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ABSTRACT
The effects of abiotic and biotic factors on seed release, seed dispersal, and population
spread rates were examined for two invasive thistle species of economic concern, Carduus
acanthoides L. and Carduus nutans L. (Asteraceae). Damage to seed structures caused by
storage time or shipping, resulting in increases in seed terminal velocities that would lead to
underestimates of population spread, were quantified by treating one to five year old C. nutans
capitula to non packaged, tightly packaged, or tightly packaged with crushing force treatments.
The validity of these treatments in mimicking shipment was verified with measurements of seed
terminal velocities before and after shipping from New Zealand. It was concluded that stored
capitula up to five years old from demographic studies could be used to calculate unbiased
population spread rates with new modeling techniques. Biogeographic studies involving
shipment of capitula should ensure proper packaging to avoid crushing forces that would increase
measured seed terminal velocities.
A wind tunnel study measured seed release of C. acanthoides and C. nutans capitula
collected under a range of field precipitation levels either immediately after collection or after one
to two days of storage at temperatures of 10°C, 23°C, or 28°C with vapor pressure deficits of 3.4
mb, 9.5mb, and 17.0 mb respectively. Capitula stored at higher temperatures and vapor pressure
deficits released more seeds during wind tunnel trials, but the effect of field precipitation was not
significant.
Seed release from C. acanthoides and C. nutans capitula with a range of natural florivory
by a biological control agent, Rhinocyllus conicus, were also examined for seed release in a wind
tunnel setting. Terminal velocities of seeds, total seed production, and the number of seeds that
remained stuck in capitulum receptacles after mechanical removal of loose seeds were quantified.
Empirical results showed significant reductions in seed production and seed release, with
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increases in seeds stuck in capitulum receptacles and terminal velocities for increasing R. conicus
florivory, although estimates of seed terminal velocities for attacked C. acanthoides capitula
could not be quantified due to heavy damage. Population spread rates for C. nutans populations
in the United States (US) and New Zealand (NZ) were generated using integrodifference models.
The results show a decrease in projected population spread rates with increasing R. conicus
florivory, but different mechanisms were more important for each location. Relative reductions
in population growth rates and population spread rates were also different for the US and NZ.
A field study also addressed the effects of surrounding vegetation height, the number and
density of conspecifics, and seed release height on wind speeds at focal plants for C. acanthoides
and C. nutans. Higher surrounding vegetation and lower capitulum heights lead to significant
decreases in wind speeds. Thistle patches with the most thistles and highest thistle density had
lower wind speeds at the center of the patch than experienced by an isolated thistle, the more
important of these factors being high thistle density. Projected population spread rates for C.
acanthoides and C. nutans were calculated for populations growing in extreme conditions of
surrounding vegetation height and thistle density to understand how differences in wind speeds
might affect population spread rates. The same demographic population projection matrix was
used for both species, so that only differences in dispersal capacities of the two species would be
evaluated. Population spread rates generated for both species were highest for populations in low
surrounding vegetation with low thistle density, followed by low vegetation and high thistle
density, high vegetation and low thistle density, and high vegetation and high thistle density.
Projected population spread rates for C. nutans were higher than those for C. acanthoides.
Finally, the fluid visualization technique, Particle Image Velocimetry (PIV), was
explored for use in seed release studies. PIV allows the visualization of velocity vectors from a
2D slice of an air flow. Von Kármán streets, vortices of air circulating at high speeds, were
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expected to be seen shedding from the wake of C. nutans capitula. Von Kármán streets are
regions of high air circulation (vortices) that alternate in intensity over time and are shed
downstream from the sides of an object under certain air flow conditions. This vortex shedding is
expected by theory and is expected to cause alternating lateral forces proportional to ambient
wind speeds on capitula, which could affect seed release.
Overall this thesis demonstrates the strong impact that abiotic and biotic factors can have
on seed release, and hence on seed dispersal and spread of these two wind-dispersed plants. As
both are non-native invaders, this thesis also highlights the need for explicitly stated management
objectives, because management recommendations can vary depending on whether control of
abundance or spread is most desired.
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Chapter 1
Introduction
Plants can only move long distances through dispersal, so the positions of plants in space
influence many parts of a plant’s life cycle (Harper 1977). For instance, plants compete for above
and below ground resources with their nearest neighbors, rather than with the community as a
whole, which can influence plant growth, survivorship, and fecundity (Silander & Pacala 1985;
Tyler & D'Antonio 1995; Hubbell et al. 2001; Casper et al. 2003). At the same time,
heterogeneity in availability of resources can influence plant growth and community structure
(Huenneke et al. 1990; Farley & Fitter 1999; Anderson et al. 2004; Getzin et al. 2008).
Herbivores, seed predators, and mutualists such as pollinators can also vary in space according to
plant, patch, and population attributes (e.g. Myster & Pickett 1993; Ghazoul & Shaanker 2004;
Saracco et al. 2005; Sezen 2007). All of these spatial aspects can also vary temporally.
Demographic studies have a long history of quantifying growth and survival of life
history stages of plants so as to estimate population trajectories (Harper & White 1974; Bradstock
& O'Connell 1988; Menges 1990; Maschinski et al. 1997; Valverde & Silvertown 1998; Meekins
& McCarthy 2002; Jongejans et al. 2006). Whether a population is expected to grow in size or
decline has a lot to do with specific site conditions (Bradstock & O'Connell 1988; Maschinski et
al. 1997; Jongejans et al. 2006). Demographic studies can also be used to assess which vital rates
have the greatest impact on population growth as a way of comparing different life history traits
between populations and species (Valverde & Silvertown 1998; de Kroon et al. 2000; Shea et al.
2005; Jongejans et al. 2006). While spatial structure can be included in demography studies, such
as when vital rates and elasticities are calculated separately for plants with and without close
neighbors (Miriti et al. 2001), often the finest spatial scale is the level of the population
(Bradstock & O'Connell 1988; Menges 1990; Maschinski et al. 1997; Valverde & Silvertown

2
1998; Shea et al. 2005; Jongejans et al. 2006). Demographic studies can be used to predict
changes in population size, but they are not spatially explicit (Neubert & Caswell 2000). In order
to determine spatial spread, demographic data must be combined with measures of the dispersal
capability of a population (Neubert & Caswell 2000).
Seed dispersal studies are inherently more difficult than studies of demography, since
rather than keeping records of several sessile plants one must track the movement of hundreds to
thousands of moving seeds. Accordingly, the popularity of dispersal studies has only increased
greatly in the last couple of decades (Nathan 2003). Understanding the tail of a dispersal kernel,
the maximum distance that one might expect a small proportion of seeds to travel, has proven
particularly difficult (Ouborg et al. 1999; Bullock & Clarke 2000; Cain et al. 2000; Clark et al.
2003; Nathan 2006). Nevertheless, understanding the dispersal process, especially long distance
dispersal (LDD), is critical to our understanding of where in space seeds might land, where plants
could establish, and how quickly a population can spread across the landscape (Ouborg et al.
1999; Cain et al. 2000; Nathan & Muller-Landau 2000; Levin et al. 2003; Nathan 2006).
Many different types of research have been used to attempt to understand dispersal and
the critical role it plays in determining the spatial structure of populations. A few examples of the
breadth of different approaches that have been applied to this problem are seed trapping studies
(Greene & Johnson 1996; Nathan et al. 1999; Bastida & Talavera 2002; Nathan et al. 2002;
Bullock et al. 2006; Dauer et al. 2007; Skarpaas & Shea 2007), observing the movement of
individual propagules (Skarpaas et al. unpublished manuscript, Smith & Kok 1984),
phenomenological modeling (Smith & Kok 1984; Shaw 1995; Clark et al. 1999), mechanistic
modeling (Greene & Johnson 1996; Nathan et al. 1999; Nathan et al. 2001; Tackenberg 2003;
Soons et al. 2004; Katul et al. 2005; Jongejans et al. 2008b), and seed release studies (Greene &
Johnson 1992; Greene 2005; Skarpaas et al. 2006; Jongejans et al. 2007; Soons & Bullock 2008).
Seed release, as the initiation of seed dispersal, is a critical but relatively understudied part of the
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seed dispersal process (Greene 2005; Schippers & Jongejans 2005; Kuparinen 2006; Nathan
2006; Soons & Bullock 2008); it forms the subject of the majority of this thesis.
Factors that influence the timing of seed release can have a strong influence on seed
dispersal distances (Nathan et al. 1999; Schippers & Jongejans 2005; Soons & Bullock 2008).
For example, seed release can increase with increasing wind speeds (Jongejans et al. 2007; Soons
& Bullock 2008), leading to increased release under conditions of high wind speeds and an
increase in seed dispersal distances and population spread rates (Schippers & Jongejans 2005;
Soons & Bullock 2008). Turbulence can also cause more seeds to be released under lower wind
speeds (Skarpaas et al. 2006), which would be an advantage if this is a mechanism to release
seeds during updrafts that could carry them farther (Tackenberg et al. 2003). Some species also
have morphological characteristics which largely prevent seed release during downdrafts, which
would otherwise cause seeds to be deposited near the parent plant (D. F. Greene et al., pers.
comm.). A dispersal bias towards hot, dry conditions when wind speeds are also high can affect
how far seeds travel as well (Nathan et al. 1999). Seeds do not tend to release during periods of
high relative humidity (Greene & Johnson 1992) or when treated with the application of water to
mimic dew or sustained rain (Jongejans et al. 2007). Some species (such as Asteraceae) have
physiological methods to prevent seed release when relative humidity is high (Smith & Kok
1984; Fahn 1990). Phenology can also be an important determinant of when seeds release
(Jongejans et al. 2007). Biotic interactions, such as fruit damage by insects, can make fruit less
attractive to animal dispersers and cause less seeds to be removed from the parent plant (VivianSmith et al. 2006).
In this thesis, two species of invasive thistles of Eurasian descent, Carduus acanthoides
L. and Carduus nutans L. (Asteraceae), were used as study organisms to gain a better
understanding of some of the abiotic and biotic factors that affect seed release and to address
some possible consequences for dispersal and spatial spread. C. acanthoides and C. nutans
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primarily invade roadsides, disturbed areas, abandoned fields, rangelands, and pastures (Lee &
Hamrick 1983; Desrochers et al. 1988). Both species are of economic concern in North America,
Australia, and New Zealand, primarily for the livestock industry, because cows and sheep will not
eat them and they compete with forage plants (Lee & Hamrick 1983; Desrochers et al. 1988;
Skinner et al. 2000). C. nutans is the second most commonly listed noxious weed in the
continental United States and Southern Canada, while C. acanthoides is the fifteenth most
commonly listed (Skinner et al. 2000). Both thistles are monocarpic perennials that reproduce
exclusively by seed (Desrochers et al. 1988). Achenes are attached to pappi composed of thin
filaments that increase the drag of seeds and increase the time it takes for seeds to fall during
wind dispersal. An additional benefit of using Asteraceae species for seed release studies is that
there are several other species of the same family which are exotic, noxious weeds, such as
Cirsium arvense, Acroptilon repens, Centaurea maculosa, Centaurea diffusa, Centaurea
solstitialis, and Onopordum acanthium (Skinner et al. 2000). Therefore, a more mechanistic
understanding of seed release in C. acanthoides and C. nutans will also enhance our
understanding of seed release in these other noxious weeds.
Chapter 2 of this thesis addresses the questions of the feasibility of using stored
capitulum collections from demographic studies to estimate population spread rates using new
modeling techniques. It particularly addresses the consequences of overseas shipment of capitula
and of extended storage for such biogeographical studies on seed characteristics. It was expected
that capitulum collections might degrade over time, and that rough handling during shipment
might damage dispersal structures. In order to determine the magnitude of these effects, one to
five year old C. nutans flowers heads were randomly assigned to either a control treatment, tight
packaging, or tight packaging subjected to a crushing force. Terminal velocity values of seeds,
the number of filaments per pappus, the number of intact dispersal units per capitulum, plume
area, and qualitative measures of pappus damage were compared for capitula of different ages in
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each treatment group. Seeds were also measured for terminal velocity values in New Zealand,
and then those same capitula were shipped to the United States and used for additional terminal
velocity measurements as a validation of the packing treatments.
Chapter 3 focuses on the effects of temperature and precipitation on seed release of C.
nutans and C. acanthoides. Capitula were collected on days with a range of field precipitation
conditions and then either placed immediately in the wind tunnel or stored for one to two days at
10°C, 23°C, or 28°C. The amount of water lost by each capitulum during storage was quantified,
as were the numbers of seeds released before and during wind tunnel trials. This study was
designed to quantify the influence of field precipitation on seed release rate, and how many days
of drying under different temperature conditions are needed before capitula resume seed release.
It was hypothesized that increasing field precipitation would decrease seed release, and that warm
drying temperatures would promote seed release.
Chapter 4 assessed the influence of a specialist biocontrol agent, Rhinocyllus conicus,
plays on seed release and dispersal by C. acanthoides and C. nutans. R. conicus adults oviposit
on the receptacles of developing capitula (Shorthouse & Lalonde 1984; Zwölfer & Harris 1984).
Larvae then burrow into the receptacle feeding on it and the developing seeds (Shorthouse &
Lalonde 1984; Zwölfer & Harris 1984). Florivory by this species is well known to reduce seed
production in C. nutans (Surles & Kok 1978; Sezen 2007), but has less of an effect on seed
production of C. acanthoides due to mismatched flowering phenologies (Surles & Kok 1978).
Observations have been made that callus tissue might impair seed release and that pappi are
shorter in capitula that have been heavily affected by R. conicus, but the effects of R. conicus
florivory on C. acanthoides and C. nutans have not been directly quantified (Shorthouse &
Lalonde 1984; Smith & Kok 1984).
Three hierarchical effects of R. conicus florivory on C. acanthoides and C. nutans
dispersal are proposed here: 1) reductions in seed production, 2) reductions in the proportional
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release of seeds, and 3) increases in terminal velocity of seeds that are released. These effects
were examined using capitulum dissections, a wind tunnel study of seed release, and terminal
velocity measurements of seeds from capitula with a range of naturally occurring florivory by R.
conicus. These empirical data were combined with published and unpublished demography data
from the United States and New Zealand using integrodifference equations to understand how R.
conicus might affect C. nutans population growth rates and population spread rates differently in
these two countries.
Chapter 5 examines the effects of thistle patch characteristics and surrounding vegetation
heights on wind speeds at seed release height and the effects that these factors have on projected
population spread rates for C. acanthoides and C. nutans. Wind speeds at different capitulum
heights were measured for conspecific patches of three different sizes and two densities in high or
low surrounding vegetation in order to understand at what point neighboring plants begin to affect
the wind dispersal capability of seeds released from these heights. It was predicted that
increasing surrounding vegetation height, increasing thistle patch size or density, and decreasing
capitulum heights would lead to lower recorded wind speeds at capitula. Population spread rates
for United States populations of C. acanthoides and C. nutans growing under these different
conditions were modeled in a similar manner to those in Chapter 4, but the effects of florivory by
R. conicus were ignored and the same population projection matrix was used for both species so
any differences in population spread rates would be attributed to differences in dispersal, rather
than demographic effects.
Finally, Chapter 6 explores the application of a fluid dynamics air flow visualization
technique, Particle Image Velocimetry (PIV), for seed release studies. PIV involves the use of
high speed photography to observe the movements of groups of tracer particles illuminated by a
laser and can be used to visualize fine scale movements of air around obstacles. This method has
already been applied to biological systems such as animal movement and the flow of air above
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and around plant canopies and could enhance our understanding of mechanisms governing seed
release (Drucker & Lauder 1999; Drucker & Lauder 2001; Rice et al. 2001; Bomphrey et al.
2005; Warrick et al. 2005; van Hout et al. 2007). Von Kármán streets, vortices of circulating air
that are shed in an alternating fashion from the sides of a cylinder in certain flow environments,
were expected to be observed shedding from the wakes of C. nutans capitula placed in a wind
tunnel.
The timing of the initiation of a dispersal event (seed release) relative to environmental
conditions has implications for how far a seed will travel from the parent plant, thereby
influencing the spatial arrangement of plants in a population (Nathan et al. 1999; Schippers &
Jongejans 2005; Soons & Bullock 2008). The work presented in this thesis describes both ideal
conditions for seed release and also how far seeds will travel once released. The spatial
arrangement of plants resulting from dispersal events influences competition for resources and the
abundance of mutualistic and antagonistic organisms across the landscape (Myster & Pickett
1993; Tyler & D'Antonio 1995; Casper et al. 2003; Saracco et al. 2005; Sezen 2007). Therefore,
studies of seed release and dispersal in plants not only can be used to address key management
questions for invasive species, but also illuminate fundamental processes involved in the
assembly and maintenance of communities in a landscape.
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Chapter 2
Shipment and Storage Effects on Seed Dispersal Characteristics

Abstract
Mechanistic models of seed dispersal by wind include terminal velocity as the main seed
characteristic that influences the dispersal process and hence the resulting dispersal kernels and
spread rates. Accurate measurement of the terminal velocity of seeds is therefore pivotal.
However, compression during shipment through the post or during storage between collection in
the field and terminal velocity measurements in the lab may affect these measurements. To
evaluate the effects of shipment and storage on terminal velocity measurements, capitula of
Carduus nutans, an invasive thistle species from Eurasia, were stored for up to five years and
then placed in open paper bags, in folded envelopes, or in folded and pressed envelopes. Seeds
from these heads were then assessed for terminal velocity values, number of intact dispersal units
in a capitulum, number of filaments in the pappus, plume area, and qualitative assessments of
pappus damage. Storage duration for up to five years did not cause a significant increase or
decrease in any of the response variables. However, the packing treatments did have a significant
effect. Therefore, when capitula that will be used for terminal velocity measurements are stored
or shipped, they should be packaged in incompressible containers to avoid damage to fragile
dispersal structures. Studies using heads that were originally collected and stored for other
purposes should rescale observed terminal velocity values to take possible damage into account.

Introduction
Seed dispersal is an important component of many ecological processes, including the
spatial dynamics of populations, population genetics, extinction dynamics, and species responses
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to climate change (Brown & Kodric-Brown 1977; Ouborg et al. 1999; Cain et al. 2000; Nathan &
Muller-Landau 2000; Levin et al. 2003; Skarpaas & Shea 2007). Dispersal also impacts
conservation strategies and management plans for limiting invasive species spread (Trakhtenbrot
et al. 2005; Jongejans et al. 2008b). In studies of these ecological processes, there are a host of
different models that estimate seed dispersal for different species of wind dispersed plants
(Jongejans et al. 2008b). Mechanistic models of seed dispersal by wind can be as complex as
stochastic models for the calculation of air particle trajectories (e.g. Nathan et al. 2002) or as
simple as a basic ballistic approach using release height, horizontal velocity, and vertical velocity
(e.g. Greene & Johnson 1989). However, no matter how many parameters are used in a given
mechanistic dispersal model, the terminal velocity of seeds (i.e. the speed at which a seed
eventually falls in still air after an initial acceleration period: when drag equals gravity) is always
included. Therefore, good estimates of this falling velocity for each species that will be modelled
are critical.
Often a single terminal velocity value is used in models to describe dispersal of a species
across its entire range (e.g. Tackenberg 2003; Katul et al. 2005). This approach is based on the
implicit assumption that seed terminal velocity is constant for a given species. However,
considerable variation in terminal velocity has been found even within populations (e.g.
Jongejans & Schippers 1999). Variation could be caused by, for example, differences in growing
conditions for individual plants or groups of plants. For species with large geographic ranges this
assumption may be even less accurate as genetic variation may also become important (Cody &
Overton 1996). Clearly, reliable and accurate estimates of terminal velocity, and of variation in
terminal velocity across pertinent spatial scales, are critical. To determine whether different
populations have seeds with significantly different terminal velocities, seeds must be collected
and usually brought to a laboratory for terminal velocity analysis. In some wind dispersed
species, fragile dispersal structures such as plumes, pappi, or wings may be adversely affected by
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different methods of transport or storage, so that the terminal velocity measured in the lab is not
the terminal velocity that would be exhibited in the field. This is a particular problem for
researchers working on, for example, invasive species in collaboration with colleagues on other
continents and exchanging seeds through the post. Effects of packaging methodology and storage
duration may also influence how a single lab should collect and store seeds that they collect
themselves.
At the same time, demographers are becoming increasingly interested in linking
demography with dispersal due to recent advances in modelling methodologies (Neubert &
Caswell 2000; Wang & Smith 2002; Buckley et al. 2005; Jacquemyn et al. 2005; Skarpaas &
Shea 2007; Jongejans et al. 2008a; Soons & Bullock 2008). For researchers with stored seed
collections from earlier demographic studies, a tantalizing possibility now exists - to use these
sources to quantify rates of spread. This could be especially interesting for historical seed
collections from different time points in the course of an invasion, and could potentially save
much time and effort if transcontinental demography studies can use existing collections. It is
intuitive that shipment and storage could reduce the usefulness of such collections by degrading
seed dispersal apparati quality, but the extent of this effect is unknown. If the magnitude of the
effects of shipment and storage can be quantified, however, not only would the extent of the
problem be known, but results could be scaled to offset the influence of these effects on
calculated dispersal kernels.
To assess the role that storage and transport methods might play in affecting measured
values of terminal velocity, we explored these factors for Carduus nutans (Asteraceae), the
nodding or musk thistle. This thistle of Eurasian origin has become a noxious weed in several
other continents. Much research focuses on how to control the spread of this species, as well as
on the more fundamental question of what has made this species such a successful invader (Shea
& Kelly 1998; Shea et al. 2005; Jongejans et al. 2006; Skarpaas & Shea 2007). Seeds have
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therefore been stored and shipped across the world for research on the terminal velocities of seeds
from different parts of its native and invaded range (Jongejans et al. 2008a). These shipments
were well packed to prevent seed escape and inspected by all involved authorities, the impact of
such treatments on the terminal velocity of the seeds; however, is unknown. C. nutans seeds are
wind dispersed by a fragile pappus made up of many filaments. Hundreds of seeds can be packed
into one capitulum. Any mechanical force applied to the head, such as a crushing force, could
potentially impact the seeds and pappi inside.
We hypothesized that packaging methodology and storage duration affect pappus quality
and thus the estimates of terminal velocity. We tested this with capitula aged between one and
five years old that were stored either in open paper bags, folded envelopes, or folded and pressed
envelopes to simulate damage sustained during storage and shipping. We confirmed our findings
using tests on seeds from heads that were initially tested in New Zealand and then shipped to the
USA and tested again after transport and inspection.

