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Abstract
Invasive plant species threaten natural areas by reducing biodiversity and altering
ecosystem functions. They also impact agriculture by reducing crop and livestock
productivity. Millions of dollars are spent on invasive species control each year, and
traditionally, herbicides are used to manage invasive species. Herbicides have human and
environmental health risks associated with them; therefore, it is essential that land
managers and stakeholders attempt to reduce these risks by utilizing the principles of
integrated weed management. Integrated weed management is a practice that incorporates
a variety of measures and focuses on the ecology of the invasive plant to manage it.
Roadways are high risk areas that have high incidence of invasive species. Roadways act
as conduits for invasive species spread and are ideal harborages for population growth;
therefore, roadways should be a primary target for invasive species control. There are
four stages in the invasion process which an invasive species must overcome: transport,
establishment, spread, and impact. The aim of this dissertation was to focus on these four
stages and examine the mechanisms underlying the progression from one stage to the
next, while also developing integrated weed management strategies. The target species
were Phragmites australis, common reed, and Cisrium arvense, Canada thistle. The
transport and establishment risks of P. australis can be reduced by removing rhizome
fragments from soil when roadside maintenance is performed. The establishment and
spread of C. arvense can be reduced by planting particular resistant species, e.g.
Heterotheca villosa, especially those that can reduce light transmittance to the soil.
xii

Finally, the spread and impact of C. arvense can be mitigated on roadsides through the
use of the herbicide aminopyralid. The risks associated with herbicide drift produced by
application equipment can be reduced by using the Wet-Blade herbicide application
system.

xiii

1. Introduction
1.1. General background
Non-native invasive species are those that have prevalent populations outside their native
habitats with ecological or economic ramifications (Richardson et al. 2000b, Gurevitch
and Padilla 2004, Murphy et al. 2006). Invasion by these species is one of the most
important threats to biodiversity, second only to habitat loss (Vitousek et al. 1996,
Wilcove et al. 1998). Eighty percent of all endangered organisms are threatened by nonnative species (Armstrong 1995), while 57% of the endangered plant species are
threatened by non-native plants (Wilcove et al. 1998). Endangered plants are not the only
plants affected. Most of the established non-native species in America have displaced or
reduced populations of native plants (Morse et al. 1995). Norway maple, Acer
platanoides (Wyckoff and Webb 1996, Martin 1999), purple loosestrife, Lythrum
salicaria (Blossey et al. 2001), kudzu, Pueraria montana (Forseth and Innis 2004), and
common reed, Phragmites australis (Warren et al. 2001) are among the myriad invasive
species that threaten biodiversity in native plant communities. As a consequence, the
reduction of native plants has also resulted in the loss of wildlife dependant on native
plants for food or habitat (Pimentel et al. 2005). This is especially important concerning
endangered or threatened animals, such as the bog turtle (Kiviat 1978) and many wetland
birds (Benoit and Askins 1999). Non-native invasive plants also affect abiotic attributes
of ecosystems. They can affect soil chemistry and nutrient cycling (Ehrenfeld 2003,
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2004), fire disturbance regimes (D'Antonio and Vitousek 1992, Mack and D'Antonio
1998, Brooks et al. 2004), and hydrology (Gordon 1998).

1.2. Invasive species and roadside right-of-ways
1.2.1. Roadsides as habitat for invasive species.
There are over 6.2 million kilometers of public roads in the United States (National
Research Council 1997), and a major characteristic of these roadways is the high
incidence of invasive species found growing along the roadsides and medians. These
areas serve as ideal habitats for invasive species to thrive. When surveyed, both paved
and unpaved roadsides had higher non-native species richness and abundance than
undisturbed natural areas (Timmins and Williams 1991, Christen and Matlack 2009). The
highest richness and abundance of non-natives was next to paved roads, which had higher
traffic and more disturbed roadside area (Gelbard and Belnap 2003).
Roadsides are continuously disturbed habitats (Spellerberg 1998) that provide
opportunities for non-native invasive plants to establish populations (Forman and
Alexander 1998). Even poor competitors can successfully establish populations in highly
disturbed habitats (Rejmanek 1989) regardless of disturbance type (Rentch et al. 2005).
Disturbances, such as excavation and vehicle accidents, expose soil on which invasive
species may germinate.
Roadsides are also ideal habitat for invasive species because of the open canopies
and moist soil. The open canopy of roads promotes the establishment of non-native
species intolerant of shade such as P. australis (Haslam 1972) and Canada thistle,
2

Cirsium arvense (Holm et al. 1977). In addition to the open canopy, roads are sloped to
direct water to the roadsides where it is then held or distributed (Johnson et al. 1975,
Holzapfel and Schmidt 1990, McNabb and Batterson 1991), providing a moist substrate
on which non-native plants thrive (Crall et al. 2006). In California, plant communities
growing on moist soils next to roads contained more exotic species than the drier soils a
distance from roadsides (Gelbard and Harrison 2003). In some locations, roadside ditches
are essentially man-made interconnected linear wetlands (Maheu-Giroux and de Blois
2007, Jodoin et al. 2008).
Northern roadside soil also tends to be saline due to winter salt application
(Richburg et al. 2001). In England, up to 34 g m-2 of salt (KCl and NaCl) may be applied
to a road in any given winter (Davison 1971). In Massachusetts, road crews apply
between 17,700 and 22,500 kg of salt per kilometer on major highways (Mattson and
Godfrey 1994). In Canada, sodium concentrations can remain elevated up to 9 m
perpendicular from the roads (DiTommaso 2004). Native plants may not tolerate these
conditions, but many invasive plants, including C. arvense, are highly salt tolerant
(Wilson 1979) and can grow well along roadsides. Phragmites australis, particularly the
non-native haplotype (Vasquez et al. 2005), thrives in ditches contaminated with salt
deicers because it is more tolerant of saline soils than associated native plants (McNabb
and Batterson 1991, Galatowitsch et al. 1999, Zedler and Kercher 2004).
1.2.2. Roads contributing to the spread of invasive species.
Because non-native populations can be extensive along roadsides there is greater
potential for reproduction and dispersal (Tyser and Worley 1992, Harrison et al. 2002).
3

Roadways serve as corridors through which non-native plants disperse (Spellerberg 1998,
Dong et al. 2008, Fumanal et al. 2008, Christen and Matlack 2009, Mortensen et al.
2009), especially paved roads with heavy traffic (Gelbard and Belnap 2003, Mortensen et
al. 2009). The spread of invasive plants along roadsides is most likely due to vehicles. In
one study, mud collected on a single car was shown to have transported approximately
4,000 viable seeds, which represented 124 plant species, a distance of 15,000 km
(Schmidt 1989). Vehicles have also been shown to transport non-natives through the
movement of contaminated soil (Mortensen et al. 2009). In Quebec, Canada, the dispersal
of P. australis has been attributed to the movement of rhizome fragments (Delisle et al.
2003a) as a result of ditch digging and cleaning (Jodoin et al. 2008).
Though the spread of invasive species occurs more readily along road systems
(Almasi 2000), established populations of invasive plants on roadsides can invade the
natural areas bordering the road (Tyser and Worley 1992, Harrison et al. 2002, Gelbard
and Harrison 2003). Non-native plants can also spread into croplands from roadside
populations. For example, roads act as refuges from which C. arvense had been shown to
invade croplands (Foote et al. 1970).
Roadsides are ideal for the growth and spread of invasive species. Farmlands and
natural areas are not isolated from each other— they are connected by roads. Control of
invasive species along roads will reduce the spread of these plants into adjacent natural
areas and farmlands. Because of this, control of invasive species needs to be a joint effort
between farmers, land managers, and state and federal agencies. A great deal of research
is conducted on agricultural weed control and control of invasive species in natural areas,
4

but research needs to focus on roads as well, or weeds will continue to be harbored and
spread from roadsides. Two invasive species, P. australis and C. arvense, are persistent,
problematic weeds along roadsides (Foote et al. 1970, Delisle et al. 2003b) and are the
focus of this dissertation.

1.3. Description of the invasive species, Phragmites australis and Cirsium arvense
1.3.1 Phragmites australis.
Phragmites australis (Cav.) Trin. ex Steud., common reed, was a rare native plant in
North America prior to the early 1900s, but a non-native haplotype—introduced to North
America from Eurasia—began to spread after 1910 (Saltonstall 2002). It has since
become invasive and is now found throughout North America and the world from the
tropics to the arctic (Haslam 1972); however, local climates have a large influence on its
distribution and rate of spread (Jodoin et al. 2008). It is found in freshwater wetlands
(Saltonstall 2002), brackish tidal wetlands, and coastal marshes (Marks et al. 1994,
Chambers et al. 1999). Populations of this plant tend to be monotypic clones (Haslam
1972, Amsberry et al. 2000), with locally widespread distributions of colonies. Jodoin et
al. (2008) determined that 24% of 1359 km of roads surveyed in Quebec, Canada were
dominated with P. australis. High densities of this plant occur along old (Jodoin et al.
2008) and new roadsides (McNabb and Batterson 1991). This plant continues to spread
and dominate wet roadside habitats in southern Michigan but has not yet become
dominate in northern Michigan (McNabb and Batterson 1991).

5

Phragmites australis is shade intolerant and produces tall (>4 m), annual culms
that emerge from an extensive network of perennial rhizomes (Haslam 1972, Ekstam
1995). Phragmites australis culms are physiologically connected through the rhizomes
and share resources until they can sustain themselves (Hara et al. 1993, Amsberry et al.
2000). The connection between culms minimizes competition between stems allowing
the colonies of clones to thrive (Hara et al. 1993), especially when the density of culms
can be over 100 stems m-2 (Haslam 1972, League et al. 2006). The connection between
shoots also allows this species to spread into less favorable habitat from nearby
established populations (Amsberry et al. 2000). Amsberry et al. (2000) determined that
plants in suitable, high marsh habitats were providing plants in low marsh habitats with
the resources necessary for survival. When their common rhizomes were severed, the
plants in the unsuitable low marsh habitats had lower photosynthetic rates and
survivorship than the plants with connected rhizomes (Amsberry et al. 2000). Rhizomes
typically live 3-6 years (Haslam 1969). During the winter, 30% of a population’s
rhizomes die (Granéli et al. 1992).
Phragmites australis reproduces poorly by seed, especially in high latitudes
(Haslam 1972, Tucker 1990, Small and Catling 2001). In North America, genetic factors
may make clonal populations poor sexual reproducers (Alvarez et al. 2005); however,
sexual reproduction is important and does occur along roadsides (Brisson et al. 2008).
Initial spread by seeds may be important to establish small populations that then grow
and spread aggressively through rhizomes (Haslam 1972, Ailstock et al. 2001, Mal and
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Narine 2004, Alvarez et al. 2005). Rhizomes can grow up to 2 m per year (Haslam 1969)
and to depths >1 m in the soil (Haslam 1972, Granéli et al. 1992, Burdick et al. 2001).
Rhizomes store nutrients and carbon throughout the winter (Granéli et al. 1992,
Karunaratne et al. 2004). In the spring, the stored resources are allocated to shoot and
aboveground tissue growth (Fiala 1976). The shoots develop annually from axillary buds
found at the rhizome nodes (Mal and Narine 2004). After the shoots are established, new
rhizomes and roots are grown from the buds (Haslam 1972), and rhizomal resource stores
are replenished (Fiala 1976, Granéli et al. 1992, Klimeš et al. 1999, Karunaratne et al.
2004). The non-native haplotype can quickly activate dormant rhizomal buds and
efficiently utilize the resources stored in the rhizomes when aboveground stems are
damaged (League et al. 2006). Quick bud activation allows populations of P. australis to
grow and spread rapidly, especially if rhizome fragments are transported.
Evidence suggests rhizome fragments as short as 10-20 cm can produce a plant
(Haslam 1969, Ailstock et al. 2001). It is also known that rhizomes sequester nutrients in
the fall to be used for spring growth (Fiala 1976, Granéli et al. 1992, Karunaratne et al.
2004), but research suggest that there is only enough carbohydrate in a rhizome to
support growth for 2-4 days (Best and Dassen 1987). On the other hand, Granéli et al.
(1992) stated that the rhizomes have a lot of underutilized carbon and can theoretically
support three times the observed spring growth.
1.3.2. Cirsium arvense.
Cirsium arvense (L.) Scop., Canada thistle, is native to Europe, Western Asia, and North
Africa, and was introduced to North America in the 17th century (Moore 1975). It likely
7

arrived to North America as a contaminant in agricultural seed and packing straw
(Hansen 1918, King 1925). It then spread throughout the midwestern United States
during the early 20th century (Hayden 1934). It is now naturalized throughout the world
(Brooks 1986). In North America, it is a serious weed along roadsides (Foote et al. 1970)
and in agricultural regions (Gibson et al. 2006). It is a noxious weed in most Canadian
provinces and all but the southeastern states of the United States (USDA, NRCS 2010).
There are four varieties of this species worldwide, but the variety horridum is most
common in North America (Moore 1975). Cirsium arvense can grow as far north as 59ºN
latitude in Canada and 68ºN latitude in Scandinavia and Siberia where it can tolerate
winter temperatures less than -25ºC (Hayden 1934, Moore 1975). Its southern limit of
25ºN (Hayden 1934) is most likely limited by daylight—it requires 14-16 hours of light
to flower (Hunter and Smith 1972)—and climate. Cirsium arvense, a C3 plant, is not
adapted to hot, arid climates (Håkansson 2003, Bickler 2009). Its optimum growth occurs
when day temperatures are at 25ºC and night temperatures are at 15ºC (Haderlie et al.
1987). It grows poorly in saturated soils and cannot tolerate drought (Wilson 1979). This
species is highly tolerant of salt and can withstand NaCl concentrations in soils up to
20,000 ppm (Wilson 1979).
Mature C. arvense range between 30-150 cm tall and are shade intolerant,
perennial forbs (Moore 1975, Holm et al. 1977) with high phenological and
morphological variation (Hodgson 1964). This species is a vigorous weed because it is
able to reproduce asexually by stem and root fragments and sexually by seeds (Hamdoun
1972, Magnusson et al. 1987, Nadeau and Born 1989). The seeds are viable shortly after
8

one week (Derscheid and Schultz 1960) and a single female plant can produce up to
40,000 seeds a year (Royer and Dickinson 1999), which can remain dormant in the soil
for 20 years (Hutchison 1992). Cirsium arvense achenes have plumes, but they are
loosely attached so wind dispersal is minimal (Bakker 1960, Bostock and Benton 1979).
Though C. arvense reproduces well by seeds, its greatest regenerative capacity is
through vegetative propagation (Bostock and Benton 1979). Established populations have
been shown to spread primarily by vegetative propagation (Holm et al. 1977, Nuzzo
1997). Population expansion can occur at a rate of about 2 m per year (Amor and Harris
1974). Roots grow deeper than 1.5 m but only those less than 1 m deep are capable of
producing shoots (Hayden 1934). A meter segment of C. arvense root can have up to 25
buds from which stems can grow (Donald 1994). These buds are primarily produced in
the fall and elongate the next summer when the days are warm (McAllister 1982). The
roots are easily fragmented by frost (Dexter 1937), animals, or other environmental
disruptions (Bostock and Benton 1979). Each root fragment has the potential to develop
into a reproductive plant. Root fragments as short as 0.5 cm with a single bud can
produce a shoot, but those greater than 2.4 cm had near 100% shoot growth in
greenhouse experiments (Hamdoun 1972). Hamdoun (1972) also showed that fewer
shoots were produced from uncut roots than roots with the same length but cut into a
number of fragments. Longer root fragments do, however, develop into plants that have
more biomass than short root fragments (Gustavsson 1997).
Cirsium arvense stores carbohydrates in the roots. In late spring and summer,
stored carbohydrates make up 3% of the root biomass (McAllister and Haderlie 1985)
9

with the lowest amounts in May through August (Wilson et al. 2006). In the fall,
resources are reallocated back to the roots, reaching up to 26% of the root biomass
(McAllister and Haderlie 1985). The plant reallocates the carbohydrates for new growth
in April (Wilson et al. 2006).

