonal growth from rhizomes has been observed in V. 

nigrum (Lumer & Yost 1995) but not in V. rossicum (Sheeley 1992, Sheeley & Raynal 

1996, Christensen 1998, Lawlor 2000). However, the ability to resprout from 

perennating buds located at the top of the root crown still presents the greatest obstacle 

for manual removal efforts (Lawlor & Raynal 2002).

The flowers of pale swallow-wort are arranged in fascicles and found on 

peduncles that measure 2 -  5 cm long and arise from the axils of the leaves (Moore 

1959). The flowers are small, 5-point star corollas 5-10 mm wide and coloured pale 

purple to maroon. The corolla lobes are lanceolate and smooth with a length 

approximately twice their width (2 mm x 4-5 mm) (Moore 1959). Flowering of 

Vincetoxicum in Ottawa occurs from June to August. Floral visitors that have been 

reported elsewhere include such general nectar gatherers as flies, bees, wasps, ants, and 

beetles (Lumer & Yost 1995, Christensen 1998, Lawlor 2000).

Fertilization by autogamy is possible in V. rossicum (St.Denis & Cappuccino 

2004) and in its close relative V. nigrum (Lumer & Yost 1995). The seeds are carried in 

pods, 4-8 cm long, that are often paired to resemble a swallow’s tail, thus lending the 

common name (Lawlor 2002). The plants turn yellow late in the season when early 

maturing fruits in the Ottawa region release seeds in early September, while later 

maturing fruits release seeds well into November from the dehiscent pods (Cappuccino et 

al 2002).
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Like many members of the family Asclepiadaceae, V. rossicum possesses comose, 

wind-dispersed seeds, which are very similar in appearance to those of common 

milkweed (Asclepias syriaca). The seeds are lighter than those o f A. syriaca, which 

itself has been considered a good disperser (Platt 1975, Wilbur 1976, Platt & Weis 1977, 

1977). V. rossicum seeds are not as flattened as those of A. syriaca and the coma is not as 

long or as large.

V. rossicum also differs from A. syriaca by its capacity for poly embryony in some 

of its seeds (Sheeley 1992). Work by Hausner (1976) has characterized polyembryony in 

V. rossicum, including rates of occurrence in terms of numbers of embryos. Rates of 

polyembryony among germinated seedlings have also been reported by Cappuccino et al. 

(2002).

In general, little is known about the germination of V. rossicum and nothing about its 

early growth and survivorship, which ultimately leads to establishment and a mature 

plant. Seed release dispersal distances in the field have been reported by Cappuccino et 

al. (2002). These authors also recorded germination and seedling growth under 

greenhouse conditions both with and without competition.

1.3 Dispersal

The study of shape, form and structure of seeds has shown inherent differences 

between modes of dispersal and between species (Ridley 1930). Various modes of 

dispersal can also operate in conjunction (Westoby & Rice 1981, Clifford & Monteith 

1989, Stamp & Lucas 1990) or in stages (Watkinson 1978, Liddle & Elgar 1984,
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Chambers & MacMahon 1994). Wind-dispersed species are usually aided by accessory 

structures such as wings or plumes (Burrows 1973,1975a, 1975b, Augspurger 1986).

Primary dispersal occurs when the seed initially leaves the maternal plant until the 

seed lands on the ground. Secondary dispersal comprises any movement after this point 

usually on or near the ground (Johnson & Fryer 1992), especially over a snow layer or 

extremely open landscape (Lacey 1982, Matlack 1989, Feldman & Lewis 1990, Fort & 

Richards 1998). The range of secondary movement can be affected by slope aspect, 

vegetation structure, surface roughness, and wind speed and direction (Mortimer 1974, 

Watkinson 1978, Johnson & West 1988, 1992).

Dispersal allows colonization of new sites, which influences population dynamics 

and comprises an important component of conservation and restoration strategies for 

plants at risk (Strykstra et al. 1998a, Zobel et al. 1998, Bakker & Berendse 1999, Gravuer 

et al. 2003). Conversely, the rates of invasion of undesirable species are constrained by 

dispersal and long-distance dispersal may lead to new points of invasion. Many have 

asserted that long-distance dispersal holds disproportionate importance on a long-term or 

evolutionary time scale for numerous processes: Holocene plant migrations (Davis 1987, 

Cain et al. 1998, Clark 1998), rates of change in species distributions under future 

climate change (Dyer 1995, Iverson & Prasad 1998, Hansen & Dale 2001, Hansen et al. 

2001), rates of invasion (Clark et al. 2003), and aliens reaching new focal points for 

establishment (Moody & Mack 1988). The importance of dispersal to invasions is such 

that the recommendation has repeatedly been made for dispersal potential be a requisite 

part of plant invasion risk assessments (Poschlod et al. 1996, Ehrlen & van Groenendael 

1998, Menges 2000).
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From early on, it has been recognized that rare, nonstandard means of dispersal 

(Darwin 1859, Higgins et al. 2003) and extreme meteorological events (Webber 1934) 

could drastically change the outcome of individual dispersal events; for example, wind 

updrafts could potentially transport seeds very far (Ridley 1906, 1930). More recently, 

seed size has been considered an important quantity. Small seeds that are wind-dispersed 

are always expected to disperse farther than large seeds.

1.4 Germination

The success of plant dispersal is ultimately determined by germination of the 

dispersed propagule. Seeds vary in size both inter- and intraspecifically. Seed size has 

repeatedly been found to positively influence germination rates. The benefits accrued 

from large seed size and particularly from seed mass for early seedling success are well 

established and wide-ranging. Larger seeds better provision the embryo (Venable & 

Brown 1988); larger seedlings are produced from larger seeds (Wulff 1986, Stanton 

1984, Black 1958, Abul-Fatih & Bazzazz 1979, Howe & Richter 1982, Gonzalez 1993) 

with few exceptions (Carelton & Cooper 1972). Greater seed size confers tolerance of an 

array of hazards including resistance to damage of the seed itself (Dalling et al. 1997) and 

to the cotyledons (Kitajima 1996, Armstrong & Westoby 1993, Bonfil 1998). Large seed 

size also protects the seedling against initial nutrient limitation (Jurado & Westoby 1992, 

Seiwa 2000) and shaded conditions (Saverimuttu & Westoby 1996, Leishman & Westoby 

1994, Osunkoya et al. 1994, Hewitt 1998, Bond et al. 1999, Paz & Martinez-Ramos 

2003). Whether germination occurs early or late primarily will depend on seeds’
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enteroceptive sense of their environment. However, early germination may be more like 

to occur with heavier seeds in some species (e.g. Simons and Johnston 2000).

In most dispersal systems, most or nearly all seeds fall directly underneath 

maternal plant canopies (Levin & Kerster 1974, Harper 1977, Howe & Smallwood 1982). 