Materials and Methods
Study species. The musk or nodding thistle, Carduus nutans L. (Asteraceae), is invasive
in North and South America, New Zealand, Australia, and Southern Africa. C. nutans is
propagated only by seed. A single dispersal unit consists of a seed (of the achene type), and a
pappus structure which increases drag. In this study, the seeds had an average mass of 2.5 mg
(s.e. 0.05 mg; n=309) and were approximately 4 mm long by 1.5 mm in diameter. One capitulum
can contain on average ca. 400 seeds (Sezen 2007), and individual plants can produce up to 7,000
(McCarty 1982) or 12,000 seeds (Jongejans et al. 2008a).

Capitulum collection. The thistle heads for this experiment were harvested from
several naturally occurring populations in Central Pennsylvania from 2002-2006,
between late June and late July (18 July 2002, 28 July 2003, 30 June 2004, 6 July 2005,
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11 July 2006). Each capitulum was stored in a single paper bag with nothing pressing on
it, or in a cardboard box.
Packaging treatments. In order to examine the effects of packaging and shipping on
terminal velocity measurements collected in the lab, individual capitula were assigned to one of
three treatment categories in March 2007: control, envelope, and pressed. There were 25 capitula
for each combination of treatment and age (except for 2005, which had 20 control, 21 envelope,
and 21 pressed, because fewer heads were collected in that year). The control heads were left in
open paper bags. The heads in the envelope category were placed in an envelope and tightly
folded and put inside a larger envelope, thus mimicking the tight packaging conditions a
capitulum might endure during shipment or space saving storage. The heads in the pressed
category were subjected to the same conditions as the envelope category, with the addition of
being crushed with a 12.7 kg weight for at least 15 minutes. The weight was equally distributed
to all sections of the envelope to ensure uniform damage to all the enclosed heads. The pressed
category mimics shipping mishandling and tight storage conditions.
Measurements. Each capitulum was dissected in the laboratory. The number of dispersal
units (seeds still attached to their pappi) was tallied, and one dispersal unit from each head was
chosen at random (using a grid and a chart of random coordinates) for analysis. This was done so
that each seed could be analyzed independently, rather than being nested within capitulum of
origin. The terminal velocity of each selected dispersal unit was determined by measuring the
time seeds took to drop 1.17 m through the still air of an enclosed cardboard tube with an internal
diameter of 7.48 cm. The tube had a 10 cm high transparent, plastic viewing shield attached at the
top, and two transparent, plastic windows at the bottom: one to shine a light through and one for
viewing the dispersal unit as it reached the ground. Terminal velocity is attained quickly in wind
dispersed seeds (Sheldon & Burrows 1973), and dropping the dispersal unit 10 cm in the clear
plastic shield before timing began ensured that the dispersal units had indeed reached terminal
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velocity. For each dispersal unit, terminal velocity measurements were repeated until two similar
times were obtained and averaged as drop time (usually the first two drop times were similar
enough, i.e. within 0.1 seconds). The terminal velocity of each dispersal unit was calculated by
dividing the length of the tube by the average drop time.

After assessing each dispersal unit for terminal velocity, pappus width was
measured at the widest point of the pappus and at the width perpendicular to the
maximum width. Plume area was determined by assuming that the shape of a pappus is a
hollow cone and by calculating the projected area of the cone base as the area of a circle
with a diameter of the average pappus width (Meyer & Carlson 2001). The maximum
length of the pappus filaments, from the point of attachment to the seed to the top, was
also recorded.
The number of filaments in the pappus was counted to obtain a measure of the density of
filaments in each pappus. Visible pappus damage was also recorded. The most common pappus
abnormalities were pappi that were all bent in one general direction, curly or frizzy filaments, or
pappi that had gaps where filaments were missing. These were analyzed as binomial
presence/absence variables. Each seed was weighed. Maximum head diameter was measured and
predation by the biocontrol agent Rhinocyllus conicus was determined for each head, since these
factors have been shown to affect the number of seeds produced (Sezen 2007). R. conicus, a
specialist floral feeder weevil species, was introduced from the thistle’s native range as a
biocontrol agent in the 1970s due to the economic impact of C. nutans in North America
(Gassmann & Louda 2001). The weevils oviposit on the receptacles of capitula, and the
emergent larvae burrow into the receptacle and feed on this tissue and that of the developing
seeds. The larvae pupate inside the heads in chambers referred to as cysts. The feeding by these
larvae is known to reduce seed production in C. nutans (Gassmann & Louda 2001; Sezen 2007).
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This interaction is of note because this decrease in seed production decreases the number of
available dispersal units per head. The cysts found in each seed head were counted as a measure
of floral herbivory by weevils.
Shipping treatment validation. To validate that the pressed envelope packaging treatment
is indicative of shipping conditions, capitula were shipped from New Zealand to the USA. Seeds
from these capitula were assessed for terminal velocity before and after shipment. Capitula were
collected from two sites on the same farm in New Zealand (site 1: 40°12.744’ S, 175° 42.730’ E;
site 2: 40° 12.988’ S, 175° 42.490’ E). Heads were placed in separate paper bags, which were all
packaged in a plastic envelope. In New Zealand, ten dispersal units (seeds with pappi attached)
were sampled from each head and one was chosen randomly for measurement. Seeds were
dropped down a 137 cm tall transparent tube of 12 cm diameter, but timing began after seeds had
fallen 37 cm to ensure terminal velocity had been reached. The capitula in individual envelopes
were then mailed to the U.S.A. When the capitula reached the USA the package was mailed twice
more for import inspections. On final arrival, the heads were completely dissected and one seed
was selected randomly from the available dispersal units for terminal velocity measurement.
Head diameter, developmental stage, attack by R. conicus, and number of intact dispersal units
were also quantified.
Data analysis. The effects of packaging treatment and storage duration on seed terminal
velocity were evaluated using ANCOVA with the number of cysts as a covariate (Sokal & Rohlf
1995). Terminal velocity values were log transformed to increase normality. Storage duration
was treated as a continuous variable in all analyses in order to determine whether there was an
overall effect on the response variables. Generalized linear models (GLMs) were used to
determine which differences between treatment means were significant (Crawley 2007).
Wing loading was evaluated as the square root of seed mass, which was then divided by
pappus width (Soons & Heil 2002; Picó et al. 2004). Wing loading was assessed as an
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explanatory variable for terminal velocity with a regression analysis to explain variation in
terminal velocity values. Seed mass was evaluated using ANCOVA. ANCOVAs were also used
to examine the effects of packaging treatment and storage duration on filament number and logtransformed plume area using the number of cysts in each head as a covariate. The direction of
these effects were examined using GLMs. A GLM was used to examine how treatment effects
related to qualitative assessments of pappus damage. Pappus damage was also compared to
plume area, number of pappus filaments, and number of intact dispersal units using linear models.
A GLM using a quasi-poisson error distribution was used to examine how packaging treatment,
storage duration, and the number of cysts affected the number of available dispersal units in each
head because the count variable was significantly non-normal, over-dispersed, and included many
low values.
Paired Student’s t-tests were used to determine the significance of differences between
terminal velocity measurements, wing loading, and plume area before and after shipping from
New Zealand to the USA. Confidence intervals (95%) were also constructed to compare the
difference in terminal velocity values between the control and pressed treatment in the
experiment, and between terminal velocity values of the New Zealand seeds before and after
shipping. In order to investigate the difference in terminal velocity values between New Zealand
seeds before shipment and US controls, seed masses and plume areas were compared using
Student’s t-tests.

Results
The relationships between the variables that were assessed for their potential impact on
terminal velocity are summarized in Figure 2-1. Terminal velocity, number of dispersal units,
number of filaments, and plume area varied between the open, envelope, and pressed treatments
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(Fig. 2-2). Storage duration had no clear overall linear effects on these seed characteristics,
although significant differences between years did occur.
Terminal velocity. The ANCOVA model showed that packaging treatment had a
significant impact on terminal velocity (Table 2-1). The average terminal velocity of the pressed
treatment was significantly higher than the averages for the control and envelope treatments (i.e.
seeds from pressed heads fall more quickly and would lead to an underestimation of dispersal
distances) (Fig. 2-2A). No overall linear effect of storage duration on terminal velocity was
apparent, even though when it was included as a factor (rather than as a continuous variable)
there were significant differences in average terminal velocity values between collection years
(Fig. 2-2B). The number of cysts per capitulum had a significant influence on the terminal
velocity measurements, and the number of cysts varied significantly between years (p<0.0001).
The storage duration by cyst number interaction term was significant (p=0.024) in the full model,
but became insignificant after the elimination of insignificant higher order interaction terms and
therefore dropped out of the model.
Wing loading. Wing loading was a significant predictor of terminal velocity (p<0.0001):
it depends on both seed mass (the size of the payload), and plume area (a proxy for the amount of
drag on the dispersal unit). Wing loading was calculated as the square root of seed mass, which
was then divided by pappus width (Soons & Heil 2002; Picó et al. 2004). Wing loading was
influenced by changes in plume area. Plume area per dispersal unit decreased with increasingly
tight storage conditions: control > envelope > pressed (Fig. 2-2G). However, there was not
overall increase or decrease in plume area with storage duration (Fig. 2-2H). Seed mass did not
vary significantly with packaging treatment, storage duration, or cyst number. However, there
was a significant positive interaction effect on seed mass between packaging treatment and the
number of cysts (p=0.014).
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Pappus damage. Pappus damage was assessed qualitatively. The number of pappi with
gaps differed significantly between the packaging treatments and the number of bent pappi was
marginally significant (Fig. 2-3). At the same time, storage duration marginally increased total
pappus damage (p=0.063). Number of cysts was not a significant factor affecting qualitative
pappus damage (p=0.39). While pappus damage was related to the experimental variables of
packaging treatment and storage duration, a GLM showed that the qualitative assessments of
pappus damage were not directly related to seed terminal velocity.
Pappus damage was also quantitatively assessed by recording the number of filaments on
each pappus. Number of filaments was significantly related to qualitative pappus damage
observations (p=0.001). Packaging treatment had a significant effect on the number of filaments
(p=0.001). The pressed treatment caused a significant reduction in pappus filaments compared to
the control and envelope treatments (Fig. 2-2E). However, the number of filaments in each
pappus stayed broadly constant with storage duration (Fig. 2-2F). The number of filaments was
significantly related to terminal velocity measurements (p<0.0001).
Available dispersal units. The number of available dispersal units influenced how many
seeds there were to choose from to conduct terminal velocity measurements. Increasingly tight
storage conditions reduced the number of available dispersal units by separating seeds from their
pappi (Fig. 2-2C; Table 2-2). There was also a significant interaction between storage duration
and cysts in the full data set (Table 2-2). In the subset of the data where storage duration and
cysts are independent (2004-2006), increased numbers of cysts decreased the number of available
dispersal units (p<0.0001). The number of dispersal units per capitulum appeared to increase
with storage duration when this was the only variable considered (Fig. 2-2D), but storage duration
was not a significant factor when packaging and cysts were included in the GLM as well (Table
2-2). The number of available dispersal units did not influence the terminal velocities measured
for seeds.
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Cysts. The presence of cysts in capitula had other impacts on dispersal unit quality as
well. Increased numbers of cysts were related to a decrease in plume area (Table 2-1). Also, as
the number of cysts increased, the number of pappus filaments decreased (Table 2-1). Larger
capitula contained more cysts than smaller heads (p<0.0001).
Shipping trial. To validate that our pressed packaging treatment was comparable to
shipping and to assess the actual effect of shipping on terminal velocity estimates, terminal
velocity measurements of seeds from New Zealand were taken at the source (Jongejans et al.
2008a) and then seed heads were shipped to the United States for additional terminal velocity
measurements. The measured terminal velocity of seeds after shipping was significantly greater
than the velocities measured at the source (Fig. 2-4, p<0.0001). Wing loading also increased
significantly (p<0.0001). Plume area was significantly reduced by shipping (p<0.0001). The
95% confidence interval for the difference between terminal velocity values for the control
treatment and the pressed treatment before was 0.048 - 0.191 m s-1 with a difference between the
means of 0.120 m s-1 which overlaps partly with the 95% confidence interval for the difference in
terminal velocity values before and after shipping (0.152 - 0.334 m s-1) with a mean of 0.243 m s1

. Differences in absolute terminal velocity values between New Zealand seeds before shipping

and US controls were due to the fact that the New Zealand seeds were significantly lighter
(p<0.001); their plume areas were not significantly different.

Discussion
This study investigated the effect of packaging treatment and storage duration on the
terminal velocity of seeds of the invasive thistle Carduus nutans. Our experiment showed that
packing seed heads in envelopes did not significantly affect measured terminal velocity values
unless the envelopes were compressed. Storing seeds for several years did not affect terminal
velocity measurements. These findings are promising for both past and planned transcontinental
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demographic studies in which seed collections can be used to quantify the seed dispersal capacity
in different localities: old samples may still be useful and the effects of packaging can be
accounted for.
The packaging treatment influenced terminal velocity through alterations in pappus
quality (Fig. 2-1). Compression led to a reduction in plume area and dislodged pappus filaments.
Increasingly tight packaging conditions caused a decrease in available dispersal units due to seeds
becoming dislodged from their pappi. While this tendency did not affect the measurement of
terminal velocities for the capitula used in this study, it might reduce power if more units are
required for a particular study. Furthermore, terminal velocity values for Asteraceae capitula of
other species could be affected to a greater extent. For example, capitula with a larger surface
area to volume ratio would have fewer seeds in the centre of the capitulum which might be
protected from external forces to a certain extent.
No significant overall increase in terminal velocity was found as storage duration
increased (Table 2-1), despite significant differences between some collection years (Fig. 2-2B).
The unexplained variation between years may have been due to the fact that different samples
were collected at different times and in different locations each year for logistical reasons, or due
to climatic differences among years affecting the vigour of the plants and the development of
seeds. According to our results, capitula up to five years old may be safely measured for terminal
velocity values without bias for this species. However, since an instantaneous shock such as
applied pressure can irrevocably change the state of stored capitula, it is advisable to conduct
terminal velocity measurements as soon as possible to limit the chance of accidental damage, and
to take particular care not to compress seed heads before measurement.
Number of cysts per head was also found to have a significant relationship with seed
terminal velocity. To our knowledge, this is the first time that a reduction in wind dispersal
capability by a biocontrol agent has been quantified. We have conducted a separate study to
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directly examine the influence of biocontrol weevil activity on seed terminal velocity (Chapter 4,
this thesis). This work will provide further insights into how Rhinocyllus conicus affects aspects
of C. nutans fitness other than numerical seed production.
The increase in terminal velocity caused by the combined effects of international
shipping from New Zealand to the USA and two additional shipments within the USA for import
inspections was on average twice that caused by the pressed treatment. Due to the fact that the
capitula for the validation study were shipped three times, the pressed treatment likely gave a
good estimate of the effect of a standard shipment on seed terminal velocity values. The shipped
seeds were packaged similarly to both the envelope and pressed experimental treatments, which
suggests that the parcel experienced significant compression during shipment.
It is possible that bias could have been introduced in the shipment validation data. The
use of different tubes lengths for terminal velocity drops in the United States and New Zealand
could have caused some experimental bias; however, this is unlikely because timed drop lengths
were very similar at 1.17 m vs. 1 m respectively. The main source of potential experimental bias
in this experiment could have been different amounts of static electricity on the cardboard tube in
the United States and the plastic tube in New Zealand. Although plastics tend to produce static
electricity at low values of relative humidity (less than 30%), relative humidity values during
terminal velocity drops in New Zealand were not a concern (mean 69% s.e. 0.12). This would
reduce the potential for the experimental apparatus used to affect results.
The seeds were shipped in plastic courier envelopes, rather than a rigid cardboard box,
which might have protected against compression. Capitula used in other studies that were
packaged in a similar manner and used for terminal velocity measurements after shipping likely
provided artificially inflated terminal velocity values. Clearly, if seeds fall more quickly they will
not move as far on average, thus damage leads to under-estimates of dispersal. Since a WALD
(inverse Gaussian) mechanistic dispersal model predicts that the expected spread rate of the

28
thistles increases exponentially with decreasing terminal velocities (Skarpaas & Shea 2007), an
increase in terminal velocity measurements of this magnitude would cause spread rates to be
underestimated.
Our results have strong ramifications for a wide variety of spatial plant ecology issues
such as species spread rates (Neubert & Caswell 2000; Skarpaas & Shea 2007; Jongejans et al.
2008a), population connectivity (Soons et al. 2005), containment of transgenic species (Williams
et al. 2006),extinction risk under climate change scenarios (Thomas et al. 2004) and mechanistic
metapopulation models (Hanski 1994). For any of these types of studies, incorrect terminal
velocity information could lead to inaccurate predictions, which in turn could greatly reduce the
effectiveness of management strategies. A specific application of this work arises with the
necessity of studying species invasions in a biogeographic context (Hierro et al. 2005). The
dispersal ability of seeds has been shown to change rapidly among populations under varying
selective pressures when plants of Lactuca muralis invaded a new environment (Cody & Overton
1996). Perhaps as a consequence, several characteristics of plants are known to differ between a
species’ native and invaded ranges. A majority of comparative studies provide evidence that
plants have larger and denser populations, more reproductive output, and larger seed banks in the
species’ invaded range (Hinz & Schwarzlaender 2004). Several of these transcontinental studies
could use the information presented here to rescale terminal velocity values to understand
differences in dispersal and spread between native and invaded ranges given the availability of
stored seed collections. There is already evidence that such investigations may be worthwhile.
For instance, terminal velocity values have been found to be lower in C. nutans’ invaded range
(Jongejans et al. 2008a), which suggests that this may be true for other species with cosmopolitan
distributions.
This question may also be answered with new data sets describing multiple populations
on different continents. The easiest way for these data sets to be obtained would be for
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collaborating researchers to share seed samples through the post. However, the results of this
study show that there are inherent risks in this method, so that the terminal velocity that is
measured after shipping may not be the terminal velocity seeds would exhibit in the field. It is
imperative that the effects of shipping on terminal velocity measurements are accounted for
before any inferences are made about differences in seed terminal velocities in different parts of a
species’ range. The most conservative approach would be to take all measurements at the source,
but this is not always possible.
In conclusion, the way in which seeds are stored and shipped can cause a significant
increase in terminal velocity measurements through reductions in the quality of dispersal apparati.
These differences can affect any models or simulations that use terminal velocity or the output of
wind dispersal kernel predictions as parameters, including rates of invasive spread, extinction
risks under climate change, or expected patch occupancy and metapopulation persistence. With
the advances being made in the field of mechanistic spatial plant ecology, we expect that many
more of these types of studies will be carried out in the future. New research will doubtless
involve proper storage and shipment of heads. However, it is also possible to use older
collections to study these questions. In such cases, researchers need to be able to quantify the
effect of seed history on results, so that the effects can be scaled appropriately.
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Table 2-1: ANCOVA models for log-transformed terminal velocity, log-transformed plume area,
and filament number.
Terminal velocity
2

(m/s)

Plume Area (mm )

Filament number

df

MS

P

MS

P

MS

P

2

1.214

0.000***

7.534

0.000***

7526

0.000***

1

0.335

0.088

0.514

0.306

1484

0.215

1

5.230

0.000***

13.724

0.000***

4915

0.024*

304

0.114

Handling
treatment
Storage
duration
Number of
cysts
Residuals

0.488

961

Variation in characteristics of Carduus nutans seeds was explained by the main effects of
packaging treatments (control, envelope, or pressed) with storage duration in years and the
number of Rhinocyllus conicus cysts in a capitulum as covariates. None of the interactions were
significant.
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Table 2-2: Generalized linear model (GLM) for the number of dispersal units per capitulum.
Estimate

Standard Error

P value

Envelope treatment

-0.203

0.134

0.132

Pressed treatment

-0.919

0.169

0.000***

Storage duration (S)

0.005

0.047

0.923

Number of cysts (C)

-0.073

0.064

0.253

S*C

-0.071

0.031

0.023*

The number of intact dispersal units (plumes attached to Carduus nutans seeds) were modelled as
a function of packaging treatment (envelope or pressed, compared to a control treatment), storage
duration, and the number of Rhinocyllus conicus cysts in a capitulum. All interactions, except the
storage duration x cysts number interaction, were not significant and were omitted from the
model.
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Storage duration

Packaging

Capitulum
diameter

# Cysts

***

***
# Disp. Units

(* )

*

***

Pappus Damage

*

***

# Filaments

***
Plume area

Seed mass

**
By definition

Wing Loading

***

***

Terminal Velocity

Figure 2-1: Schematic of factors that affect terminal velocity directly or indirectly.
The diagram summarizes how storage duration, packaging treatment, and number of cysts
indirectly affect terminal velocity via other linked variables. Solid lines represent positive effects
and dashed lines represent negative effects. Wing loading equals the square root of seed mass
divided by pappus width. (*) p<0.1, * p<0.05, *** p<0.001
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Packaging treatment

Storage duration

Figure 2-2: Effects of packaging treatment and storage duration on terminal velocity (A, B),
number of dispersal units (C, D), number of filaments (E, F), and plume area (G, H).
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Mean and standard errors are given for Carduus nutans dispersal units from heads placed in an
open paper bag, inside folded paper bags in an envelope, or inside folded paper bags in envelopes
that were pressed with a 12.7 kg weight for at least 15 minutes. Capitula were collected from
natural populations in Central Pennsylvania, USA in the summers of 2002-2006. Within a panel
bars sharing the same letter were not significantly different according to Tukey HSD tests (A-B,
E-H) and GLMs (C-D).
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Figure 2-3: Average types of pappus damage for each packaging treatment.
Average numbers (and standard errors across years) of pappi with gaps in the plume, curly pappi,
frizzy pappi, bent pappi, or any of these types of damage are shown for Carduus nutans seeds
from heads placed in an open paper bag (N=120), inside folded paper bags in an envelope
(N=121), or inside folded paper bags in envelopes that were pressed with a 12.7 kg weight for at
least 15 minutes (N=121)
† P value for difference from open packaging treatment was 0.074.
‡ P value for difference from open packaging treatment was 0.058.
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Figure 2-4: Box plots of measured terminal velocity values before and after shipping dispersal
units.
Terminal velocity measurements were taken for each head in New Zealand, then capitula were
shipped to the United States and dispersal units from the same heads were measured for terminal
velocity again.
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Chapter 3
The Effect of Temperature and Precipitation on Seed Release in Two Invasive
Thistles
Abstract
Non-random seed release caused by plant responses to wind speed, turbulence,
temperature, relative humidity, and precipitation is often ignored in dispersal studies, yet these
factors may have a large impact on seed release in the field. We examined the effects
temperature and precipitation have on seed release in the invasive thistles Carduus acanthoides
and Carduus nutans by collecting mature capitula from the field over a range of natural
precipitation events and drying them for either 0, 1, or 2 days at one of three different temperature
and vapor pressure deficit levels before placing them in a wind tunnel. Drying capitula at 28°C
and 17.0 mb vapor pressure deficit and increasing drying duration increased the number of seeds
released during wind tunnel trials for both species. A bias towards seed release during hot, dry
conditions favors long distance dispersal (LDD) and the likelihood of seeds moving away from
source populations. Some species of wind dispersed plants may spread more quickly in the future
due to projected increases in temperature and evaporation.