1.4. Control of Phragmites australis and Cirsium arvense
1.4.1. Control of Phragmites australis.
Eradication of P. australis from wetlands, marshes, and roadsides is unrealistic (Warren
et al. 2001), but management is feasible. Herbicides have been the primary means of
control. The herbicide Rodeo® (Dow AgroScience), which contains the active ingredient
glyphosate, was shown to be effective in controlling populations, but a few years after
treatment, P. australis returned as a dominant species (Marks et al. 1994, Ailstock et al.
2001). Treatment with imazapyr has shown better control of P. australis and with greater
efficacy than glyphosate, however this pesticide, like glyphosate, negatively affected
non-target species (Kay 1995, Mozdzer et al. 2008).
Mowing does little to control P. australis dominance, and has been shown to
double stem density (Warren et al. 2001). Burning is also ineffective because it does not
destroy rhizomes or roots (Marks et al. 1994), though it does reduce the population’s
growing season (Hocking 1989). It was shown that burning did, however, remove the mat
of dead culms, which exposed the soil and allowed a diverse plant community to grow
rapidly. But after a few years, P. australis had returned as a dominant species (Ailstock et
al. 2001). Management for P. australis tends to focus on culms, though land managers
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must keep rhizomes in mind as they are driving force behind population expansion
(League et al. 2006).
There are few options for controlling P. australis, and they are often costly and
only effective in the short term. A cut-stem herbicide application that allows the herbicide
to translocate to below ground tissue (Wahlers et al. 1997b, a) may provide longer control
of P. australis, especially with herbicides that show moderate efficacy as a foliar
application.
1.4.2. Control of Cirsium arvense.
Control of C. arvense had been attempted with many herbicides, although most displayed
little to intermediate efficacy (Moore 1975). 2,4-D, a synthetic auxin, was the primary
herbicide used in the 1960s-70s to control C. arvense, but it did not provide the desired
control (Foote et al. 1970). Picloram had been shown to control populations more
effectively with the highest efficacy during late summer (Foote et al. 1970, Moore 1975,
Beck and Sebastian 2000). Milestone® (Dow AgroSciences), a new herbicide with the
active ingredient aminopyralid, had been shown to control C. arvense with the same
efficacy as picloram (Enloe et al. 2007), but aminopyralid did not translocate well out of
the tissue on which it was applied (Bukun et al. 2009). This may have been because the
leaves and stems died and desiccated before the chemical had time to move to new tissue
(Bukun et al. 2009). Unlike picloram, aminopyralid can be used in wetlands. Spring and
fall applications were shown to be equally effective at controlling 89 to 97% of the
population (Enloe et al. 2007).
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Mowing an area had little effect on the percent cover of C. arvense, and mowing
prior to herbicide application only weakly improved control (Beck and Sebastian 2000).
The combination of mowing and herbicide treatment was not recommended because the
costs of repeated mowing outweighed the control improvement (Beck and Sebastian
2000). Because C. arvense is able to propagate from stem fragments, mowing without
herbicide may also increase the number of propagules in an area and increase the
probability of its spread. Biocontrols have been examined for use to control C. arvense,
but none have been shown to work. A preliminary study using the fungus Phomopsis
cirsii has shown it to be a strong candidate for use, but it has not yet been commercially
developed (Leth et al. 2008). There have been mixed results when using fire as a means
to control C. arvense. Areas burned have shown more resistance to C. arvense in
Colorado (Reever-Morghan et al. 2000), but roots can survive fire, and seeds in the seed
bank can quickly establish (Rowe 1983) resulting in immediately higher stem densities
(Travnicek et al. 2005).
Similar to P. australis, there are few control methods available for C. arvense and
repeated treatments can be costly. Aminopyralid appears promising and works effectively
at killing aboveground biomass, but this herbicide does not translocate well when applied
to stems and foliage.
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1.5. Wet-Blade technology
1.5.1. Efficacy of Wet-Blade Technology.
The Diamond Wet-Blade (Diamond Mowers Inc., Sioux Falls, SD) system is a
combination mowing system that applies herbicide to stems as it cuts. The mower blades
are designed to wipe herbicide onto the cut stems. Applying herbicides to cut stems
allows the plants to absorb the herbicide directly into xylem and phloem and translocate
the chemical to belowground tissue. It was shown in a laboratory study that up to 90% of
a radiolabeled herbicide was taken in by cut Eupatorium capillifolium, dogfennel, stems
after 60 minutes. After 48 hours, 7% had translocated to the roots (Wahlers et al. 1997b).
Wahlers et al. (1997a) showed a reduction in biomass and plant regrowth after cutting
stems with sheers coated with herbicide to simulate the Wet-Blade system. Using a Burch
Wet-Blade (Burch Company, Charlotte NC), a system that preceded the Diamond WetBlade, Henson et al. (2003) showed control of weeds over a span of two years. The WetBlade has also been shown to effectively inoculate Solanum viarum, tropical soda apple,
with biological control agents (Charudattan et al. 2001). The system does not work well
for all plants. For example, it provided little control of southern wax myrtle, Myrica
cerifera (Sellers and Mullahey 2008), and Digitaria sanguinalis, crabgrass (Barker et al.
2005) when compared to broadcast spray application. Application of plant growth
inhibitors using the Wet-Blade did not suppress seed-head production or provide better
control of A. virginicus and Trifolium repens, white clover, than broadcast sprays (Hixson
et al. 2007).

13

1.5.2. Herbicide drift created by the Wet-Blade system.
Herbicides are considered the most economic and effective weed control tool for
agricultural and non-agricultural areas (Sylwester 1951, DiTomaso 1997). Despite the
benefits of herbicides, there are risks associated with their use. Until recently, much of
the risk assessments have been focused on people with direct contact with the herbicides,
i.e. those who manufacture, mix, and apply the chemicals, but recent attention has shifted
to non-occupational exposures due to drift (Ames 2002). Drift occurs when a chemical is
transported by air currents out of a targeted area during application (De Schampheleire et
al. 2009). People are at risk of herbicide exposure in non-target areas, which include
schools and neighborhoods adjacent to areas in which herbicides are applied (Ward et al.
2000, Ames 2002, Alarcon et al. 2005). Pesticides have been shown to induce acute
(Alarcon et al. 2005) and chronic illnesses (Alavanja et al. 2003), and herbicides have off
target effects on neighboring plant communities by reducing species diversity (De Snoo
and Van der Poll 1999).
Drift is influenced by factors including application technique, physical properties
of the product, and weather (De Schampheleire et al. 2009). The amount of drift also
depends on the application method. All sprayers are prone to some amount of drift
(Kleijn and Snoeijing 1997), some over 50 m (Smith 1989, Fox et al. 1993). Other
technologies have little to none. One of these technologies is the Diamond Wet-Blade
system which contains the herbicide within the mowing deck. A study on a prototype
mower has shown that the Wet-Blade system had significantly less drift than broadcast
sprays when tested on a well maintained lawn (Askew 2007).
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1.5.3. Costs to control invasive plants with the Wet-Blade system.
Weed control is expensive. Control of invasive plants in croplands costs
approximately $3 billion per year (Pimentel et al. 2005). Though not as high as
agriculture, the cost of weed control on United States roadsides was $276 million per
year in the 1990s (Westbrooks 1998), which included herbicide purchases and application
expenses. Mowing adds to the cost of roadside maintenance. Mowing pasture can range
between $35-100 per ha (Beck and Sebastian 2000), and the costs of mowing the
roadside may be approximately the same if similar equipment is used. Currently, when a
mowing and herbicide application is utilized, the roadside will be mowed and the worker
will return at a later date to apply herbicide, which can essentially double the costs
because twice the labor time is needed along with the additional fuel costs. It has been
stated that the Wet-Blade reduces weed management costs by half (Anonymous n.d.)

1.6. Resistant plant communities
Resistant plant communities are defined as those that prevent the establishment of
invasive species (Levine et al. 2004). There are many theories as to why some
communities are resistant to invasion, while others are not (MacDougall et al. 2009). One
well researched characteristic of resistant communities is the role species diversity plays
on invasion resistance. Some studies suggest that high diversity provides resistance to
communities; however, other studies suggest that high diversity leads to higher invasion.
Elton (1958) first suggested that diverse communities had a lower risk of invasion than
those with low diversity. Since then, research has supported Elton’s claim. Studies have
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shown that non-native plant germination and growth was minimal in diverse communities
when compared to those with low diversity (Naeem et al. 2000, Dukes 2002, Tilman
2004, Maron and Marler 2007). In one study concerning P. australis invaded marshes,
Wang et al. (2006) effectively controlled the invasive species by reintroducing native
plants and increasing the species diversity in the habitat after the invasive species was
removed. Diverse communities have been shown to reduce light, nutrients, and space
available to invaders (Tilman 1999, Naeem et al. 2000, Mattingly et al. 2007). The
diverse communities essentially have fewer open niches—the limited set of conditions
under which a species can persevere in relation to the physical and biological
environment (Hutchinson 1959)—for the invaders to exploit (Hector et al. 2001, Shea
and Chesson 2002, Levine et al. 2004, MacDougall et al. 2009).
On the other hand, some communities have shown no relationship between
diversity and invasion (Hector et al. 2001, Lundholm and Larson 2004) while others have
shown a positive relationship (Robinson et al. 1995, Palmer and Maurer 1997, Levine and
D'Antonio 1999, Levine 2000). One explanation for the increase in invasive species in
diverse communities is that invasive plants behave much like native species in response
to environmental variables (Thompson et al. 1995, Ehrenfeld 2008, Compagnoni and
Halpern 2009); therefore, if a habitat is ideal for a native species, it can be ideal for a
similar non-native in the same functional group. A second explanation is that habitats,
particularity those with diverse communities, have native organisms that facilitate the
growth of non-native plants (Palmer and Maurer 1997, Wiser et al. 1998). These
organisms include pollinators, nitrogen fixing bacteria, and fungi that develop mutualistic
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relationships with the non-native species (Richardson et al. 2000a). Though invaded
communities may have facilitators, it may be what they lack that is more important—a
species that resists invasion.
There is increasing evidence that the species identity within plant communities is
more important than species diversity or richness alone. This may explain why some
diverse communities can be invaded while others cannot. Monocultures and communities
resistant to invasion often have a particular dominant “foundation” species (Crawley et
al. 1999, Dukes 2002, Emery and Gross 2007, Prevéy et al. 2010). Because species differ
in their functions (Crawley et al. 1999) not all dominant species will have the ability to
prevent invasion, and invaded diverse communities may not have plant species that resist
invasion. Gilbert et al. (2009) concluded that numerically dominant species had little
influence on community invasibility. Emery and Gross (2006) have shown that fewer
introduced seeds germinated in communities dominated with Andropogon virginicus,
broomsedge bluestem, than communities dominated with other species. Daneshgar and
Jose (2009) went on to show that the root morphology of A. virginicus contributed to its
ability to resist a non-native species in the same functional group by competing for space
and nutrients. Solidago altissima, tall goldenrod, has been shown to suppress the growth
of invasive plants, especially in dense populations that have high genotypic diversity
(Crutsinger et al. 2008). The reason diverse communities tend to be more resistant may
be because they have a higher probability of containing a species that resists invasion
(Diaz and Cabido 2001).
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Foundation species influence the community’s ecology and contribute to invasion
resistance through multiple mechanisms, such as interspecific competition with nonnative plants (Crawley et al. 1999, Fargione and Tilman 2005) and habitat regulation
(Prevéy et al. 2010). Foundation species have been shown to regulate the amount of light
and water available to the community (Emery and Gross 2007, Prevéy et al. 2010). These
species can also add to the aboveground biomass of the community, leading to denser
litter that inhibits seedling germination (Emery and Gross 2006, 2007). When the
foundation species are removed, the habitat becomes altered and resources become
available for invasive species. For example, the removal of Artemisia tridentata,
sagebrush in cold deserts increased soil moisture making the habitat ideal for non-native
plants and unfavorable for the natives (Prevéy et al. 2010). On the other hand, the
addition of strong nitrogen competitors, e.g. C4 grasses, into communities can decrease
invasion (Fargione and Tilman 2005).
All the characteristics of resistant communities need to be considered when
managing, developing, or restoring plant communities. Biotic resistance may not
completely repel invaders but it may help maintain them at manageable levels by
inhibiting their population growth (Levine et al. 2004). For example, P. australis
populations are known to spread into adjacent communities through rhizome growth, thus
it would be important to develop a community that can resist subterranean invasion. Once
a resistant community has been developed, its characteristics need to be assessed so the
mechanisms of invasion resistance can be better understood.
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1.7. The stages of invasion and the objectives of this dissertation
There are essentially four stages in the invasion process which an invasive species
must overcome: transport, establishment, spread, and impact (Kolar and Lodge 2001,
Radosevich et al. 2003, Webster et al. 2006, Lockwood et al. 2007, Webster and Wangen
2009). First, a non-indigenous invasive species must be transported from its native range
to one where it does not occur. This may occur as a purposeful introduction (e.g.
European starling), or inadvertently.
Once a non-native individual is transported, it needs to establish and develop a
localized population. In order to do so, it must settle in an area conducive to its existence.
It must overcome any resistance the community may provide, and take advantage of any
facilitative attributes of the new habitat. Invasive plants may behave much like native
species in response to environmental variables (Thompson et al. 1995, Ehrenfeld 2008,
Compagnoni and Halpern 2009); therefore, if a habitat is ideal for a native species, it can
be ideal for a similar non-native in the same functional group. Native habitats may also
have organisms that facilitate the establishment and subsequent spread of non-native
plants (Palmer and Maurer 1997, Wiser et al. 1998). These organisms include pollinators,
nitrogen fixing bacteria, and fungi that develop mutualistic relationships with the nonnative species (Richardson et al. 2000a)
Once established, the species will spread from the newly developed population.
There are many models to explain the spread of invasive species from a population. The
reaction-diffusion model (Skellam 1951, Lonsdale 1993, Weber 1998, Buchan and
Padilla 1999) is the simplest model and describes a population spreading by expansion
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from the center in what can be described as concentric rings. A second model, the
stratified diffusion model (Hengeveld 1989, Shigesada et al. 1995) expands the initial
population growth to incorporate satellite populations. Once a satellite population
become established, it will begin to expand and can produce additional satellite
populations. This description of spread is important to note because it heavily influences
management strategies. Finally, the invasive species could have a human perceived
impact in terms of economics or aesthetics, or the invasive species can alter the function
of the ecosystem.
According to the Tens Rule, only 10% of individuals are able to proceed from one
stage to the next (Williamson 1996). Therefore, if 115 new invasive insects and 5 plant
pathogens, which are predicted to be inadvertently imported into America over a 20 year
span (Levine et al. 2003), at least one, if not more, will establish, become invasive, and
have an ecological or economic impact.
The most important management strategy is to prevent the transport of invasive
species. This is done by inspection and prophylactic pesticide treatment of imported and
exported commodities. Blueberries, for example, are typically irradiated with a
radioactive isotope of cobalt to kill insects (Hallman et al. 1999) or other microorganisms
prior to shipment. Because ballast water is such an important vector of invasive species
spread (Lockwood et al. 2007), it is often chemically treated or screened. Many
researchers have tried to develop a list of traits common to invaders in order to determine
what species present higher risks than others (Rejmanek and Richardson 1996, Mack et
al. 2000); however, invasive species may not be fundamentally different than non20

invaders (Seastedt 2009). Herron et al. (2007) determined that the best predictors of
invasion in New England included growth rate, growth form, and native latitudinal range.
When a non-native species initially establishes, their population growth may
undergo a lag time before the growth rate increases substantially and the invasive species
greatly expands its range (Lockwood et al. 2007). During the lag time it is feasible to
eradicate the non-native species. The population will be small and localized enough that
eradication would be possible. It is important to survey and identify any newly
established non-native species before they spread. Pesticides are typically used to destroy
any populations, but it is possible to also incorporate non-chemical control measures such
as hand pulling. The combination of hand pulling and herbicides were used to
successfully eradicate Cenchrus echinatus, southern sandbur, on Laysan Island, Hawaii
(Simberloff 2003).
Once a species begins to spread, it may no longer be feasible to eradicate it. It
may merely be managed at levels so impacts are minimized. Management is often done
through pesticides; however, with society tending to be more environmentally conscious,
integrated pest management has increased. Management can involve non-chemical
means, such as mowing and hand pulling. The use of ultrasonic devices has also been
investigated to control aquatic invasive species, such as water chestnut (Wu and Wu
2007a, 2007b). Invasive species populations grow and spread across the landscape
quickly by developing satellite populations, therefore, it is best to focus resources and
eradicate the satellite populations (Moody and Mack 1988).
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Restoration efforts can certainly be used as a tool to manage invasive species.
Ideally, researchers and land managers would mimic the abiotic and biotic dynamics in
native communities to aid in invasive species management. The natural disturbance
regimes need to be understood and an effort to recreate the disturbance should be
attempted, though non-native species may take advantage of disturbance. Davis et al.
(2005) states that changes in the disturbance regime affect community invasibility. An
invasive species may be likely to invade immediately following a disturbance, but it may
not have evolved to tolerate a different disturbance regime. For example, stand
maintaining fires may be important for promoting native species and eliminating or
reducing the population of invasive species that did not experience that disturbance
regime in its endemic habitat; however, it should be noted that returning disturbance
regimes to pre-settlement conditions may promote invasion (Keeley 2006), so great
thought needs to go into these strategies. Attempts to create plant communities that are
resistant to invasion must also be considered. Resistant communities must include a
species or a suite of species that will out-compete the invader in those habitats for
limiting resources (Tilman 1982).
The objective of this dissertation is to improve the integrated management of
invasive species by focusing on each stage of invasion and determine ecologically based
strategies to minimize the progression of invasive species from early stages to later
stages. Chapter 2 focuses on reducing the introduction and establishment risks of
Phragmites australis via the transportation of rhizome fragments. Chapter 3 studies the
mechanisms of the invasion resistance within native plant communities. Chapter 4
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focuses on reducing the spread and impacts of invasive species along roadside right-ofways using a new technology, the Wet-Blade herbicide application system.
Chapter 5 is a supplementary chapter, not related to invasive species ecology or
management; however, it is an important study that investigates the leaf area changes that
occur in preserved plant specimens.
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2. The Seasonality of Survival and Subsequent Growth of
Common Reed (Phragmites australis) Rhizome
Fragments 1

Kevyn J. Juneau and Catherine S. Tarasoff 2
2.1. Abstract
Common reed [Phragmites australis (Cav.) Trin. ex Steud.] is an invasive plant that
reproduces poorly by seed but regenerates vigorously by rhizomes. Because Phragmites
australis propagates well through rhizome growth, invasion often occurs from
transported rhizome tissue. We investigated both rhizome-fragment biomass and seasonal
effects on survival and growth of ramets. Rhizomes were collected along roadside ditches
during the fall of 2009 and 2010 and during the summer of 2010 and 2011. Fall and
summer were chosen because the plants were either dormant or actively growing,
respectively. Rhizomes were cut into fragments then grown in a greenhouse for 60 d in
vermiculite with no added nutrients. Rhizomes collected in the fall had a survival rate of
71.1%, whereas only 15.6% of those collected in the summer survived. Within season,
rhizomes with low initial biomass had lower survival rates and growth than did large
rhizomes. There was no seasonal difference in the total biomass produced by the
1
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surviving plants; however, allocation of biomass did differ. Summer-collected rhizomes
showed a higher belowground to aboveground biomass ratio than did those collected in
the fall. Understanding the viability of Phragmites australis rhizome fragments provides
land managers a greater awareness of the high-establishment risks of Phragmites
australis. This information should be included in an integrated weed management
program, and actions should be taken to reduce the spread of this weed during roadside
maintenance. Although the risk of survival is lower during the summer, soil contaminated
with Phragmites australis should not be transported or must be sifted with a screen to
ensure all rhizome fragments are removed.

Nomenclature: Common reed, Phragmites australis (Cav.) Trin. ex Steud.
Key words: Integrated weed management, invasive species ecology, roadside weed
control.