Extremely dense concentrations of siblings close to the parents severely curtail chances 

of seedling survivorship due to competition, predation, and pathogens (Augspurger 1983, 

Janzen 1970, Connell 1971, Platt 1976, Clark & Clark 1984, Becker & Wong 1985,

Howe et al. 1985, Wills et al. 1997, Harms et al. 2000)

1.5 Combination Studies

Dispersal and germination processes and their relation to seed mass have usually 

been studied as separate issues in ecology. Much more rarely has research been 

performed that examined the two in concert, although it has been advocated repeatedly 

(Ribbens et al. 1994, Houle 1995, Schupp & Fuentes 1995).

Some studies of the effect of seed mass on dispersal and germination have 

measured dispersal in the laboratory and germination in a similarly controlled 

environment. Meyer and Carlson (2001) found that falling speed in still air was only 

weakly related to mass. In their growth chamber experiment seedling survivorship at 2 

and 4 weeks was unrelated to seed mass. However, at 2 weeks, seed mass was positively 

related to seedling weight. Strykstra et al. (1998b) measured dispersal distance in a wind 

tunnel and seed mass. They observed a negative relationship between dispersal distance 

and the subsequent germination rate of seeds in petri dishes. Gravuer et al. (2003) 

parameterized dispersal by performing drop time and wind tunnel experiments on a
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subset of seeds for which individual dimensional measurements were also made. The 

drop time measurement and the distance travelled in the wind tunnel were their estimates 

of dispersal ability. The same seeds were then planted in the greenhouse. Both dispersal 

estimates were found to be highly significantly and negatively related to germination 

success.

Some studies have tested dispersal in the field and germination in the greenhouse 

or growth chamber to gain information about colonization ability. Colbach and Sache 

(2001) found that germinated seeds were heavier but in their dispersal experiment, they 

found no relation between seed weight and distance. Stergios (1976) found a direct 

negative relationship between dispersal distance in the field and germination percentage 

in the laboratory of Hieracium aurantiacum, but he atypically used seed volume instead 

of seed mass. He reported a negative relationship between seed volume and dispersal 

distance but did not report information relating seed volume to germination percentage. 

Over-winter survivorship could not be evaluated with respect to distance due to near 

100% mortality. Cappuccino et al. (2002) found a significant negative relationship 

between seed weight and dispersal distance and a significant positive relationship 

between seed weight and germination for V. rossicum that was in competition with 

grasses in the greenhouse.

Fewer authors have used field experiments for both the dispersal and germination 

components for such a study. Morse and Schmitt (1985) measured both seed dispersal 

distance of common milkweed (Asclepias syriaca) in the field and falling time in the lab, 

but seed mass was only negatively related to the lab measure of dispersal. Morse and 

Schmitt also found that germination was negatively related only to the dispersal ability in
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the lab. First season seedling survivorship and biomass was unrelated to either dispersal 

measure. Debain et al. (2003) found no significant relationship between terminal 

velocity and seedling growth in Pinus sylvestris. Neither did they find a relationship 

between seed mass and seedling survival at 6 months.
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Chapter Two: Germination, Survival, and Dispersal

2. Introduction

In the Ottawa region, pale swallow-wort has become a threat to urban green 

spaces due to its formation of large monocultures over time in areas of colonization, 

much to the detriment of local flora. Future control strategies may be directed at the 

early seedling stage of Vincetoxicum rossicum during which the plant is most likely to be 

vulnerable; at that time the plant has the least developed organs, including root system.

My project looks at the first two years of seedling life as only the first part in a 

longer length experiment in which individual V. rossicum seedlings will be followed 

through until reproductive maturity.

The first objective of the project was to determine if seed mass influenced the 

success of V. rossicum by measuring a suite of related factors including germination, 

seedling growth, over-winter survivorship, and presence in the second season after seed 

planting. The second objective was to evaluate whether the success of V. rossicum in 

dispersal was impeded by greater seed mass. If seed mass affected both seed success and 

dispersal as expected, I would be able to identify a dispersal-colonization trade-off in 

V. rossicum.

My investigation of V. rossicum had two underlying rationales. 1) Control over 

dispersal, germination, and seedling survivorship, stages early in the colonization 

process, may become an important strategy in the future to prevent further spread of this 

invasive plant. My intent was to parameterize these events. 2) Seed mass has often been 

proposed as a key quantity linking dispersal to germination processes in a dispersal-
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colonization trade-off. My intent was to identify any strong trade-off in V. rossicum as 

an indicator that colonization events are localized and limited by seed mass. Then I could 

calculate the effect of such a trade-off as the change in seedling success with dispersal 

distance as mediated through seed mass. This study differs from previous efforts in a 

number of ways: Firstly, both the distance of seed trapping and the total trapping effort is 

larger than nearly all previous dispersal studies. Secondly, a large quantity of 

individually weighed seeds (>1000) was used for monitoring seedling success after seed 

planting. I also followed individual seedlings for longer than most germination studies 

(two years in this case). Thirdly, seedlings were followed in an ecologically realistic 

environment as opposed to the laboratory or glasshouse methods commonly employed.

I developed a number of predictions about how seed mass might affect dispersal 

and the various aspects of seedling performance:

1. heavier seeds should be more likely to germinate

2. heavy seeds should produce bigger seedlings (i.e. greater height and leaf length)

3. heavy seeds should produce more polyembryonic sibling seedlings than light seeds

4. early germinators should become bigger seedlings than late germinators

5. seedlings from heavy seeds should better survive the winter to return in the 2nd year

6. early germinating seeds should produce seedlings better able to survive the winter

7. polyembryony (presence of sibs) should confer greater over-winter survival

8. greater seed mass should predict the presence of a seedling in the second year

9. greater seed mass should restrict the dispersal distance achieved by seeds
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3. Materials and Methods

3.1 Planting the germination garden

Early in April of 2002, approximately two months before natural germination 

typically occurs in the field, V. rossicum seeds were collected by scraping them off of the 

surface of the ground. Seeds were separated from dirt and debris, washed under cold 

water for 1 minute and then air-dried on trays lined with paper towels in a refrigerator at 

4°C for a week. Then 499 randomly selected seeds were weighed to the nearest 0.1 mg 

with a Mettler H10 balance, assigned a unique identification number and placed in a 

labeled plastic vial. On April 23 all seeds were planted in an experimental field plot of 

dimension 10 m by 25 m in an old field near the Central Experimental Farm, Agriculture 

and Agrifood Canada, adjacent to the Fletcher Wildlife Conservation Garden and across 

the Rideau Canal from Carleton University.