Introduction
Seed release initiates the dispersal process in plants and has implications for spatial
dynamics, genetic structure, population ecology, responses to climate change, and the
management of rare and invasive species (Cain et al. 2000; Nathan & Muller-Landau 2000; Levin
et al. 2003; Trakhtenbrot et al. 2005; Jongejans et al. 2008b). Therefore, calls have been made
for more research on this important topic (Schippers & Jongejans 2005; Kuparinen 2006; Nathan
2006). As more and more researchers investigate the mechanisms underlying seed release, it is
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becoming increasingly clear that seed release is not a random process, but occurs under certain
predictable conditions (Greene & Johnson 1992; Tackenberg et al. 2003; Skarpaas et al. 2006;
Jongejans et al. 2007; Soons & Bullock 2008).
Events that occur at the instant of seed release such as high wind speed or turbulence can
have a profound effect on seed dispersal (Skarpaas et al. 2006; Jongejans et al. 2007; Soons &
Bullock 2008), but events occurring before seed release can influence the process as well (Isard &
Gage 2001; Jongejans et al. 2007). Preconditioning in the field can influence whether or not
seeds are ready to release when favorable conditions for movement arise (Isard & Gage 2001).
For instance, wetting treatments that leave capitula moist for 1-3 hours prior to wind tunnel trials
reduce seed release significantly more than treatments that moisten capitula with the same
amount of water just prior to wind tunnel trials (Jongejans et al. 2007). This finding suggests that
the timing and amount of precipitation received in the field have an effect on the chance that a
seed will be released independent of wind speed and turbulence.
For many Asteraceae species, including the invasive thistles Carduus nutans L. and C.
acanthoides L., drying causes cohesion tissues located on the outer side of the involucral bracts to
lose turgidity and buckle, causing the bracts to be lowered away from the seeds thus exposing
seeds to the wind (Fahn 1990). In C. nutans, drying also causes contraction of the receptacle
away from the seeds (Smith & Kok 1984). Exposure of pappi to the air leads to drying, which
causes pappi to expand (Smith & Kok 1984). How much a pappus expands can be affected by
relative humidity (Sheldon & Burrows 1973). While such effects of drying on the ability of seeds
to release are known qualitatively, what is not known is how much precipitation in the field is
required to halt or reverse these processes and how many dry days under what temperature
conditions are necessary to allow the continuation of normal seed release after a precipitation
event. These considerations could become important for dispersal forecasting under conditions of
altered precipitation and temperature expected due to climate change (Hayhoe et al. 2007).
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In order to examine the effects of temperature and field precipitation on seed release,
capitula of Carduus nutans and C. acanthoides were collected from the field under a range of
weather conditions. Some capitula were evaluated for seed release in a wind tunnel immediately,
while others were stored under cold (10°C), room temperature (23°C), or warm (28°C) conditions
for one or two days before wind tunnel trials. We hypothesized that low precipitation and high
temperatures in the field and during storage would increase seed release through reductions in
capitulum moisture content under conditions of turbulence and high wind speed (6 m s-1) in a
wind tunnel.

Materials and Methods
Study species. Carduus nutans and Carduus acanthoides (Asteraceae) are two thistle
species of Eurasian origin that commonly invade roadsides, pastures, and abandoned fields
(Desrochers et al. 1988). Both species are major economic pests in North America, New
Zealand, and Australia. C. nutans and C. acanthoides are monocarpic perennials that reproduce
exclusively by seed. In Pennsylvania, flowering occurs between May and August for C. nutans,
and between June and October for C. acanthoides (Rhoads & Block 2000). C. acanthoides
produces many small capitula (15.0 mm s.e. 0.14 in this study), while C. nutans produces fewer,
larger capitula (26.0 mm s.e. 0.48 in this study). Capitula of C. acanthoides produce
approximately 56-83 seeds (Desrochers et al. 1988). C. nutans capitula can produce 165-256
seeds (Desrochers et al. 1988) or ca. 400 seeds (Sezen 2007).
Capitulum collection and treatment. Capitula ready to disperse or just starting to disperse
seeds were collected from four naturalized populations in Pennsylvania during the summers of
2006 and 2007 (one population per species per year) and placed in individual plastic containers at
the time of collection to preserve field moisture levels. C. acanthoides populations were located
in State College, PA for both years of the study. C. nutans populations were located in
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Duncannon, PA in 2006 and Carlisle, PA in 2007. Forty-five capitula were collected on each
collection date per species. C. acanthoides capitula were collected on 7 dates from 29 July to 6
August in 2006 and 5 dates from 26 July to 5 August in 2007. C. nutans capitula were collected
on 3 dates from 26 July to 5 August in 2006 and 5 dates from 15-30 July in 2007. Therefore, a
total of 540 capitula of C. acanthoides and 360 capitula of C. nutans were used in this study.
Precipitation and temperature data prior to capitulum collection were collected from the National
Climatic Data Center for the closest available weather station locations, State College and
Harrisburg, Pennsylvania, USA, to determine the prior weather experiences in the field of
capitula.
After collection, capitula were randomly assigned to treatments. Heads were either tested
immediately in the wind tunnel, or allowed to dry at one of three different temperature treatments
cold at a constant 10°C, room temperature at 23°C (s.e. 0.16), and warm at 28°C (s.e. 0.19) for
one or two days. Different storage temperatures also lead to differences in vapor pressure deficits
(VPD), which are proportional to the rate of evaporation (Lowry & Lowry 1989). Vapor pressure
deficits for the different storage treatments were 3.4 mb (s.e. 0.25) for cold, 9.5 mb (s.e. 0.84) for
room temperature, and 17.0 mb (s.e. 1.15) for warm. On each collection day for each species
there were 15 replicates for the no drying treatment and 5 replicates for each combination of
temperature and drying duration. Capitula were weighed before and after treatments were
administered to determine how much water evaporated during drying. These masses included all
plant tissues that might have become disassociated with capitula during drying, such as released
seeds.
Wind tunnel trials. Seed release trials were conducted in a closed-circuit wind tunnel of
the Pennsylvania State University’s Aerospace Engineering Department with a 90 cm high, 60 cm
wide and 6 m long test section (see also Dauer et al. 2006; Skarpaas et al. 2006; Jongejans et al.
2007). Turbulence was created by the insertion of a threaded rod of 1.5 cm diameter held at
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capitulum height by a wooden frame, because both species have been shown to release more
seeds under turbulent conditions than in laminar air flow and also because truly laminar flow is
very rare in nature (Skarpaas et al. 2006; Jongejans et al. 2007). The wind tunnel was calibrated
every day to adjust for changes in air temperature and pressure that would affect generated wind
speeds.
During each wind tunnel trial, capitula were attached to a 1.1 cm diameter, 46 cm high
metal rod. Any seeds and pappi that released before the wind tunnel trial commenced were
counted. Wind tunnel trials were conducted at a wind speed of 6 m s-1 for 1 minute. A fiberglass
mesh screen (1.6 mm) was used to catch any seeds released. These were removed after every
trial and counted.
Capitulum dissections. After a trial, capitula were stored and dissected in the laboratory.
Head diameter was measured for each head as a proxy for the number of seeds produced by each
head (Sezen 2007). In addition, egg cases and cysts of the biocontrol agent Rhinocyllus conicus
Froel. were counted to quantify florivory in each capitulum. Adults of this weevil species
oviposit on the bracts of developing capitula, and emerging larvae burrow into the receptacle and
induce the formation of callus tissue (Shorthouse & Lalonde 1984). This damage is known to
reduce seed production (Gassmann & Louda 2001; Sezen 2007).
Statistical Analysis. Beside the experimental treatments, drying temperature and
duration, five potential covariates were expected to have an effect on seed releases during wind
tunnel trials. The number of seeds released before the wind tunnel trial are necessary covariates
to provide information about the effect of flowering phenology of individual capitula on seed
release. Jongejans et al. (2007) found that the number of seeds released before a wind tunnel trial
is, up to a certain point, significantly correlated with the number of seeds released during a wind
tunnel trial. Head diameter information is necessary to correct for the fact that larger capitula
produce more seeds, so larger heads may have a greater probability of releasing more seeds
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during wind tunnel trials. Due to the potential effects of head diameter on the drying process, all
analyses were done for C. acanthoides and C. nutans separately due to the large difference in this
covariate between the species. At the same time, florivory by R. conicus reduces the number of
seeds available to be released during wind tunnel trials (Gassmann & Louda 2001; Sezen 2007)
and must also be taken into account. Finally, temperature and precipitation information allow the
effect of natural conditions in the field to be quantified. The average temperature in the 24 hours
immediately before collection and the sum of precipitation over 48 hours immediately prior to
collection were used to provide information about drying conditions in the field. These time
periods were chosen because they provided good explanatory power for both species.
To determine the effectiveness of the treatments to induce drying, generalized linear
models (GLMs) with poisson error distributions were used to explain variation in weight (water)
loss in R (Crawley 2007; R Development Core Team 2008). Field temperature and precipitation
were also included in the models to understand the relationship between preconditioning and
water loss during drying treatments. Poisson error distributions were used because the amount of
water lost was bounded by zero (capitula did not gain mass during drying) (Crawley 2007).
GLMs with quasipoisson error distributions were used to link water loss during drying treatments
to the number of seeds released during wind tunnel trials (R Development Core Team 2008).
GLMs with quasipoisson error distributions were also used to evaluate the effects that the
drying treatments had on seed release in conjunction with the covariates (R Development Core
Team 2008). Each analysis for both species began with all factor combinations and all five
potential covariates (prior seed release, capitulum diameter, R. conicus cysts, field temperature,
and field precipitation (Crawley 2007). Insignificant terms were removed from the model using
step-wise elimination until only significant terms remained.
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Results
The different drying treatments were linked to observable water loss from capitula. Cold
(10°C, 3.4 mb VPD), room temperature (23°C, 9.5 mb VPD) and warm (28°C, 17.0 mb VPD)
drying treatments increasingly caused significant water loss from both C. acanthoides and C.
nutans capitula (Table 3-1; Fig. 3-1). Drying duration, field temperature, and field precipitation
were not significantly related to how much water was lost from capitula of either species (Table
3-1). However, there was an insignificant trend (C. acanthoides p=0.11; C. nutans p=0.06)
towards more water loss with additional days of drying for both species (Fig. 3-1). With
increasing drying temperature and vapor pressure deficit, capitulum morphology changed as
water was lost (Fig. 3-2). For both species, water loss during drying treatment had a significant
positive relationship with the number of seeds released during wind tunnel trials (p<0.001).
Seed release in the wind tunnel was related to the drying treatments and several
covariates. For both C. acanthoides and C. nutans, drying at a warm temperature (28°C, 17.0 mb
VPD) resulted in significantly greater seed release than for the no drying treatment (p<0.001;
Table 3-2; Fig. 3-3). Increases in drying duration caused an increase in the number of seeds
released for both species (C. acanthoides p<0.001; C. nutans p=0.031). However, for C.
acanthoides the effects of the warm temperature treatment and increasing drying duration were
less than additive due to a significant interaction between the treatment effects (p<0.001). If
capitula released seeds before being placed in the wind tunnel they were more likely to release
seeds during wind tunnel trials (C. acanthoides p<0.001; C. nutans p=0.002). Higher field
temperatures in the 24 hours before capitulum collection were related to increased seed release
from C. acanthoides during wind tunnel trials (p=0.004). For C. nutans, larger capitula were
linked to more seed releases during wind tunnel trials (p=0.009), but increasing numbers of cysts
had the opposite effect (p=0.002).
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Discussion
Warm drying temperatures, with associated higher vapor pressure deficits, and longer
drying duration caused more seeds to be released during wind tunnel trials for both species, which
matched our hypothesis. High vapor pressure deficits lead to proportional increases in
evaporation rates (Lowry & Lowry 1989), which is one probable mechanism for increased water
loss from capitula stored in increasing temperature and vapor pressure deficit conditions. This
increased water loss is associated with increased seed release. Morphological changes during
drying, such as the buckling of bracts away from seeds and pappus expansion (Smith & Kok
1984; Fahn 1990) could have contributed to increases in seed release from capitula with lower
water content. However, the expected reduction in seed release following precipitation events in
the field was not observed, even though water loss was positively correlated with seed release.
The result that seeds are more likely to release under hot, high vapor pressure deficit
conditions is consistent with knowledge about other species which are known to have a dispersal
bias towards such conditions (Roche 1992; Nathan et al. 1999; Mandak & Pysek 2001). For
example, in Pinus halepensis seed release occurs preferentially during hot, dry conditions (Sharav
events), which are associated with increased vertical wind speeds (updrafts) and increased seed
dispersal distances (Nathan et al. 1999). Increased occurrences of updrafts associated with warm,
dry conditions are also evident in other systems, and have the potential to facilitate long distance
dispersal (LDD) in some species (Tackenberg et al. 2003). While the beneficial effects of
updrafts on LDD could be negated by downdrafts created by these same conditions (Lowry &
Lowry 1989), some plants have mechanisms to prevent or reduce seed release during downdrafts
(D. F. Greene et al., pers. comm.), but the extent of this phenomenon in different groups of wind
dispersed plants is unknown.
Another advantage to dispersal during hot, dry conditions for some species could be
increased wind speeds caused by differential surface heating rates (Lowry & Lowry 1989).
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Several species are known to respond to increased wind speeds with increased seed release
(Mandak & Pysek 2001; Jongejans et al. 2007), and wind speed thresholds can result in higher
population spread rates than if seed release is random with respect to wind speed (Schippers &
Jongejans 2005; Soons & Bullock 2008).
While there is a bias towards releasing seeds during hot, dry conditions for several
species, very few mechanistic seed dispersal models with the exception of WINDISPER (Nathan
et al. 2001) take the effects of preconditioning by drying on seed dispersal into account
(Tackenberg 2003; Katul et al. 2005; Bohrer et al. 2008). Therefore, high wind speeds or
updrafts might not correspond to as large seed dispersal distances as predicted by such models if
temperatures have been cool. At the same time, temperature conditions that lead to greater seed
release may also be associated with thermal turbulence and increased wind speeds that could
carry seeds even greater distances.
In the future, it will be increasingly important to incorporate information about the effects
of preconditioning on seed release into seed dispersal models due to the changing climate. For
example, temperature and evaporation are expected to increase in the Northeastern United States,
where this study was conducted, and instances of heavy precipitation are also on the rise (Hayhoe
et al. 2007). While it is difficult to predict how winds might respond to the changing climate, it is
also possible that thermal turbulence might be affected, which could have implications for both
seed release (Skarpaas et al. 2006) and seed dispersal (Katul et al. 2005). Warmer temperatures
could provide increased occurrences of updrafts and increased wind speeds. If there are more
instances of updrafts and strong winds in the future, this would lead to a higher percentage of
seeds experiencing long distance dispersal (LDD).
However, if wind speeds and updrafts do not change in response to climate change,
quicker drying could reduce dispersal distances. For example, Daucus carota individuals that
open umbels more quickly in response to changes in relative humidity were associated with
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shorter dispersal distances, because seeds were released at lower wind speeds than if umbels were
more closed (Lacey 1980). This would tend to cause seeds to travel shorter distances under dry
conditions, unless drops in relative humidity were correlated with offsetting changes in wind
characteristics.
Drier conditions may also influence population spread rates through seed characteristics
independent of how wind characteristics respond to climate change. For example, lower
humidity can cause pappi to expand farther, decreasing seed terminal velocity and potentially
causing seeds to travel further on average (Sheldon & Burrows 1973).
Synthesis between our results and previous work by Jongejans et al. (2007) indicates that
the ability to discern significant effects of environmental variables on seed release is highly
dependent on measurement methodology, and field precipitation might play a role in seed release
in addition to the effects of temperature. While our work did not find a significant effect of field
precipitation (contrary to what Jongejans et al. (2007) found for wetting treatments), we observed
a significant relationship between increased evaporation from capitula and greater seed release.
Therefore, it is likely that field precipitation may influence seed release, but its effects may have
been obscured by other factors such as additional wetness caused by dew or drought in our
collections. For example, collection days with precipitation were limited in 2007 by a drought
that reduced rainfall by 45% and 19% of normal values for C. acanthoides and C. nutans
collection populations, respectively (Nolan & Rodgers 2007). Another reason why this study
might not have found a significant relationship between field precipitation on seed release is the
quality of available precipitation data. While precipitation measurements for C. acanthoides were
taken in the same town as capitula were collected, the measurements for C. nutans were taken
approximately 18-29 km away from captitula collection sites. Since scattered thunderstorms
occur at much finer spatial scales (only a few km in diameter) (e.g. Petterssen 1969), in some
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cases rainfall at C. nutans capitula collection sites might have been different than the Harrisburg
NCDC data suggest.
While the expected effect of field precipitation on seed release was not found to be
significant, our study did find a significant effect of drying temperature that was absent in
Jongejans et al. (2007), likely because Jongejans et al. (2007) used only two temperature
treatments: storage at either room temperature (25°C) or warm temperature (33°C) for some
hours prior to the wind tunnel trials. No cold temperature treatment was used in that study and
the effects of drying duration were not incorporated into the experimental design. Clearly, these
factors have a significant effect (Fig. 3-2). Future work with a wider range of precipitation may
well still show important effects on seed release.
In conclusion, capitulum drying due to increased temperature and drying duration
increases seed release during weather events that may be important for long distance dispersal.
Therefore, incorporating non-random dispersal in models of seed dispersal would improve model
performance for species with similar responses to drying. This additional information will be
critical, since non-random dispersal in the face of the changing climate may well have important
implications for the spread of invasive plants.
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Table 3-1: Significant effects on water loss from capitula.
Carduus acanthoides

Carduus nutans

Estimate

St. Error

Estimate

St. Error

Cold treatment

5.02

2.26*

2.62

1**

Room temp treatment

5.68

2.25*

3.59

0.97***

Warm treatment

5.94

2.25**

4.1

0.96***

Generalized linear models with poisson error distributions were used to determine the effects of
drying temperature and duration treatments as well as field conditions of temperature and
precipitation on water loss during capitulum drying prior to wind tunnel trials. Non-significant
factors and covariates removed from the models were: drying duration, field temperature, field
precipitation, prior seed release, capitulum diameter, and Rhinocyllus conicus cysts. The cold,
room temperature, and warm treatments represent temperatures of 10°C, 23°C, and 28°C
respectively and vapor pressure deficits of 3.4 mb, 9.5 mb, and 17.0 mb respectively. * p<0.5, **
p<0.01, ***p<0.001
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Table 3-2: Significant effects of drying treatments and covariates on seed release.
Carduus acanthoides