2.2. Introduction
Common reed [Phragmites australis (Cav.) Trin. ex Steud.] was an uncommon
native in North America before the early 1900s; however, records indicate that a
nonnative haplotype, introduced to the mid-Atlantic states from Eurasia, began to spread
westward after 1910 (Saltonstall 2002). Phragmites australis can now be found
throughout the United States and Canada in freshwater wetlands (Saltonstall 2002),
brackish tidal wetlands, and coastal marshes (Chambers et al. 1999; Marks et al. 1994).
Phragmites australis colonies also dominate wet roadside habitats (Jodoin et al. 2008;
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McNabb and Batterson 1991).
Although sexual reproduction has been shown to contribute to dispersal
(Saltonstall et al. 2010), including along roadsides (Brisson et al. 2008), Phragmites
australis typically reproduces poorly by seed, especially at high latitudes (Haslam 1972;
Small and Catling 2001; Tucker 1990). Kettenring and Whigham (2009) determined that
seed viability was less than 3% in watersheds with high residential and commercial
development. Therefore, populations of this plant tend to be monotypic clones (Amsberry
et al. 2000; Haslam 1972) and are thus dependent on their perennial rhizome systems,
which contain two-thirds of the total population biomass (Ekstam 1995), to grow and
spread aggressively (Ailstock et al. 2001; Alvarez et al. 2005; Haslam 1972; Mal and
Narine 2004). Individual rhizomes can grow laterally up to 2 m yr−1 (6.6 ft yr−1)(Haslam
1969) and to soil depths of more than 1 m (Burdick et al. 2001; Granéli et al. 1992;
Haslam 1972). Culms develop from lateral buds at the rhizome nodes (Haslam 1972; Mal
and Narine 2004) and can occur on fragmented Phragmites australis rhizomes. This form
of vegetative propagation allows Phragmites australis to disperse and develop new clonal
populations (Bart et al. 2006; Keller 2000) and is of particular concern along roadside
right-of-ways.
Roadside right-of-ways are an ideal habitat and corridors through which
Phragmites australis is able to thrive and spread (Brisson et al. 2010; Jodoin et al. 2008;
Maheu-Giroux and deBlois 2007). Roadsides have open canopies that allow shadeintolerant species to grow and are sloped to direct water to the ditches, where it is then
held or distributed (Holzapfel and Schmidt 1990; Johnson et al. 1975; McNabb and
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Batterson 1991), providing a moist substrate on which nonnative plants can thrive (Crall
et al. 2006). Ditch and right-of-way maintenance in Phragmites australis populations and
subsequent transportation of soil that contains rhizome fragments may be responsible for
the establishment of new populations (Bart and Hartman 2002; Keller 2000). For
example, in a single year the Minnesota Department of Transportation transports over
10,000 m3 (105.9 ft3) of soil during routine ditch maintenance, and a portion of that soil
originates from sites containing Phragmites australis (K. Graeve, personal
communication).
Evidence suggests rhizome fragments as short as 10 to 20 cm (3.9 to 7.9 in) can
produce a plant (Ailstock et al. 2001; Haslam 1969); however, there may only be enough
resource stores in a rhizome to support growth for 2 to 4 d (Best and Dassen 1987).
Conversely, Granéli et al. (1992) reported that Phragmites australis rhizomes have
underused resources that could support three times the observed growth. These
contrasting observations may be a result of seasonal allocation of plant resources, which
was not mentioned in those articles.
Phragmites australis has been shown to reallocate resources from aboveground
tissue to the rhizomes during fall (Fiala 1976; Granéli et al. 1992; Karunaratne et al.
2004). In the spring, the stored resources are translocated for aboveground tissue growth
(Fiala 1976; Koppitz 2004; Kubín and Melzer 1996). After the aboveground plant is
established, rhizomal resources are replenished (Fiala 1976; Granéli et al. 1992;
Karunaratne et al. 2004; Klimeš et al. 1999). Rapid activation of dormant rhizomal buds
and efficient resource use allow populations of Phragmites australis to expand quickly
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(League et al. 2006). These features may also facilitate successful establishment when
rhizome fragments are transported.
Few studies have examined vegetative propagation of Phragmites australis via
rhizome fragmentation; however, comparisons have been made between native and
nonnative Phragmites australis growth rates (League et al. 2006). League et al. (2006)
concluded that the nonnative Phragmites australis outperformed the native plant in
biomass produced and growth rate. Although it is clear that haplotype affects survival and
subsequent growth (League et al. 2006), we are unaware of any study that includes
seasonality and rhizome fragment size to predict survival of Phragmites australis. The
objectives of this study were to investigate the effects of initial rhizome fragment
biomass and season of removal on propagule survival, biomass allocation, growth, and
stomatal conductance of the nonnative Phragmites australis haplotype.

2.3. Materials and Methods
To determine the effects that season of collection have on rhizomal propagation,
healthy rhizomes that appeared white and firm (League et al. 2006) were collected in the
fall, November 21, 2009, and November 21, 2010 (fall collection) and in the summer,
June 20, 2010, and June 15, 2011 (summer collection). Rhizomes were exhumed from
two randomly chosen populations of the nonnative Phragmites australis haplotype. Both
populations were monocultures growing in roadside ditches near Lena, WI (site 1,
44°57′09.0″N, 88°02′07.1″W; site 2, 44°59′57.6″N, 88°02′41.8″W). Populations were
approximately 5.24 km (3.3 mi) apart. Two years and two sites were chosen for each
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season to improve the statistical power of the analyses. During the fall collections, the
entire population had senesced, and there was no evidence of living, aboveground tissue.
During the summer collections, the aboveground tissue was actively growing, and
flowers had not yet matured.
Within 24 h after each collection, rhizomes were returned to the laboratory, where
they were thoroughly washed and cut with a scalpel into random lengths ranging from 1.3
cm to 27.3 cm, resulting in a mean rhizome length of 11.53 ± 0.31 cm (mean ± 1 SE). All
roots, culms, and axillary rhizomes were removed from the rhizome fragments. Necrotic
tissue, if present, was removed from the ends of each fragment, and the initial fresh mass
was measured using a PN-2100B precision balance (American Weigh Scales, Inc.
Norcross, GA). Fresh mass was used because it provides a more accurate proxy of stored
resources than does rhizome length (Bart and Hartman 2002). The rhizome fragments
were laterally compressed, so their diameters were calculated by averaging the maximum
and minimum diameters at both ends of the fragment. The volume of each rhizome
fragment was then calculated [rhizome volume = rhizome length × (radius)2 × 3.14], and
rhizome density was determined by dividing the fragment’s initial mass by its volume.
The number of nodes was recorded for each rhizome fragment.
In total, 80 rhizomes per collection date (40 per site) were planted in vermiculite
at a depth of 10 cm in 3.8-L (1-gal) pots 24 h after collection. A total of 320 rhizome
fragments were planted during this study. The rhizomes were grown in a greenhouse at
22 ± 2 C, with 40 ± 10% relative humidity and a 16:8-h light:dark cycle of full-spectrum,
lighting supplemented with natural light. The greenhouse conditions were within optimal
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temperature and lighting requirements for Phragmites australis growth (Haslam 1972).
Pots were watered to saturation with tap water three times a week and were randomly
rearranged weekly. The pots were not fertilized during the study.
Upon emergence, the stomatal conductance of the two uppermost leaves of the
tallest culm was measured weekly using a steady-state diffusion porometer (Decagon
Devices, Inc. Pullman, WA). The stomatal conductance of the two leaves was averaged
to serve as a single measurement. Stomatal conductance is strongly correlated with
photosynthesis (Hetherington and Woodward 2003; Wong et al. 1979), so it was used to
indirectly assess photosynthesis. Height of the tallest culm was also measured weekly.
After 60 d, all plants were harvested. Aboveground and belowground tissue was
separated. Roots and rhizomes were washed, and all biomass was oven dried at 70 C for
48 h. New growth, i.e., all biomass except original rhizome tissue, was weighed by tissue
type using an AL-201S analytical balance (American Weigh Scales). Survival was
assessed by examining the rhizome fragment for discoloration and decay. Fragments that
survived were white and firm, whereas those that died were brown or black and soft. The
number of emergent shoots and rhizomes produced by the rhizome fragment was also
recorded.
Data Analysis. To determine the effect that the season of collection and initial fragment
biomass had on survival, data were subjected to a logistic-regression analysis. Year and
population were initially included in the analysis; however, these variables showed no
significant effect, so, to make the logistic regression model parsimonious, data were
combined across year and population. Logistic regression analysis is a technique used to
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infer the probability of an event or discrete response variable occurring given a
continuous independent variable (Montgomery et al. 2006). Because Phragmites
australis mortality resulted in an unbalanced design, i.e., year and population could not
be blocked, a mixed-effects (Bennington and Thayne 1994, Montgomery 2009) analysis
of covariance (ANCOVA) was conducted to determine the effects of the season of
collection (fixed effect, independent variable), with initial rhizome biomass as the
covariate, on the final biomass (dependent variable). Year and population were treated as
random effects in this analysis. Rhizome density (dependent variable) was then compared
between summer- and fall-collected rhizome fragments (fixed effect, independent
variable) using a mixed-effects ANOVA, with year and population treated as random
effects. The effects the season of collection and the effects initial rhizome biomass had on
height were tested across time using a multivariate analysis of variance (MANOVA).
Season of collection and initial biomass were also subjected to a MANOVA to determine
the effects they had on stomatal conductance over time. Belowground to aboveground
biomass ratios were compared using nonparametric Wilcoxon rank-sums test. Except for
the logistic regression analysis, all masses (rhizome and final biomass) were log10
transformed. Only the plants that survived to the end of the study were included in the
growth analyses. A Phragmites australis plant in the second-year, fall collection was
inadvertently knocked off the bench and damaged during the study, so it was not included
in any analyses. All analyses were conducted using JMP 9.0 (SAS Institute Inc., Cary,
NC; SAS Institute 2010).
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2.4. Results and Discussion
2.4.1. Rhizome Density.
There were no significant site or year effects. Density of the rhizome fragments differed
between seasons (P < 0.0001). Rhizomes collected in the fall had a mean density of 0.48
± 0.01 g cm−3 (0.28 ± 0.006 oz in−3), whereas the density of those collected in the
summer was 0.42 ± 0.01 g cm−3, a 12.5% difference. These results are consistent with the
results of Karunaratne et al. (2004), who reported that rhizome densities decrease during
spring growth, then they increase in June until the maximum is reached in the fall. The
difference in density is likely a result of seasonal reallocation of resources within the
plant (Karunaratne et al. 2004), particularly translocation of nonstructural carbohydrates:
fructose, sucrose, and starch (Čížková et al. 1996; Tursun et al. 2011). Phragmites
australis rhizome biomass decreases approximately 33% through the spring, then,
increases at the end of summer (Asaeda et al. 2006). This change in biomass is attributed
to the translocation of carbohydrates between the rhizomes and culms for summer growth
or preparation for the winter resting period (Asaeda et al. 2006; Karunaratne et al. 2004;
Mason and Bryant 1975; Woitke et al. 2007). Dinka and Szeglet (1999) reported that
rhizome carbohydrate concentrations were 50 to 70 mg g−1 (0.0018 to 0.0025 oz oz-1) dry
mass during peak summer growth periods, which then increases up to 350 mg g−1 (0.01
oz oz-1) dry mass in the fall. Similar patterns of carbohydrate reallocation have been
shown in other populations of Phragmites australis (Čížková et al. 1996; Granéli et al.
1992; Haldemann and Brandle 1986; Karunaratne et al. 2004; Thompson and Shay 1985).
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2.4.2. Rhizome Survival.
There were no significant population or year effects, so data were pooled across those
variables. More fall collected rhizomes survived the duration of the study than did those
collected in the summer, 71.1% and 15.6% respectively (χ2 = 99.88, P < 0.0001). The
probability of survival was significantly affected by both season and initial fragment
biomass (R2 = 0.35, P < 0.000; Figure 2.1). There was no interaction between season of
collection and fragment biomass (P = 0.59). The relationship between season and
biomass with survival is represented by the following model:
− −2.02 +1.53 X1 + 0.14 X 2 )

Psurvival
= 1 1 + e (


[2.1]

Where Psurvival is the probability of rhizome fragment survival, e is the exponential
function, X1 is 1 for rhizomes collected in the fall or −1 for those collected in the summer,
and X2 is the initial rhizome fragment mass. These results suggest that rhizome fragments
collected in the summer had reallocated their carbohydrates to aboveground growth and
may not have had the resources necessary to survive and grow, whereas those collected in
the fall did. Within each season, a positive relationship between rhizome size and
probability of survival existed (P < 0.0001; Figure 2.1), likely because large rhizomes had
more resources available.
2.4.3. Ramet Growth.
Number of Culms produced. There were no significant site or year effects. The number of
nodes on rhizome fragments was not correlated with the number of subsequent culms
produced (P = 0.13, R2 = 0.01). There were no seasonal or biomass effects on the number
of culms produced by the rhizome fragments (P = 0.67). Fall-collected rhizomes
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produced 14.1 ± 0.9 culms per 100 g (39.97 ± 2.55 culms per oz) rhizome biomass while
those collected in the summer produced 11.7 ± 1.3 (33.17 ± 3.69 culms per oz). League et
al. (2006) reported fewer than 8 culms per 100 g of rhizome biomass for nonnative
Phragmites australis, which is lower than the number of culms produced during both falland summer-collected rhizomes in this study.
Culm Height. There were no significant site or year effects. Season of collection and
initial rhizome mass affected height throughout the study (P < 0.0001; Figure 2.2). There
was no interaction between season and initial mass (P = 0.09). Fall-collected rhizome
fragments grew taller than summer-collected rhizomes did, and rhizomes with more mass
grew larger than small rhizome fragments did (P < 0.0001 for both variables; Figure 2.2).
Fall rhizomes had greater growth rates than summer rhizomes and continued to grow at a
relatively constant rate throughout the study (Figure 2.2a). Growth rates for summercollected rhizomes slowed after 5 wk.
Stomatal Conductance. There were no significant site or year effects. Season of
collection and initial rhizome mass affected leaf stomatal conductance (P < 0.0001;
Figure 2.3). There was no interaction between season and initial mass (P = 0.41). During
each season, rates of stomatal conductance increased during the initial 4 wk then
appeared to plateau. After 3 wk, the summer-collected rhizome fragments had greater
stomatal conductance than did those collected in the fall (P < 0.0001; Figure 2.3).
Although the greater summer stomatal-conductance rates may be correlated with
physiological differences between rhizomes, it is more likely that this is an effect of the
sun’s higher solar elevation angle affecting photosynthesis. The growing medium
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remained moist throughout the study, so the plants were never under water stress; any
changes in stomatal conductance were assumed to be controlled by changes in
photosynthesis. The daytime rates of photosynthetically active radiation were higher in
the greenhouse during the summer months (450 to > 1,000 μmol m−2 s−1) than during the
winter months (150 to 450 μmol m−2 s−1). There appeared to be a decrease in stomatal
conductance at 6 wk during both seasons, but the 6-wk stomatal conductance was not
significantly different than 5 wk and 7 wk. There was, however, a positive relationship
between initial mass of the rhizome fragment and stomatal conductance (R2 = 0.11, P =
0.0004). Larger rhizomes have more resource storage capacity, because of their larger
volume, to supply needed nutrients, such as nitrogen, to photosynthetic tissue and
pathways.
The reduction in growth rate despite the high stomatal-conductance rates imply
that rhizomes collected in the summer had depleted their stored mineral
(noncarbohydrate) resources. Foliar photosynthesis was not measurable until 3 wk, but
the plants did emerge and grow before the initiation of foliar photosynthesis. The
carbohydrates for initial growth most likely originated from the rhizome. At 4 wk, the
stomatal conductance rate peaked for both seasons, and photosynthesis likely became the
primary contributor of carbohydrates, rather than the rhizome. Because these plants were
not fertilized and the growing medium contained no nutrients, the only source of nutrients
was rhizomal storage. We believe that nitrogen, a nutrient that Phragmites australis
consumes for growth in large quantities (sensu Karunaratne et al. 2004), became the
limiting nutrient affecting the aboveground growth of summer-collected rhizomes.
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During the summer, nitrogen levels drop as the nitrogen is translocated for aboveground
tissue growth. It is then replenished in the rhizomes from external soil pools and internal
retranslocation of foliar sources in the fall (Granéli et al. 1992; Mason and Bryant 1975).
The summer-collected rhizomes may have depleted their already-reduced nitrogen stores
sooner than fall rhizomes, resulting in the decreased aboveground growth rates. Other
mineral nutrients do not follow a pattern similar to nitrogen. Phosphorus, sodium,
calcium, and magnesium concentrations remain relatively constant throughout the year
(Granéli et al. 1992; Mason and Bryant 1975), so there was little difference in mineral
concentrations in the seasons when these rhizomes were collected. Potassium, on the
other hand, fluxes in opposition to nitrogen, with the highest rhizomal concentrations in
the summer and the lowest during the winter (Granéli et al. 1992); however, the results
do not coincide with the potassium fluxes.
Ramet Biomass. There were no significant site or year effects on biomass. Also, total
biomass was not affected by the season of collection (P = 0.56); therefore, final biomass
was pooled across season of collection. A relationship exists between initial rhizome
fragment mass and final biomass (R2 = 0.50, P < 0.0001; Figure 2.4). There was,
however, a difference in the allocation of biomass (χ2 = 16.8, P < 0.001; Figure 2.5).
Rhizomes collected in the summer allocated more biomass to belowground tissue and,
therefore, had a higher belowground to aboveground median ratio of biomass than did the
fall-collected rhizomes, 0.96 and 0.60, respectively. Plants respond to scarce resources by
allocating growth to structures that optimize acquisition of the limiting resources;
consequently, nutrient limitations result in higher belowground to aboveground biomass
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ratios (Bloom et al. 1985; Davidson 1969; Mooney 1972; Thornley 1972). In this study,
the summer-collected rhizomes allocated more carbon to belowground tissue growth
through which mineral nutrients tend to be obtained. Fall-collected rhizome fragments
allocated more carbon to aboveground, photosynthetic tissue. These results are consistent
with Kühl et al. (1997), who observed larger belowground to aboveground biomass ratios
in Phragmites australis growing in nutrient-poor sites than for those growing in rich sites.