The plot consisted of 11 parallel rows of 25 m length placed 1 m apart. Within 

each row, flat, white, plastic label stakes for seeds were placed 0.5 m apart. On one side 

of each stake, a randomly selected seed of V. rossicum was buried approximately 1 cm 

deep in the ground between two upright marking toothpicks at a distance of 5 cm from 

one side of the stake. The stake was labeled with the seed identification number.

In a separate, unplanned experiment set up one week later, 517 randomly selected seeds 

were individually placed in labeled vials and planted on the second side of the stake at 5 

cm distance but this time placed on the surface of the soil between another pair of 

toothpicks. The second experiment was set up because, after dispersal happens, one of 

two things can happen. A seed can become buried or it can remain on the soil surface.
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3.2 Seed germination and seedling success

The germination of seeds and the number of seedlings that arose from each seed 

in both experiments was recorded every two weeks in the first month after planting and 

once every month thereafter until the end of September 2002. Non-destructive 

measurements of seedling growth were taken at these times and additional checks for 

new germinators were performed. These measures included total height and an estimate 

of total leaf length performed by summing the lengths of the longest leaf at each node. In 

cases where individual germinated seeds were polyembryonic, measurements of heights 

and leaf lengths were summed for all seedlings arising from a single seed before analyses 

were performed. In May of 2003, survivorship and the presence of new germinants was 

recorded.

3.3 Seed dispersal

In August of 2002,240 seed traps were built. Each single trap was made of a sheet of 

PYC poster board 30 cm by 30 cm square. To one side of the square I glued shelf paper 

upside-down with contact cement so that the wax paper backing to the adhesive side of 

the shelf paper could be peeled off later. After peeling, the adhesive surface became 

exposed as a sticky-trap to collect seeds. Each trap was nailed into the ground with one 

6” steel nail in the center of the trap and a flat steel washer to prevent the nail from 

slipping through the trap. The effectiveness of this equipment had been established in 

field tests the previous summer as being highly resistant to degradation by sun and rain.
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Seed traps were placed in an old field bordering a high-density population of V. 

rossicum. This source population for dispersing seeds was comprised of mature plants 

growing in an approximately 30 m by 7 m area underneath and next to a southwest facing 

forest edge. The limit into the field where plants of the dense population grew was 

designated to be 0 m. Any mature, colonizing plants growing beyond this distance were 

removed by hand prior to trapping.

The trapping grid consisted of 16 transects located 2 m apart and running from 0 

m to 60 m in the southwest direction perpendicular to the source population of mature V. 

rossicum plants. Trapping was only performed to a distance of 60 m because shortly 

after that point was a steep hill. Within a given transect, one trap was placed at distances 

0,10,15, and 20 m for a total of 16 traps at each of those distances. Two traps were 

placed side-by-side at 30 and 40 m for a total of 32 traps at each of those distances.

Three traps per transect point were placed at 50 m for a total of 48 traps and four traps 

per transect were placed at 60 m totaling 64 traps at the furthest distance (Figure 1). For 

two months commencing September 1 2002, seeds were picked off the traps daily with 

tweezers and placed in paper envelopes on which was recorded the date and distance of 

the trap on which the seed was found. Seeds were then individually weighed back at the 

laboratory to the nearest 0.1 mg.
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3.4 Germination statistical analyses

Descriptive statistics on the two seed-germination experiments of seeds were 

compiled. All data analyses were performed with SAS software, Version 8.1 of the SAS 

system for Unix. Copyright © 1999-2000 SAS Institute Inc. SAS and all other SAS 

Institute Inc. product or service names are registered trademarks or trademarks of SAS 

Institute Inc., Cary, NC, USA.

To determine differences between the two planting experiments I performed the 

median test on all seed masses. Within each planting experiment, t-tests were performed 

to determine differences in mass between germinated and ungerminated seeds. T-tests 

were also used for finding out if first season germinators (2002) differed in their original 

seed mass from second year germinators (2003). Then, to determine whether seed mass 

was important for germination to occur, logistic regressions were performed on each of 

the two planting experiments. Probabilities of germination were generated for all seed 

masses in each experiment. T-tests were performed on the original seed masses of the 

first season germinators segregated coarsely into early (May-June) and late (July-August) 

germination to see if these groups differed.

Next, the number of successfully germinated embryos per seed recorded was used 

to categorize and summarize seeds by first season embryony status. Multiple 

comparisons using one-way ANOVAs with unequal sample sizes followed by post-hoc 

Scheffe tests allowed me to compare the mean seed masses between seeds that produced 

1,2 or 3 or 4 seedlings in each experiment. Due to rarity, the group of seeds that 

produced 4 seedlings was collapsed into the group producing 3 seedlings.
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Then linear regressions were performed separately on the growth measures of 

maximum total leaf length and maximum total height with the original seed masses to 

quantify any relationship that existed. Comparisons between maximum total leaf lengths 

and maximum total heights of early (May or June) and late (July or August) germinators 

in the first season of the two experiments were made using t-tests. Only the seedling 

heights of the above-ground planting experiment required ln-transformation to correct for 

unequal variances between seedling groups. The Pearson correlation coefficient was 

calculated between the leaf and height measures for both planting experiments in order to 

demonstrate the close relationship between the two measures and that they could be used 

interchangeably in another analysis. Subsequently, only one of the two measures would 

be used in a logistic regression of survivorship.

3.5 Survivorship statistical analyses

The G-test of independence was used to determine whether over-winter 

survivorship from 2002 to 2003 differed between early and late germinators from 2002.

Logistic regressions were performed to determine which of original seed mass, 

maximum total leaf length, maximum total seedling height, or first season embryony 

status could best predict the subsequent over-winter survivorship of seedlings that would 

return in 2003.
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Chi-square tests were used to determine if over-winter survivorship was 

independent of the embryony status recorded in 2002. In an analysis that that bridged 

processes occurring from spring 2002 to spring 2003 for all planted seeds, logistic 

regressions were performed on each planting experiment to assess whether seed mass 

could predict presence of a seedling in the second season (2003).

3.6 Dispersal statistical analyses

For the dispersal data, the information collected on individual seeds included the 

trapping distance, the seed mass, and whether a seed was filled or unfilled. A linear 

regression was performed to determine whether the proportion of unfilled V. rossicum 

seeds caught increased with trapping distance away from the propagule source population 

of adult plants.