Carduus nutans

Estimate

St. Error

Estimate

St. Error

Warm treatment (W)

2.93

0.51***

3.23

0.48***

Drying duration (D)

0.93

0.22***

0.55

0.25*

W*D

-1.18

0.31***

ns

ns

Prior seed release

0.01

0***

0.01

0**

Field temperature

0.1

0.03**

ns

ns

Capitulum diameter

ns

ns

0.05

0.02**

Cysts

ns

ns

-0.62

0.2**

Generalized linear models with quasipoisson distributions were used to determine the effects of
drying temperature and duration treatments; field temperature and precipitation; prior seed
release; capitulum diameter; and florivory by Rhinocyllus conicus on seed release during wind
tunnel trials. The warm treatment represents drying at 28°C with a vapor pressure deficit of 17.0
mb. Only significant terms were included in the model. * p<0.5, ** p<0.01, ***p<0.001
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Figure 3-1: Water loss due to drying treatments.
Numbers below bars indicate drying durations in days and drying treatment temperatures. Vapor
pressure deficits for the 10°C, 23°C, and 28°C drying temperatures were 3.4 mb, 9.5 mb, and
17.0 mb respectively. Significance designations come from generalized linear models with
poisson error distributions.
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A)

B)

C)

D)

Figure 3-2: Effects of drying temperature on capitulum morphology.
Panels A and C represent Carduus acanthoides and Carduus nutans capitula respectively, dried
for two days at 10°C and 3.4 mb vapor pressure deficit. Panels B and D represent Carduus
acanthoides and Carduus nutans capitula respectively, dried for two days at 28°C and 17.0 mb
vapor pressure deficit.
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Figure 3-3: Drying treatment effects on seed release.
Numbers below bars indicate drying durations in days and drying treatment temperatures. Vapor
pressure deficits for the 10°C, 23°C, and 28°C drying temperatures were 3.4 mb, 9.5 mb, and
17.0 mb respectively. Significance designations come from generalized linear models with
quasipoisson error distributions.
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Chapter 4
Hierarchical Effects of Biocontrol Agent Florivory on Invasion Speed

Abstract
The biocontrol agent, Rhinocyllus conicus, is well known to reduce the seed production
of its target species, invasive Carduus thistles. However, observations of damage caused by this
receptacle feeding weevil indicate that there may be other mechanisms behind its successful
control of Carduus nutans in some parts of its invaded range. We hypothesized that R. conicus
reduces dispersal distances and population spread rates of C. nutans and Carduus acanthoides
through three hierarchical effects: reductions in seed production, reductions in seed release, and
increases in seed terminal velocity. Wind tunnel trials of seed release, terminal velocity
measurements of seeds, and capitulum dissections showed all of these effects to be significant,
although it was impossible to determine the effect of R. conicus florivory on terminal velocity
values of C. acanthoides due to high levels of damage.
These empirical data were combined with previously published demographic data to
model the population growth rates and population spread rates of United States (US) and New
Zealand (NZ) populations of C. nutans using coupled integrodifference models. Model results
suggest that realized average amounts of R. conicus larvae in each capitulum for Pennsylvania,
US and Midland, NZ should lead to reductions in population growth rates of approximately 68%
and 10% for these populations, respectively, with reductions in spread rates of around 45% and
14%, respectively. The results of reductions in population growth rates agree qualitatively with
previous work. Models also reveal that the most important mechanisms behind reductions in
population spread rates for the United States and New Zealand are increases in terminal velocity
for the US and decreases in seed production for NZ. The magnitude of relative reductions in
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population growth rates and population spread rates also differ between the two populations, with
R. conicus florivory leading to better control of abundance in the US and better control of spread
in NZ. Observational evidence suggests that other receptacle feeding biocontrol agents could
cause similar significant reductions in population spread. Therefore, we propose that
practitioners should refine their objectives to specify whether biological control reductions in pest
population spread rates as well as reductions in pest abundance are required.

Introduction
Competition for resources between humans and agricultural pests has troubled humans
for millennia (Ordish 1976). Of the variety of pest control techniques that have been used
historically, natural enemies have been successfully employed to curb pest populations for
centuries (Debach 1974). The earliest record of biological control comes from China in 304 AD,
where mandarin orange growers hung nests of native ants in orchards to keep pest insects away
from developing fruits (Huang & Yang 1987). However, over 1500 years later the same
principles gained widespread popularity when utilized against a different sort of threat (Debach
1974). Classical biological control, the use of imported natural enemies to control populations of
invasive species, was heralded as a resounding success in the 1880s when the Australian ladybird
(Vedalia cardinalis) saved the California citrus industry from an invasion of cottony-cushion
scale (Icerya purchasi) (Debach 1974; Howarth 1991). Since then, classical biological control
has been widely adopted to fight serious invasions of economically damaging pest species around
the world without the use of harmful pesticides.
Despite several impressive successes that yielded complete control of a pest species, the
use of biocontrol agents has come under fire following adverse nontarget effects to native species
and high percentages of unsuccessful control attempts (Crawley 1989; Howarth 1991; Louda et
al. 1997; Boettner et al. 2000; Coombs et al. 2004). Non-native biocontrol agents have
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contributed to the extinction of native species on several occasions (Howarth 1991). At the same
time, only 10-20% of introduced biocontrol agents ever become established, let alone provide
reliable pest control (Howarth 1991).
One biocontrol agent, Rhinocyllus conicus Fröl., exemplifies the potential costs and
benefits of classical biological control. Although R. conicus has been found to attack more than
25% of the native Cirsium species in the US (Louda et al. 1997; Louda 1998; Coombs et al.
2004; Louda et al. 2005), it has been named one of the most successful biocontrol agents released
due to its complete control of Carduus nutans L. in Canada (Crawley 1989). However, results of
R. conicus introductions vary world-wide: due to differences in sensitive life stages of C. nutans,
R. conicus was relatively ineffective at controlling C. nutans in New Zealand and Australia (Shea
et al. 2005) and has provided inconsistent suppression in the United States (Kok et al. 1986;
Andres & Rees 1995; Kok et al. 2003; Roduner et al. 2003; Milbrath & Nechols 2004).
R. conicus reduces seed production of Carduus thistles (Zwölfer & Harris 1984;
Gassmann & Louda 2001). However, this might not be the only mechanism of R. conicus’s
success in North America. Florivory by R. conicus can result in shorter dispersal structures and
has been observed to form blackened callus tissue inside capitula that might hinder seed release
(Shorthouse & Lalonde 1984; Smith & Kok 1984), but the potential impacts of these effects on
seed dispersal and population spread have only been indirectly addressed (K.M. Marchetto et al.
unpubl. manuscript, chapter 1 of this thesis).
We hypothesize in this paper that R. conicus florivory leads to three hierarchical effects
on seed dispersal and population spread rates mediated through 1) decreases in seed production,
2) reductions in the release of viable seeds, and 3) increases in terminal velocity for released
seeds. These effects were examined for two conspecific species of invasive thistles, Carduus
nutans and Carduus acanthoides L. (Asteraceae), commonly attacked by R. conicus. Seed
production and release was examined for capitula collected with a natural range of weevil attack.
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Seeds from these capitula were also evaluated for their terminal velocity. These results were
combined with previously published and unpublished demographic data to model the tri-partite
effects of weevil florivory on projected local demography and population spread rates of C.
nutans growing in the United States and New Zealand in order to quantify the importance of each
of the hierarchical effects of the biocontrol agent under different, naturally occurring, conditions.

Materials and Methods
Study species. Carduus nutans and C. acanthoides are two thistle species of Eurasian
origin that have become noxious weeds in North America, as well as in other continents (Kelly &
Popay 1985; Desrochers et al. 1988; Popay & Medd 1990). C. nutans is considered a noxious
weed in 33 US states, while C. acanthoides has this distinction in 14 states (USDA 2008b, a).
Both species are monocarpic perennials that reproduce exclusively by seed (Desrochers et al.
1988). C. acanthoides begins flowering approximately a month after C. nutans and has a longer
flowering period (Rhoads & Block 2000). Flowers heads of each species can contain ca. 400
seeds for C. nutans (Sezen 2007) or 165-256 seeds (Desrochers et al. 1988) and 56-83 seeds for
C. acanthoides (Desrochers et al. 1988).
Rhinocyllus conicus was first released as a biocontrol agent for C. nutans and related
thistle species in the United States in 1969 (Gassmann & Louda 2001). R. conicus oviposits on
the undersides of the involucral bracts of flower buds under egg cases made of masticated plant
tissue (Shorthouse & Lalonde 1984; Zwölfer & Harris 1984). Emerging larvae chew through the
bracts into the receptacle where they may feed close to the ovules or between the upper and
central receptacle (Shorthouse and Lalonde 1984). Both feeding strategies sever vascular bundles
and induce the formation of callus tissue (Shorthouse and Lalonde 1984). Each larva eventually
stops moving through the head and settles to form a larval chamber (cyst) where it will pupate
into an adult (Shorthouse & Lalonde 1984; Zwölfer & Harris 1984). The callus tissue formed by
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larval feeding is visible as hardened, blackened tissue inside capitula that are ready to disperse
seeds. The pappus filaments of attacked capitula have also been observed to be shorter than those
of unattacked heads (Shorthouse and Lalonde 1984).
Due to the phenology of R. conicus oviposition and thistle flowering, C. nutans is
attacked much more heavily than C. acanthoides (Surles & Kok 1978). During initial releases in
Virginia, florivory by R. conicus decreased total seed production by 35% for C. nutans, but C.
acanthoides only lost 0.2% of its total seed production (Surles & Kok 1978).
Capitulum collection. Capitula with a natural range of attack by R. conicus were
collected when seeds were ripe (but before any seeds had been dispersed) and placed in
individual paper bags. This allowed the total number of seeds produced by the capitula to be
quantified. Collections took place in 2007 between mid-July and mid-August from natural
populations in central Pennsylvania, USA.
Wind tunnel trials. Capitula were evaluated for seed release in a closed-circuit wind
tunnel of the Pennsylvania State University’s Aerospace Engineering Department with a 90 cm
high, 60 cm wide and 6 m long test section (see also Dauer et al. 2006, Skarpaas et al. 2006,
Jongejans et al. 2007). Turbulence was created by a frame holding a single threaded rod of 1.5
cm diameter at head height (Skarpaas et al. 2006, Jongejans et al. 2007). This was done because
laminar flow, as produced by a wind tunnel, is very rare in nature (Lowry & Lowry 1989) and
increased turbulence causes increased seed release by C. nutans and C. acanthoides (Skarpaas et
al. 2006; Jongejans et al. 2007). The winds speeds generated by the wind tunnel were calibrated
taking into account air flow resistance caused by the turbulence frame and seed trap as well as
daily air temperatures and pressures.
Capitula were allowed to dry in closed paper bags for several days before use in wind
tunnel trials because environmental conditions in the field such as temperature and precipitation
can affect seed release (Chapter 3 of this thesis, Jongejans et al. 2007). After drying, capitula
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were attached one at a time to a stiff metal rod of 1.1 cm diameter centered at a height of 46 cm.
All seeds released during the drying period before the wind tunnel were counted. Each wind
tunnel trial was conducted at a wind speed of 6 m s-1 for one minute. Released seeds were caught
in a fiberglass mesh screen (1.6 mm) at the downwind end of the test section, removed after each
trial, and counted. Throughout the course of this study, seeds were only counted if they were
filled and appeared to contain viable embryos.
Terminal Velocity Measurements and Dissections. Filled seeds from the capitula used in
wind tunnel trials were measured for terminal velocity values. A maximum of ten available
dispersal units (seeds with attached pappi) were randomly selected from each capitulum. The
terminal velocity of each selected dispersal unit was determined by measuring the time seeds took
to drop through an enclosed, cardboard tube with a height of 1.17 m and an internal diameter of
7.48 cm. Plumed Asteraceae seeds reach terminal velocity quickly (Sheldon & Burrows 1973),
so timing began after seeds had dropped through a clear 10 cm plastic shield at the top of the tube
to allow seeds to reach terminal velocity before timing began. The terminal velocity tube had two
clear plastic windows near the bottom. One window allowed the bottom of the tube to be
illuminated, and the other window allowed seeds to be seen as they reached the bottom of the
tube. Each seed was dropped until two drop times were within 0.1 second, and these values were
averaged. This usually only took two drops. Terminal velocity was calculated as the length of
the tube divided by the average time it took a seed to fall through it. Pappus width and maximum
pappus filament length were recorded for all seeds used in terminal velocity trials. Pappus width
was used to calculate plume area by assuming that the shape of a pappus is a circular cone with a
base area determined by the diameter of the base, which is equal to the measured pappus width
(Meyer & Carlson 2001). Seeds were also individually weighed.
Capitula used in wind tunnel and terminal velocity experiments were then dissected.
Capitulum diameter, number of available dispersal units (seeds with attached pappi) per head,
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number of seeds free of the receptacle, and number of seeds stuck in the receptacle were
recorded. Stuck seeds were those which remained fixed in capitulum receptacles after manual
removal of loose seeds. This manual removal was designed to simulate the action of the wind
throughout the dispersal season. Egg cases and cysts were counted as measures of weevil attack.
Statistical analysis. C. nutans and C. acanthoides data were analyzed separately because
C. acanthoides can support the growth of fewer weevil larvae due to capitula size. To quantify
the reduction in seed production caused by R. conicus florivory, the effect of cysts and capitulum
diameter on seed production was examined using generalized linear models (GLMs) with
quasipoisson error distributions. Capitulum diameter was included in the model because R.
conicus attack rates are higher on larger capitula but large unattacked capitula can produce more
seeds (Z. Sezen et al. unpubl. manuscript, Sezen 2007).
The wind tunnel seed release data were treated as binomial success/failure data in two
separate analyses. In an analysis of seeds released during the wind tunnel trial, seeds released
during wind tunnel trials were considered a success, while seeds available in capitula at the start
of a trial that were not dispersed during the wind tunnel trial were considered failures. This
allowed the proportion of seeds dispersed during the wind tunnel trial to be examined in light of
the number of seeds contained in each head immediately before each wind tunnel trial. Another
analysis examined the proportion of seeds produced by the head that remained stuck in the
receptacle after careful manual removal of loose seeds during dissection. For the purposes of this
analysis, any seeds stuck in the receptacle were considered failures while all other seeds produced
by the head were successes. Initial data analysis used generalized linear mixed effects models
(LMER) with population and collection date as nested random variables using R (R Development
Core Team 2008). The random variables were examined for inclusion in the model using
ANOVA tests to compare full and reduced models (Crawley 2007). If neither random variable
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provided a significantly better fit to the data, the data were then analyzed using GLMs with
binomial error distributions.
Only C. nutans could be used in the analysis of the effect of cysts on terminal velocity
because if C. acanthoides capitula had a single cyst no intact dispersal units were left in capitula
after wind tunnel trials that would be available for measurement. The terminal velocity data were
log-transformed to normalize them. Linear mixed effects models (LME) were used to analyze the
data with cysts as a fixed effect and population, collection date, and capitulum as random effects
(R Development Core Team 2008). The best fit model was determined using ANOVA tests to
compare full and reduced models, and AIC values (Crawley 2007). To assess which seed
characteristics had an effect on terminal velocity values, wing loading was calculated. Wing
loading is a significant predictor of terminal velocity and can be calculated as the square root of
seed mass, divided by plume area (Soons & Heil 2002; Picó et al. 2004). The relationships
between cysts and wing loading, pappus area, and seed mass were examined using GLMs.
Spread Rate Modeling for C. nutans. Population spread rates including the effects of
cysts on seed production, release, and terminal velocity were determined for United States and
New Zealand populations of C. nutans using coupled integrodifference models, which allow the
calculation of a traveling wave speed, c*, for a species invading a homogenous landscape
(Neubert & Caswell 2000; Neubert & Parker 2004; Jongejans et al. 2008a). Two components are
used to calculate the spread rate, a population projection matrix (A), and a matrix (M) of
dimensions containing the moment generating function for each dispersive stage. These
modeling methods have been presented previously in Jongejans et al. (2008), but are discussed
here in detail for completeness. C. acanthoides population spread rates were not examined due to
a lack of data on terminal velocity for capitula with one or more cysts and unavailability of
demographic data for the United States and New Zealand.
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Population projection matrix. Demographic vital rates for the generation of population
projection models came from an experimental population of C. nutans from Pennsylvania, United
States and a C. nutans population near Midland, New Zealand (K. Shea, unpubl. data 2002-05;
Shea & Kelly 1998; Jongejans et al. 2008a). The US experiment provided vital rates for plants
growing under ideal conditions of low competition and increased resource availability. This
experiment is described in detail in Jongejans et al. (2008); see in particular Table 1 for parameter
values for US and NZ populations with the exception of differences described here. The
proportion of seeds escaping from floral herbivory (φ) was calculated from the fitted model for
the effect of number of cysts and average capitulum diameter on the number of seeds produced by
a capitulum from our study to give a proportion of viable seeds produced by each capitulum as a
function of R. conicus florivory (Tables 1, 2). A 12x12 matrix was developed based on the 4x4
stage structured matrix of Shea and Kelly (1998) and the 7x7 matrix used by Jongejans et al.
(2008) to include information concerning reductions in seed release caused by cysts (eqn. 4-1).
The four main stages are: seed bank (SB), small (S), medium (M), and large (L) each divided into
three substages: locally surviving individuals (LS), individuals derived from dispersing seeds (D),
and individuals derived from non-dispersing seeds (ND). The order of the rows in equation 1
corresponds to SB-D, SB-ND, SB-LS, S-D, S-ND, S-LS, M-D, M-ND, M-LS, L-D, L-ND and LLS from top to bottom. Proportions of non-dispersing seeds for a range of R. conicus cysts came
from a statistical model of the number of seeds stuck in C. nutans flower receptacles, which failed
to release before, during, or after wind tunnel trials and remained after all loose seeds were
removed from capitula manually. All three substage columns are identical, so only one column is
shown for each main stage class. The proportion of seeds that disperse (δ) was calculated as one
minus the fitted model for the proportion of seeds stuck in the capitulum as a function of cysts.
The dominant eigenvalue of this matrix is the population growth rate (Caswell 2001).
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SB

Small

Medium

Large

0
σ2β2 π2ϕνδ
σ3β3 π3 ϕνδ
σ 4β4 π4 ϕνδ




0
σ2β2 π2ϕν(1 − δ)
σ3β3 π3ϕν(1 − δ)
σ 4β4 π4 ϕν(1 − δ)




0
0
0
σ1


0
σ2β2 π2ϕε(1 − γ 3 − γ 4 )δ
σ3β3 π3ϕε(1 − γ 3 − γ 4 )δ
σ 4β4 π4 ϕε(1 − γ 3 − γ 4 )δ 


0
σ2β2 π2ϕε(1 − γ 3 − γ 4 )(1 − δ ) σ3β3 π3 ϕε(1 − γ 3 − γ 4 )(1 − δ ) σ 4β4 π4 ϕε(1 − γ 3 − γ 4 )(1 − δ) 


σ2 (1-β2 )(1 − γ 32 − γ 42 )
σ3 (1-β3 )ρ23
σ 4 (1-β4 )ρ24
 ε1(1 − γ 3 − γ 4 )



0
σ 2β2 π2ϕεγ 3 δ
σ3β3 π3 ϕεγ 3 δ
σ 4β4 π4ϕεγ 3δ


0
σ 2β2 π2ϕεγ 3 (1 − δ)
σ3β3 π3 ϕεγ 3 (1 − δ)
σ 4β4 π4ϕεγ 3 (1 − δ )




ε
γ
σ
(1β
)
γ
σ
(1β
)(1
−
ρ
−
γ
)
σ
(1β
)
ρ
1 3
2
2
32
3
3
23
43
4
4
34




0
σ2β2 π2 ϕεγ 4 δ
σ3β3 π3ϕεγ 4 δ
σ 4β4 π4ϕεγ 4 δ


0
σ2β2 π2 ϕεγ 4 (1 − δ)
σ3β3 π3ϕεγ 4 (1 − δ)
σ 4β4 π4ϕεγ 4 (1 − δ)