2.5. Conclusions
In this study, rhizomes collected in the summer had lower survival and growth
rates than did those collected in the fall. Using an integrated weed management approach,
the risk of spreading Phragmites australis in contaminated soil can be reduced if road and
right-of-way maintenance is conducted during the summer, when growth rates are high
and rhizomal resource stores are depleted. Although the risks of survival and growth are
lower in the summer, there are still significant survival rates. We do not recommend
contaminated soil be transported during any time of the year. If soil is transported,
screening the soil before transportation is an option, and all fragments must be removed
from the soil. We also suggest any movement of soil occur before the maturation of
inflorescence, so the risk of spreading seeds is also reduced. Chipping giant reed (Arundo
donax L.) rhizomes has been suggested by Boose and Holt (1999), and that approach
could work for Phragmites australis as well, as long as the entire rhizome system is
destroyed.
Mowing the Phragmites australis during the summer, when rhizomal stores are
58

depleted may also an option. Mowing will disrupt the resource balance within the plant,
resulting in more resource allocation to aboveground growth and less to the resource
stores reserved for the following growing season, leading to a weakened population
(Kühl et al 1997).

2.6. Management Implications
Common reed [Phragmites australis (Cav.) Trin. ex Steud.] is one of the most
problematic invasive species in the country, and it can be found growing in dense
monocultures along roadside ditches and right-of-ways throughout the Midwest and
eastern United States. It propagates clonally and is often spread when rhizome fragments
are transported in soil during ditch maintenance. This research aims to contribute to
integrated weed management plans by suggesting cultural practices to reduce the spread
of Phragmites australis based on survival and growth rates as a function of rhizome
biomass and the season in which the rhizomes are transported.
We determined that even though summer-collected rhizomes have depleted
resource stores and the risk of survival and growth is lower, soil contaminated with
Phragmites australis rhizome fragments should never be transported. Rhizomes should
definitely not be transported in fall because the survival rates and growth are high at that
time. We suggest that rhizomes be chipped and that any transported soil be screened to
remove the rhizome fragments and thereby lessen any risk of producing a new clonal
population.
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2.9. Figures

Figure 2.1. Probability of rhizome fragments collected during the fall or summer from
two isolated populations near Lena, WI, surviving the duration of the study as a function
of initial rhizome fragment mass as explained by the model in Equation 2.1.
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Figure 2.2. A) Growth of the culms produced by Phragmites australis rhizome fragments
collected in the fall and summer throughout the duration of the experiment, and (B) the
final culm height as a function of initial rhizome mass (R2 = 0.42, P < 0.0001). Graph B
trend lines represent the solution to the equation y = −21.65 + 81.09 × log10(x1 + 1) +
17.96(x2), with y representing average stomatal conductance, x1 representing rhizome
fragment mass, and x2 representing season, denoted with a 1 for fall and a −1 for
summer. Data have been back-transformed for presentation.
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Figure 2.3. Stomatal conductance of the ramets produced from rhizome fragments
collected in the fall and summer throughout the duration of the experiment. Error bars
represent ± 1 SE during each week.
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Figure 2.4. Total biomass produced as a function of rhizome fragment mass (R2 = 0.50, P
< 0.0001, n = 138). The trend line represents the solution to the equation log10(y + 1) =
−0.170457 + 0.6019048 × log10(x + 1), with y representing total biomass produced and x
representing rhizome fragment mass. Data have been back-transformed for presentation.
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Figure 2.5. Box plots of belowground:aboveground biomass ratios for fall- and summercollected rhizome fragments. The shaded boxes represent the upper and lower quartiles,
whereas the whiskers represent the 5th and 95th percentiles. Lines in the shaded boxes
denote the medians. Different letters indicate significant differences (P < 0.0001, n =
138).
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3. Native plant community invasion resistance and the
effects resource consumption have on the establishment
and growth of the invasive species Cirsium arvense,
Canada thistle.

Kevyn J. Juneau and Catherine S. Tarasoff 3
3.1. Abstract
Although little is known about the underlying mechanisms behind invasion resistance,
species identity has been shown to contribute to invasion resistance in native plant
communities. This study examines the effects that six native upland prairie plant species
have in newly developing communities toward resisting Cirsium arvense, Canada thistle,
invasion. We found that species identity does influence C. arvense emergence and
growth, with the species Heterotheca villosa, false hairy goldenaster, providing the most
resistance. Dalea purpurea, purple prairie clover, provided the least resistance. In terms
of functional similarity, plants that were similar to C. arvense provided the most resistant,
while those that were dissimilar provided the least. The mechanism driving resistance in
newly establishing communities is primarily light transmission; however, nitrogen
consumption begins to have an effect after the second year of community growth. These
results show that species identity does have an important role in invasion resistance, and

School of Forest Resources and Environmental Science, Michigan Technological University,
Houghton, MI 49931, USA
3

72

although there are certainly more mechanisms underlying invasion resistance, the
communities that intercepted the most light resulted in the most resistance.

3.2. Introduction
Resistant plant communities are defined as those that prevent the establishment of
invasive species (Levine et al. 2004). There are many theories as to why some
communities are resistant to invasion, while others are not (Lockwood et al. 2007,
MacDougall et al. 2009). One debated characteristic of resistant communities is the role
species diversity plays on invasion resistance. Some studies suggest that high diversity
provides resistance to communities (e.g. Naeem et al. 2000, Dukes 2002, Tilman 2004,
Maron and Marler 2007); however, other studies suggest that high diversity leads to
higher invasion (e.g. Palmer and Maurer 1997, Thompson et al. 1995, Wiser et al. 1998,
Ehrenfeld 2008, Compagnoni and Halpern 2009). Elton (1958) first suggested that
diverse communities had a lower risk of invasion than those with low diversity, and
research has supported Elton’s claim. Studies have shown that non-native plant
germination and growth was minimal in diverse communities when compared to those
with low diversity (Naeem et al. 2000, Dukes 2002, Tilman 2004, Maron and Marler
2007). In one study concerning Phragmites australis (Cav.) Trin. ex Steud. invaded
marshes, Wang et al. (2006) effectively prevented reinvasion of the invasive species
through invasion resistance by reintroducing native plants and increasing the species
diversity in the habitat. Diverse communities have been shown to reduce light, nutrients,
and space available to invaders (Tilman 1999, Naeem et al. 2000, Mattingly et al. 2007).
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Diverse communities essentially have fewer open niches, the limited set of conditions
under which a species can persevere in relation to the physical and biological
environment (Hutchinson 1959), for the invaders to exploit (Hector et al. 2001, Shea and
Chesson 2002, Levine et al. 2004, MacDougall et al. 2009).
On the other hand, there is evidence that high diversity leads to higher invasion.
One explanation for the increase in invasive species in diverse communities is that
invasive plants behave much like native species in response to environmental variables
(Thompson et al. 1995, Ehrenfeld 2008, Compagnoni and Halpern 2009); therefore, if a
habitat is ideal for a native species, it can be ideal for a similar non-native in the same
functional group. A second explanation is that habitats, particularity those with diverse
communities, have native organisms that facilitate the growth of non-native plants
(Palmer and Maurer 1997, Wiser et al. 1998). These organisms include pollinators,
nitrogen fixing bacteria, and fungi that develop mutualistic relationships with the nonnative species (Richardson et al. 2000). Though invaded communities may have
facilitators, it may be what they lack that is more important—a species that resists
invasion.
There is increasing evidence that the composition, i.e. species identity, of plant
communities is more important than species diversity or richness alone. This may explain
why some diverse communities can be invaded while others cannot. Monocultures and
communities resistant to invasion often had a particular dominant foundation species
(Crawley et al. 1999, Dukes 2002, Emery and Gross 2007, Prevéy et al. 2010). Because
species differ in their functions (Crawley et al. 1999) not all dominant species will have
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the ability to prevent invasion, and invaded diverse communities may not have plant
species that contributes to biotic resistance. Gilbert et al. (2009) concluded that
numerically dominant species had little influence on community invasibility. Emery and
Gross (2006) had shown that fewer introduced seeds germinated in communities
dominated with Andropogon virginicus L. than communities dominated with other
species. Daneshgar and Jose (2009) went on to show that the root morphology of A.
virginicus attributed to its ability to resist a non-native species in the same functional
group by competing for space and nutrients. Solidago altissima L., had also been shown
to resist invasive plants, especially when the S. altissima populations had high genotypic
diversity (Crutsinger et al. 2008). The reason diverse communities tend to be more
resistant may be because they have a higher probability of containing a foundation
species that contributes to biotic resistance (Diaz and Cabido 2001).
Foundation species influence the community’s ecology and contribute to invasion
resistance through multiple mechanisms, such as interspecific competition with nonnative plants (Crawley et al. 1999, Fargione and Tilman 2005) and habitat regulation
(Prevéy et al. 2010). Foundation species have been shown to regulate the amount of light
and water available to the community (Emery and Gross 2007, Prevéy et al. 2010). These
species can also add to the aboveground biomass of the community, leading to denser
litter that inhibits seedling germination (Emery and Gross 2006, 2007). Strong nitrogen
competitors, e.g. C4 grasses, into communities can also decrease invasion (Fargione and
Tilman 2005). When foundation species are removed, the habitat becomes altered and
resources become available for invasive species. For example, the removal of Artemisia
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tridentata Nutt. sagebrush in cold deserts increased soil moisture making the habitat ideal
for non-native plants and unfavorable for native species (Prevéy et al. 2010).
The characteristics and mechanisms of resistant communities are poorly
understood and need to be assessed; therefore, we developed this experiment to examine
the response of Cirsium arvense (L.) Scop., Canada thistle, has when grown with various
native plant species. Cirsium arvense is an aggressive invader of agricultural lands and
natural areas (Donald 1994) that was initially introduced to North America by the first
European settlers (Guggisberg et al. 2012). Cirsium arvense reproduces both sexually and
asexually by stem and root fragments (Hamdoun 1972, Bostock and Benton 1979,
Magnusson et al. 1987, Nadeau and Born 1989), both of which contribute to fast
population expansion rates, which can be up to 2 m per year (Amor and Harris 1974).
The purpose of this study was to determine the effect of native species identity on
C. arvense establishment and growth in newly developing native plant communities and
assess the underlying mechanisms of resistance. We hypothesize that: 1) the native
species that are functionally similar to C. arvense will result in lower emergence, and
reduced biomass of C. arvense than those that are dissimilar; 2) there will be a positive
correlation between light transmittance on C. arvense emergence and growth; and 3)
nitrogen consumption by the native community will have a negative effect on C. arvense
emergence and growth.

3.3. Methods
3.3.1. Mesocosm establishment.
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An outdoor mesocosm experiment was established at Michigan Technological
University, Houghton, MI (47° 7’N, -88° 32’W) to examine the effect species identity
had on the establishment and growth of C. arvense. Each mesocosm was a plastic
container (72.0 cm x 45.0 cm x 45.0 cm) filled with well mixed local topsoil collected
from a single location. A drainage valve connected to a PVC pipe was installed at the
bottom of each container. The containers were spaced approximately 30 cm apart on an
outdoor concrete patio.
A pool of 31 common native upland prairie species was selected to serve as
candidate species for the study. These candidate species were selected because they are
dominant and have large ranges throughout the Minnesota upland prairie system
(Minnesota Department of Natural Resources 2005), and their seeds were readily
available. These species along with C. arvense were assessed for 31 morphological and
physiological characteristics (Table 3.1). The characteristics were used to create a traitspace using non-metric multidimensional scaling (NMDS) ordination in PC-ORD 6
(McCune and Grace 2002). Using the Pythagorean Theorem, the Euclidean distance from
each native species to C. arvense was calculated. Species nearest, i.e. short distance, to C.
arvense in the trait-space were deemed similar, while those located further away were
characterized as dissimilar. The distance was then used to select species within three
families that represented different guilds [Poaceae (grasses), Asteraceae (forbs), and
Fabaceae (legumes)]. Of the 31 initial species, a set of six species, which included two
species belonging to each of the three guilds, was chosen to be used in this experiment.
One species within each of the guilds was near C. arvense in the trait-space and defined
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as functionally similar. Conversely, the other species belonging to each guild was distant
from C. arvense and was defined as dissimilar. Therefore, one species within each guild
was characterized as being similar to C. arvense and the second species characterized as
dissimilar. The species selected are listed in Table 3.2.
Seeds of the six selected native species were purchased from a commercial
grower (Prairie Moon Nursery, Winona, MN, USA) then germinated in 59 ml
germination trays filled with potting soil (Sunshine Germination Mix #3, Sun Gro
Horticulture, Vancouver, BC, Canada) in a greenhouse with full spectrum lighting
supplemented with natural light. The greenhouse was maintained at 22 ± 2ºC and 40 ±
10% relative humidity with a 16:8 light:dark cycle. The trays were watered with tap
water three times a week, and after emergence, the plants were fertilized once with a 2020-20 fertilizer (J.R. Peters, Inc., Allentown, PA, USA). The plants were grown for three
months prior to their transfer to the outdoor mesocosms.
Two runs of the experiment were established in successive years. During the first
week of June 2011 (initiation of run 1) and 2012 (initiation of run 2), when threat of a
late frost was minimal, a completely randomized experiment was established by planting
plugs of the six selected species into eight experimental treatments. Of the eight
treatments, six treatments were monocultures of 42 individuals of each native. The 7th
treatment was a mixed even community with seven individuals each of the six species
(total of 42 individuals). In the Even community, planting arrangement was random and
the Simpson’s diversity index was 0.85. The 8th treatment was the control in which no
native species were planted and was used for comparison. Treatments were replicated six
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times in the first run (2011) and four times in the second run (2012). Prior to the
introduction of C. arvense, the mesocosms were allowed to grow for one month to allow
the seedlings to recover from transplant shock.
Though C. arvense reproduces well by seeds, its greatest regenerative capacity is
through vegetative reproduction (Bostock and Benton 1979); therefore, root fragments
were used in this study to give C. arvense the best chance of survival and growth. On 16
July 2011 and 26 July 2012, during the first and second runs, respectively, Cirsium
arvense root fragments were collected from approximately 100 individuals in an
abandoned agricultural field in Houghton, MI. The fragments were brought back to the
lab where they were washed and cut into segments weighing 1.0 ± 0.4 g and ranging in
length from 1.0 to 4.0 cm. Root fragments as short as 0.5 cm with a single bud have been
shown to produce a shoot (Hamdoun 1972). Two root fragments were planted into each
of the mesocosms within 24 h of collection. Non-target weeds were removed by hand
throughout the duration of the experiment. The mesocosms were watered through natural
rain events; however, during periods of drought, the mesocosms were given supplemental
tap water. The mesocosms were grown for two years.
3.3.2. Data collection.
Emergence and biomass. Mesocosms were assessed for C. arvense emergence at
the end of two consecutive growing seasons. A growing season was considered ended
when the plants appeared to begin senescing after the first heavy frost. All plants in the
mesocosms were harvested for aboveground biomass between 31 October and 4
November 2011 and again between 27 and 31 October 2012. Cirsium arvense was
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harvested separately from the native species. One replicate of each treatment was not
harvested at the end of the first growing season to determine if harvesting had an effect
on subsequent growth. The biomass was dried at 65°C for 48 hours then weighed using a
PN-2100B precision balance (American Weigh Scales, Inc. Norcross, GA).
Percent cover. The vegetation percent cover was analyzed digitally using methods
modified from Crawley (2011). On 23 September 2011 and 6 September 2012, digital
photographs were taken one meter above each mesocosm. Photos were initially imported
into the GNU image manipulation program (GIMP) 2.6.7 (Free Software Foundation,
Inc. Boston, MA, USA) and were altered so the green vegetation appeared as black
silhouettes against a white background. Images were then analyzed for percent cover
using ImageJ 1.44j (National Institutes of Health, Bethesda, MD). Cirsium arvense, if
visible in the image was removed so only the percent cover of the native species was
calculated.
Resource consumption. For the purpose of this study, resource consumption was
defined as a plant community induced change in resource level; therefore, consumption is
the difference of a resource measured before and after treatment through time (e.g. before
and after the establishment of the community) or through space (e.g. above and below the
canopy). Resource consumption was calculated as a percent difference for analyses
(equation 1).
𝐹𝑖𝑛𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (%) = �

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

� × 100

[1]

To determine potential light consumption, light transmittance was measured on 19

October 2011 and 19 October 2012 when it appeared the communities reached their peak
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growth. The photosynthetic photon flux density (PPFD, μmol m−2 s−1) was
simultaneously measured one meter above the vegetation and at the soil surface using an
AccuPAR LP-80 (Decagon Devices, Inc., Pullman WA, USA) with an external sensor.
Light transmittance through the canopy was calculated as a percentage of full sunlight.
Measurements were taken at two locations within each mesocosm near to where the C.
arvense was planted then averaged to provide a single measurement. All measurements
were taken within 2 hours of noon on overcast days.
To determine nitrogen consumption, soil samples were taken from each container
prior to the establishment of the mesocosms and after each harvest. Before the native
species were planted in the containers, two soil cores (1.9 cm diameter × 16 cm depth)
were taken randomly from each mesocosm for baseline nitrogen analysis. The two cores
were mixed and sealed in a plastic bag then immediately frozen until the samples could
be analyzed. Soil cores were taken again at the end of each growing season immediately
after the plants were harvested. Soil was thawed and sieved using a 2 mm sieve to
remove any roots and rocks. Soil was then dried at 55°C for 48 hours and ground for 30
seconds to a fine powder. To determine total nitrogen concentration, a 20 mg sample was
analyzed with an elemental analyzer (Carlo Erba NA 1500 NC, CE Elantech, Lakewood,
NJ, USA). Total nitrogen consumption was calculated by subtracting the soil collected at
the end of growing season two from the baseline sample. Nitrogen consumption during
the first growing season was calculated by subtracting the soil collected at the end of that
season with the baseline. Nitrogen consumption during the second season was determined
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by subtracting the soil collected at the end of the second growing season from the soil
collected at the end of the first growing season.
3.3.3. Data analysis.
A χ2 test was used to analyze C. arvense emergence in each of the treatments.
Post hoc multiple comparisons of proportions were made using the Marascuilo procedure
(Marascuilo 1966, Marascuilo and McSweeney 1977). Logistic regression was then
performed to determine if nitrogen consumption, light transmittance, percent cover, and
native biomass affected survival. ANOVA analyses were used to determine any
differences between species in regards to nitrogen use, light transmittance, percent cover,
and biomass. Paired t-tests were conducted to assess if the nitrogen consumption by each
treatment was significant. A one-way ANOVA was then used to determine if treatments
had an effect on C. arvense biomass, and Tukey’s HSD test was used when multiple
comparisons were made. To examine the mechanisms by which the native species
affected C. arvense growth, we then used multiple regression analysis to test the effect
resource consumption (light and nitrogen), percent cover, and native species biomass had
on C. arvense biomass. To meet the assumptions of normality and to minimize variance,
the C. arvense biomass response variable was natural log transformed as necessary. All
other analyses were tested for and met the assumptions of ANOVA and regression. All
analyses were conducted using JMP 9.0 (SAS Institute Inc., Cary, NC; SAS Institute
2010).