Two sets of linear regressions were performed on the seed dispersal data to 

determine whether seed mass declined with distance. Seeds that I caught at 0 m were 

considered undispersed since they were trapped directly underneath parent plants. The 

first regression analysis included all seeds including those trapped at 0 m. The second 

regression only included dispersed seeds caught on traps between 10 m and 60 m. The 

regression of seed masses and distances of 10 to 60 m required that two outliers of 

extremely heavy seeds, both caught at 10 m, be removed. The Spearman rank correlation 

was also performed on the same two sets of seed masses and dispersal distance data.
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3.7 Effective dispersal

The effective dispersal of V. rossicum was estimated for each trapping distance in 

the field. The first season effective dispersal was simply the average probability of 

germination at each distance calculated as follows. The probability of germination of 

each seed mass was obtained from the logistic regression of the germination data. For 

each trapping distance, the predicted probabilities of germination of the seeds caught 

were averaged to a single value. The same methodology was applied to generate the 

second season effective dispersal at each distance. The predicted probabilities this time 

were based on logistic regressions of the probability of presence in 2003.

4. Results

4.1 Germination

The mean mass of seeds planted below-ground was significantly higher than 

seeds planted above-ground (Figure 2, median test, d.f. = 1, p = 0.0016) (Zar 1974). But 

because of the qualitative difference in treatment between burying seeds and leaving 

them on the surface, the two experiments were considered separately in subsequent 

analyses.

The germination rate in the first year within the above-ground planting 

experiment was 38.4% and within the below-ground planting experiment it was 70.9%.

In the above-ground experiment, the mean mass of germinators was 5.98 mg and 

was higher than the 4.97 mg mean for non-germinators (t-test; d.f. —515; Pr > |t| = 

<0.0001). In the below-ground plantings, the difference was not quite as pronounced but
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still quite significant; the mean mass of germinators was 6.40 mg and larger than the 

mean of 5.68 mg for non-germinators (t-test; d.f. = 498; Pr > |t| = <0.0001).

Nearly all germination occurred in the first year with considerably fewer new 

germinators in 2003. Only 43 new seedlings were recorded in the above-ground 

experiment and only 2 new seedlings in the below-ground planting experiment in the 

second season. Seeds that germinated one or both of the two years (2002 or 2003) were 

also heavier than seeds that did not germinate at all over the course of the two years.

This was true amongst the above-ground planted seeds (t-test; d.f. = 515; Pr > |t| = 

<0.0001) and the below-ground planted seeds (t-test; d.f. = 498; Pr > |t| = <0.0001).

Within the above-ground planting experiment, seeds that had initially germinated 

in 2002 were not different in mass from seeds that initially germinated in 2003 (Figure 3; 

t-test; d.f. = 241; Pr > |t| = 0.4470). Seeds in the below-ground plantings had only 3 new 

germinators in 2003 which prevented comparison of seed masses to the germinators of 

2002 .

The predicted probability of germination for V. rossicum in the below-ground and 

above-ground planting experiments, as generated by logistic regression (Figure 4), was 

highly significantly predicted by seed mass (Table 1). In both the above-ground and 

below-ground datasets, the original mean seed mass was not different whether seeds 

germinated early or late in their first season (Table 2).
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4.2 Seedling growth

Of the seeds that germinated in the above-ground and below-ground experiments, 

most produced one or two seedlings. One seedling was the most likely outcome of 

germination (Figure 5) and a lesser proportion of seeds produced two seedlings or rarely 

three or four (Table 3). There was no difference in the original mass of seeds from 

seedlings that produced one, two, or three to four seedlings. This lack of relationship 

between seed mass and observed embryony was consistent for both the above-ground 

planting experiment (Figure 6; d.f. = 197; p = 0.114, F = 2.19, R2 = 0.022) and the below- 

ground planting experiment (Figure 7; d.f. = 351; p = 0.226, F = 1.47, R2 = 0.004).

Seed mass was positively related to total seedling height in both the above-ground 

planting experiment (Figure 8; d.f. = 179; p < 0.001, F = 24.20, R2 = 0.120) and the 

below-ground planting experiment (Figure 9; d.f. = 340; p < 0.001, F = 29.52, R2 = 

0.080). Seed mass was also positively related to total seedling leaf length in the above

ground experiment (Figure 10; d.f. = 181; p < 0.001, F = 30.19, R2 -  0.144) and in the 

below-ground experiment (Figure 11; d.f. = 342; p < 0.001, F -  38.74, R2 = 0.102).

Also, in both planting experiments, greater first year maximum seedling height 

and leaf lengths were attained by early germinators as compared to late germinators 

(Table 4).

The two seedling growth measures, total height and total leaf length, correlated 

with each other both in the below-ground planting experiment (Figure 12; r = 0.822;

P < 0.0001; n = 341) and in the above-ground planting experiment (Figure 13; r = 0.765; 

P < 0.0001; n =  180).
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4.3 Survivorship

For seedlings that germinated in 2002, the over-winter survivorship of seedlings 

in the above-ground planting experiment was 67.7 % while that of the seedlings in the 

below-ground planting experiment was 78.2 %.

Initial seed mass was not useful in predicting over-winter survivorship of V. 

rossicum seedlings. In the above-ground planting, the best logistic model for 

survivorship used the maximum total seedling leaf length as the sole predictor (Table 5). 

In seedlings from below-ground plantings, over-winter survivorship was predicted by 

maximum total leaf length and initial seed mass (Table 5). However, as the second 

variable added to the logistic model after leaf length, seed mass was actually slightly 

negatively related to survivorship and was only marginally significant (Table 5).

The timing of germination did not have a consistent effect on the over-winter 

survivorship of seedlings. In the above-ground planting experiment, early germinators 

were favoured with greater survivorship following the winter while seedlings in the 

below-ground planting experiment displayed no advantage of early germination timing 

over later relative to their subsequent over-winter survivorship (Table 6).

Over-winter survivorship of seedlings was independent of the first year observed 

embryony in both the above-ground (Figure 14; Chi Square = 1.856; P = 0.395; n = 198;) 

and the below-ground planting experiment (Figure 15; Chi Square = 5.193; P = 0.075; n 

= 352).

Seed mass predicted the presence of a seedling in 2003 in both planting 

experiments; that is, after two rounds of germination and one round of winter cull (Table 

7). In both plantings, larger seeds had a better chance of having at least one seedling
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present in the second year. Censuses in the second year (Table 7) led to a stronger 

relationship of seedling presence to seed mass in the above-ground planting. That is, 

fewer seedlings from smaller seeds returned and additional larger seeds germinated in the 

second year to augment the overall germination success of larger seeds in the first year. 

There was also a weaker relationship in the below-ground plantings in the second year 

between seed mass and seedling presence, as compared to censuses in the first year 

(Table 1). That is, there was a reduced disparity between original seed masses amongst 

seedlings that returned in the second year (Figure 16) as compared to initial germination 

successes.