ε1γ 4
σ2 (1-β2 )γ 42
σ3 (1-β3 )γ 43
σ 4 (1-β4 )(1 − ρ24 − ρ34 ) 


eqn. 4-1
Population growth rates were calculated for the US and NZ populations with a range of
average cysts from 0 to 15, under the assumption that a NZ capitulum of the same size as a US
capitulum responds to cysts the same way. Population growth rates were calculated for the cases
where all seeds are viable, seeds stuck in the capitulum are not viable, and dispersing seeds are
not viable to determine how much each type of seed matters to the population growth rate.
Moment generating function. A seasonally integrated dispersal kernel was calculated
using the WALD dispersal model developed by Katul et al. (2005) modeled as in Jongejans et al.
(2008). The WALD model was used because it has been found to give a good fit to dispersal data
from C. nutans and C. acanthoides (Skarpaas & Shea 2007).
Hourly wind speed measurements were collected from State College, Pennsylvania, USA
from July-August 1999-2006. Wind speed (U) at seed release height (H) was calculated from
wind speed at measurement height (Um) assuming a logarithmic wind profile:

eqn. 4-2
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where u* is the friction velocity, K is the von Karman constant (0.4), z is height above ground,
and following Skarpaas and Shea (2007) the surface roughness parameters d and z0 are defined as
d=0.7h and z0=0.1h. The friction velocity is defined as:

eqn. 4-3
where Um and zm are the wind speed and height above ground at measurement height. The
instability parameter of wind flow was calculated as:

eqn. 4-4
where C0 is the Kolmogorov constant (3.125) and Aw is assumed to be 1.3 for turbulent flow
above the canopy (Skarpaas & Shea 2007).
The WALD dispersal model uses wind speed, an instability parameter, terminal velocity
(F), and seed release height to determine a dispersal kernel and can be seasonally integrated and
marginalized in one dimension (Lewis et al. 2006). The formula is given by:

eqn. 4-5
where the location parameter, µ, and the scale parameter, ξ, are defined as:

eqn. 4-6

eqn. 4-7
according to Katul et al. (2005). Variation in wind speed over the dispersal season and in
terminal velocity values for different seeds can be accounted for by seasonally integrating the
WALD model to determine a 2D radial dispersal kernel, k(r):
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eqn. 4-8
where p(F) and p(U) are the probability density functions of F and U respectively (Skarpaas &
Shea 2007; Jongejans et al. 2008a). The mean of the probability density function for terminal
velocity was treated as a function of cysts using fitted model output. The kernel can be
marginalized to estimate the spread rate in one dimension by simulating a large number (e.g.
10,000) of dispersal distances, r, using the seasonally integrated model with associated random
angles, α, from a uniform distribution of angles from 0-2π and calculating x= r cos (α) (Jongejans
et al. 2008a). The moment generating function is then defined as:

eqn. 4-9
where w is an auxiliary variable (Lewis et al. 2006). The moment generating function is then
placed in a 12x12 matrix (M), where values of 1 denote non-dispersing stages. The matrix in
eqn. 10 shows only one main stage class column for each of the three identical substage columns
in the full matrix.

eqn. 4-10
Spread rate calculation. To calculate the spread rate, the matrix model (A) and the
moment generating function matrix (M) are multiplied element by element using Hadamard
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normal matrix multiplication to produce a new matrix, H=MºA (Neubert & Caswell 2000). The
spread rate, c*, can then be calculated by:

eqn. 4-11
where ρ1 is the dominant eigenvalue of H.
Spread rates were calculated for all possible combinations of the effects of weevils on
seed production, seed release, and terminal velocity for a range of average cysts per capitulum
from 0-15 to show which effects were most important in determining the overall calculated
spread rates. Spread rates were also calculated assuming that stuck seeds were nonviable, to
determine whether the following situations would matter to the spread rate: if stuck seeds are not
viable or if intraspecific competition between seeds germinating from the same capitulum reduces
seedling establishment. At the same time, the statistical model for stuck seeds showed that on
average 6.5% of seeds remain in healthy capitula, so models where all seeds disperse in the
absence of weevil florivory were used to determine how much the assumption of a baseline
number of stuck seeds matters to the spread rate. The effects of R. conicus florivory were
assumed to be the same for US and NZ populations. Terminal velocity values from the NZ
population were measured by Dave Kelly (K.M. Marchetto et al. unpublished manuscript) and
New Zealand capitulum diameters were measured by Ronny Groenteman (2007). Median
population spread rates generated from ten thousand simulated population spread rates were
reported for all populations due to the stochastic nature of the model.

Results
Sample sizes of capitula of C. acanthoides and C. nutans examined in this study can be
found in Table 4-1, as well as average capitulum diameters, average cysts per capitulum, and vital
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statistics for seed production, seed release in the wind tunnel, seeds stuck in capitulum
receptacles, and terminal velocity values for unattacked capitula.
Seed Production. Increasing cysts were related to a highly significant decrease in seed
production for both species (p<0.001; Table 4-2). At the same time, larger capitula produced a
greater number of seeds, though the effect was not significant (p=0.070; Table 4-2). Both terms
were retained in the model for seed production because Sezen et al. (unpublished manuscript,
Sezen 2007) found the effect of head diameter on seed production to be significant with a larger
data set.
Seed Release. The ability of seeds to release from capitula decreased with increasing
florivory. Increasing numbers of cysts were correlated with decreasing proportions of available
seeds released in wind tunnel trials for both species (C. nutans p<0.001; C. acanthoides p=0.03;
Fig. 4-1; Table 4-2). The collection population for C. acanthoides was the only random variable
that caused a significant reduction in variance in the released proportion for either species. At the
same time, increasing numbers of cysts were connected to an increase in the proportion of seeds
stuck in receptacle tissue (C. nutans p<0.001; C. acanthoides p<0.001; Fig. 4-2; Table 4-2).
None of the random variables had a significant effect on the proportion of stuck seeds for either
species.
Terminal Velocity. Only C. nutans seeds could be evaluated for an effect of cysts on
terminal velocity, because if C. acanthoides capitula contained even a single cyst, capitula did not
contain any seeds with attached pappi after wind tunnel trials that could be used for terminal
velocity measurements. Increasing numbers of cysts were related to an increase in terminal
velocity values for C. nutans (p<0.001; Fig 4-3; Table 4-2). Terminal velocity had a significant
positive relationship with wing loading (p<0.001), calculated as the square root of seed mass,
which is then divided by plume area (Soons & Heil 2002; Picó et al. 2004). Cysts had a positive
relationship with wing loading (p<0.001), which was mediated by a decrease in plume area
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(p<0.001). Interestingly for the determination of wing loading, cysts had a negative relationship
with seed mass (p<0.001) which would tend to decrease wing loading. However, the decrease in
plume area was enough to offset this effect.
Population Growth Rates for C. nutans. US and NZ population growth rates were very
different, even without any attack (US λ= 426.9, NZ λ= 2.7) (Fig. 4-4, Table 4-3). This is why
we chose to compare the effects of R. conicus weevils in each place. With weevil attack similar
qualitative effects were seen; in both cases growth rates were reduced with higher cysts, but the
large magnitude differences remained (Fig. 4-4). In the US population, with up to 15 cysts, it is
not possible to bring the population growth rate below 1. However, it is possible to achieve a
91% reduction if all seeds are viable and there is an average of 15 cysts per capitulum. In NZ it
was possible to achieve a population growth rate below 1 in the case where all seeds are viable
and average cysts per capitulum are above10 or in the case where stuck seeds are non-viable and
average cysts are above 9. The US population can sustain itself on stuck seeds alone, but the NZ
population could not sustain itself with this group of seeds. When only the non-dispersing seeds
are taken into account, local population growth rates still decrease with increasing cysts despite
an additional influx of non-dispersing seeds with greater levels of weevil attack (Fig. 4-4).
Average R. conicus cysts per capitulum in Pennsylvania, US and near Midland, NZ are
7.0 cysts and 1.3 cysts respectively (Groenteman 2007; Sezen 2007). Therefore, the current
realized reductions in population growth rates are 68% for the US population and a little more
than 11% for the NZ population if all seeds are viable and a baseline number of non-dispersing
seeds is assumed (Table 4-3).
Population Spread Rates for C. nutans. Population spread rates were consistently higher
in the US than in NZ (Fig. 4-5, 4-6). For the US population, it is not possible to bring the spread
rate down to 0, but an 80% reduction in spread rate is possible with an average of 15 cysts per
capitulum and all three effects acting. It is possible to reduce spread rates to zero for the NZ
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population for certain cases where all seeds are viable and there are more than 10 cysts per
capitulum on average or for certain cases where stuck seeds are non-viable with greater than 9
cysts.
Different mechanisms are important for reducing population spread rates in US and NZ
populations, even though the effects of cysts were assumed to be equal for US and NZ capitula of
the same size (Fig. 4-5, 4-6). In the US population, increasing terminal velocity values are the
most important single factor to lowering spread (reducing spread by 4.9% on its own for an
average of 1 cyst, assuming all seeds are viable and a baseline number of stuck seeds). However,
in the NZ population decreasing seed production is the most important single factor (reducing
spread by 9.7% on its own for an average of 1 cyst, assuming all seeds are viable and a baseline
number of stuck seeds). If all seeds were assumed to be viable, the stuck seeds did not affect the
population spread rates very much for either the US or NZ populations.
The importance of the assumptions of viable non-dispersing seeds and a baseline amount
of non-dispersing seeds in the absence of weevil florivory varied (Fig. 4-5, 4-6). The viability of
stuck seeds is of greater importance for the slower growing NZ population than for the US
population (Fig. 4-5, 4-6). For the US population, the effect of non-dispersing seeds caused by an
average of 15 cysts per capitulum on the spread rate is a mere 5.7% reduction if all seeds are
viable or an 8.8% reduction if non-dispersing seeds are not viable. For the NZ population, if all
seeds are viable an average of 15 cysts causes a 6.5% reduction in spread rate caused by nondispersing seeds. However, if non-dispersing seeds are not viable the reduction in spread rate can
reach 33.1% for an average for 15 cysts. For both the US and NZ populations, the assumption
that 6.5% of seeds remain stuck in the capitulum in the absence of weevil florivory, based on the
statistical model, has very little effect on spread rates (Fig. 4-5, 4-6).
Given the cyst densities observed for the US and NZ study sites (7.0 in the US and 1.3 in
NZ) (Groenteman 2007; Sezen 2007), we estimate current levels of weevil abundance cause

77
relative reductions in thistle population spread rates of 45% in the US population and 14% in the
NZ population (Table 4-3).
Comparison of the magnitude of relative reductions in population growth rates and
population spread rates for the United States and New Zealand. In the case of the US population
of C. nutans, florivory by R. conicus was projected to have a greater effect on relative reductions
in population growth rates over reductions in spread (Table 4-3). However, in the NZ population
the opposite was true (Table 4-3).

Discussion
While there is some evidence that reductions in fruit quality caused by biocontrol agents
can influence foraging behavior by seed dispersing birds (Vivian-Smith et al. 2006), this is the
first instance we know of that a biocontrol agent has been shown to reduce wind dispersal ability
and for which the magnitude of the impact has been quantified. Our results show that florivory
by R. conicus is related to decreased seed production, decreased release of the seeds that are
produced in both C. acanthoides and C. nutans, and decreased dispersal capacity of C. nutans
seeds. Of these effects, reductions in seed production and increases in terminal velocity had the
greatest effect on reducing spread rates in C. nutans. However, increases in terminal velocity are
more important at reducing spread in the rapidly growing experimental C. nutans US population,
while decreases in seed production are more important at reducing spread in the C. nutans NZ
population.
The difference in mechanisms for the reduction in spread rate of C. nutans in the US and
NZ models is interesting, because it was assumed that the effects of weevil florivory are the same
for both populations. One potential reason for the difference could be that NZ capitula are half
the size of US capitula (Groenteman 2007). Therefore, a single R. conicus cyst would affect the
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seed production of a NZ C. nutans capitulum much more than it would a US capitulum, though
not to the same extent as the even smaller C. acanthoides capitula.
While our results indicate that it would be possible to drive population growth rates
below one in New Zealand with an average of 10-11 cysts per capitulum, such populations are
rarely observed in the field where cyst density is 1.3 per capitulum (Groenteman 2007) with a
corresponding 19% reduction in seed production. While cyst densities of 10-11 per capitulum are
unlikely, a modest increase to 2 cysts could decrease spread rates by 27% and an increase to 3
cysts per capitulum could reduce spread by 39%. Therefore, even a small increase in R. conicus
abundance could aid in the management of C. nutans in New Zealand through a reduction in
population spread. One reason that R. conicus is modeled to have such a large impact on spread
in New Zealand could be that the population growth rates of NZ populations of C. nutans are
driven more by fecundity than similar populations in Australia (Shea et al. 2005). In fact, most of
the high elasticity life history transitions that affect population growth rates in New Zealand
involve dispersal (Shea et al. in prep.).
The result that R. conicus attack of C. nutans in New Zealand would need to be much
higher in order to control population growth rates is qualitatively similar to previously published
work (Shea & Kelly 1998; Shea et al. 2005). Our estimates assume that reductions in seed
production would need to be approximately 83% to bring population growth rates below 1,
whereas Shea & Kelly (1998) calculated that reductions in seed production would need to be
approximately 69% to do the same thing. One reason these estimates are different is the
population projection matrix used. This study used a 12x12 vital rate based population projection
matrix where each transition is based on explicit vital rates, whereas Shea & Kelly (1998) used a
4x4 element based matrix. Another reason why estimates might differ is that we calculated the
proportion of seeds produced in the average capitulum with a statistical model parameterized with
cysts and capitulum diameter for US capitula. This relationship might be different in for C.
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nutans populations in New Zealand. More similar results were found in Shea et al. (2005), where
a 30% reduction in seed production was expected to yield a 20% relative reduction in NZ
population growth rates. Our model suggests that a 30% reduction in seed production
(corresponding to an average of 2.2 cysts per capitulum), would reduce population growth rates
by approximately 20% as well.
The large difference in modeled C. nutans population spread rates between the
experimental United States population and the natural New Zealand population stems from the
ideal growing conditions that lead to a population growth rate of 427 in the absence of reductions
in seed production caused by R. conicus florivory. The low competition, high resource growing
conditions of the US experimental population might occur in nature for a limited time, but they
would certainly not persist. A population growth rate of 427 corresponds to a maximum
population spread rate that C. nutans might be capable of in the short term. Therefore,
differences between the modeled populations might be due to experimental versus natural
conditions as well as location.
While modeled population spread rates are calculated for wind dispersal of seeds, human
mediated dispersal is also important for the spread of C. nutans. For example, C. nutans seeds
were found in ships ballast in Camden, NJ during the early stages of the invasion in the Eastern
United States (Dunn 1976). Hypotheses concerning the spread of C. nutans to different
provinces of Canada also include human impacts such as railway line dispersal routes,
contaminated rape seed from Argentina, and contaminated seed or hay from the United States
(Desrochers et al. 1988). Therefore, while wind dispersal is important for this species, human
mediated dispersal cannot be ignored as a key cause of invasion spread.
One potential complication in our approach concerns the effects of drag on seed release
and within capitulum heterogeneity. Drag forces on pappi, or on other structures adapted for
wind dispersal are the main drivers of seed release caused by the wind (Jongejans & Telenius
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2001; Greene 2005; Soons & Bullock 2008). At the same time, drag forces and terminal
velocities are both influenced by pappus characteristics. Since weevil florivory can cause
significant decreases in plume area, this decreases pappus drag. Therefore, it might take higher
wind speeds to abscise seeds from capitula that have been heavily attacked by R. conicus. This
difference in release threshold has never been measured and has the potential of either being too
great for seeds to be released at even the highest wind speeds, or of causing a seed release bias
towards higher wind speeds that might allow any seeds that do release to travel further (Soons &
Bullock 2008). The effect of a possibly higher release threshold may or may not be balanced by
decreased terminal velocity after seed release.
However, even under the relatively extreme conditions in our wind tunnel trials, heavily
attacked capitula did not tend to release any seeds. Therefore, the capitula that might exhibit a
difference in seed release thresholds might be those that are moderately attacked. For these types
of capitula, released seeds could have been located near enough to cysts to be damaged, or far
enough away not to be affected. Since seed release was reduced for attacked capitula even under
ideal conditions for dispersal, it is possible that if seeds produced near cysts have higher release
thresholds, these thresholds are rarely met in the field.
It is also possible that C. nutans seeds closest to R. conicus feeding sites and cysts could
suffer reductions in viability. To account for differences in seed quality, seeds were only counted
if they appeared to be filled with viable embryos. Even with this selection rule, seeds used for
terminal velocity measurements from capitula with more cysts had lighter seeds, which could
reduce seed germination (Silverman 2006). Empirical data about the germination ability of seeds
at different distances from cysts is not currently available to determine the strength of this effect.
To determine how viability of stuck seeds could affect model results, population growth and
spread rates were calculated assuming that all seeds stuck in capitula were nonviable. An
assumption of non-viable stuck seeds did not greatly influence population growth rates for the US
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or NZ, but did cause a substantial relative reduction in population spread rates for NZ for large
numbers of average cysts per capitula. However, the relative reduction in population spread for
the average cyst density actually observed in New Zealand is only about 0.5%. Therefore,
reductions in germination ability of seemingly viable seeds that are close to cysts and stuck in
callus tissue might affect population spread rates for natural populations if reductions in seed
production are most important in reducing spread and if the number of average cysts per flower
head is larger than that seen around Midland, NZ.
One consequence of reductions in dispersal capacity and population spread rates resulting
from R. conicus florivory could be repercussions for local management. For example, weevil
florivory might reduce the ability for plants to invade new pastures, but a farmer with an infested
pasture could potentially be worse off if reductions in dispersal ability compensate for reductions
in seed production at the local level. However, we found that when only non-dispersing seeds
were taken into account, population growth rates still decreased with increasing average cysts per
capitulum despite increases in local seed rain caused by additional R..conicus florivory. This was
likely due to decreases in seed production being greater than decreases in seed release ability at
each level of cysts modeled. While one could argue that increased seed rain near parent plants
caused by increased terminal velocities of seeds might provide enough of an increase in seed rain
to make a difference, most seeds fall within a few meters of the parent plant in the field in any
case (Skarpaas & Shea 2007). The benefit of R. conicus florivory to land managers would be
reduced probability of spread to adjacent pastures or fields and a reduction in the number of seeds
that would fall around the parent plants in current infested pastures areas.
While reductions in population spread rates can be beneficial for the management of C.
nutans, R. conicus larvae are also known to feed on the receptacles of native thistles (Louda et al.
1997; Louda 1998; Louda et al. 2005). Platte thistle (Cirsium canescens) is known to be attacked
heavily by R. conicus (Louda et al. 1997). Additionally, R. conicus oviposition preferences are
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not significantly different between the federally threatened thistle species Pitcher’s thistle
(Cirsium pitcheri) and C. nutans (Louda et al. 2005). Both C. acanthoides and C. nutans have an
evolutionary history of interactions with R. conicus that native thistles lack, so it is possible that
the effects of R. conicus florivory on seed dispersal by native thistles might be more extreme.
Reductions in dispersal ability could lead to reduced colonization rates of suitable habitat and
could contribute to a reduction in genetic diversity in these species.
The result that R. conicus florivory causes a greater relative reduction in population
growth rates in the US and a greater relative reduction in spread in NZ brings up the idea that it is
possible to manage for reducing the spread of an invasive species as well as managing for
abundance. Therefore, any given list of management options could theoretically have different
relative effects on population growth rates and spread rates for different populations. It is critical
that land managers decide on a management objective, either to control abundance or spread,
before choosing management options (Shea et al. 1998).
Historically, biological control has been defined as the use of natural enemies to reduce
the abundance or density of a pest species (Waage & Mills 1992; Eilenberg et al. 2001; Coombs
et al. 2004), usually below some economic damage threshold (Beirne 1962; Debach 1974; Waage
& Mills 1992; Begon et al. 2006). However, we propose that this definition is incomplete, since
it does not include reducing the spread of an organism. This modification is important, because
reductions in spread are useful independent of reductions in abundance or may be appropriate
under different circumstances (Shea et al. 2005). For example, reducing the spread of a newly
introduced invasive species might give managers time to eradicate it using other methods while
its distribution is still small. Therefore, in the future, screenings for potential biocontrol agents
should include impacts on weedy plant spread as well as population abundance.
It is possible that other receptacle feeders of plumed species already approved for release
in the United States could cause similar reductions in the spread rates of their host plants. For
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example, several species of Asteraceae are invasive (including several species of thistles and
knapweeds, tansey ragwort, etc.) and have receptacle feeding biocontrol agents (Coombs et al.
2004). Indeed, Larinus minutus and Larinus obtusus, both knapweed biocontrol agents, are
known to feed on pappus filaments as well as developing seeds (Coombs et al. 2004). Larvae of
another knapweed biocontrol agent, Metzerneria paucipunctella, have also been observed to bind
uneaten seeds together with hypothesized negative implications for dispersal (Coombs et al.
2004). As far as we know, the effects of these biocontrol agents on reductions in dispersal ability
have not been determined quantitatively, but the large body of anecdotal evidence suggests that
the effect of receptacle feeders on reducing population spread rates many be significant and large.
Therefore, further research on these topics is critical to our understanding of the multiple roles
that biocontrol agents may have in reducing seed dispersal and population spread.
At the same time, the question of the effects that biocontrol agents may have on wind
dispersal and subsequent spread is not limited to receptacle feeders of plumed species.
Biocontrol agents are also known to reduce plant height in some species (Coombs et al. 2004). If
the magnitude of this effect is great enough, it could also impact dispersal by reducing the
distance for seeds to travel to reach the ground, and cause seeds to be exposed to lower wind
speeds. Both of these parameters are important determinants of how far seeds travel (Katul et al.
2005).
In conclusion, florivory by R. conicus larvae causes hierarchical effects on seed dispersal
ability that can greatly reduce spread rates, even for populations growing under ideal conditions.
This finding suggests that other biocontrol agents that feed on the receptacle tissue of plumed
invasive species could also reduce population spread rates, and that R. conicus florivory might be
affecting the dispersal of rare, native thistles. More research is critical to determine the
magnitude and abundance of these effects.
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Table 4-1: Average vital statistics of capitula unattacked by Rhinocyllus conicus along with
average capitulum diameter, average cysts per capitulum, and sample sizes of Carduus
acanthoides and Carduus nutans capitula from United States empirical data.
Carduus
acanthoides

Carduus nutans

83 (s.e. 3.00)

160.2 (s.e. 9.55)

capitula

4.6 (s.e. 0.68)

16.1 (s.e. 2.07)

Stuck seeds in unattacked capitula

8.3 (s.e. 1.41)

9.9 (s.e. 2.43)

Terminal velocity for unattacked capitula (m/s)

0.49 (s.e. 0.004)

0.51 (s.e. 0.005)

Capitulum diameter (mm)

16.9 (s.e. 0.26)

35.4 (s.e. 0.71)

Cysts per capitulum

0.94 (s.e. 0.13)

9 (s.e. 0.96)

148

146

Total seeds produced by unattacked capitula
Seeds released in wind tunnel trials from unattacked

Sample size

The top set of numbers are calculated for unattacked capitula only, while the bottom three
numbers are for all capitula. Standard errors are given in parentheses after each average.