82

3.4. Results
There was no edge effect for any of the variables tested. The mesocosms located
on the perimeter were not statistically different than those located within the perimeter in
terms of C. arvense biomass, nitrogen, light transmittance, or native species biomass (P >
0.05 for all variables).
3.4.1. Species identity effects on emergence.
Species identity had no effect on Cirsium arvense emergence after one growing
season (P = 0.28). During the first year, the proportion of C. arvense emergence ranged
from 20% in the Koeleria macrantha treatments to 55% in the Dalea purpurea treatment
(Figure 3.1). The control group had 45% emergence at the end of year 1. There were,
however, significant differences during the second growing season (P < 0.0001) (Figure
3.1). No C. arvense emergence or survival occured after two growing seasons in the Even
and Heterotheca villosa treatments. The thistles that had emerged during year 1 in these
two treatments were not alive at the end of year 2. There was an increase in C. arvense
emergence in the D. purpurea and the control groups. These groups had 83.3% and
66.7% emergence at the end of year 2, respectively. Neither our metric of similarity
affected the proportion of C. arvense emergence (P = 0.56 and P = 0.41 for years 1 and 2,
respectively), nor did the plant’s guild (P = 0.28 and P = 0.06 for years one and two)
3.4.2. Mechanisms affecting emergence.
Neither the biomass produced, percent cover, the nitrogen consumed by the native
species, nor any interactions between variables affected C. arvense emergence during the
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first year (all P > 0.19). Transmittance did, however, have an effect on emergence during
the first year (P = 0.03) (Figure 3.2a). The probability of a C. arvense emerging increased
as the light reaching the soil surface increased during the first growing season. Though
there appeared to be a trend during the second year, it was not significant (P = 0.08)
(Figure 3.2a).
There were no significant effects during the second year (All P > 0.05). Native
plant biomass did, however, appear to show a trend, where increasing native biomass
lowered the probability of C. arvense emerging, although it was not significant (P =
0.053) (Figure 3.2b).
3.4.3. Differences in biomass and percent cover between groups.
There was a difference between the native species biomass produced by each
mesocosm during the first and second growing season (both P < 0.0001) (Figure 3.3a).
During the first year, K. macrantha had the most biomass (86.0 ± 5.6 g, mean ± 1 SE)
while H. villosa and A. canadensis had the least (49.8 ± 7.1 g and 43.7 ± 6.9 g,
respectively). The biomasses of the native plants dramatically increased throughout the
second growing season for all communities except the D. purpurea, which actually
decreased in biomass from 74.3 ± 15.0 g during the first year to 55.4 ± 9.2 g during the
second. Solidago nemoralis, K. macrantha, and the Even communities had produced the
most biomass during the second season (218.8 ± 8.5 g, 181.4 ± 16.7 g, and 205.9 ± 14.5
g, respectively).
There were differences in percent cover between groups during the first (P =
0.0009) and second year (P < 0.0001) (Figure 3.3b). During the first year, S. nemoralis
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and D. purpurea each had the greatest percent cover (88.1 ± 1.0 % and 88.0 ± 2.8 %,
respectively). Heterotheca villosa had the least percent cover (64.7 ± 8.2 %). At the end
of the second growing season, K. macrantha and the Even community had the greatest
cover (72.4 ± 2.8 % and 71.3 ± 3.2 %, respectively). The percent cover in the A.
canadensis monoculture shown the largest change between year 1 and 2, decreasing from
84.1 ± 4.5 % to 17.8 ± 3.1 %. The cover of the other legume, D. purpurea, also decreased
greatly during the second growing season to 29.0 ± 3.4 % from 88.0 ± 2.8 %.
3.4.4. Differences in resource consumption and biomass between groups.
There was a significant difference in percent transmittance between treatments
during the first year (P < 0.0001) (Figure 3.4). Of the native species, H. villosa and D.
purpurea had the greatest transmittance, 49.5 ± 5.7 % and 36.5 ± 2.7 % of full sunlight
reached the soil surface, while S. nemoralis, A. canadensis, and the Even community had
the least, all approximately 21% of full sunlight. There was also a difference during the
second year (P < 0.0001) (Figure 3.4). Astragalus canadensis and D. purpurea both had
the most light reaching the soil surface (47.6 ± 3.8 % and 30.3 ± 3.9 %, respectively).
Koeleria macrantha and H. villosa had the least (11.6 ± 1.6 % and 12.2 ± 1.7 %).
There were no differences between groups in the nitrogen consumed during year 1
(P = 0.93) or year 2 (P = 0.18). There were also no differences between treatments in the
total nitrogen consumed from the start of the study to the end (P = 0.56). The
consumption of nitrogen was not statistically different from 0 for all groups (all P >
0.05).
3.4.5. Species identity effect on thistle growth.
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When the species were grouped according to their similarity to C. arvense, there was no
effect on C. arvense growth during the first year (P = 0.71). There was, however, an
effect during the second year (P = 0.006) (Figure 3.5a). When C. arvense was grown with
plants that were defined as similar to it, C. arvense produced less biomass, 0.6 ± 1.9g,
than those grown with dissimilar plants, 9.9 ± 1.6 g. The guild to which the plants belong
was also significant during the first year (P = 0.03); however, C. arvense biomass was
small in the Even community, 0.04 ± 1.2 g , and the forb treatment, 0.2 ± 1.6 g. The C.
arvense biomass produced at the end of year 2 was also significant (P = 0.0002) (Figure
3.5b). At the end of year 2, the forbs resulted in the least amount of subsequent C.
arvense growth, 0.1 ± 1.4 g, while the legumes resulted in the most, 8.2 ± 1.7.
Species identity did have an effect on subsequent thistle growth during both years
(P = 0.02 and P < 0.0001, respectively) (Figure 3.6). The C. arvense in the H. villosa and
A. canadensis produced the most biomass during the first year. Dalea purpurea, K.
macrantha and A. canadensis each had large C. arvense regrowth during the second year.
3.4.6. Mechanisms affecting thistle growth.
During the first year, transmittance was positively correlated with C. arvense
biomass (P < 0.0001, R2 = 0.61) (Figure 3.7a). The amount of nitrogen consumed by the
plants had no effect on C. arvense biomass (P = 0.63), and there was no significant
nitrogen and light transmittance interaction effect (P = 0.32). During year 2,
transmittance was again significant and positively correlated with C. arvense biomass (P
< 0.0001); however, there was a significant transmittance × nitrogen interaction effect (P
= 0.0037, R2 = 0.89) (Figure 3.7b). At less than 28% light transmittance reaching the soil
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surface, increases in soil nitrogen had a slight negative effect on C. arvense biomass.
When transmittance was greater than 28%, increasing nitrogen resulted in increased C.
arvense biomass, with nitrogen having a greater effect as light increased (Figure 3.7b).
The biomass produced by the native plants affected subsequent C. arvense
biomass in both year 1 and year 2 (both P < 0.0001, year 1 R2 = 0.50, year 2 R2 = 0.61)
(Figure 3.8). As the native community’s biomass increased, C. arvense decreased.
Percent cover significantly affected C. arvense biomass during year 1 (P < 0.0001) but
not year 2 (P = 0.14).

3.5. Discussion
We found that species identity does not have an effect on C. arvense emergence
during the first growing season after the invasive species’ introduction, but identity does
have an effect during the second growing season. Overall, Heterotheca villosa resulted in
the lowest emergence rates and subsequent C. arvense growth, while Dalea purpurea
tended to be the most invasible. The Even community also performed well at resisting
invasion. These results agree with those of Emery and Gross (2006, 2007), who showed
that the invasibility of a plant community is affected by the presence of particular
dominant species.
Traits characterizing successful invaders’ functional dissimilarity to those of
native dominant species have often been used to explain successful invasion (Emery
2007). Though functional characteristics are not direct substitutions of niches (Brym
2011), these traits are correlated with species’ interactions with the surrounding habitat
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(Reich et al. 2003, McGill et al. 2006, Drenovsky et al. 2012). Gause’s competitive
exclusion theory (Gause 1934) states that competitors competing for the same resource
within a realized niche cannot stably coexist if other ecological factors remain constant.
Different species, especially those that are functionally dissimilar, evolved through niche
separation or differentiation to utilize the varying resources within a habitat, and
therefore can coexist. Therefore, species with similar functional traits to an invader are
suspected to have the most important role in community resistance (MacArthur and
Levins 1967). Hector et al. (2001), Fargione et al. (2003), and Perry et al. (2009) each
determined that communities dominated with species functionally similar to an invader
provided increased resistance compared to those that were not. Unlike previous studies
(e.g. Fargione et al. 2003, Hector et al. 2001) that determined functional similarity
entirely based on their guilds (C4 grass, C3 grass, forb, legume, etc.) we further tested
this theory by quantifying similarity using 31 physiological and morphological
characteristics to categorize plants at a higher resolution than the guild level. Cirsium
arvense emergence was not affected by native species’ functional similarity; however,
biomass produced by C. arvense was. Native plants that were similar to C. arvense
competed well against the invader, thus suppressing the growth of C. arvense more than
dissimilar plants. Although this study focused on a single cohort of individuals and was
not concerned with fitness of the plants, it appears to agree with the theory that similar
species tend to not coexist (Gause 1934), and thus resulted in suppression of the invader.
It also agrees with the studies that show species in similar guilds do provide resistance
(Fargione et al. 2003, Hector et al. 2001). Although functionally similar plants resulted in
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increased resistance, not all similar species resist invasion at the same levels. We found
that species we defined as dissimilar also contributed to community resistance. The
species we have determined to be the most resistant to invasion, H. villosa, was
determined to be dissimilar to C. arvense. When species were grouped as guilds, our
study does agree with the previous studies (e.g. Fargione et al. 2003, Hector et al. 2001)
that the dominating functional guild can predict a plant community’s resistance. The
guild that provided the least resistance, the nitrogen fixing legumes, is suspected to
facilitate invasion because they increase soil nitrogen levels (Palmer and Maurer 1997).
However, there was no evidence that nitrogen addition was the mechanism driving C.
arvense invasion in the Astragalus canadensis and Dalea purpurea mesocosms in this
experiment because there were no significant changes in nitrogen concentration in the
soil for these species.
In order to evaluate the mechanisms behind invasion resistance, we analyzed the
effects of nitrogen and light consumption and native community aboveground production
on the emergence and subsequent biomass produced by C. arvense in mesocosms. Light
conditions were the most important variable for determining emergence rates during the
first year. There was a non-significant trend between light levels and emergence the
second year. Biomass showed a similar, albeit non-significant, trend in regards to
emergence.
Regulation of invasion has been linked to plant community productivity (Foster
and Gross 1998, Suding and Goldberg 1999, Hector et al. 2001), and native plant biomass
had a weak effect on C. arvense emergence in this study. Although previous studies have
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shown that nitrogen is important for invasibility (Foster et al. 2002, Prueur-Richard et al.
2002, Hofmann and Isselstein 2004, Emery and Gross 2006), it appears that nitrogen
alone was not a limiting resource and had no effect on C. arvense emergence or biomass.
Emery and Gross (2006) showed that soil nitrogen levels were positively correlated with
invasion. During the second year, light was again an important variable; however, there
was an interaction between light and nitrogen. Light, soil nitrogen, water (Foster et al.
2002, Prueur-Richard et al. 2002, Hofmann and Isselstein 2004) and biomass (Emery and
Gross 2006) were previously shown to effect community invasibility. Water availability
was constant across all treatments and not tested for in our study, but we do show that the
light and nitrogen consumption interaction and biomass are important at regulating C.
arvense growth. When light and biomass were compared between groups, those that
inhibited the most light from reaching the surface and produced a lot of aboveground
biomass resulted in the lowest C. arvense emergence rates and subsequent growth.
Tilman’s (1982) theory on competition states plants thrive best in varying ratios
of the two resources that are limiting in the habitat. Though nitrogen doesn’t appear to be
limiting in this study, nitrogen and light do behave as complimentary resources (Tilman
1982) that affect C. arvense growth. Cirsium arvense is shade intolerant; therefore, it
requires intense light levels to thrive and reproduce (Moore 1975). The results of this
study showed that C. arvense didn’t grow well when the native plant communities
intercepted greater than 28% of full sun. This result is consistent with the closely related
C. palustre (L.) Scop., which has been shown to steeply decline in total growth, growth
rate, photosynthetic capacity, and respiration at light levels below 32% of full light (Pons
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1977). During the second growing season, C. arvense growth was negatively affected by
nitrogen, most likely due to its inability to compete well against the native species at low
light levels. Two or more species grown together will compete for resources and the
species with the lowest tolerances for a particular resource will be best able to utilize that
particular ratio, thus out competing plants that do not have low tolerances for the resource
(Grace and Tilman 1990). Essentially, the resources unconsumed by the native plants are
those that drive invader abundance (Fargione et al. 2003). In this study, the native plants
were primarily competing against C. arvense for light, and the communities that inhibited
the most light from reaching the soil reduced C. arvense emergence and suppressed the
C. arvense growth the most.
All the characteristics of resistant communities need to be considered when
managing, developing, or restoring plant communities. Biotic resistance may not
completely repel invaders but it may help maintain them at manageable levels by
inhibiting their population growth (Levine et al. 2004). A trait based approach can
improve our understanding of invasion ecology (Brym et al. 2011) and should be
considered for invasive species management and policy decision making (Drenovsky et
al. 2012). Select species added to plant communities as temporary cover crops (Perry and
Galatowitsch 2006, Perry et al. 2009) or as perennial dominant species (Fargione et al.
2003, Emery and Gross 2006, 2007) can lead to increased community resistance against
the invader through resource competition. Generally speaking, this study supports the
theory that plants functionally similar to the invader similar will provide resistance
against invasion. However, this study also showed that C. arvense invasion can be
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mitigated in newly developing plant communities by increasing the dominance of select
dissimilar plants, i.e. Heterotheca villosa, that can quickly reduce resources available,
and thus out-compete C. arvense.
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3.8. Figures

Figure 3.1. Proportion of Cirsium arvense emergence at the end of each growing season.
There were no differences between treatments during year 1. Different letters indicate
significant differences between treatments during the second year (P ≤ 0.05).
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Figure 3.2. Probability of Cirsium arvense emerging during year 1 or year 2 as a function
of A) light transmittance (P = 0.03 and P = 0.08 for years one and two, respectively) B)
native plant biomass (P = 0.74 and P = 0.053 for years one and two, respectively). For the
logistic regression equations given, y is the probability of C. arvense emergence, e is the
exponential function, and x is the independent variable, community weight or percent
transmittance.
101

Figure 3.3. The A) native plant biomass and B) percent cover produced in each treatment
at the end of two consecutive growing seasons. Different letters indicate significant
differences between treatments within year (P ≤ 0.05). Error bars represent 1 SE.
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Figure 3.4. The light transmittance as a percentage of full sunlight reaching the soil
surface for each treatment at the end of two consecutive growing seasons. Different
letters indicate significant differences between treatments within year (P ≤ 0.05). Error
bars represent 1 SE.
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Figure 3.5. Cirsium arvense biomass produced as a function of A) similarity and B)
guild. Similarity was determined by comparing 31 physiological and morphological
characteristics between the native plants and C. arvense. Different letters indicate
significant differences between treatments within year (P ≤ 0.05). All data presented have
been back transformed and error bars represent 1 SE.
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Figure 3.6. Cirsium arvense biomass produced in each of the treatments. Different letters
indicate significant differences between treatments within year (P ≤ 0.05). All data
presented have been back transformed and error bars represent 1 SE.
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Figure 3.7. The effect A) year 1 light transmittance and B) the year 2 nitrogen × light
transmittance interaction had on subsequent C. arvense biomass.
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Figure 3.8. The effect native plant biomass had on subsequent C. arvense biomass after
each of the two consecutive growing seasons. Year 1: P<0.0001, R2=0.5, Year 2:
P<0.0001, R2=0.61.
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3.9. Tables
Table 3.1. The 31 characteristics used to determine a plant’s similarity to C. arvense
(USDA, NRCS 2010).
Characteristic
Active Growth Period
Allelopathy
Anaerobic Tolerance
CaCO3 Tolerance
Cold Stratification Required
Drought Tolerance
Duration (Perennial or Annual)
Fertility Requirement (N P K)
Fire Tolerance
Foliage Porosity
Fruit/Seed Abundance
Fruit/Seed Period
Growth Form
Growth Habit (Graminoid or Forb)
Growth Rate
Height at Maturity

108

Characteristic
Susceptibility to Herbivory
Lifespan
Minimum Frost Free Days
Competition for Water
National Wetland Indicator
Nitrogen Fixation
Propagation types
Regrowth Rate
Root Depth
Salinity Tolerance
Seed Spread Rate
Seedling Vigor
Shade Tolerance
Soil adaptation
Vegetative Spread Rate

Table 3.2. The common name, scientific name, botanical code of the native species
(USDA, NRCS 2010) used in this study and the guild to which they belong and
functional similarity to C. arvense as determined by the characteristics listed in table 1.

hairy false
goldenaster
prairie junegrass
purple prairie clover
gray goldenrod
prairie dropseed
Canadian milkvetch

Species
Heterotheca villosa
(Pursh) Shinners
Koeleria macrantha
(Ledeb.) Schult.
Dalea purpurea Vent.
Solidago nemoralis
Aiton
Sporobolus heterolepis
(A. Gray) A. Gray
Astragalus canadensis
L.
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Similarity

Family (Guild)

Dissimilar

Asteraceae (Forb)

Dissimilar

Poaceae (Grass)

Dissimilar

Fabaceae
(Legume)

Similar

Asteraceae (Forb)

Similar

Poaceae (Grass)

Similar

Fabaceae
(Legume)

4. Efficacy of Wet-Blade and broadcast aminopyralid
herbicide applications and mowing for the management
of Canada thistle (Cirsium arvense) along roadside rightof-ways4

Kevyn J. Juneau and Catherine S. Tarasoff 5
4.1. Abstract
Experiments were conducted to test the feasibility of the Diamond Wet-Blade mower as
an integrated weed management tool used along roadside right-of-ways by comparing the
control of Canada thistle, herbicide drift produced, and operational costs of the WetBlade application equipment to traditional broadcast spray application using the herbicide
aminopyralid. It was determined that there were no differences between the Wet-Blade
application equipment and broadcast spraying in terms of Canada thistle control.
Herbicide treatments conducted in the spring using at least 88 g ha-1 provided greater than
70% control that lasted for two years after treatment. The Wet-Blade operation cost
approximately twice the cost of broadcast application; however, it produced negligible
drift. Broadcast spraying produced detectable drift up to 3 m into non-target areas.
Judicious use of the Wet-Blade is warranted in sensitive areas where herbicide drift is a
concern.
The material contained in this chapter had been formatted according to the author guidelines for
submission to the journal Weed Science.
5
School of Forest Resources and Environmental Science, Michigan Technological University,
Houghton, MI 49931, USA
4
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Nomenclature: Canada thistle [Cirsium arvense (L.) Scop.]
Key words: Aminopyralid, diamond wetblade mower, herbicide drift, integrated weed
management, roadside weed control.