4.4 Seed dispersal

Approximately 82.8 % of the seed dispersal data was composed of seeds caught 

beneath the propagule source population of parent plants at 0 m; this amounts to over 

1000 seeds. At 10 m or more from source, 134 filled seeds were trapped during the 

season. At trapping distances further than 10 m, the number of filled seeds never 

exceeded 22 (Figure 17). A higher proportion of unfilled seeds was caught at distances 

away from source as compared to seeds caught at 0 m. The proportion of unfilled seeds 

caught on traps at 8 different distances also increased with distance away from the seed 

source (Figure 18; R2 = 0.7597; F = 18.97; P -  0.0048; n = 8).

The mass of trapped filled seeds decreased with distance from the propagule 

source when all the seeds trapped at 0 m were included in the analysis (Figure 19; R = 

0.0159; F = 18.42; P < 0.0001; n = 1692). However, the relationship did not remain 

significant when just the seeds beyond 0 m were included and two outliers were removed
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(Figure 20; R2 = 0.0253; F = 3.37; P -  0.0685; d.f.=131). With the two outlier seeds 

included, the relationship was significant (R2 = 0.0358; F = 4.90; P = 0.0285; d.f.=133). 

Notably, no seeds greater than 7.4 mg in mass were found beyond 10 m although seeds in 

that size range had higher germination frequency (51.5 % in the above-ground set and 

81.8 % in the below-ground set of seeds planted) than seeds less in mass. Seeds equal to 

or less than 7.4 mg had much less germination (35.2 % and 66.9 % for above-ground and 

below-ground respectively).

4.5 Effective dispersal

For seeds which dispersed beyond 0 m, the average estimated germination probability 

declined with distance from the source in both the above-ground (Figure 21; ANOYA; F 

= 21.38; R2 = 0.810; P = 0.0057; n = 7) and in the below-ground (Figure 21; ANOVA; F 

= 16.35; R2 = 0.766; P = 0.0099; n = 7) experiments. However, the slopes of the 

relationships were weak with coefficients for distance of -0.00081 and -0.00077 for 

above- and below-ground data respectively. The difference in probability of germination 

between experiments was stronger than the relationship between germination and 

distance within an experiment.

Similarly, the average probability of seedling presence in the second year (2003), 

based on the earlier logistic regression (Figure 16), declined with distance (Figure 22). 

The linear regression of these proportions produced significant, slightly negative slopes 

with coefficients of -0.00078 and -0.0006 for the above-ground (Figure 22; ANOVA; F 

= 21.42; R2 = 0.811; P = 0.0057; n = 7) and the below-ground (Figure 22; ANOVA; F = 

18.47; R2 = 0.787; P -  0.0077; n = 7) experiments respectively.
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5. Discussion

5.1 Germination

Seed size represents the amount of maternal investment in offspring (Roach & Wulff 

1987, Castro 1999). Many workers have tried to determine whether relationships exist 

between seed mass and a variety of plant characters both inter- and intra-specifically 

including seed number, seed dispersal, germination, seedling size, and seedling 

survivorship.

Germination rate is the most straightforward measure of seed success. It has been 

widely reported that seed mass is positively related to germination rate both in 

greenhouse experiments (Cavers & Harper 1966, Weis 1982, Gross 1984) and field 

experiments (Leishman & Westoby 1994a, Cideciyan & Malloch 1982, Morse & Schmitt 

1985) although the converse has been found on rare occasion (e.g. Yanful & Maun 1996). 

Previous studies have reported germination percentages in the genus Vincetoxicum.

Lumer and Yost (1995) performed laboratory tests that showed 40 % germination for V. 

nigrum seeds produced by autogamy and 49 % germination for open pollinated seeds. 

Cappuccino et al. (2002) performed greenhouse experiments with V. rossicum that 

showed 44.5 % germination in seeds grown in soil alone and 34.5 % germination in seeds 

grown in a mixture of grasses.

The current study logically follows from the other two in order to determine what 

amount of germination can be expected in the field. The rate in the above-ground 

planting experiment of 38.4 percent was not different from the rates previously reported 

in the genus. However, the rate of 70.9 % in the below-ground planting experiment was
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surprisingly high considering the less than ideal conditions that field planting involves. 

After planting, no seeds were watered and rows were not weeded or trimmed. My 

monthly counts and measurements of the seedlings were the only obvious form of 

disturbance and that was minimized as much as possible.

Two other emergence-related factors that are positively correlated with seed mass 

include the ability to emerge from greater soil depths (Harper & Obeid 1967, Weller 

1985, Bond et al. 1999) and the amount of initial root development (Stebbins 1971, 

Primack 1987, Tilman 1988, Leishman etal. 1995, Westoby et al. 1996). For the current 

study, seedling root and seedling biomass measures were not taken due to their 

destructiveness, which would have prevented measuring second-year return rates.

Germination of V, rossicum took place over the spring and the summer months with 

new seedlings emerging as late as July and August. This was consistent with other studies 

that found that plants that colonized disturbances possessed more late germination 

capability (Lavorel et al. 1998, Lavorel et al. 1999).

Seed mass did not affect germination date in V. rossicum (Table 1; Table 2). This 

is contrary to previous findings of Cappuccino et al. (2002), although a lack of 

association between mass and germination date has been found previously in other 

species (Shipley & Parent 1991, Castro 1999, Eriksson 1999). Some authors have found 

that early germinators were derived from larger seeds than late germinators (Dolan 1984, 

Simons & Johnston 2000, Gomez 2004). Other work has demonstrated the importance of 

emergence date in creating size hierarchies early in the growth of plant populations (Ross 

& Harper 1972, Cook 1979, Howell 1981). Seedlings germinating early in the growing 

season typically attain a larger size by the end of the season (Black 1958, Ross & Harper
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1972, Abul-Fatih & Bazzazz 1979, Arnold 1981, Simons & Johnston 2000). Similarly, 

early germination of V. rossicum in May-June led to increased maximum seedling size as 

compared to late germination in July-August.

The lack of relationship between embryony status and seed mass in V. rossicum has 

been previously recorded by Cappuccino et al. (2002). However, in other species the 

opposite has been found to be true. Augspurger (1983) found that the number of embryos 

in seeds of a tropical tree was related to increased seed weight. I had expected that, in V. 

rossicum grown in the field, additional sibling embryos would confer an overwhelming 

over-winter survival benefit with multiple seedlings acting as backup offspring against 

hazards which cause mortality (sensu Garrison & Augspurger 1983). However, the lack 

of effect of embryony on survivorship implies that one or both of two things may be 

occurring. Either the presence of multiple seedlings is not as effective an insurance as 

seedling size or the hazards that befall seedlings happen such that entire clutches of sibs 

are killed as to make survival relatively independent of polyembryony.