Table 4-2: Fixed effects for models of the relationships between seed release and dispersal characteristics and the number of Rhinocyllus
conicus cysts per capitulum for Carduus nutans and Carduus acanthoides collected from naturalized populations in the United States.
Carduus nutans

Carduus acanthoides

Estimate

Standard
Error

P value

Estimate

Standard
Error

P value

Cysts

-0.161

0.024

0.000***

-1.230

0.162

0.000***

Capitulum
diameter

0.025

0.014

0.070(*)

0.030

0.014

0.039*

Seed Release‡

Cysts

-0.085

0.012

0.000***

-0.274

0.126

0.030*

Seeds Stuck in
Capitulum§

Cysts

0.169

0.006

0.000***

1.228

0.085

0.000***

Terminal Velocity°

Cysts

0.042

0.007

0.000***

Seed Production†

† The best fit models for the total number of seeds produced were GLMs with cysts and capitulum diameter as the response
variables and quasipoisson error distributions.
‡ The best fit models for the proportion of available seeds (viable seeds present inside the capitulum at the beginning of the wind
tunnel trial) released in wind tunnel trials were a binomial GLM with cysts as a fixed effect (p=1 for both population and collection date)
for C. nutans and a binomial LMER with cysts as a fixed effect and population as a random effect (p<0.01 for population, p=1 for
collection date) for C. acanthoides.
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§ The best fit models for the proportion of seeds stuck in the capitulum receptacle were
binomial GLMs with cysts as a fixed effect. P values for population and collection date were
0.994 and 1 respectively for C. nutans and 0.514 and 0.979 respectively for C. acanthoides.
° The best fit model for log-transformed terminal velocity for C. nutans was an LME
with cysts as a fixed effect and capitulum as a random effect (because up to 10 seeds were
measured per capitulum). Capitulum explained 48.96% of the variance in the data in the final
model. The p values for population, collection date, and capitulum were 0.489, 0.159, and
<0.001 respectively. (*) p<0.1, * p<0.05, *** p<0.001
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Table 4-3: Relative reductions in baseline Carduus nutans population growth and spread rates for
levels of Rhinocyllus conicus cysts around the average per capitulum for the United States and
New Zealand.
United States
Cysts

Population growth rate (λ)

Population spread rate (m/year)

0

4

7

10

224.4

138.7

85.8

(0.47)

(0.68)

(0.80)

55.9

43.3

32.6

79.3

(0.30)

(0.45)

(0.59)

0

1

2

3

2.4

2.2

2.0

(0.11)

(0.19)

(0.26)

17.6

14.8

12.5

(0.14)

(0.27)

(0.39)

426.9

New Zealand
Cysts

Population growth rate (λ)

Population spread rate (m/year)

2.7

20.4

The average numbers of cysts per capitulum are 7.0 in the US (Sezen 2007) and 1.3 in NZ
(Groenteman 2007) in naturally occurring populations. All models assume that all seeds are
viable and that a baseline number of seeds stuck in capitula (6.5%) in the absence of cysts as
predicted by the statistical model of Table 4-2. Numbers in parentheses represent relative
reductions in the absolute values given above compared to populations not affected by
Rhinocyllus conicus.
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Figure 4-1: Effects of Rhinocyllus conicus cysts on the proportion of available seeds released
during wind tunnel trials.
Available seeds include all seemingly viable seeds present inside the capitulum at the beginning
of the wind tunnel trial. The fitted trend line for C. nutans comes from a binomial GLM with
number of cysts per capitulum as the explanatory variable. The fitted trend line for C.
acanthoides comes from a binomial LMER with cysts as a fixed effect and population as a
random effect. Cyst values were jittered around their integer values to give an idea of the number
of samples.
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Figure 4-2: Effect of Rhinocyllus conicus cysts on the proportion of seeds stuck in the capitulum
receptacle.
Stuck seeds are those which were not released before or during wind tunnel trials and persisted in
capitulum receptacles after manual perturbation of loose seeds out of the capitula. The fitted
trend lines for both species come from binomial GLMs with the number of cysts per capitulum as
the sole explanatory variable. Cyst values were jittered around their integer values to give an idea
of the number of samples.
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Figure 4-3: Effect of Rhinocyllus conicus cysts on terminal velocity for Carduus nutans.
The fitted trend line comes from an LME with cysts per capitulum as a fixed effect and capitulum
as a random effect. Cyst values were jittered around their integer values to give an idea of the
number of samples.

Figure 4-4: Effects of Rhinocyllus conicus florivory on Carduus nutans population growth rates for United States and New Zealand
populations.
Panels A and B represent the population growth rates of US and NZ populations respectively when either all seeds are viable, seeds
stuck in the receptacle are non-viable, or dispersing seeds are non-viable for average R. conicus cysts per flower head from 0-15. The dashed
line on panel B indicates when the NZ population growth rate becomes less than 1 (at which point there is no spatial spread). Arrows
represent approximate average cysts per flower head for each country, 7.0 in the US (Sezen 2007) and 1.3 in NZ (Groenteman 2007).
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Figure 4-5: Effects of Rhinocyllus conicus florivory on Carduus nutans population spread rates
for United States populations under varying model assumptions.
Numbers represent modeled effects of R. conicus cysts on seed production (1), seed release (2),
and seed terminal velocity (3) on population spread rates. Models in Panels A and B assume a
baseline number of stuck seeds or not respectively. Models in Panels C and D assume nonviable stuck seeds and either a baseline number of stuck seeds or not respectively. Ten thousand
simulated spread rates were used to calculate each median spread rate.
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Figure 4-6: Effects of Rhinocyllus conicus florivory on Carduus nutans population spread
rates for New Zealand populations under varying model assumptions.
Numbers represent modeled effects of R. conicus cysts on seed production (1), seed release
(2), and seed terminal velocity (3) on population spread rates. Models in Panels A and B
assume a baseline number of stuck seeds or not respectively. Models in Panels C and D
assume non-viable stuck seeds and either a baseline number of stuck seeds or not respectively.
Ten thousand simulated spread rates were used to calculate each median spread rate.

101

Chapter 5
Effects of Patch Characteristics and Surrounding Vegetation on Wind Speeds
at Seed Release Height and Projected Invasion Speeds of Two Invasive
Thistles

Abstract
The spatial arrangement of plants in a landscape is important in determining the
interactions between individual plants. For example, the number and density of neighboring
plants can have implications for a plant’s growth, fecundity, dispersal, and survival. Wind speeds
were measured at the capitulum level in patches of different sizes and densities in high and low
surrounding vegetation to determine how focal plant conspecific neighborhood size and density
affect wind speeds and therefore dispersal distances for two invasive species of economic
importance, Carduus acanthoides and Carduus nutans.
Integrodifference equations were used to couple previously published demography data
with WALD models of wind dispersal to explore how differences in dispersal ability of different
patch types and surrounding vegetation heights affects population spread. Only the highest
density and closest packed thistle patch reduced wind speeds at a central focal thistle plant. Wind
speed also decreased with increasing surrounding vegetation height and decreasing capitulum
height. Modeled population spread rates from C. acanthoides and C. nutans populations
decreased with increasing surrounding vegetation height and thistle population density, with
greater declines in spread for C. acanthoides. The management implication of these results is that
if a manager has time to remove one thistle plant, an isolated plant growing in low surrounding
vegetation should be targeted instead of a similar plant growing in a larger, but higher density
population with high surrounding vegetation, if the objective is to control spread rates.
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Introduction
A spatial perspective is important for the study of ecological processes in plants, because
plants have limited movement capability during most stages of their life cycles (Harper 1977;
Bonan 1993; Dieckmann et al. 2000). Therefore, an individual plant does not interact with all
plants in a population, but rather with its neighbors (Harper 1977; Bonan 1993; Tyler &
D'Antonio 1995; Dieckmann et al. 2000; Casper et al. 2003). While these interactions can be
positive, such as in cases where existing plants moderate harsh abiotic conditions, they are more
often negative (Dieckmann et al. 2000). For example, resource competition for water is more
pronounced between closely spaced neighbors, and decreasing distances between plants
decreased both plant growth and survival (Tyler & D'Antonio 1995). In another study, the effects
of stem density were found to reduce the odds of survival of focal trees by up to 70% (Hubbell et
al. 2001). Fecundity also decreases with increasing numbers of neighbors (Silander & Pacala
1985). Overall, an elasticity analysis of population growth rates for a desert shrub showed that
the growth rate of the population was most sensitive to adult plants with no close neighbors
(Miriti et al. 2001). Therefore, both the distance between a plant and its neighbors and how many
neighbors a plant has can have important effects on plant vital rates.
While competition between plants for animal dispersal agents is less directly pertinent
here, the presence of neighbors can also have a negative effect on seed dispersal of animal
dispersed plant species (Manasse & Howe 1983; Saracco et al. 2005; Carlo & Morales 2008).
Several studies have found that as the number of intraspecific neighbors increases, the number of
fruits removed per plant decreases (Manasse & Howe 1983; Saracco et al. 2005; Carlo & Morales
2008). At the same time, seeds dispersed from high density neighborhoods have lower seed
dispersal distances than those from low density neighborhoods (Carlo & Morales 2008).
The presence of neighbors also has the ability to reduce the distances traveled by wind
dispersed seeds (Skarpaas et al. in prep., McEvoy & Cox 1987; Nathan et al. 2002; Bullock &
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Moy 2004). For example, ragwort seeds were found at greater distances from parent plants if the
surrounding vegetation was mown (McEvoy & Cox 1987). This occurs because surrounding
vegetation blocks the movement of air and causes decreased wind speeds in and near the canopy
(Lowry & Lowry 1989). The implication of this is that isolated trees are expected to have greater
seed dispersal distances than trees located in a dense forest due to different vertical wind profiles
in these locations (Nathan et al. 2002). Neighbors with dense foliage can also act as seed traps,
physically preventing seeds from traveling further (Skarpaas et al. in prep., Bullock & Moy
2004).
While many studies have quantified the effective neighborhood size or zone of influence
in which different species of plants compete with their neighbors for above and belowground
resources (e.g. Silander & Pacala 1985; Tyler & D'Antonio 1995; Hubbell et al. 2001; Casper et
al. 2003), to the best of our knowledge there have been few to no field studies that seek to
determine the scale at which neighboring plants interfere with wind speeds measured at seed
release height at a focal plant. However, Nathan et al. (2002) did a similar experiment where
they trapped seeds dispersing from patches of forest and trees growing individually in order to
validate seed dispersal models using exponential or logarithmic wind profiles, respectively.
The purpose of this study was to examine how different numbers and densities of
neighboring conspecifics would affect wind speeds at seed release height, and hence population
spread rates, in patches of two invasive thistles, Carduus acanthoides L. and Carduus nutans L.
(Asteraceae), in low and high surrounding vegetation. Taller surrounding vegetation, each
addition of neighbors, each increase in neighbor density, and lower measurement heights were
predicted to reduce wind speeds at a center focal thistle plant. Increasing numbers and densities
of C. acanthoides individuals were expected to lower wind speeds at the focal thistle plant more
than identical groupings of C. nutans due to greater branching in C. acanthoides. In order to
address these hypotheses, wind speed measurements were taken at capitulum height at a central
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focal thistle plant in arrays of potted thistles of different sizes and densities of either C.
acanthoides or C. nutans in unmown or mown grass under a variety of weather conditions.

Materials and Methods
Study species. Carduus acanthoides and Carduus nutans are invasive weeds of Eurasian
origin that are of economic concern in North America, as well as other continents (Kelly & Popay
1985; Desrochers et al. 1988; Popay & Medd 1990). These thistles are of particular concern in
rangelands and pastures, because cattle will not eat them and they compete with forage species
(Lee & Hamrick 1983; Desrochers et al. 1988). Individuals growing in pastures are often
surrounded by closely grazed vegetation due to cattle feeding around them. Both species also
readily colonize road sides, abandoned fields, and disturbed sites (Lee & Hamrick 1983;
Desrochers et al. 1988), where the height of surrounding vegetation can be quite high. Both
species are monocarpic perennials that exist as rosettes until the initiation of reproduction, when
they bolt and send up long stems that can be 20-200 cm long for C. nutans or 20-150 cm for C.
acanthoides (Desrochers et al. 1988). C. nutans begins flowering earlier in the season and has a
shorter flowering period than C. acanthoides (Rhoads & Block 2000). Canadian capitula were
observed to contain an average of 165-256 seeds for C. nutans and 56-83 seeds for C.
acanthoides (Desrochers et al. 1988), but C. nutans plants growing in Pennsylvania, USA under
good conditions can have capitula with around 400 seeds (Sezen 2007). Seeds are wind dispersed
with the aid of pappus structures. In Pennsylvania, USA, C. acanthoides seeds from healthy
capitula have a mean terminal velocity of 0.49 m s-1 (s.e. 0.004), while C. nutans seeds from
healthy capitula have a mean terminal velocity of 0.51 m s-1 (s.e. 0.005) with a standard deviation
of 0.13 (Chapter 4, this thesis).
Description of plots. To evaluate the effect of surrounding vegetation height on wind
speed in thistle patches with different surroundings, two square 4.25 m plots were marked in high
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and low vegetation in a field at Penn State University’s agricultural farm, Rock Springs. The low
vegetation treatment was mown to a height of 0.05 m, while the high vegetation was not mown
and had an average height of 0.743 m during measurements with C. nutans plants and an average
height of 0.832 m during later measurements with C. acanthoides plants. Surrounding vegetation
was dominated by Arrhenatherum elatius, Dactylis glomerata, Solidago canadensis, and Allium
spp. (Sezen 2007). The centers of each plot were 14.65 m apart. The center of the low vegetation
plot was 4.5 m from the edge of the high vegetation field, while the center of the high vegetation
plot was 10.15 m from this boundary. The central thistle in each experimental configuration was
always put in the same place at the marked center of each plot. A weather station measuring
wind speed at heights of 1 m and 2 m was located at the edge of the boundary between high and
low vegetation 16.4 m away from a line connecting the centers of both plots so that the weather
station was 19.18 m away from the center of the high vegetation plot and 17.36 m away from the
center of the low vegetation plot.
Description of thistle plants and experimental patch arrays. C. nutans and C.
acanthoides plants used in this experiment were started in the greenhouse and planted in the field
as seedlings in the fall of 2006. In the spring of 2007, twenty-nine Carduus nutans and twentyseven Carduus acanthoides plants were potted in round, black plastic pots with a diameter of 23
cm in the spring of 2007. The height of each thistle was measured. The thistles were sorted into
three height categories. Three thistles (one from each height category) were randomly selected to
be placed in turn in the center of each experimental array in each plot. The other thistles were
randomly assigned spaces around the central position in a 3x3 or 5x5 array. Five pot array
arrangements were selected with 1, 9, or 25 plants spaced either pot to pot (stems 23 cm apart) or
1 m apart to determine the effect of surrounding array size and density on wind speed measured at
the central focal plant (see Fig. 5-1 for a visual of the experimental design).
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Wind speed and weather measurements. Wind speed was measured at a nearby weather
station (Campbell Scientific, Inc.) and with a hotwire anemometer probe (Extech model 407123)
located at seed release height upwind from capitula. The weather station logged wind speeds
every ten seconds from cup anemometers located at heights of 1 and 2 m. The hot wire
anemometer measured wind speed every second, and data were collected for each capitulum
height for a total of 60 s. The probe was placed upwind of two seed head positions for each
center focal plant: a capitulum at the top of the thistle and one located at a lower height with a
preference towards low capitula in the center of the thistle if available. All wind measurements
were taken in the afternoon after 1 pm so that differential surface heating would make windy
conditions more likely (Lowry & Lowry 1989). C. nutans flowers earlier than C. acanthoides, so
C. nutans trial days (July 9, 10, 12, 13, 16, 17) preceded trial days for C. acanthoides (July 24 and
August 1, 6, 8, 10, 13). The positions of pots in each array, including the three central pots, were
randomized each day.
Prevention of seed escape. Both study species are invasive weeds, so efforts were taken
to prevent seeds from escaping during this study. C. nutans heads were tightly wrapped in fine
pollen bag material before they began releasing seeds. C. acanthoides produces many more
heads that are smaller in size, so they were sprayed with an adhesive to prevent seeds from
dispersing.
Statistical Analysis. Wind speed data were analyzed using linear mixed effects models
using the lme function in R (R Development Core Team 2008). Species, surrounding vegetation
height, thistle patch array, and measurement height were used as explanatory variables. Wind
speeds at the nearby weather station at a height of 2 m were used as a covariate to correct for
differences in ambient wind speeds over the course of the experiment. The day, hour, minute,
and second of observation were used as nested random variables to deal with temporal auto
correlation in the data. ANOVA tests were used to differentiate between models using AIC
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values (Crawley 2007). The effects of the number of thistles in an array and array size could not
be determined directly with the full dataset, because the design was unbalanced (arrays with one
thistle only had no definable density). To examine whether these attributes had significant effects
on wind speeds, the analysis was repeated without data from arrays containing one thistle with
density and number of thistles as categorical variables in place of thistle array type.
Population Spread Rate Modeling. The effect of thistle patch size and density on thistle
population spread rates was assessed using the WALD model (Katul et al. 2005). This model is
known to provide a good fit to C. acanthoides and C. nutans dispersal data (Skarpaas & Shea
2007). However, measurements of the standard deviation of the vertical wind speed were
necessary to determine whether the instability parameter differed between thistle arrays with
different surrounding vegetation heights in our study. Therefore, in the summer of 2008 we
measured the standard deviation of the vertical wind speed using a sonic anemometer (Campbell
Scientific, Inc., model CSAT3) located at the center of thistle arrays at the hypothesized extremes
of thistle patch size and density (1 plant of C. acanthoides, or one plant of C. nutans, or 25 plants
of C. acanthoides at 23 cm apart) in order to calculate the turbulent flow parameter for these
patch types. Measurements were taken at 2 heights and in high and low vegetation. Standard
deviations of the vertical wind speed were not found to be different for these extremely different
thistle arrays in different surrounding vegetation heights, so no other configurations were tested.
Therefore, one equation was used to calculate the instability parameter regardless of thistle patch
array or surrounding vegetation height that involved differences in surrounding vegetation height
and horizontal wind speeds.
Population spread rates were then calculated using integrodifference equations as
presented in Jongejans et al. (2008a) and Chapter 4 of this thesis to evaluate the speed each
species would invade a homogenous landscape (Neubert & Caswell 2000). A 7x7 projection
matrix developed by Jongejans et al. (2008) was parameterized with demography data collected
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at the source site in central Pennsylvania by Katriona Shea (2002-05). These data represent an
experimental population of C. nutans growing in Pennsylvania, USA under ideal conditions (for a
description of the experiment, see Jongejans et al. 2008). Demographic data were also collected
for C. acanthoides in the same study, but these data were not available for use as they have not
yet been analyzed, yet. The C. nutans population projection matrix was used for both species for
consistency, so any observed differences in projected spread would be caused by differences in
parameters which impact dispersal directly, such as wind speeds for different thistle patch arrays
and surrounding vegetation heights, seed release heights, and seed terminal velocities. No
reduction in seed production was assumed due to biocontrol agent florivory, contrary to the 15%
reduction assumed by Jongejans et al. (2008). Terminal velocity values for C. nutans and C.
acanthoides came from healthy capitula measured for Chapter 4.
Seed release heights were chosen from a uniform distribution bounded by the minimum
and maximum flower heights recorded in our study, rather than using mean thistle height as in
Jongejans et al. (2008). Capitulum heights ranged from 0.36-1.00 m for C. acanthoides and
0.545-1.095 m for C. nutans. These release heights were then used to parameterize a statistical
model for the wind speed at capitulum height in thistle patches with wind speed characteristics
like those measured around focal plants in key different thistle array configurations and
surrounding vegetation heights in our experiments. Individual thistles and large, closely spaced
arrays were used in order to examine the difference in population spread rates for extremes of
thistle patch size and density. The standard deviations of the vertical wind speed were not
significantly different in different extremes of thistle patch array and surrounding vegetation
height, so the instability parameter was calculated as in Jongejans et al. (2008).
The zero plane displacement (d) of the system was evaluated as 0.35*h, where h equals
surrounding vegetation height, rather than d=0.7*h as in Jongejans et al. (2008). This was done
because horizontal wind speeds at the lowest capitulum heights for C. acanthoides in high
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surrounding vegetation would have been expected to be zero if d=0.7*h, but recorded wind
speeds were significantly higher than this. One reason for the shift in zero plane displacement
value in this study could have been that the grasses in the high vegetation plot got pushed down
directly under the plot due to pot weights, so the vegetation was not as dense directly in the plot
as it would have been naturally.