4.2. Introduction
There are over 6.2 million km of public roads in the United States (National
Research Council 1997). A major attribute of these roadways is their high incidence of
invasive species. Roadsides serve as ideal habitats for invasive species to thrive because
they are routinely mowed to maintain an open canopy, have consistently moist soils, and
in northern latitudes, have high soil salinity due to deicer applications throughout the
winters (DiTommaso 2004; Richburg et al. 2001). Because populations of invasive plants
can be large along roadsides there is great potential for reproduction and dispersal
(Harrison et al. 2002; Tyser and Worley 1992). Therefore, control of invasive species
along roadsides is critical, particularly of Canada thistle [Cirsium arvense (L.) Scop.], a
serious weed in these areas (Foote et al. 1970).
Canada thistle was introduced to Quebec and Ontario, Canada by early colonizers
through contaminated crop seeds (Hodgson 1964) and has since spread throughout North
America. Canada thistle now infests 5.1 billion ha in the U.S. (Duncan et al. 2004). It has
proven to be a severe invader of natural areas and agricultural fields (Donald 1994), and
thus has become one of the most costly invasive species due to crop losses and
management (Pimentel et al. 2000). Canada thistle heights range between 30 and 150 cm
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tall, with wide ranging phenological and morphological plasticity (Hodgson 1964).
Canada thistle grows exceptionally well along roadsides because it is a shade intolerant
(Holm et al. 1977), highly salt tolerant (Wilson 1979), perennial forb (Moore 1975) that
is able to reproduce sexually by seeds and asexually by stem and root fragments (Bostock
and Benton 1979; Hamdoun 1972; Magnusson et al. 1987; Nadeau and Born 1989).
Population expansion can occur at a rate of about 2 m per year (Amor and Harris 1974).
Control of Canada thistle has been attempted with many herbicide formulations.
Late summer applications of picloram have been shown to control populations most
effectively (Beck and Sebastian 2000; Foote et al. 1970; Moore 1975). Aminopyralid, a
pyridine carboxylic acid herbicide (Hare et al. 2005), controls Canada thistle with the
same efficacy as picloram, with both spring and fall applications controlling 89 to 97%
(Enloe et al. 2007). Aminopyralid has a low absorption and translocation rate in Canada
thistle, but it has been shown to be more effective at control at lower rates than the
similar clopyralid (Bukun et al. 2009; Enloe et al. 2007). Only approximately 60% of
foliar applied aminopyralid was absorbed into Canada thistle, and less than 10%
translocated to the roots (Bukun et al. 2009); however, this herbicide has been shown to
provide over 90% control even at low rates of 80 g a.i. ha-1 (Enloe et al. 2007). Mowing
alone has had little effect on Canada thistle, and mowing prior to herbicide application
only weakly improved control; therefore, mowing alone has not been recommended as a
control measure (Beck and Sebastian 2000).
The Diamond Wet-Blade (Diamond Mowers Inc., Sioux Falls, SD) system is a
combination mowing herbicide system that simultaneously applies herbicide to cut stem
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surfaces, and ideally results in translocation of the chemical to belowground tissue. Using
sheers coated with herbicide, Wahlers et al. (1997a) recorded that up to 90% of the
herbicides clopyralid and triclopyr was absorbed by cut dogfennel [Eupatorium
capillifolium (Lam.) Small] stems, of which 7% was translocated to root tissue. Cut stem
applications of herbicide to dogfennel resulted in > 67% reduction in biomass and plant
regrowth for all herbicide concentrations tested (Wahlers et al. 1997b). The Wet-Blade
system has been shown to provide control of dogfennel, annual lespedeza [Kummerowia
striata (Thunb.) Schindl.], and red and white clovers (Trifolium pratense L. and T. repens
L., respectively) (Henson et al. 2003; Jester et al. 2009). The Wet-Blade has also been
shown to effectively inoculate tropical soda apple (Solanum viarum Dunal) with bacterial
and viral biological control agents (Charudattan et al. 2001). The system does not
improve control for all plants. For example, when compared to similar rates of broadcast
spray applications, the Wet-Blade provided unsatisfactory control of southern wax myrtle
[Myrica cerifera (L.) Small] (Sellers and Mullahey 2008) and crabgrass [Digitaria
sanguinalis (L.) Scop.] (Barker et al. 2005). Application of plant growth inhibitors using
the Wet-Blade did not suppress seedhead production or provide better control of
broomsedge (Andropogon virginicus L.), white clover, tall fescue [Schedonorus
arundinaceus (Schreb.) Dumort., nom. cons.], or bahiagrass (Paspalum notatum Flueggé)
than broadcast sprays (Gannon and Yelverton 2011; Hixson et al. 2007).
Although the control of invasive species using the Wet-Blade is comparable to
broadcast spray treatment, its use may have implications for reducing environmental
contamination through herbicide drift. Drift occurs when a chemical is transported out of
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a targeted area during application (De Schampheleire et al. 2009). In addition to the
equipment operator, people are at risk of herbicide exposure in non-target areas, which
include schools and neighborhoods adjacent to areas where herbicides are applied
(Alarcon et al. 2005; Ames 2002; Ward et al. 2000). Drift is influenced by factors
including application equipment, physical properties of the product, and weather (De
Schampheleire et al. 2009). All sprayers are prone to some amount of drift (Kleijn and
Snoeijing 1997), with some sprayers producing drift over 50 m (Fox et al. 1993; Smith
1989); however, the Wet-Blade has been shown to greatly reduce herbicide drift when
used on turf. Askew (2007) had shown that a Wet-Blade system affixed to a riding
lawnmower resulted in no detectable drift when treating a maintained lawn. Conversely,
herbicide drift from a pump sprayer, a spray gun, and a rear mounted boom sprayer was
detected up to 2 m from the application site (Askew 2007).
Land managers must use effective and efficient tools that increase weed control to
reduce any risks associated with pesticide drift. This study aimed to integrate not only the
weed control aspect of the technology but also assess environmental contamination and
operational costs when used on roadside right-of-ways. The Wet-Blade has been
previously shown to control invasive species as well as broadcast spraying in certain
species; however, the technology could potentially improve control over broadcast
spraying if seasonal timing and rate of herbicide application is considered. The objectives
of this study were to: 1) evaluate the efficacy of the Wet-Blade system to control Canada
thistle along roadside right-of-ways across seasons and application rates in comparison to
broadcast spraying and mowing; 2) assess the potential for herbicide drift by both
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methods of application, and 3) estimate the operational costs of the Wet-Blade versus
broadcast and mow only treatment options. We hypothesize that: 1) The Wet-Blade will
provide increased control of C. arvense compared to broadcast spraying; 2) high rates of
herbicide application will provide the greatest control; and 3) fall treatments will result in
the greatest control. The drift produced and the costs to maintain and operate a WetBlade system versus broadcast herbicide applications and mowing along roadside right-of
ways was also assessed in this study.

4.3. Materials and Methods
4.3.1. Canada thistle control
Two sites along interstate highway right-of-ways were selected in the greater
Minneapolis/St. Paul, MN area (“St. Paul” site: 44°57'3.78"N, 93° 1'17.33"W and
“Blaine site”: 45° 8'35.38"N, 93°11'8.59"W). Stems were counted in ten 0.25 m2 quadrats
at each site prior to the experimental treatments. Both the St. Paul and the Blaine sites
were dominated primarily by Canada thistle [73.2 ± 7.3 % and 51.1 ± 10.7 %,
respectively (mean ± 1 SE)], reed canary grass (Phalaris arundinacea L.)(17.4 ± 7.5 %
and 2.4± 2.4 %), and Kentucky bluegrass (Poa pratensis L.)(9.3 ± 5.7 % and 40.0 ± 9.1
%), with intermittent populations (< 7 % total at each site) of smooth brome (Bromus
inermis Leyss.), yellow rocket (Barbarea vulgaris W.T. Aiton), tall nettle (Urtica
procera Muhl. ex Willd.), and willow (Salix spp). The experiment was a split-block
design with blocks representing one of three seasonal timing treatments (timing): springonly application (Sp), fall-only application (Fa), and fall-spring (FS) applications. Each
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block was divided into 4.6 m × 7 m subplots in which application rate (low, medium, or
high) and application equipment (Wet-Blade or broadcast spray) was randomly assigned.
Sp applications occurred between 24 and 27 May 2010, Fa application between 28 and 30
September 2010, and the FS treatment had the first application between 28 and 30
September 2010 and a second application between 23 and 26 May 2011. These dates
were chosen because applications of aminopyralid during both these seasons were
previously shown to be highly effective (Enloe et al. 2007). The herbicide Milestone
(Dow AgrioSciences LLC., Indianapolis, IN.), with the active ingredient (a.i.)
aminopyralid, was used at 88 g a.i. ha-1(low), 105 g a.i. ha-1 (medium) and 123 g a.i. ha-1
(high). Both the Wet-Blade and broadcast spray herbicide applications were conducted by
a certified applicator with a 60 horsepower tractor equipped with a side-mounted WetBlade mower deck and a side-mounted boomless sprayer. The systems were computer
operated to adjust the flow rate of the herbicide accordingly with the speed of the tractor.
Although the wind speed was less than 1 km h-1during all treatments, tarps were used to
cover adjacent plots to prevent herbicide drift from affecting non-target treatments. Three
untreated control plots were included in each block and were used to calculate the effect
size of the treatments as a percent difference using the equation:
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) = �

𝑇𝑖𝑛 −𝐶𝑖
𝐶𝑖

[4.1]

� × 100

Where Ci is the control mean of block i, Tin is the measurement of plot n in block i. Mowonly plots were included for comparison. There were three replications of each treatment
at each location, for a combined total of 144 plots (2 sites × 3 treatment timings (Fa, Sp,
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FS) × 2 application methods (Wet-Blade, Broadcast) × 3 rates (low, med, high) × 3
replicates + 18 mow only plots + 18 control plots = 144 ).
Canada thistle density was calculated by counting the individual stems in three to
five haphazardly tossed 0.25 m2 quadrats in each plot once per year for two years after
treatments. Sampling was conducted between 21 and 25 September of each year when
there was no evidence of aboveground growth at the end of the two growing seasons
immediately after treatment. All the plants within the quadrats were harvested, separated
by species, dried at 65°C to a constant weight, and then weighed using a PN-2100B
precision balance (American Weigh Scales, Inc. Norcross, Georgia). The subsamples
within each plot were averaged to serve as a single measurement.
The treatment effect on Canada thistle density and biomass was examined using a
mixed-effects analysis of variance (ANOVA) (Bennington and Thayne 1994;
Montgomery 2009) with site location treated as a random effect and timing, equipment,
and herbicide rate treated as main effects. The biomass of all other species was combined
and analyzed using mixed effects ANOVA to determine the treatment effect on the
growth of non-target species. The mow-only treatments were not included in the
ANOVA analyses; however, mow-only was compared to the control treatments using a
student’s t-test to determine if there was a mowing effect. Each growing season was
analyzed separately. All post-hoc comparisons were performed using Tukey’s HSD (α of
0.05). All analyses were performed using JMP 9.0 (SAS Institute Inc., Cary, NC; SAS
Institute 2010).
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4.3.2. Herbicide Drift
A second pair of sites along roadside right-of-ways were selected in the greater
Minneapolis/St. Paul, MN area (45º08’37.3”N, 093º10’58.2”W and 45º04’15.5”N,
093º10’05.7”W). The two sites were dominated by Canada thistle and reed canary grass.
At each site, six 3.0 m x 1.5 m plots were established. One Whatman #2 filter paper (5.5
cm diameter) was placed on the ground in the center of each plot. Fourteen additional
filter papers were placed in a straight line on the ground 0.25 m, 0.5 m, 0.75 m, 1 m, 1.5
m, 2.0 m, 3.0 m, 4.0 m, 5.0 m, 6.0 m, 7.0 m, 8.0 m, 9.0 m, and 10.0 m downwind from
each plot edge. Prior to treatment, blazon dye (Milliken Chemical, Spartanburg, SC) was
mixed into the herbicide tank to form a 1 % solution. Three of the plots at each site were
treated with the Wet-Blade system and the other three were treated with a broadcast
application. Aminopyralid was used at a rate of 123 g a.i. ha-1 for both treatments. The
wind speed was monitored with a Mini Environmental Quality Meter (SPER Scientific,
Scottsdale, AZ) and varied between 3.22 and 12.6 km hr-1 during treatments.
Herbicide drift was measured using methods modified from Askew (2007). After
treatment, each filter paper was immediately placed into a 6 dram glass vial. Dye was
extracted from the filter papers by soaking them in 15 ml distilled water for 24 hr. The
light absorbency of 200 μl of each solution was analyzed using a Multiskan microplate
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA ) at a wavelength of
629 nm (Askew 2007). Samples taken directly from the tank served as the baseline. Drift
was calculated as a percentage of the baseline absorbency.
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Light absorbency data were analyzed using MANOVA to test the effects
application equipment had on drift throughout the 10 m distance. Subsequent t-tests were
used to compare treatment effects at each distance. Nonlinear regression was used to
model herbicide deposition across distance (Rautmann et al. 2001). All analyses were
performed using JMP 9.0 (SAS Institute Inc., Cary, NC; SAS Institute 2010) at an α of
0.05.

4.3.3. Cost analysis
The costs of Canada thistle control using the Wet-Blade and broadcast herbicide
equipment were estimated using operational costs of the equipment for a 60 horsepower
tractor equipped with a side and rear mounted Wet-Blade system and one with a side
mounted boomless broadcast sprayer. Cost analyses consisted of expenditures for labor,
maintenance, repairs, fuel, and herbicide using 2012 data supplied by the Minnesota
Department of Transportation (Table 4.1). Depreciation of the equipment was also
accounted for. Though mowing is not typically used as a means of weed control along
roadside right-of-ways, the right-of-ways are routinely mowed for maintenance purposes,
such as maintaining a sightline and preventing snow from drifting onto the road. Because
broadcast herbicide applications could be followed by a scheduled maintenance mowing
or vise versa (Beck and Sebastian 2000), the cost of broadcast application with a
subsequent mowing of the entire right-of-way was also calculated for comparison. The
Wet-blade application could serve as both a concurrent herbicide application and
maintenance mowing.
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4.4. Results
The Blaine site received a large amount of precipitation during the spring months
in 2011, which resulted in soft, water saturated soil. Therefore, the spring application of
the FS treatment at the Blaine site was not conducted because the equipment could not be
operated safely. The fall portion of the application, however, was conducted in that block,
so those plots were included in the analyses as Fa treatments. Additionally, a large willow
tree fell into three plots in the Sp treatment at the Blaine site, and two FS plots at the St.
Paul site were over grown with staghorn sumac (Rhus typhina L.). These five plots were
not included in the analyses.