5.2 Seedling growth

The leaves and stems of the seedlings above the ground surface were measured as 

surrogates for biomass because whole seedling harvesting would have eliminated the 

possibility of assessment of post-winter survival. The direct benefit of seed mass on the 

subsequently measured seedling height and leaf length in V. rossicum was not 

unexpected. Previous authors have similarly found seed mass to be positively related to 

seedling height (Stanton 1984, Mazer 1987, Houssard & Escarre 1991, Bockstaller & 

Girardin 1994), maximum leaf length (Simons & Johnston 2000), number of leaves
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(Mazer 1987, Houssard & Escarre 1991, Moegenburg 1996), and leaf area (Stanton 1984, 

Hendrix et al. 1991, Bockstaller & Girardin 1994).

Larger seeds have overwhelmingly been found to produce larger seedlings (Wulff 

1986, Harper & Obeid 1967, Weis 1982, Gross 1984, Schemske 1984, Waller 1985, 

Gross & Kromer 1986, Roach & Wulff 1987, Dawson & Ehleringer 1991, Houssard & 

Escarre 1991, Westoby et al. 1992, Bonfil 1998, Chacon & Bustamante 2001) with only 

occasional exceptions (Dolan 1984, Zhang & Hamill 1997).

Further benefit of greater seed mass is conferred early in seedling growth when 

the plant is at highest risk from various hazards and additional seed reserves allow 

survival and recovery after hard times. A number of studies have shown seed size to be 

positively associated with ability to recover from cotyledon damage (Dalling et al. 1997) 

and herbivory (Bonfil 1998) within a species. Positive relationships of seed mass to 

likelihood of survival have been described for dry conditions (Leishman & Westoby 

1994b, Salisbury 1942, Westoby et al. 1996, Seiwa et al. 2002), in shade conditions 

(Saverimuttu & Westoby 1996, Salisbury 1942, Westoby et al. 1992, Osunkoya et al. 

1994, Westoby et al. 1996, Hewitt 1998, Bond et al. 1999) and under nutrient-limited 

regimes (Leishman & Westoby 1994a, Leishman & Westoby 1994b, Jurado & Westoby 

1992, Armstrong & Westoby 1993, Seiwa 2000). There still is a distinct possibility, 

though, that some other character or host of characters, which covaries with the seed 

reserve, is the cause of shade resistance (Kitajima 1996, Leishman & Westoby 1994a).
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5.3 Survivorship

Increased seedling size has been reported to increase survivorship (Black 1956, 

Harper & Obeid 1967, Twamley 1967, Austenson & Walton 1970, Anderson 1971,

Haskins & Gorz 1975, Schaal 1980). This was found to be true for V. rossicum seedlings 

whereby seedling total leaf length contributed to successful over-winter survivorship.

Polyembryony was not the predictor of survivorship that I had expected it to be. 

Seedling size was more important to survival in the experiments. However, despite the fact 

that large seeds produced large seedlings and large seedlings had a greater chance of over

winter survival, there was no direct relationship between seed mass and over-winter 

survival. This result is consistent with those of authors who have found that the effect of 

seed size is not persistent, sometimes not even until the end of the first year (Harper & 

Obeid 1967, Howe & Richter 1982, Kromer & Gross 1987, Salonen & Suhonen 1995).

The path the plant takes between seed and maturity consists on one hand of 

diminishing insurance provided by seed mass and, on the other hand, increasing 

insurance provided by the newly generated organs of the seedling.

5.4 Dispersal

Dispersal processes operate for the purpose of transporting offspring to locations 

away from the parent plant either to avoid maternal competition, avoid mortality from 

high densities at the home site, and\or avoid pathogens (Janzen 1970, Connell 1971). 

Increased seedling success has been found at the tail of the dispersal curve (Hamilton & 

May 1977, Comins et al. 1980, Platt & Weis 1985). However, if conditions were
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amenable to growth at the home site because of a specific environmental factor or set of 

factors, then sites very far from the home site may not permit colonization. Some authors 

have found this to be the case (Augspurger & Kitajima 1992, Horvitz & Schemske 1986).

In many plants, dispersal follows a negative exponential distribution (Stergios 1970, 

Wemer 1975, Augspurger & Hogan 1983, Okubo & Levin 1989, Willson 1993), with 

most propagules falling directly underneath the parent plant. In others, the dispersal 

abilities of propagules are sufficient to allow most to escape the region directly beneath 

the parent but not enough to get them beyond a short distance away, where the number of 

propagules deposited peaks (Salisbury 1942, 1961, Cremer 1965, Levin & Kerster 1969, 

1974, Platt & Weis 1977).

Sticky traps similar to the ones used in this study have been used elsewhere 

(Wagner 1965, Werner 1975, Morris et al 1986). But not all studies involving wind- 

dispersed seeds have trapped seeds in the field, although many have done so. Surrogates 

for linear dispersal distance that have been used include: low speed wind tunnel dispersal 

distances (Strykstra et al. 1998, Kadareit & Leins 1988, Van Dorp et al. 1996, Greene & 

Johnson 1997, Jongejans & Schippers 1999, Gravuer et al. 2003), fall rate in a vertical 

flow tube (Bilanski & Lai 1965, Law & Collier 1973, Hofstee 1992), and terminal 

velocities from dropping seeds from a fall tower in still air (Schulz et al. 1991, Greene & 

Johnson 1993, Askew et al. 1997). Under a constant wind speed, fall velocity for 

example, has predicted dispersal distance (Green 1980, Ernst et al. 1992, Cody &

Overton 1996).

There is more to a seed than just its mass and its falling velocity. Structural features, 

such as the coma in V. rossicum, assist in slowing descent in wind dispersed species. The
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variation in the length and width of these features in relation to the dispersal abilities 

above have been studied in some species (Augspurger & Hogan 1983, Guries & 

Nordheim 1984, Augspurger 1986). Rarely, the accessory structures have been found to 

be more important to dispersal than seed mass (Sacchi 1987, Jongejans & Schippers 

1999). Terminal velocity, and hence morphology, has been considered to be more 

important than seed mass in some wind dispersed species which, like V. rossicum, weigh 

between 0.1 and 2.0 mg (Jongejans & Schippers 1999). Very low terminal velocity has 

also been related to seed inviability.

The definition of long distance dispersal (LDD) has varied depending on the study. 

One reasonable suggestion was for LDD to consist of dispersal events over 100 m (Cain 

et al. 2000). At a maximum dispersal distance of 60 m, the current study is definitely 

medium-range but not many studies have trapped seeds beyond this distance. The 

tendency as well, has been for such events to possess a special quality or rareness in the 

conditions under which it occurs or novel mechanism(s) by which seeds get to 

improbable locations. Since we do not know the true probabilities of LDD for 

Vincetoxicum, it is hard to tell whether or not LDD is critically important for new 

colonizations and invasions.

As Muller-Landau et al. (2003) have pointed out, not all species benefit from LDD; 

species that are common everywhere have nothing to gain while rare species do not need 

to go that far to escape density and pathogen effects at the home site. LDD may have 

been nearly ignored in the past, but overemphasis in the present should be cautioned. 