Results
Wind speeds. Wind speeds at the patch level differed for different thistle patch arrays and
surrounding vegetation heights (Fig. 5-2; Table 5-1). Wind speeds in thistle patches with high
surrounding vegetation were significantly lower than wind speeds in thistle patches in low
vegetation (p<0.001, Fig. 5-2B). Thistle patches with 25 thistles spaced pot to pot had
significantly lower wind speeds than single thistles (p<0.001, Fig. 5-2C). Wind speeds were also
lower at capitula in the canopy of thistle patches than at the top of thistle patches (p<0.001, Fig.
5-2D). Species was not significant as a main effect (p=0.389, Fig. 5-2A), but it was important in
a positive interaction between species and surrounding vegetation height (p=0.001, Table 5-1).
When the analysis was redone without the individual thistle arrays to balance the design, wind
speeds at the focal plant were not significantly different in arrays of 9 or 25 thistles (p=0.28).
However, high density thistle patches had significantly lower wind speeds than low thistle density
patches (p<0.001).
Population spread rates. For both C. nutans and C. acanthoides, the highest spread rates
were observed for populations with low surrounding vegetation and low thistle density, followed
by populations with low vegetation and high thistle density, populations with high vegetation and
low thistle density, and finally by populations with both high vegetation and thistle density (Fig.
5-3). Spread rates declined much more dramatically for low thistle density C. acanthoides
populations with increasing vegetation height than was seen for C. nutans (though recall this was
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modeled using C. nutans demographic data). In fact, C. nutans populations had higher spread
rates for all classes of population type that were modeled.

Discussion
Wind speed increased with decreasing vegetation height, decreasing thistle patch size,
and increasing capitula height as expected, not all results fit the original hypotheses. Originally it
was predicted that there would be a steady decrease in wind speeds at the focal plant with
increasing numbers and densities of neighbors. However, wind speeds at the focal plant did not
decrease significantly for the full data set until the highest neighbor number and density (a 5x5
array of thistles spaced 23 cm apart). This decrease in wind speeds would be expected to
interfere with wind dispersal. Although, it is important to note that when isolated thistles were
removed from the analysis to balance the design, there was a significant decrease in wind speeds
measured at the focal plant for high densities of conspecifics but the number of conspecifics was
not significant. This implies that the density of the large, closely spaced thistle array was likely
its most important attribute that reduced wind speeds relative to an isolated thistle.
Field wind speed data showed no significant main effect of species on wind speeds in the
center of thistle patches; however, interactions including species were informative. For example,
the hypothesis that there would be a significant interaction between species and array
arrangement due to the more bushy growth form of C. acanthoides was not supported by the
statistical model. Species impacted wind speeds through a positive interaction with surrounding
vegetation height. The positive interactions between C. nutans species and high vegetation height
demonstrates that although within plot vegetation might have been less dense than usual due to
our treatments, there was not an effect of trampling over time that would have increased wind
speeds for later C. acanthoides measurements.
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Both C. acanthoides and C. nutans exhibited the same pattern of decreasing population
spread rates from low surrounding vegetation and low thistle density, to high vegetation and low
thistle density, to high vegetation and low thistle density, and finally high vegetation and high
thistle density. C. nutans had greater population spread rates than C. acanthoides despite higher
terminal velocity values for C. acanthoides. C. acanthoides populations also showed a greater
drop in population spread rates with increasing surrounding vegetation height than displayed by
C. nutans. These differences could be due to an interaction between the wider range of possible
seed release heights for C. acanthoides populations (including lower capitula) compared to C.
nutans populations and higher surrounding vegetation heights for C. acanthoides than C. nutans
due to its later flowering period. Surrounding vegetation not only reduces horizontal wind speeds
during seed release, it also reduces the distance that a seed will fall for a given horizontal wind
speed (Lowry & Lowry 1989). Therefore, capitula located lower on a plant in high surrounding
vegetation will have even lower effective seed release heights in high vegetation. If within plot
vegetation had been denser, some lower C. acanthoides capitula heights would have been
expected to experience an average horizontal wind speed of zero. This would have decreased
population spread rates even further.
One important assumption used during the population spread rate modeling of this work
concerned the use of the population projection matrix of an experimental C. nutans population
growing under idea conditions for all population types. This was done for consistency, so
differences in population spread rates would only be caused by differences in the moment
generating function matrix. However, there are some obvious reasons why actual population
spread rates would deviate from those calculated here. C. acanthoides might have a very
different population projection matrix, even growing under the same conditions. For example, a
population of C. acanthoides might have a different population growth rate, or different life
stages might have more impact on the population spread. Another source of differences between
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calculated and actual population spread rates is different amounts of intra- and interspecific
competition between populations. Close neighbors compete for resources, which can decrease
growth, survivorship, and fecundity (Silander & Pacala 1985; Tyler & D'Antonio 1995; Hubbell
et al. 2001). The population projection matrix used was most representative of widely spaced
thistles growing with little to no competition. Therefore, reductions in spread with increasing
surrounding vegetation height and population density calculated here are likely conservative
estimates.
Another consideration that must be taken into account is the area in which the
experimental plots were located in this study. For logistical reasons, the high and low vegetation
plots were situated on the toe slope of a hill. Obstructions in wind flow like mountains or hills
can cause disturbances in air flows such as lee waves and rotors (Smith 1976; Doyle & Durran
2002). This could have caused a bias in wind velocities from different directions that could make
the results presented here difficult to generalize. The plots were not downwind of the hill during
most measurements, which would reduce the impacts of lee waves and rotors produced by the hill
on results. However, these daytime upslope winds are also classic characteristics of mountains
and large hills under certain ambient wind flow directions that might not apply to other study sites
(Lowry & Lowry 1989; Isard & Gage 2001). Due to the influence of topography in this study,
differences in wind speeds and spread rates between different treatments should be taken
qualitatively rather than quantitatively when generalizing these results to other landscapes.
The spread rates presented in this work are in rough agreement with those calculated by
other studies, once differences in parameter values are taken into account. For example, while
Skarpaas & Shea (2007) calculated population spread rates assuming a much lower population
growth rate (2.2 rather than 363), the spread rates they calculated from empirical seed trapping
data are qualitatively similar in that C. nutans had a higher spread rate than C. acanthoides from
circular thistle patches with radii of 0.8 m containing 30-40 thistles each.
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At the same time, population spread rates calculated in this chapter are very different than
those calculated in Chapter 4 of this thesis from the same demographic data. For example, a low
density C. nutans population growing in 0.74 m vegetation was modeled to have a population
spread rate of about 340 m year-1 in this study, while a C. nutans population unaffected by
biocontrol agent florivory growing in 0.5 m vegetation was calculated to have a population spread
rate of about 80 m year-1 in Chapter 4. The main reason what these studies were so different is
the wind speeds used to calculate spread. Our wind speed estimates were based on only
afternoon wind speeds, and are therefore higher. For instance, the average wind speed here was
approximately 2.5 m s-1, while the mean value used for Chapter 4 was 1.7 m-1. This would tend
to have a large impact on calculated population spread rates, because WALD spread rates are
highly sensitive to wind speed (Skarpaas & Shea 2007). However, using only afternoon wind
speeds is justifiable because temperatures are highest in the afternoon, so seeds should be
released preferentially during this part of the day (Chapter 3, this thesis).
The differences in wind speeds and population spread rates found in this study for
different capitulum heights and thistle arrays in short or tall surrounding vegetation could interact
with a variety of other biological processes to change actual dispersal distances of seeds from
thistles in these types of arrangements in the landscape. For example, larger thistle patches
receive more pollinator visits, but each thistle only receives a small proportion of these visits (S.
Yang, unpubl. data 2007). However, flowers in larger thistle patches are more likely to be
outcrossed by pollinators (S. Yang, unpubl. data 2007). Therefore, the fitness of seeds produced
by thistles that compete successfully for pollinators could be higher in large thistle patches due to
increased genetic variation. In another example, Rhinocyllus conicus (a receptacle feeding
biocontrol agent) is more likely to oviposit on taller C. nutans capitula (Sezen 2007). Therefore,
the action of this weevil takes capitula which would normally receive higher wind speeds and
have greater seed release heights, two attributes that would increase seed dispersal distances, and
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reduces seed production and seed release in these capitula while increasing the terminal velocities
of seeds (Chapter 4, this thesis).
Since population spread rates are projected to be lower in populations surrounded by high
vegetation, thistle populations growing in pastures where forage crops around thistles are cropped
close to the ground would be expected to have much larger population spread rates than
populations growing in, for example, overgrown abandoned fields. Therefore, one obvious
management recommendation that stems from this work is that isolated thistles should not be left
to grow in pastures. It would be better use of a land manager’s time to remove an isolated thistle
growing in a pasture with low surrounding vegetation than to remove a thistle growing in dense
surrounding vegetation if control of spread is the objective. Note that if control of abundance is
desired, the opposite recommendation pertains.
The results of this study suggest that neighborhood sizes below a 5x5 array of thistles
spaced 23 cm apart may not affect wind speeds at isolated C. nutans and C. acanthoides focal
plants. The high density of conspecifics in this array was likely more important than the number
of thistles in reducing these wind speeds under the experimental conditions. Other factors, such
as surrounding vegetation height and seed release height, also have important effects on wind
speeds and therefore population spread rates. C. nutans was expected to have greater population
spread rates when only differences in dispersal capability were examined. Therefore, populations
of either species growing in low surrounding vegetation at low densities should be considered a
much more serious risk in terms of spread, and management efforts to reduce spread should focus
on these individuals rather than individuals growing in dense surrounding vegetation.
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Table 5-1: Significant fixed effects from a linear mixed effects model describing wind speeds
measured at focal plants.
Value

Std. Error

DF

P value

Intercept

1.91

0.16

43834

0.000

Ambient wind speed (m/s)

0.36

0.02

4094

0.000

C. nutans species (S)

-0.16

0.18

11

0.389

High surrounding vegetation (V)

-0.77

0.11

1528

0.000

9 plants 1 m apart

-0.01

0.08

1528

0.874

9 plants 23 cm apart

-0.13

0.07

1528

0.079

25 plants 1 m apart

0.01

0.08

1528

0.916

25 plants 23 cm apart

-0.34

0.08

1528

0.000

Measurement height inside canopy

-0.25

0.04

4094

0.000

S*V

0.52

0.15

1528

0.001

The reference thistle array type, surrounding vegetation height, and measurement location for this
model is a Carduus acanthoides patch in low surrounding vegetation with 1 plant and wind
speeds measured at the top of the canopy. Ambient wind speeds were measured at a height of 2
m at a nearby weather station.
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2 Vegetation Heights
High surrounding vegetation

Low surrounding vegetation

X 5 patch arrays

X 3 center plants
X 2 measurement heights

X 2 species

(Top of plant & within canopy)

Figure 5-1: Visual representation of the experimental design.
Plant positions in arrays located in different plots were randomly assigned each measurement day.
A tall, a medium, and a short center plant were chosen randomly for each array to serve as
replicates. Flower motifs adapted from S. Yang.
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Figure 5-2: Effects of a) species, b) surrounding vegetation height, c) thistle patch size and
density, and d) categorical measurement height on average wind speeds recorded at capitula.
Wind speed values were taken every second and then averaged for one minute measurement
intervals for each replicate and each measurement day to obtain standard error bars. Significance
levels between treatments are based on a linear mixed effect model with ambient wind speed
measured at a nearby weather station as a covariate and measurement day, hour, minute, and
second as nested random variables. Measurements taken at Carduus acanthoides capitula and
Carduus nutans capitula are labeled as “A” and “N” in panel a). The patch size and density
categories in panel c) represent arrays with one individual thistle (1), arrays with 3x3 matrices of
thistles spaced 1 m apart (3m), arrays with 3x3 matrices of thistles spaced 23 cm apart (3p),
arrays with 5x5 matrices of thistles spaced 1 m apart (5m), and arrays with 5x5 matrices of
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thistles spaced 23 cm apart (5p). Categorical measurement heights in panel d) represent
measurements taken at capitula at the top of thistle canopies or in the middle of thistle canopies.
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Figure 5-3: Modeled population spread rates for Carduus acanthoides and Carduus nutans
populations with no Rhinocyllus conicus florivory.
Population spread rates for thistles in low surrounding vegetation with low conspecific density
(LL), low surrounding vegetation with high conspecific density (LH), high surrounding
vegetation with low conspecific density (HL), and high surrounding vegetation with high
conspecific density (HH) were calculated with the same population growth rate for both species
representing an experimental population of Carduus nutans growing under ideal conditions. One
thousand population spread rates were calculated to determine median population spread rates.
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Chapter 6
Applications of Particle Image Velocimetry for Seed Release Studies

Abstract
Large scale weather and climatic factors are known to influence seed release, the first
step in the dispersal process for plants, with repercussions for how far seeds travel. However,
unavailability of instrumentation and research methodologies have led to a dearth of information
about how fine scale processes such as the characteristics of air flow around wind dispersal
structures might affect seed release. This chapter examines the benefits and technical challenges
associated with using a fluid dynamics technique, Particle Image Velocimetry (PIV), to visualize
the air velocities and vorticity in a 2D slice of an air flow field in a wind tunnel. During trials, we
observed von Kármán streets (vortices that are shed downwind in alternating patterns) for a test
cylinder as well as for Carduus nutans capitula as predicted by fluid dynamics theory.
Unfortunately, results were limited due to logistical problems with the equipment. Ideas and
recommendations for future work in this area are discussed in relation to these preliminary
results.

Introduction
Seed release, as the initiation of plant dispersal, is widely acknowledged to be an
important, yet under studied, part of the movement process (Greene 2005; Schippers & Jongejans
2005; Kuparinen 2006; Nathan 2006; Skarpaas et al. 2006; Jongejans et al. 2007; Soons &
Bullock 2008). Of the studies that examine the impacts of environmental factors on seed release,
many focus on large scale weather effects such as mean horizontal wind speeds, relative
humidity, temperature, and precipitation (Chapter 3 of this thesis, Nathan et al. 1999; Greene
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2005; Schippers & Jongejans 2005; Jongejans et al. 2007; Soons & Bullock 2008). These
investigations have lead to a more mechanistic understanding of the conditions when seeds
release, leading to improvements in seed dispersal model output (Nathan et al. 1999; Schippers &
Jongejans 2005; Soons & Bullock 2008). However, research describing fine scale air movements
at the seed level is lacking, despite the fact that this is the scale at which seed and maternal
structure characteristics interact with moving air particles leading to seed release. The primary
reason fine scale air movement information is generally scarce is the unavailability of
instrumentation and research methodologies to address this problem in the field of plant dispersal
ecology. However, researchers of other scientific disciplines, such as fluid dynamics, commonly
deal with these sorts of questions and have techniques to address them.
We explored the use of a fluid dynamics technique, Particle Image Velocimetry (PIV), as
an excellent method to study air movement around plant structures. PIV allows the visualization
of fine scale air velocities by measuring the distance that groups of tracer particles travel between
successive camera images. Using this technique, vector maps can be produced showing a 2D
slice of air flow around an object and areas of high air circulation in the wake of objects can be
characterized.
This technique has already been used to study animal motion, such as flight in insects and
birds or swimming in fish, with many interesting and insightful results (Drucker & Lauder 1999;
Bomphrey et al. 2005; Warrick et al. 2005). For example, the use of digital PIV allowed Warrick
et al. (2005) to visualize the wing tip vortices of hummingbirds during flight and to determine
that most of their weight support during flight comes from the down stroke of the wing. PIV also
revealed that soft rayed dorsal fins of bluegill sunfish produce vortices during swimming that
create constructive interference with those produced by the caudal fin, increasing vorticity around
the tail (Drucker & Lauder 2001). PIV has also been used to study air movement above and
around plant canopies such as corn fields and bryophyte cushions with respect to pollen
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movement and evaporative water loss respectively (Rice et al. 2001; van Hout et al. 2007).
Therefore, PIV should be well suited to the study of air flow around seeds prior to and during
seed release.
This chapter presents the results of a collaboration the Pennsylvania State University’s
Aerospace Engineering Department that sought to use the department’s PIV system to solve the
interesting and complex problem of visualizing the air flow around Carduus nutans L.
(Asteraceae) capitula to better understand fine scale seed release in this system. While a hard
drive crash in the PIV processor cut this effort short, preliminary results are promising and yield
many avenues for future research and technical improvements.

Particle Image Velocimetry System Components and Technique
PIV involves taking images of the change in position of tracer particles illuminated by a
laser (Anonymous 2002). These particles track the flow of the fluid. Air velocities can be
determined because the distance and direction of particle movements are known for a given
amount of time between images. The work presented here used PIV equipment belonging to the
Pennsylvania State University’s Aerospace engineering program mounted in a closed circuit wind
tunnel (90 cm high, 60 cm wide, and 6 m long) (see also Chapters 3 and 4 of this thesis, Dauer et
al. 2006; Skarpaas et al. 2006; Jongejans et al. 2007). Images were taken at the upwind part of
the test section with a Kodak Megaplus ES1.0 CCD (charge-coupled device) camera. A double
pulsed laser system (Minilase Nd: Yag laser from New Wave Research, Inc. coupled with a
Flowmap 80x60 series light sheet) was mounted on top of the wind tunnel so that the light sheet
was projected downwards parallel to the direction of air flow. The light sheet thickness was
approximately 2 mm. Thistle capitula were attached to a 37.5 cm tall threaded rod of 1.5 cm
diameter directly under the light sheet. The output of a Jem ZR12-AL smoke machine was
connected to the wind tunnel by PVC pipe to provide seeding particles to act as tracers. A screen
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was placed at the downwind part of the test section to trap any seeds released during
measurements. A Dantec Dynamics PIV processor was used to synchronize the firing of the
camera and lasers, as well as image processing. These functions were managed by Flow Manager
software by Dantec Dynamics (Anonymous 2002).
The Flow Manager software breaks the images produced by the camera into interrogation
areas and uses Fast Fourier Transformations (FFT) and correlation techniques to determine the
average spatial shift of particles within these areas between sequential images (Anonymous
2002). Two methods of producing 2D air vector maps from camera images were used, cross
correlation and adaptive correlation. First, in cross correlation the camera’s light sensors at the
pixel level produce voltages that are interpreted as light intensities. The light intensity from an
interrogation area at time t is then compared to the light intensity in the same interrogation area at
time t + ∆t, where ∆t is the length of time in between camera images. This information is then
transformed using FFT and spatial cross-correlation and used to estimate displacement functions
and the highest peak in the correlation plane, which represents the average particle displacement
within an interrogation area if particle seeding is sufficient. Noise is created if particles move
into or out of the interrogation area between images (loss of pairs) or if camera images pick up
light that is not related to particle movement (which can include ambient light or laser light
reflecting off stationary surfaces). Second, adaptive correlation is an iterative process of multiple
cross correlations where an initial guess is made concerning particle displacement and used to
estimate a shift in the second image interrogation area. This allows the interrogation areas to
become smaller and more precise in subsequent steps. The main benefit of this technique is that
it reduces loss of pairs by capturing particles that leave the interrogation area between images
(Anonymous 2002).
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Technical Challenges
Camera distance. The distance between the camera and the object is very important, and
focusing was only appropriate for small adjustments once the camera was positioned correctly.
Camera distance matters due to the focal plane of the camera, the area of light sheet that can be
viewed in the images produced, laser light intensity, and parallax effects. For example, doubling
the distance between the camera and the light sheet quarters the amount of light that reaches the
camera (Anonymous 2002). Therefore, as camera distance increases particle movements become
less distinct. Parallax involves movements of air particles perpendicular to the light sheet being
interpreted as movements parallel to the light sheet at certain angles to the camera (Anonymous
2002). The magnitude of this effect can be reduced by placing the camera as far away from the
light sheet as possible, minimizing the field of view of images taken by the camera, and limiting
the time in between camera images to minimize particle movements perpendicular to the light
sheet (Anonymous 2002).
A range of distances between the camera and the object were tested between 46.85 cm
and 78.5 cm. A distance of 59.5 cm was most suitable in terms of the image quality and desired
field of view. Many of the poor results achieved with simple objects during tests of this particular
PIV equipment in the past were likely due to improper camera distance, as the quality of images
obtained with the system increased substantially once an ideal camera distance was determined.
Smoke concentration and seeding density. The recommended number of particles per
interrogation area is 5 for cross-correlation (Anonymous 2002), but it was difficult to accurately
quantify the density of smoke particles. This problem is worsened by the fact that although the
Aerospace Engineering wind tunnel is closed circuit, it is not air tight and smoke escapes
continuously. While too few seeding particles are obviously a problem, we found that too many
can also obscure results. Thirty seconds of smoke generation on high output gave a good
concentration of smoke particles for imaging.