4.4.1. Canada thistle control
Thistle density
Year 1. Mowing without herbicide did not reduce the density of thistle stems at
the end of year 1 compared to the untreated control plots (P = 0.21). There was also no
equipment effect at the end of the first growing season (P = 0.83)—the Wet Blade effect
was equivalent to broadcast herbicide application and did not enhance control of Canada
thistle. Because there was no significant difference between the equipment used, data
were combined across equipment for further analyses. There was a significant timing by
rate interaction at the end of the first growing season (P = 0.01). Treatments at the high
rate resulted in density reductions ranging from 77.0 ± 11.9% (Mean ± 1SE) following
the Fa treatment to 100 ± 0% following the FS treatment (Figure 4.1). Treatments at the
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low rate showed greater variability of Canada thistle control, ranging from 4.7 ± 25.3%
for the FS treatments to an 84.7 ± 8.7% decrease in density during the Fa application.
Neither the low rate applied in the FS treatment nor the Fa application of medium rate
provided a significant decrease in Canada thistle density after the first growing season
(10.9 ± 47.4% decrease).
Year 2. Mowing alone also did not reduce the density of thistle stems at the end of
year 2 compared to the untreated control plots (P = 0.72). There were neither equipment
effects (P = 0.81), nor any significant treatment effects on density at the end of the second
growing season (P = 0.98). All timings and rates did, however, result in significant
decreases in Canada thistle density (P < 0.05) except for the low rate applied in the Fa
and FS timing, and the Fa high rate (P > 0.05) (Figure 4.1). Though not statistically
different than any of the other treatments, Sp applications of the high and medium rates
and the Fa high rate each provided greater than 90% control after the second growing
season.
Thistle biomass per m2
Year 1. Timing had no effect on mowing efficacy (P = 0.44); however, mowing
alone did decrease the aboveground biomass of Canada thistle during the first growing
season (P = 0.03). The control plots had 94.0 ± 22.3 g m-2 Canada thistle biomass
compared to the mowed plots that had 57.4 ± 20.6 g m-2, a 38.9% difference. Similar to
density, the application equipment had no effect on thistle biomass (both seasons P =
0.75). Data were combined across equipment for further analyses. At the end of the first
growing season, there was a significant timing by rate interaction (P = 0.02)(Figure 4.2).
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High application rates resulted in a reduction of biomass between 79.7 ± 10.2% after the
Fa treatment and 100 ± 0% after the FS treatment. When a medium rate of herbicide was
used, Canada thistle biomass was reduced 96.8 ± 2.1% and 99.5 ± 0.5% in the FS and Sp
timing treatments, respectively. The medium rate applied in the Fa treatment did not
result in a reduction of Canada thistle biomass at the end of the first growing season (P >
0.05). The Sp treatments resulted in the smallest range of biomass reduction between
herbicide rates. The Sp low treatment decreased Canada thistle biomass by 70.6 ± 16.1%
and the medium rate decreased the biomass by 99.5 ± 0.5% (Figure 4.2a).
Year 2. There was no difference between mowing and the control treatments (P =
0.31), and timing had no effect on the mowing efficacy after the second growing season
(P = 0.97). Additionally, the application equipment had no effect on thistle biomass (P =
0.62). At the end of the second growing season, there were no differences between any
treatments (P > 0.05)(Figure 4.2b); however, most of the treatments did significantly
reduce Canada thistle biomass. When compared to the control, only the Sp timing
resulted in decreases of biomass for all rates (P < 0.05). Fa and FS low and Fa high
treatments resulted in mean increases in biomass, although these increases were not
significant. The Fa medium treatment had a 100 ± 0% reduction in biomass, and both Sp
medium and high treatments provided reductions of 94.9 ± 3.4% and 97.2 ± 2.1%,
respectively. Similar to the first growing season, the Sp timing resulted in consistently
large reductions in biomass that ranged from 71.2 ± 25.0% when a low herbicide rate was
used to 97.2 ± 2.1% for high rates.
Biomass per individual thistle plant
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Year 1. At the end of year 1, the mean biomass of individual Canada thistle plants
in the mowing treatments were slightly smaller (1.8 ± 0.5 g) than those in the control
group (2.4 ± 0.5 g); however, these differences were not significant (P = 0.41). There
were no equipment effects (P = 0.56), the Wet-Blade and broadcast application
equipment affected individual plant biomass equally, so data were combined for further
analyses. There was a timing by rate interaction after the first growing season (P = 0.03)
(Figure 4.3). During the first growing season, all treatments resulted in significant
decreases in the size of plants compared to the control group (P < 0.05). The FS high rate
killed all of the plants in this treatment, so there was a 100% ± 0% decrease in plant size.
There were thistle plants present in all the other treatments. The Sp and FS timings at the
medium rate reduced the biomass per plant 99.4 ± 0.6% and 96.5 ± 1.8%, respectively.
The Fa medium rate resulted in the smallest decrease in the biomass per plant, 52.9 ±
19.8 %. The Sp treatments consistently reduced plant size by over 80% across all
herbicide rates.
Year 2. After the second growing seasons, mowing had no effect on the mean
biomass of individual Canada thistle plants (P = 0.12). There were no differences
between any treatments the second year (P > 0.05) (Figure 4.3). The Canada thistle plants
in all the low rate treatments rebounded, and showed no significant decrease in their
biomass (P > 0.05), though the Fa and FS in that rate had mean increases in size. The
plants in the Fa high treatment surprisingly rebounded and had a mean increase in
biomass, though not significant. The Fa medium rate, on the other hand, killed all the
thistles in the treatment after two growing seasons. The Sp high treatment had the best
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lasting effect—plants in that treatment were reduced by 85.8 ± 7.1% during the first year
and by 82.2 ± 11.5% the second year (Figure 4.3).
Non-target plant biomass
Year 1. There were no mowing effects on non-target plant biomass at the end of
year 1 (P = 0.13). The non-thistle plants consisted mostly of reed canary grass, smooth
brome, and Kentucky bluegrass. There was a significant timing by rate effect on nonthistle biomass after the first growing season (P = 0.03)(Figure 4.4). The FS treatments
had the largest increases in non-thistle biomass ranging from increases of 66.8 ± 27.9% in
the low treatment to 141 ± 33% and 253.5 ± 70.6% in the high and medium treatments,
respectively. The Fa low treatment had the smallest increase in biomass, 27.3 ± 12.7%.
Year 2. There were no mowing effects on non-thistle plant biomass at the end of
year 2 (P = 0.15). During the second year, only the timing effect was significant (P <
0.0001)(Figure 4.4b). The Sp treatments resulted in the largest overall increase in
biomass, while the Fa timing was the smallest.

4.4.2. Herbicide Drift
Application equipment had an effect on herbicide drift. The broadcast treatments
resulted in more drift over a greater distance than the Wet-Blade system (P = 0.005;
Figure 4.5). An average of 44.3 ± 12.3 % (mean ± 1 SE) of the tank mix reached the soil
surface in broadcast plots. Though not statistically significant, broadcast spray treatments
produced detectable drift at levels that averaged between 2% and 10% of the tank mix up
to a distance of 3 m from plots. The Wet-Blade system did not produce significant drift at
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any distance, including directly below the equipment which resulted in an average of 0.76
± 0.39% of the tank mix (P > 0.11 for all distances)(Figure 4.5). Drift deposition for the
broadcast spray equipment was best explained by the nonlinear equation:
𝑦 = 3.657𝑥 −0.774

[4.2]

Where y represents spray deposition and x is the distance from the treated area (P <
0.001, r2 = 0.59). Drift as a function of distance did not result in a significant model for
the Wet-Blade system.

4.4.3. Cost Analysis
Economic evaluations of Canada thistle control though mowing or using either
the Wet-Blade system or broadcast herbicide spray equipment were made by calculating
costs of these operations. The costs consisted of expenses for labor ($29.12 hr-1), and
operational costs of the equipment that included maintenance, repairs, fuel, and
depreciation. The cost of the Wet-Blade operation costs approximately twice the cost of
the broadcast-only application (Table 4.1). Wet-Blade operations cost $115.34 ha-1 while
broadcast-only operations cost $56.50 ha-1.
The cost of a broadcast application followed by mowing is approximately $129.26
ha-1; whereas, the Wet-Blade requires no follow-up mowing. The simultaneous
application of herbicide and mowing with the Wet-Blade system is 12.1% less costly than
a broadcast treatment of herbicide followed by a subsequent mowing.
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4.5. Discussion
4.5.1. Canada thistle control
Based on the decreases in thistle density, thistle biomass, and plant size, we conclude that
both the Wet-Blade and broadcast applications of aminopyralid along roadside right-ofways were equally effective at controlling Canada thistle. This agrees with previous
research that shows the Wet-Blade is equally effective as broadcast spraying for
controlling unwanted species such as dogfennel (Henson et al. 2003), bahiagrass (Gannon
and Yelverton 2011), and white clover (Jester et al. 2009). The herbicide aminopyralid
works very well at rates greater than 88 g a.i ha-1, regardless of application method. We
chose to use the suggested rates listed on the label for this study to determine if there
would be an equipment × rate interaction, which there were none. The rates used in this
study may have been too high to show an equipment effect; therefore, future studies
should look at lower herbicide rates in order to determine if the Wet-Blade application
system can better control Canada thistle at rates lower than suggested. Beck and
Sebastian (2007) showed that mowing alone did not control Canada thistle, and our
results support their finding. A single mowing, or in the case of the FS treatment, two
mowings, did not disrupt the plants’ ability to grow. Early season mowing can prevent
the plants from flowering (Bicksler and Masiunas 2009), and thus reduce the potential for
sexual reproduction; however, Canada thistle primarily reproduces asexually, so mowing
alone would have little effect on controlling thistle reproduction.
An immediate reduction in the Canada thistle density is important for successful,
long term management. A goal of management is to reduce the number of reproducing
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individuals in a population. The high herbicide rates decreased the thistle population by
greater than 77%, while the medium rate was only effective when applied during the Sp
and FS treatments. If immediate control of Canada thistle is necessary, spring treatments
at medium and high rates are sufficient and would not require a second herbicide
application as in the FS treatment. During the spring timing, all rates provided sufficient
control of Canada thistle; however, the medium and high rates provided the most control
over the longest period of time. Enloe et al. (2007) showed that rates between 80 and 100
g a.i. ha-1 resulted in 88 to 93% decreases in percent cover of the Canada thistle after one
year when herbicide was applied in the spring. These are slightly better results using
comparable rates than our results. The discrepancy between studies may be the different
methods used to assess control. We counted thistle stems and weighed biomass, while
Enloe et al. (2007) gauged percent cover subjectively though visual estimates.
Unlike Enloe et al. (2007), who showed that a fall timing of aminopyralid
effectively controlled over 90% of the Canada thistle, we had highly variable thistle
control during the fall timing. Herbicide treatments conducted in the fall are speculated to
provide improved Canada thistle control due to a disruption of carbohydrate
concentrations in the roots (Wilson et al. 2006), thus resulting in the best effects after first
frost (Wilson and Michiels 2003). The Fa treatments in our study, though, were variable
and interestingly the medium rate had very poor control the first season and 100% control
the second. The low and high rates resulted in an opposite trend. One Fa broadcast plot at
the medium rate at the St. Paul site had 102.8 thistle stems m-2 at the end of the first
growing season and a Wet-blade plot treated in the same timing and rate had 74.64 stems
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m-2. The thistle densities in the same plots were reduced to 2.8 and 0 thistle stems m-2,
respectively at the end of the second growing season. The other Fa medium rate plots did,
however, have thistle densities comparable to the other rates after the first season
(between 0 and 17.2 thistle stems m-2). It appears perhaps that the initial thistle
populations in those two plots were so dense and established that there was a lag in thistle
control, thus resulting in the large variation shown in these treatments within and between
years. If the two outlying plots are disregarded, the fall treatments would show
comparable control in the first season. The second season, however, had unexpected
reductions in Canada thistle density the Fa timing control plots at both sites. The Fa
control plots had densities of 20.8 and 39.2 thistle stems m-2 at the St. Paul and Blaine
sites, respectively, at the end of the first growing season. The control plot densities
decreased to 0.04 and 0.36 thistle stems m-2, respectively during the second growing
season. We suspect that our fall treatments appear to have failed after the second growing
season because the Fa blocks at both sites, including the control subplots, had low
Canada thistle infestation relative to the Sp and FS blocks during the second growing
season not related to our treatments. Thistle densities in the control plots of the Sp and FS
blocks were similar (24 and 29.2 thistle stems m-2, respectively). The low thistle
infestation in the untreated plots of the Fa block may have artificially amplified small
effect sizes when calculated as a percent difference from the control. Previous studies
have found that fall herbicide treatments work well, if not better, on Canada thistle, than
early season treatments, particularly when herbicides are applied during the bolting stage
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(Hunter 1995; Miller and Lym 1998) due to the herbicide’s effect on root carbohydrate
levels (Wilson et al. 2006).
A major aim of invasive species management is to decrease the target species
while concurrently increasing the dominance of the desirable non-target species,
consequently changing the plant community (Krueger-Mangold et al. 2006) to the desired
composition to meet management needs. The non-target species would fill any niches or
consume resources that become available due to the removal of the invasive species
(Samuel and Lym 2008). Introducing or maintaining allelopathic species would also aid
in Canada thistle resistance (Bicksler and Masiunas 2009). Treating Canada thistle
infested plant communities with aminopyralid had been shown to reduce the Canada
thistle density, while simultaneously increasing the dominance of forbs and monocots
(Samuel and Lym 2008). In our study, mowing alone had no effect on the biomass of
non-target species; however, in the herbicide treatments, regardless of the application
equipment used, there was an increase in non-target plants. The Sp treatment would
achieve management goals of increasing non-target plant biomass by stimulating the
growth of non-thistle species and having a lasting effect into the second year. Mowing
has been shown to have no effect on reed canary grass (Kilbride and Paveglio 1999) and
smooth brome (Willson and Stubbendieck 1996), so if aminopyralid is applied using the
Wet-Blade system, there would be no effect due to the mowing disturbance on these
grasses.
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4.5.2. Herbicide Drift
Drift deposition produced by the broadcast equipment used in this study behaved similar
to drift deposition as described by Askew (2007) and Rautmann et al. (2001). The WetBlade system produced negligible herbicide drift, whereas the broadcast spray resulted in
detectable, albeit not significant, drift on the soil surface three meters off target. At 1 m
and beyond, there were no differences between the two systems; however, the greater
variability in drift associated with the broadcast spray equipment introduces a source of
error for applicators and an increased likelihood of drift. It is likely that wind speed
played a role in broadcast application drift; therefore, applicators should ensure that wind
speeds are low to ensure no greater drift than was measured in this study. Increasing the
droplet size by reducing spray pressures or increasing the size of the orifice will reduce
the herbicide drift created by broadcast spraying equipment (Bode et al. 1976). Drift can
also be mitigated during broadcast spraying by lowering boom height (Combellack et al.
1996) or installing a boom shroud (Wolf et al. 1993).
The Wet-Blade system contains all herbicide in the mowing deck and delivers the
herbicide directly to the plant, rather than spraying the herbicide through the air prior to it
reaching the plant. Where herbicide drift is a concern, such as in urban areas, near
sensitive habitats, or near agricultural crops, the Wet-Blade system should be used to
minimize drift. The Wet-Blade also discretely applies herbicide, thus minimizing its
visual impact (Jester et al. 2009), which is an attribute especially valuable in areas where
public perception is a concern, particularly where all herbicides are viewed as hazardous
(Sparks and Shepherd 2006).
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4.5.3. Cost Analysis
The greater cost of the Wet-Blade is attributed to the increased labor and tractor operation
costs. Technicians operate the Wet-Blade system at lower speeds (4 and 5 km h-1) than
broadcast equipment (6.5 and 8 km h-1). The Wet-Blade can only treat a 3 to 4.5 m wide
swath in a single pass, while the broadcast system can treat up to 10.5 m. Because of the
slower travel speeds and less area treated in a single pass, the Wet-Blade system requires
more time to treat the same area as the broadcast sprayer, approximately 45 min ha-1 and
9 min ha-1, respectively. It would be almost negligible to rotate the Wet-Blade equipment
in with the routine mowing. This practice would prevent the need for an additional
broadcast treatment. Broadcast herbicide application is 51% less costly than Wet-Blade
herbicide application alone; however, incorporating the Wet-Blade into the routine
mowing cycle could lead to a significant savings if conducted during right-of-way
mowing cycle.
MnDOT maintains approximately 19,300 km of roads and 74,867 ha of unpaved
right-of-ways, 9% (6,738) of which is treated. The cost to conduct a broadcast herbicide
treatment would cost $380,697 ($56.50 per ha × 6,738 ha) per year while using the WetBlade throughout the same area would cost $777,161 ($115.34 per ha × 6,738 ha) per
year.
Mowing is not typically used as a means of weed management; however, right-ofways are routinely mowed to maintain a line-of sight and mitigate snow drift in the
winter. Although, not recommended due to its inefficiency (Beck and Sebastian 2000), a
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broadcast herbicide application followed by a subsequent maintenance mow at a later
date is often practiced and would cost $870,953 ($129.26 × 6,738 ha) over a treatment
cycle. The combination of herbicide application and mowing using the Wet-Blade could
then reduce the cost by $93,792—a 10.8% cost savings.

4.6. Conclusions
This study showed that the Wet-Blade system did not enhance the control of Canada
thistle when compared to broadcast spraying, though it did work equally as well. When
using either the Wet-Blade or broadcast spray, fast and lasting control of Canada thistle is
important for continued management. Quickly decreasing the dominance of Canada
thistle in a managed area prior to seedhead production will reduce the ability of this
species to sexually reproduce while long term suppression will allow other species in the
community to increase in population size and fill the niches previously occupied by the
Canada thistle. Factoring in fast and lasting effects, herbicide treatments of aminopyralid
conducted in the spring are the best option for Canada thistle management. Although
variability in efficacy depends on many factors (Gannon and Yelverton 2011), the spring
treatments resulted in reductions in Canada thistle density, biomass, and size of
individual plants across all rates with comparatively low variability within and between
rates, while also increasing the biomass of non-target species. Similar to Beck and
Sebastian (2000), we determined that mowing is not an option for Canada thistle
management along roadside right-of-ways.
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The Wet-Blade equipment is significantly more costly than broadcast spraying;
however, there would be cost savings if a Wet-Blade herbicide treatment is conducted
simultaneously with a maintenance mowing. The Wet-Blade system controls Canada
thistle as well as broadcast spraying; therefore, judicious use of the Wet-Blade as an
integrated weed management tool is also warranted along roadside right-of-ways near
sensitive areas where the risks of herbicide drift are greater than the cost of the WetBlade operation
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4.9. Figures

Figure 4.1. Change in thistle density when compared to the control as an effect of timing
and herbicide application rate at the end of the A) first growing season and B) second
growing season after treatment. Different letters indicate significant differences between
treatments (timing × rate) (P ≤ 0.05). Treatments with an asterisk (*) indicate a
significant difference between treatments (timing × rate) and control group (P ≤ 0.05).
Error bars indicate 1 SE.
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Figure 4.2. Change in thistle biomass m-2 when compared to the control as an effect of
timing and herbicide application rate A) one growing season and B) two growing seasons
after treatment. Different letters indicate significant differences between treatments
(timing × rate) (P ≤ 0.05). Treatments with an asterisk (*) indicate a significant difference
between treatments (timing × rate) and control group (P ≤ 0.05). Note that the Fall low
Wet-Blade and broadcast and high Wet-Blade treatments are 10 times greater than what
is displayed in the figure. Error bars indicate 1 SE.
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Figure 4.3. Change in thistle biomass plant-1 when compared to the control as an effect of
timing and herbicide application rate A) one growing season and B) two growing season
after treatment. Different letters indicate significant differences (P ≤ 0.05). Treatments
with an asterisk (*) indicate a significant difference between treatments (timing × rate)
and control group (P ≤ 0.05). Error bars indicate 1 SE.
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Figure 4.4. Change in non-thistle biomass m-2 when compared to the control as an effect
of timing and herbicide application rate A) one growing season and B) two growing
season after treatment. In graph A, different letters indicate significant differences
between treatments (timing × rate) (P ≤ 0.05). In graph B, different letters indicate
significant differences between timing (P ≤ 0.05). Treatments with an asterisk (*) indicate
a significant difference between treatments (timing × rate) and control group (P ≤ 0.05).
Error bars indicate 1 SE.
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Figure 4.5. The amount of spray deposition detected as a function of distance after a WetBlade or broadcast spray herbicide application. The solid line depicts the broadcast spray
drift deposition explained by equation 4.2.
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4.10. Tables
Table 4.1. Operational costs in US dollars associated with the Wet-Blade herbicide
application system and broadcast herbicide application. All information was provided by
the Minnesota Department of Transportation.
Time
required
(hr ha-1)
0.74
0.74
0.15

Cost ($ ha-1)

Method
Labora Vehicleb Equipmentc Herbicided
Mow Only
21.59
50.32
0.85
0.00
Wet-Blade
21.59
50.32
1.43
42.00
Broadcast
4.32
10.06
0.12
42.00
Broadcast &
subsequent
mow
0.89
25.90
60.38
0.97
0.64
a
Costs based on 2012 technician labor costs at $29.12 hr-1
b
Includes maintenance, repairs, fuel, and depreciation
c
Includes maintenance, repairs, and depreciation
d
Treatments at an herbicide rate of 123 g a.i. ha-1
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Total
72.76
115.34
56.50
129.26

5. Leaf area and water content changes after permanent and
temporary storage

6

Kevyn J. Juneau and Catherine S. Tarasoff 7
5.1. Abstract
Accurate measurements of leaf morphology must be taken to develop models of
ecosystem productivity and climate change projections. Once leaves are removed from a
plant they begin to lose water and degrade. If specimens cannot be measured immediately
after harvest, it is important to store the leaves in a manner that reduces morphological
changes. If preserved specimens are used, estimates that closely match fresh
measurements need to be calculated. This study examined the change in leaf area after
storage treatments and developed models that can be used to more accurately estimate
initial leaf area. Fresh leaf area was measured from ten plant species then stored in one of
two common storage treatments. After storage, leaf area was re-measured and
comparisons were made between species and growth forms. Leaf area decreased the most
after permanent storage treatments and the least after temporary storage. Pressed leaves
shrunk over 18% while cold storage leaves shrunk under 4%. The woody dicot growth
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form shrunk the least in all treatments. Shrinkage was positively correlated with initial
water content and dissection index, a measure of leaf shape and complexity.