Seedling establishment after seed arrival is not guaranteed. The total number of seeds 

produced and released over multiple years at the source and the number of seeds arriving
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to the site of interest must be considered an integral to invasion processes as well. If the 

seed rain at a site is low most years or non-existent most years then seedling 

establishment in the long term will become more unlikely.

New methods of measuring dispersal from individuals need to be developed to aid 

detection of individual seeds dispersed over distances on the order of hundreds of metres 

at least. Genetic methods might prove useful as a slightly different measure of "effective 

dispersal" (Cain et al. 2000), but only if invasive populations like V. rossicum are diverse 

enough genetically to allow for differential markers. This may not be the case if the 

founding population is based on an exceedingly small number of individuals in a founder 

effect.

5.5 Effective dispersal

Since the dispersal portion of this experiment was used to help determine the 

effective dispersal, it was considered at the outset whether the effective dispersal could be 

measured directly using traps of a different type. Rarely, authors have put sterilized 

trays of soil out in the field and brought the trays back to the greenhouse later in order to 

directly find out which species are in the seed rain and how many at various distances 

from source (Archibold 1980, van Baalen 1982,1983, Denslow & Diaz 1990). 

Unfortunately, the soil tray method would have been not only expensive and labour 

intensive, but also not representative of germination conditions including competitive 

interactions and soil conditions. At very long distances, the size and/or number of trays 

required to capture more infrequent dispersers would also have been prohibitive. The 

benefit of the soil tray is that is actually does detect germination at distance; however, the
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number of seeds that do not germinate is difficult to determine and the conditions are not 

really not that far removed from those found in a greenhouse experiment.

The next best option available was to evaluate germination of seedlings in 

quadrats adjacent to seed traps as performed previously by other workers (Wills et al.

1997, Harms et al. 2000). Unfortunately, my high frequency of seed trap checking (ca. 

once a day) would likely have caused an excessive amount of soil disturbance and, very 

likely, some accidental trampling of young seedlings. In addition, there is dispersal every 

year into the field I used to place seed traps. The presence of a significant V. rossicum 

seed bank that would interfere with new dispersal seedling counts is quite possible. The 

end of the growing season and the beginning of the dispersal season overlapped. 

Therefore, my germination garden in a nearby old field was a compromise to both protect 

seedlings from undue damage and disturbance while still allowing them to experience a 

more realistic environment in which stresses and limitations occurred.

In V. rossicum, effective dispersal based solely on germination consisted of a 

shallow decline as distance from the seed source increased. From these results I have 

learned a few things: (1) V. rossicum germinates as successfully in the field as in the 

greenhouse, (2) the really heavy V. rossicum seeds have trouble escaping the parental 

seed source areas to moderate distances, and (3) the almost non-existent relationship of 

seed mass to dispersal distance does not point to a dispersal-colonization trade-off 

operating in V. rossicum. The point in (3) is a cautious one because dispersal from 

parent to landing site was approximate under the seed trap method employed. I was 

unable to directly measure colonization of individually dispersed seeds but I am confident 

in linking my dispersal and germination experiments together to provide a snapshot of
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how seed mass may initially affect the colonization process even if that effect may not 

persist over time. Higher seed mass offsets the higher risk of seedling mortality in the 

first year, but the first winter is likely the biggest stumbling block to colonization. Older, 

larger juveniles will be better equipped to survive until some more advanced age where 

over-winter deaths will be approximately zero.

The longer time span of invasion encompasses more than purely germination. 

Actually, it underlies my reasoning for determining both the over-winter survivorship and 

the probability of presence in 2003. After the initial seed input, germination can be 

considered the first test that individuals must undergo. Hazards such as drought and 

physical damage that occur during the first growing season are the next. The number of 

seedlings that died during that time period before the first winter was too small to yield 

any valuable relationships. The first winter cull is then a mid-stage event that only 

seedlings derived from germinated seeds can undergo and is therefore only relevant for a 

subset of the individuals present in the original seed input. Probability of presence in the 

second season becomes the result of the combination of events causing differential 

mortality among all individuals. It was my hope to determine whether seedling mortality 

could be avoided by having such characteristics such as increased seed mass, 

polyembryony and greater seedling size. While seed mass alone influences the likelihood 

of germination, the persistence of V. rossicum over the winter months, and therefore 

permanent colonization, is influenced more by seedling size in the first year than by seed 

mass. Polyembryony itself was not found to play an important role in establishment.
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The effective dispersal estimate based on presence in 2003 (Figure 22) was a 

lower probability at each distance because the measure itself incorporates more causes of 

mortality than the estimates based on germination alone (Figure 21).

Some authors have shown that seed mass variation can lead to a dispersal- 

establishment trade-off (Strykstra et al. 1998, Augspurger & Hogan 1983, Morse & 

Schmitt 1985, Ganeshaiah & Uma Shaanker 1991, Gravuer et al. 2003). My work does 

not demonstrate the presence of a trade-off operating in the dispersal and establishment 

process of the invasive species V. rossicum whereby seed mass would limit the dispersal 

of very large seeds exclusively to short distances. Of the seeds that successfully disperse 

beyond higher density areas close to the parents, larger seed mass then ceases being a 

barrier to success. Larger seeds more successfully germinate and initially help develop 

both the larger leaves and taller heights of their seedlings.

5.6 Conclusions

The field germination experiment definitely showed that V. rossicum seeds of 

heavier mass would be more successful initially. However, this was under conditions of 

low density of conspecifics despite the presence of larger and established grasses. A 

dispersal-colonization trade-off may only be detectable when poor dispersing seeds 

undergo density dependent mortality during the seedling stage and when there is a strong 

positive selection for higher seed mass. With the present data, V. rossicum germination 

and early success was definitely helped by increased seed mass despite the lack of a 

strong dispersal relationship to mass. Differences in seed masses caught from 10 m to 60 

m were too slight to prove conclusively that dispersal was limited by mass. There is the
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possibility that a strong trade-off was not detected. If V. rossicum is truly a poor 

disperser and the density and seedling mortality effects at 0 m are very strong, then the 

optimum dispersal distance may occur only slightly beyond 0 m. Such an optimum 

would maximize both seed mass and dispersal distance.

Alternatively, a trade-off may operate at a larger scale than that of the 60 m 

trapping distance employed. More exact dispersal data or inclusion of dispersal data 

from farther distances, might uncover a threshold distance beyond which even medium 

sized seeds are unlikely to disperse (sensu Strykstra et al. 1998).