129
Lighting. Obtaining the proper light environment for PIV imaging was a nontrivial
obstacle. Even with the lights off and part of the wind tunnel near the windows painted black, a
lot of extra light entered the test area. This made it more difficult for the software to pick out the
light of the laser reflected off the smoke particles (Anonymous 2002). There were two possible
solutions to this problem: try to buy a filter that would fit our camera and block out all
wavelengths besides those produced by our laser, or to create a curtained area around the test
section. Since the purpose of the PIV equipment we were using was to teach undergraduate
students, a curtain arrangement was chosen to segregate any harmful laser light from students’
eyes.
Another challenge had to do with the brightness of the lasers themselves. One laser was
brighter than the other and the two lasers were not aligned perfectly. However, attempting a
repair was dangerous and beyond our ability. Creditable results of the flow around a cylinder
could be obtained with these problems, but differences in brightness and misalignment of the
lasers could have decreased the signal to noise ratio, leading to some erroneous measurements.
Laser reflection off stems and pappi. Due to the wavelength of the Nd: Yag laser used,
there were problems with light reflection. The wavelength of the light sheet illuminating the test
section was 532 nm, which is a green light (Anonymous 2002). Therefore, green plant structures
reflect it. When light reflects off structures such as plant stems in the field of view of the camera,
they show up in pictures as bright white patches on the images. The PIV software does not
interpret these well and the quality of the entire vector map suffers, particularly the areas near the
green structures. This was particularly a problem during tests of the feasibility of observing the
flow around individual capitula as part of whole plant sections. It was less of a problem for
flower buds, especially ones with some purple coloration. Nodding capitula also posed a
problem, because a large part of the peduncle was exposed to light from the lasers.

130
Capitula at the stage where they had set seeds but had yet to release did not cause
problems with light reflection because senescent florets blocked light from hitting the pappi
directly. However, as pappi began to expand in preparation for seed release, they reflected large
amounts of light. Capitula heavily attacked by the biocontrol agent Rhinocyllus conicus generally
did not have this problem, because pappi generally do not expand very much.
Seed release from healthy capitula ready to disperse seeds can not be fully understood
using common PIV laser systems with green wavelength light until the technical challenge of
light reflection off pappus structures is met. Dyeing capitula with black RIT dye before pappus
expansion is a partial solution. It binds well to both florets and pappi, creating a matte surface,
and does not prevent later pappus expansion. However, even when an effort is made to manually
separate pappi during dyeing to allow the dye to penetrate further into the capitulum, when the
pappi expand most are not colored by the dye. While this provides interesting insight on how
difficult it would be for rain to penetrate deep into capitula, it means that more experimentation is
necessary before the effect of expanded pappi on the airflow around capitula can be quantified.
Laser alignment on capitulum. Capitula are complex three dimensional structures that
can become highly asymmetrical once pappi expand and seed release begins. Determining where
the laser is on the capitulum (or even if the laser is positioned on the capitulum at all) can be
difficult. However, it is not advisable to visually confirm the location of the light sheet. Over
time, exposure to laser light can cause permanent eye damage. The use of protective goggles is
impossible during visual alignment, because they make it impossible to see the light by blocking
out that specific wavelength. A method to reliably identify the exact path of the laser without
viewing it needs to be developed before the precise location of observed 2 dimensional air flow
vectors over complex 3 dimensional shapes can be known.
Loss of pairs and object shape. Smoke particles that leave or enter the interrogation area
during the first or second images can not be assigned a velocity and lower the signal to noise ratio
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(Anonymous 2002). Therefore, a lot of air movement out of the plane of the light sheet will
degrade the ability of the software to produce accurate results. Objects like spheres tend to cause
air to flow around them, and this lateral movement out of the light sheet makes PIV more
difficult. It was always easier to get results with a large cylinder positioned perpendicularly to
the overall flow direction than with a test sphere for this reason. Since capitula are somewhat
spherical, this made imaging this particular shape more difficult. The out of plane movement of
air around capitula could be compensated for by increasing laser sheet thickness, but this was
difficult to do with the system we were using. Others attempting to use PIV to visualize flow
fields around plant structures should pay attention these constraints. Flows around large
structures that are more 2 dimensional and restrict air from moving laterally around them would
be inherently easier to observe using PIV. For example, one might examine the air flow around
large, dyed leaves to better understand how the spores of fungal pathogens might be released.
Nevertheless, there is some potential for the use of these methods with flowers and capitula.
Software settings that achieved the best results. Once quality images are obtained,
finding the right software settings to produce accurate vector maps can be difficult due to a
variety of processing options and no strict guidelines on their use. Adaptive correlation provided
better results than cross correlation in our study. The best settings for adaptive correlation were
64x64 size interrogation areas, 25% vertical and horizontal overlap of interrogation areas, 5
refinement steps, and 9 passes per step for the initial step, intermediate steps, and final step.
Local neighborhood validation was used to remove false measurements with a neighborhood size
of 7x7, an acceptance factor of 0.1, and 5 iterations.

Preliminary Results
Due to the technical challenges listed above and the malfunction of the PIV processor
during testing, the results of this work are limited. A simple test cylinder (diameter 5.7 cm;
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height 25.2 cm) was used to validate the results. A vector map of the air flow velocity around the
cross section of this cylinder can be seen in Fig. 6-1. The Reynolds number (Re) of the test
cylinder can be computed to determine theoretical expectations about the flow around the
cylinder through the use of the equation
Re= (L Ua)/ v

eqn. 6-1

where L is the characteristic length, Ua is the speed of the ambient air flow, and v is the kinematic
viscosity of the fluid (Burrows 1986; Niklas 1992). If the height of the cylinder perpendicular to
the air flow is taken to be the characteristic length of the object, then the Reynolds number would
be between 40 and 2x105 for ambient wind speeds between about 1 cm s-1 and 53 m s-1 (Niklas
1992). The wind speeds we tested would lead to Reynolds numbers of approximately 3x104.
Air flow around a cylinder at Re values between 40 and 2x105 is characterized by von Kármán
streets, which are vortices formed at the top and bottom parts of the wake (Niklas 1992). Vortex
shedding at the top portion of the test cylinder’s wake is shown in Figure 6-2. When the Re
number of a cylinder exceeds 100, these vortices are shed in an alternating pattern (Niklas 1992).
The approximate frequency of this shedding pattern can be predicted by
f = (St Ua)/ d

eqn. 6-2

where St is the Strouhal number and d is the diameter of the cylinder and Ua is the ambient wind
speed as before (Niklas 1992).
Figure 6-3 shows a vector map of the air flow around a thistle head. The characteristic
length of a Carduus nutans capitulum varies with plant phenology (earlier capitula are larger),
nodding angle of the capitulum on the peduncle, and how much pappi have expanded. The
capitula we worked with had a characteristic length around 3.5 cm. Capitula with this
characteristic length would have a Reynolds number of approximately 1.4x104 at ambient wind
speeds of 6 m s-1 and would be expected to shed von Kármán streets. Assuming that capitula
have the same characteristics as cylinders, one would expect von Kármán streets to be formed at
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ambient wind speeds between 0.17 m s-1 and 86 m s-1. Similar theory does exist for spherical
objects, but theory for air flows around cylinders is more developed (Niklas 1992). However,
capitula have a much more complex shape than a simple circular cylinder, so empirical
measurements are necessary to determine at what Re von Kármán streets form and are shed.
Shedding vortices were observed for ambient air speeds that we tested of 6-10 m s-1
during preliminary tests. This range of wind speeds was used so results could be compared to the
seed release studies of Chapters 3 and 4 which used wind speeds of 6 m s-1. Figure 6-4 shows
vortices at the top and bottom of the downstream section of the capitulum. The higher vorticity
section at the capitulum represents the current vortex and the vortex at the bottom of the image is
the dissipating previous vortex. Longer runs of sequential images from the same capitulum show
the alternate shedding of the top and bottom vortices over time.

Discussion
Despite many technical challenges, the preliminary results of using PIV to visualize air
flow around capitula were promising. The test cylinder and capitula showed evidence of
shedding von Kármán streets, as expected by theory. The magnitude of air circulation caused by
these vortices has important implications for the forces acting on capitula exposed to the wind.
Each vortex causes lateral forces to act on the capitulum. The strength of these forces (F) can be
calculated as
F= ΓUaρ

eqn. 6-3

where Γ is the vortical circulation, Ua is the ambient wind speed, and ρ is the air density (Niklas
1992). Therefore, these forces are proportional to ambient wind speeds. The forces cause
cylinders to move side to side with a frequency described by eqn. 6-2 (Niklas 1992). These
alternating lateral forces and induced oscillations could play a mechanistic role in abscission and
release of seeds from capitula. An additional effect of vortices shedding from one capitulum is
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also an increase in turbulence downwind at other capitula, which would likely cause an increase
in seed release at these downwind positions (Skarpaas et al. 2006).
The equation for the frequency of vortex shedding could also be useful to further validate
PIV results. The frequencies of vortex shedding could be determined for the test cylinder a
priori, and then compared to PIV measurements. This would provide additional evidence that
pictures showing shedding vortices are indeed accurate.
Another validation technique we found useful was taking PIV images of horizontal air
flows of a known velocity without any obstacles obstructing air flow. This allowed us to be sure
that wind velocity vectors were scaled correctly. It also provides the simplest possible air flow
scenario for beginning air vector map validation steps.
One change of equipment that could improve results for future PIV studies of air flows
around plant tissues would be the use of a laser that emits UV or IR wavelengths of light rather
than green wavelengths that are reflected by plant stems and leaves. Lasers with the ability to
emit these wavelengths of light are currently available from several manufacturers.
Once PIV results can be reliably validated and adequate solutions are found for light
scattering tissues, one direction for future research would be the determination of how plant form
and structure cause deviations from the expected air flow expected around simple cylinders or
spheres. A time sequence of different phenological stages of capitulum development might yield
insights into changes in maternal tissues that cause a favorable change in air flow around capitula
as they get closer to releasing seeds. For example, it is possible that the bracts on the surface of
the receptacle, which change position during the drying process that precedes seed release (Fahn
1990), could influence the flow of air around capitula. It would also be interesting to observe
how the protrusions of seeds and pappi dispersal structures that emerge from capitula after seed
abscission but before seed release interact with air particles.
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Other interesting comparisons involve the characteristics of air flow around different
types of capitula in different settings. For instance, C. nutans is known to disperse more seeds
under lower ambient wind speeds if air flow is turbulent (Skarpaas et al. 2006; Jongejans et al.
2007). The fine scale mechanisms of this could be examined with turbulence produced by bars
across the test section (Skarpaas et al. 2006; Jongejans et al. 2007), or by placing whole plant
sections into the wind tunnel and observing air flow around upwind capitula and down wind
capitula.
The ultimate goal of flow field visualization studies is to capture seed release events
using PIV equipment. This would yield insights into the interaction between air particles and
seed dispersal structures immediately before, during, and after seed release. Technical challenges
must be addressed before this can be accomplished. For example, the releasing seed can not
reflect light back to the camera, or the air velocity vectors around the seed will not be accurate.
One approach we used to attempt to combat this problem, the use of dyes, gave limited results.
Alternative solutions might be to use a different wavelength of laser or to remove light reflections
from seeds and seed dispersal structures from images before cross or adaptive correlation
techniques are used to produce vector maps. Another potential difficulty is that a seed must be
released within the beam of the light sheet in order for the air flow around that seed’s dispersal
structures to be viewed. Taking many pictures from many capitula would eventually capture this
event. However, a different study system where one fruit can be observed in the plane of the light
sheet until it releases could improve efficiency. Stereoscopic PIV, which allows the resolution of
3D air vector fields, could also be implemented to solve this problem.
PIV is already used extensively to study the movement of animals, so there is no reason
why it could not also be used to study the movement of plants through seed release and dispersal.
In fact, this relatively unexplored area is rich with opportunities for new collaborations between
plant dispersal ecologists and engineers working in the field of fluid dynamics. Before the crash
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of our PIV processor, our team was able to make significant progress in a relatively short amount
of time even with all of the technical challenges that needed to be overcome. Therefore, future
work in this area will certainly provide new ideas previously unimagined by plant dispersal
ecologists.
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Figure 6-1: 2D vector map of air velocity around a cylinder oriented perpendicular to air flow
through the wind tunnel’s test section.
Ambient air flow is from right to left in this vector map. The vector map corresponds to an
approximately 11 cm 2D square of the air flow. No air flow velocities are plotted in the cross
section representing the 25.2 cm long and 5.7 cm diameter cylinder, because readings in the cross
section of the cylinder do not represent air movements. Blue vectors are original measurements
and green vectors are the products of vector validation to remove outlier measurements using a
moving average with a neighborhood size of 7x7, an acceptance factor of 0.1, and 5 iterations.
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Figure 6-2: Vorticity at the top left of a cylinder’s cross section oriented perpendicular to air flow
through the wind tunnel’s test section.
The area of high vorticity indicated by the arrow represents von Kármán streets being shed by the
25.2 cm long and 5.7 cm diameter cylinder with ambient air flow moving toward the left of the
image. The area shown corresponds to an approximately 11 cm 2D square of the air flow. The
solid blue area at the bottom right of the image represents the cross section of the cylinder.
Readings in this area were masked, because they do not represent any actual air movement.
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Figure 6-3: 2D vector map of the air flow field around a Carduus nutans capitulum.
Air flow is from right to left on this map. The vector map corresponds to an approximately 11 cm
2D square of the air flow. Dots directly under the capitulum represent 0 m/s velocity readings
caused by the cross section of the capitulum and the shadow of the light sheet underneath. Blue
arrows represent areas of high air circulation in the wake of the capitulum. The bright white area
in the photograph shows the reflection of light off pappi.
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Figure 6-4: 2D vector map overlaying vorticity values for the air flow around a Carduus nutans
capitulum.
Colors in the blue spectrum represent low vorticity, while colors in the red spectrum represent
high vorticity. Air flow is from right to left. The vector map corresponds to an approximately 11
cm 2D square of the air flow. Dots in the vector map occurred in the plane of the flower and in
the shadow of the light sheet and represent 0 m/s velocity readings. Areas of high vorticity at the
top and bottom of the wake, indicated by purple arrows, represent current and dissipating
shedding von Kármán streets. Vortex shedding was observed to alternate between the top and
bottom of the wake over time.
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Chapter 7
Conclusion
This thesis addressed the effects of abiotic and biotic factors on seed release, dispersal,
and population spread of the invasive thistles, Carduus acanthoides L. and Carduus nutans L.
(Asteraceae). Abiotic factors addressed throughout the thesis included temperature, precipitation,
and wind speed as well as the effects of storage time and crushing forces on observed dispersal
capabilities of seeds. Biotic factors investigated included florivory by a biocontrol agent,
Rhinocyllus conicus, numbers and densities of conspecifics, surrounding vegetation height, and
capitulum height.
Chapters 3, 4, and 6 dealt with the effects of various factors on seed release.
Significantly more seeds were released by C. acanthoides and C. nutans when temperatures were
warm and vapor pressure deficits were high (Chapter 3). Florivory by the biocontrol agent, R.
conicus, lead to decreased seed release for both species (Chapter 4). Von Kármán streets were
observed shedding from C. nutans capitula in a wind tunnel setting, which would cause forces
proportional to ambient wind speeds to act on capitula and could affect seed release (Chapter 6).
Chapters 2, 4, and 5 had implications for seed dispersal and seed dispersal studies.
Florivory by R. conicus lead to increases in the terminal velocity of C. nutans seeds, which would
tend to decrease dispersal distances (Chapters 2 and 4). Large, dense patches of both C.
acanthoides and C. nutans had significantly lower wind speeds at a central focal plant than
individual plants on their own (Chapter 5). This effect was mainly due to patch density. Taller
surrounding vegetation and lower capitulum heights were also associated with lower wind speeds
(Chapter 5). While a main effect of species was absent, there was a positive interaction between
C. nutans and high vegetation heights (Chapter 5). The effects of crushing forces and shipping
increased observed terminal velocity values for C. nutans capitula, which could lead to
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underestimates of dispersal ability in intercontinental comparative studies without proper
packaging of capitula (Chapter 2). However, increasing capitulum age did not have an overall
effect on observed terminal velocity values, so capitula stored for up to five years can be used to
estimate population spread rates using new modeling techniques without bias (Chapter 2).
Chapters 4 and 5 examined population spread rates for thistle populations growing under
different conditions. Projected population spread rates for United States (US) and New Zealand
(NZ) populations of C. nutans decreased with increasing R. conicus florivory (Chapter 4).
However, increasing terminal velocity values were more important in decreasing population
spread rates in the US, while decreases in seed production had more of an effect on population
spread in NZ (Chapter 4). In the US, R. conicus florivory caused a greater relative reduction in
population growth rates than population spread rates (Chapter 4). However, the opposite was true
for NZ (Chapter 4). When populations of C. acanthoides and C. nutans growing in different
extremes of vegetation height and population density were modeled with the same population
projection matrix for consistency, C. nutans had higher population spread rates in general
(Chapter 5). Populations of both species were projected to have the highest spread in low
surrounding vegetation and low thistle density, followed by low surrounding vegetation and high
thistle density, high vegetation and low thistle density, and high vegetation and high thistle
density (Chapter 5).
This thesis highlights the importance of non-random seed release for empirical and
theoretical studies of seed dispersal. A bias towards releasing seeds during hot, dry conditions
can lead to more seeds experiencing high wind speeds and increased thermal turbulence (Chapter
3). Both of these factors would increase seed dispersal distances on average. Therefore, dispersal
studies and population spread rate modeling would be more accurate if non-random seed release
were taken into account. Currently, few models accomplish this goal (but see Nathan et al. 1999;
Greene 2005; Schippers & Jongejans 2005; Soons & Bullock 2008).
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One broad management implication of this thesis is that it is possible to manage for the
control of abundance, spread, or both. This is a very important idea, because in some cases
management recommendations for the control of abundance would be the opposite of
recommendations to control spread, as in the case in Chapter 5 where a manager might need to
choose between focusing efforts on a large, heavily vegetated patch of thistles or a few isolated
thistles growing in low surrounding vegetation. Many common management strategies, such as
the use of biocontrol agents, could cause relative reductions in abundance and spread that vary in
magnitude in different situations as in the case of R. conicus florivory in the US and NZ (Chapter
4). Future research will be necessary to quantify the relative effects that different common
management strategies (such as mowing, biological control agents, and herbicides) have on the
control of abundance and spread. Once this work has been accomplished, managers will be able
to determine which strategies would best fulfill their specific management objectives.
The results of this thesis illuminate several areas for additional research in the area of
seed release. For example, a different collection day sampling protocol or different collection
years could be used to better address the question of whether field precipitation events might
influence seed release. Wind tunnel studies could also provide a firm conclusion regarding the
possibility that seeds near R. conicus cysts could have higher wind speed release thresholds.
Field studies could also provide a better estimate of the number of seeds that remain stuck in C.
acanthoides and C. nutans capitula with a range of R. conicus florivory at the end of the dispersal
season than the mechanical perturbations used in Chapter 4.
Another avenue for further exploration is the finding that a proportion of seeds remain
stuck in capitulum receptacles in healthy C. acanthoides and C. nutans capitula (Chapter 4). This
finding is consistent with reports of seed heterocarpy in other Asteraceae species, where a certain
proportion of seeds may lack dispersal structures (Imbert 2002). In other Asteraceae, this
proportion can differ along a successional gradient, between island and mainland populations, and
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with population age (Olivieri & Gouyon 1985; Cody & Overton 1996). Therefore, it would be
interesting to explore what other factors might affect this proportion, such as varying nutrient
levels in the soil.
An additional application of this thesis would be additional research into the influence of
fine scale air flow around thistle capitula on seed release using Particle Image Velocimetry. With
available equipment and more time, it would be relatively easy to use the recommendations in
Chapter 6 to produce accurate air flow vector maps and vorticity maps to describe air flow around
a variety of plant structures directly related to seed release in a number of study systems. These
measurements could reveal how maternal plant or seed structures influence and are influenced by
air flow and how these effects inhibit or promote seed release over time.
Future studies could also examine how other environmental factors affect the dispersal
capabilities of C. acanthoides and C. nutans. For example, it would be interesting to determine
whether seed terminal velocity values vary due to differences in soil resources or differences in
internal reserves remaining after biomass is removed by mowing or generalist herbivores. These
factors could also influence projected population spread rates.
Other influences on population spread rates could also be addressed by additional
research. For example, the magnitude of reductions in population spread rates for C. nutans
populations caused by R. conicus florivory could be additionally examined in its native range and
in Australia, where different vital rates are important in determining population spread rates
(Jongejans et al. 2008a). Reductions in population spread rates caused by other biocontrol agents
could also be explored. It would be interesting to determine how reductions in seed release
height caused by some biocontrol agents might influence population spread. Future work should
also explore the role that seed release height could play in increasing population spread rates
under climate change scenarios, because C. nutans plants are taller when grown in Open Top
Chambers (OTCs), which mimic the effects of climate change (R. Zhang, unpubl. data 2007).
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After demographic data for C. acanthoides is analyzed, the projected population spread rates of
Chapter 5 could be reevaluated to add differences in demography as well as differences in
dispersal capability to the analysis.
Finally, in the future seed release and dispersal studies should be examined in the context
of spatial community dynamics. Pollinators, herbivores, biocontrol agents, seed predators, and
conspecifics, and the corresponding plant community matrix vary in space and time, as do above
and below ground resources. Future empirical studies and new modeling approaches that
advance our understanding of how these variable environments affect seed release, seed dispersal,
and spread will greatly increase our understanding of community and landscape ecology.
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