As an invasive plant species of concern in Ontario, V. rossicum in the past has not 

been considered a major concern (White et al. 1993). In recent years, this has changed 

(Riley 1989). I have shown in this particular study that the plant is a competent disperser 

of both small and medium sized seeds, a capable germinator in old-field conditions, and a 

plant possessing fairly high over-winter survivorship. Over-winter survival and overall 

presence in the second year after seed input is enhanced by increased seed mass, first year 

seedling size, but not by polyembryony. No evidence for a V. rossicum dispersal- 

colonization trade-off was found due to no limiting effect of seed mass on the dispersal 

distances obtained in the field.
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Table 1. Results o f logistic regression of the probability of V. rossicum  
germination on the independent variable seed mass in the above -ground 
and below-ground planting experiments.

planting
experime
nt

Independent
variable

Parameter
estimate

Odds
ratio

Chi-
square

Prob > 
Chi- 

square
above whole model 26.5451 <0.0001
ground seed mass 0.0235 1.024 25.1756 < 0.0001
below- whole model 16.7626 < 0.0001
ground seed mass 0.0233 1.024 15.9827 < 0.0001

Table 2. Seed mass (mg) of early and late germinating V. rossicum  seeds in 
the above-ground and below-ground planting experiments. Means (+/- SE) 
and P-values for t-tests comparing early versus late germinators are reported,

initial seed mass (mg)
Experiment N early late P
above-ground 198 5.966+/-0.155 5.848 +/- 0.286 0.7071
below-ground 353 6.529+/-0.137 6.301 +/- 0.630 0.2259

Table 3. Percent germination of V. rossicum  seeds in the two planting 
experiments grouped according to the recorded number o f seedlings per 
seed (observed embryony).

PlantinjI Experiment
seedlings per seed above-ground below-ground

1 53.54 % 54.67 %
2 38.89 % 38.53 %
3 6.57 % 6.23 %
4 1.01 % 0.28 %
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Table 4. Total heights (cm) and leaf lengths (mm) o f early and late germinating 
V. rossicum  seeds in the above-ground and below-ground planting experiments. 
Means (+/- SE) and P-values for t-tests comparing early versus late germinators 
are reported.

Expt Variable N early early N late late P
above In (height) 135 1.82+/-0.03 45 1.49+/-0.06 < 0.0001

leaf 135 27.07 +/- 0.91 45 18.24+/-1.29 < 0.0001
below height 152 6.32 +/-0.18 187* 5.48+/-0.17 0.0010

leaf 152 33.64+/- 1.09 189 26.16+/-0.96 0.0001
missing height values br 2 seedlings

Table 5. Results of stepwise logistic regression of the probability of V. 
rossicum  over-winter survivorship on the independent variables seed 
mass, early or late germination, observed embryony, and total leaf 
length in the above-ground and below-ground planting experiments.

planting
experiment

Independent
variable

Parameter
estimate

Odds ratio Chi-square Prob > Chi- 
square

above
ground

whole model 9.2981 0.0023
leaf length 0.0510 1.052 8.2895 0.0040

below-
ground

whole model 88.7185 < 0.0001
leaf length 0.1451 1.156 57.8348 <0.0001
early or late -0.7721 0.462 4.9082 0.0267
seed mass -0.0208 0.979 4.4143 0.0356
embryony -0.6308 0.532 3.8616 0.0494

Table 6. Likelihood-ratio chi-square tests of independence (G-tests) of V. 
rossicum  over-winter survival versus early or late germination for the above
ground and below-ground planting experiments. Counts of seedlings, 
G-values, and P-values are reported.

Experiment over-winter survival early late G P
above-ground yes 40 108 7.2368 0.0071

no 24 26
below-ground yes 33 122 0.0443 0.8332

no 44 154
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Table 7. Results of logistic regressions of the probability of V. rossicum  
2nd year presence (2003) on the independent variable seed mass in the 
below-ground and above-ground planting experiments.

planting
experiment

Independent
variable

Parameter
estimate

Odds ratio Chi-square Prob > Chi- 
square

above
ground

whole model 33.2525 < 0.0001
seed mass 0.0269 1.027 31.0416 < 0.0001

below-
ground

whole model 9.6713 0.0019
seed mass 0.0160 1.016 9.4405 0.0021

Table 8. Spearman rank correlation for V. rossicum  seed mass and 
dispersal distance including seeds trapped at 0 m from seed source plants.

Distance
Correlation Coefficient -0.098
Significance 0.001
N 1144

Table 9. Spearman rank correlation for V. rossicum  seed mass and 
dispersal distance excluding seeds trapped at 0 m from seed source plants.

Distance
Correlation Coefficient -0.159
Significance 0.048
N 134
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Figure 1. One o f 16 transects in which each contains 15 seed traps placed 
at various distances for recording the dispersal of V. rossicum  seeds in 
the fall of 2002.
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Figure 2. V. rossicum  seed mass in the above-ground and below- 
ground planting experiments. Mean is represented by (+).
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Figure 4. Logistic regression of the probability of seed germin
ation on seed mass in the first growing season for the above- 
and below-ground V. rossicum  planting experiments.
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Figure 6. Mean seed mass o f above-ground planted V. rossicum  
seeds with different numbers o f germinated embryos.
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Figure 7. Mean seed masses o f below-ground planted V. rossicum  
seeds with different numbers of germinated seedlings (season 1).
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Figure 10. Maximum total leaf length of V. rossicum  seedlings in season 1 
predicted by seed mass in the above-ground planting experiment.

100

90

80

?  70

js  60
H) 50 s
J* 40

30 

20 

10 

0

a<u

♦
♦

♦  ♦
y = 2.4448x + 14.907 +
R2 = 0.1008

0

♦♦ f  V ~

4 6 8

seed mass (mg)

10 12

Figure 11. Maximum total leaf length of V. rossicum  seedlings in season 
1 predicted by seed mass in the below-ground planting experiment.
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Figure 12. V. rossicum  seedling height and leaf length in season 1 
were correlated in the above-ground planting experiment. Pearson's r.
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Figure 13. V. rossicum  seedling height and leaf length in season 1 
were correlated in the below-ground planting experiment. Pearson's r.
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Figure 17. Numbers of filled and unfilled V. rossicum  
seeds dispersed to distances from source.
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Figure 18. Linear regression of arcsine transformed proportion 
unfilled V. rossicum  seeds trapped and their dispersal distance.
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Figure 19. Linear regression of V. rossicum  seed dispersal distance 
as a function o f mass.
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as a function o f seed mass is not significant when two outliers 
removed.
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Figure 21. Estimated effective dispersal of V. rossicum  or probability 
of germination at each distance. Values based on both planting 
experiments are shown.
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Figure 22. Estimated effective dispersal of V. rossicum  or probability of 
seedling presence in the second season at each dispersal distance. 
Values based on both planting experiments are shown.
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