Key words: dissection index, desiccation, leaf preservation, leaf storage, shrinkage.

5.2. Introduction
Leaf area and shape are two measurements commonly used to calculate ecological
and physiological attributes of plant communities. Leaf area is used in calculations for
leaf area index [1], [2] and specific leaf area [3]-[6]. Both of these calculations are used
to model vegetation productivity and photosynthetic capacity [7]-[10]. Leaf area is also
used to calculate stomatal density, a leaf characteristic that is negatively correlated with
increases in atmospheric carbon dioxide (CO2) concentrations [11], [12]. Leaf shape,
particularly complexity (i.e. lobation and dissection), is correlated with hydraulic
resistance [13], leaf thermal optima [14], and has been used to determine mean annual
temperature of various geographic regions [15]. In order to derive accurate values for
these calculations, fresh leaves should be used [16]; however, depending on the nature of
the study, analysis of fresh leaves may not be possible. There are two major cases when
fresh leaves cannot be analyzed: 1) leaves are collected in the field and must be
temporarily stored until they are returned to a laboratory for analysis or 2) preserved
herbarium specimens are used in an analysis.
When leaves are collected in the field, temporary storage is necessary if leaves
cannot be analyzed within 48 hours following harvest [16]. Cornelissen et al. [16]
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recommends storing leaves at low temperatures in a sealed plastic bag with a moist paper
towel to minimize any changes in the leaves due to desiccation and decomposition.
However, if refrigeration is not an option, Cornelissen et al. [16] further suggests storage
at ambient temperature in a sealed plastic bag without a moist paper towel.
Once a leaf is removed from a plant it begins to lose water [17]. Desiccation
results in lowered cellular turgor pressure, which could affect the area and shape of the
leaf [18]. The amount of change is species dependent. Plants with inelastic cell walls will
visibly wilt after losing 1 to 3% water content. However, plants with elastic cell walls can
lose 30 to 40 percent of their water content before the leaf begins to contract and a
noticeable change in appearance occurs [18]-[20]. Wilting and desiccation also
permanently change the structure of cell walls by altering the cellulose micellae within
cell microfibrils [19], [21]; therefore, rehydration may recover the mass of a leaf [17], but
not necessarily the leaf area and shape [19]. Temporarily storing or drying leaves for
preservation has the potential to adversely alter leaf area and shape and may have
important ramifications when stored or preserved leaves are used to obtain data.
Researchers can assess climate change and historical atmospheric CO2
concentrations by measuring specific leaf area and stomatal density of leaves preserved in
herbaria [11], [22], [23]. Both specific leaf area and stomatal density decrease when CO2
concentrations increase, so by comparing those measurements between leaves collected
over a span of time, models of historical atmospheric conditions can be developed.
Carbon dioxide concentrations have been increasing over the past 300 years, thus
resulting in a 20-40% decrease in stomatal density and an 84% decrease in specific leaf
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area [11], [22]. These measurements may be inaccurate and misleading due to changes in
leaf area as a result of preservation.
Herbarium leaf samples undergo a preservation process of pressing and drying
[24]. Thus, changes in leaf area of plants over time may be due to the degradation of the
herbarium specimens and not entirely due to increasing atmospheric CO2 concentrations
[22]. Depending on the species, effects of preservation can range from little to no effect
to large reductions in size. For example, leaf area decreases ranging from 20 to 31% have
been observed in various rainforest (H. Romero, personal communication) and temperate
species (T. Nuttle, personal communication) after preservation. Decreases in leaf size
caused by drying can overestimate the stomatal density measurements of preserved
leaves. As a consequence of drying and subsequent shrinkage, researchers concluded that
the stomatal density of Pinus taeda needles was inflated by 14% [25].
Because the extent of leaf area changes due to various preservation and storage
treatments is unknown, researchers may completely disregard any differences and
combine measurements from both fresh and preserved samples in their models. For
example, Kouwenberg et al. [12] determined there was a correlation between atmospheric
CO2 concentration and stomatal density and frequency. To develop their model,
Kouwenberg et al. [12] used both fresh and preserved conifer leaves, without accounting
for any differences between the two. This could lead to erroneous models of atmospheric
CO2 and climate change projections. Thus, it is imperative that researchers understand
and account for the potential error associated with leaf storage procedures.
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This study aimed to investigate the changes in leaf area that occur after common
leaf storage practices, permanently pressed dry and temporally placed into cold storage,
as a function of water content and leaf complexity.

5.3 Materials and Methods
5.3.1. Species used and image analyses
Fully expanded leaves were collected from ten species of vascular plants in Houghton,
Michigan, USA (Table 5.1). All specimens were collected from 10 to 15 September
2010, except for the conifers, Pinus strobus and Picea pungens, and the fern, Polypodium
virginianum which were collected on 20 and 21 June 2011, respectively. Seventy-five
leaves of each of species were collected from >50 individuals. Collection followed the
protocol developed by Cornelissen et al. [16]; only fully expanded, hardened leaves with
no signs of herbivory were selected from areas on the plant that were located in full light.
Broadleaf laminas and petioles, if present, and needles were weighed with an analytical
balance (American Weigh Scales, Inc. Norcross, GA). Leaves were then scanned into
digital format using an Epson Expression 10000XL flatbed color image scanner (Seiko
Epson Corporation, Nagano, Japan) and saved as 1200 dpi, 24-bit color, uncompressed
TIFF files within 60 minutes of harvest. A weight was placed on the scanner cover to
ensure the leaves were pressed firmly against the glass. Images were manipulated when
necessary to remove shadows and to darken light areas on the leaves then converted to 8bit gray scale images. All image alterations were performed using the GNU image
manipulation program (GIMP) 2.6.7 (Free Software Foundation, Inc. Boston, MA).
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Images were then digitally analyzed for projected leaf area and perimeter using ImageJ
1.44j (National Institutes of Health, Bethesda, MD). This method of image analysis is
known to be accurate [26], [27] and was used in studies to determine specific leaf area
[5], leaf herbivory [28], [29], and leaf shape and structural diversity [14], [30].
Twenty-five leaves of each species were then randomly assigned to one of two
storage treatments: 1) pressed for 30 days (pressed) or 2) sealed in a 3.7 L plastic bag and
refrigerated at cold temperature (2ºC) for 30 days (cold storage). Air was pressed out of
the plastic bags prior to sealing them, and leaves were stored in darkness. Treatment 1 is
a common long-term storage method and treatment 2 represents temporary storage
methods. Though leaves typically would not be temporarily stored for 30 days prior to
processing, we wanted to test 30 days in cold storage as an extreme. After treatment,
leaves were reweighed and rescanned. The remaining twenty-five leaves of each species
were used to estimate percent water content (Table 5.1). The leaf initial water content for
each species was calculated as the average percent difference between fresh mass and
oven dried mass divided by the fresh mass (Eq. 5.1).
5.3.2. Statistical analyses
Each species was analyzed separately using paired t-tests to compare changes between
fresh and stored leaf areas. Percent change (Eq. 5.1) in area and relative water loss were
calculated for each leaf and analysis of variance (ANOVA) was conducted to compare
between functional groups in each treatment.
Percent Change =

(Stored leaf measurement−Fresh leaf measurement)
Fresh leaf measurement
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∗ 100

(5.1)

All the species were then combined and multiple regression analysis was used to
determine the effects of leaf dissection index, a metric of leaf shape and complexity, and
initial water content on percent change in area for each treatment.
Fresh leaf area and perimeter data obtained from the image analyses were used to
determine dissection index [31]-[33]. Dissection index (Eq. 5.2) is a standardized metric
using perimeter and the square root of an object’s area to determine shape complexity; a
circle has a dissection index of 1.0 while more complex shapes have higher indices.
Dissection index =

perimeter
2∗area

area

∗�

(5.2)

π

Tukey’s HSD test was used when multiple comparisons were made. All assumptions of
normality and homoscedastic variance of these data were met. Analyses were conducted
in JMP 8.0 (SAS Institute Inc. Cary, NC).
5.3.3. Ethics statement
No specific permits were required for plant collection in this study and all plant
specimens were obtained from public, university owned land; therefore, no specific
permissions were required for collection. None of the plants used in this study are
threatened or endangered in the state of Michigan.

5.4 Results
5.4.1. Pressed leaves
All pressed leaves lost 100% of their water content during this treatment, thus resulting in
significant decreases in area for all the species tested (P<0.05; Table 5.2). Acer
saccharum and Quercus rubra, shrunk the least when pressed dry, 6.86 ± 0.29% (mean ±
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1 SE) and 7.18 ± 0.25% respectively. Polypodium virginianum and Taraxacum officinale
shrunk the most, 35.22 ± 1.92 and 25.99 ± 0.79% respectively. When species were nested
within growth form, the woody dicots shrunk the least, 7.02 ± 0.19%, and were
statistically different than the other growth forms. The fern growth form shrunk the most
24.58 ± 1.82% but was not significantly different than the graminoids, which shrunk
22.68 ± 0.84% (Figure 5.1). On average, pressed leaves shrunk 18.25 ± 0.67%.
Both initial water content and dissection index were positively correlated with
decreases in area when leaves were pressed dry, and there were no interactions between
the two variables (P=0.27). This relationship was explained by the model Δarea(%) = 14.69 + 0.37 percent initial water content + 2.64 dissection index (R2=0.30, P<0.0001),
Leaves with high initial water content and higher dissection indices shrunk more when
pressed than those that did not.

5.4.2. Cold storage
The water lost by leaves during the 30 day cold storage treatment was variable (Figure
5.2), resulting in an average decrease in area of 3.59 ± 0.46% across all species. The
conifers lost the most relative water content, 40.34 ± 3.92%. The other growth forms lost
between 5 and 12% water content, with the woody dicots losing the least.
Cold storage resulted in significant area decreases for Avena sativa, Picea pungens, Pinus
strobus, Pteridium aquilinu, and Taraxacum officinale (P<0.05; Table 5.2). Both Avena
sativa and Taraxacum officinale had the smallest significant decreases in area after cold
storage, 3.58 ± 0.73% and 4.11 ± 0.77% respectively. Picea pungens displayed the
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largest significant shrinkage, 15.37 ± 1.97%, followed by Pinus strobus, 11.41 ± 2.06%.
The conifer growth form shrunk the most, 13.38 ± 1.44%, and was statistically different
than all the other growth forms (P<0.0001; Figure 5.1).
Initial water content affected the decrease in area of leaves stored in cold
temperatures for 30 days (P=0.02), while dissection index did not (P=0.96); however,
there was an interaction between these two variables (P<0.0001). After cold storage,
leaves with high dissection index and low initial water content shrunk the most, while
leaves with a high dissection index and high initial water content increased in size. These
data were also quite variable, and the model, Δarea(%) = 8.36 + -0.08 initial water
content + -0.02 dissection index + -0.09 initial water content* dissection index explained
only 10% of the variation.

5.5. Discussion
Results from this study indicate that storing leaves permanently or temporarily
will result in considerable leaf shrinkage. When leaves are processed for long-term
preservation or storage, water is removed from leaves. As leaves lose water the cellular
turgor pressure decreases and the cell membrane separates from the cell wall [34]. After a
critical point is reached the cell wall collapses resulting in deformations, folds, and
subsequent shrinkage of the leaf [18]. For example, desiccation of Craterostigma wilmsii
results in a 78% decrease in cell volume due to cell wall collapse [35]. Pressing, which
forces the leaves to hold their shape while drying, thus preventing wilting and crimpling,
will not prevent a leaf from shrinking. Though not tested for in this study, there may be a
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possibility to return pressed leaves to their original area through rehydration if pressed
leaves are dried at low temperatures. Drying leaves at low temperatures would reduce the
breakdown of the structural cellulose in the leaves because hydrogen bonds, which form
the cellulose polymers in the cell walls, are altered at temperatures above 40°C [36].
Alteration to these bonds at high temperatures results in weakened, brittle leaves. Cell
walls are a matrix of molecules and contain 60% water [37], so removal of this water at
high temperatures will also result in a less fluid, more rigid molecular complex, and
would be less likely to return to their original area and shape through rehydration.
Cold temperatures are known to reduce microbial activity and decomposition
[38]; therefore, cold storage at 2 to 3°C is the recommended temporary storage procedure
[16]. Leaves stored for 30 days at 2°C in this study showed no observable signs of
degradation. In addition to a decrease in decomposition rates, cold temperatures provided
less energy for water to evaporate out of leaves through diffusion and air movement [39].
Reduced evaporation rates helped maintain the cell turgor pressure during storage [18],
and thus sustained the leaf areas. The conifers did, however, lose the most water and
shrank drastically after cold storage. The decrease in conifer area may be amplified
because of their small initial area; however, the shrinkage may also be the consequence
of xylem collapse, a phenomenon that occur in conifers, particularly in the tracheid cells
that deliver water from the midrib to the leaf margins [40], [41]. Xylem collapse is a
mechanical process that is thought to be an adaption to prevent cavitation by reducing the
diameter of the xylem to maintain sap flow [40], [41]. The flattening of xylem in the leaf
tissue would pull the leaf margin inward, reducing the width of the leaf and consequently
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its area. Xylem collapse will occur even if surrounding phloem and parenchyma cells
remain hydrated and turgid [40].
While water loss during storage is important, it is not the only factor affecting leaf
shrinkage. Both initial water content and dissection index influenced changes in leaf area.
Initial water content is important because plants with high initial water content rely more
on turgor pressure for support than do leaves with low initial water content, especially
those with thin cell walls [42], [43]. Leaves with high dissection indices also shrank the
most when pressed. Leaves with complex shapes typically have mesophyll tissue
supplied primarily with first- and second-order veins while less complex leaves have
more high-order venation [44]. The additional high-order venation throughout the leaf
tissue would provide additional structural support to the leaf and reduce the amount of
shrinkage, especially if the xylem is heavily lignified.
Though not investigated in this study, we expect other variables could help
explain more of the variation associated with leaf shrinkage. One possible explanation for
the small change in area for woody dicot species and large changes for forbs and grasses
could be the lignin content of these growth forms. One of the functions of lignin is
structural support [45]. The growth forms used in this study have lignin contents that
range from high, >30% in ferns [46] and 22% to 26% in the woody dicots and conifers
[47]-[49], to as low as 5% for the grasses [50], [51]. We would expect that the higher
lignin content would prevent leaf shrinkage, which appears to be occurring except in the
fern growth form.
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5.6. Conclusions
This study has shown that both temporary and permanent storage will result in the
significant shrinkage of leaves. Temporarily stored leaves must be refrigerated and
should be processed immediately to prevent large area decreases. If measurements are
taken from samples preserved for herbaria, we recommend using growth forms that result
in the least amount of shrinkage. Because shrinkage does occur, it must be accounted for.
If not, calculations for specific leaf area, leaf area index, stomatal density, or any other
area-dependant calculations may not be accurate. The results of this study shed light on
an issue that has gone undocumented in much of the literature. By correcting for the
decrease in area of stored leaves, more accurate projections and models can be made for
both ecological processes and climate projections.
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5.9. Figures

Figure 5.1. Decrease in area of different growth forms and species after two storage
methods. Decrease in leaf area after (A) pressed dry and (B) cold (2°C) storage. Different
letters indicate significant differences between species (P ≤0.05, n=250). Growth forms
not connected by solid bars are significantly different (P≤0.05). Abbreviations for growth
forms are Co - conifer, Fe - fern, Fo - forb, Gr - graminoid, Wo - woody dicot.
Abbreviations for species are given in Table 5.1. Error bars indicate 1 SE.
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Figure 5.2. Water loss of the different growth forms and species after cold (2°C) storage.
Different letters indicate significant differences within storage treatment (P ≤0.05, n=175
for ambient temperature storage, n=225 for the other treatments). Growth forms not
connected by solid bars are significantly different (P≤0.05). Abbreviations for growth
forms are Co - conifer, Fe - fern, Fo - forb, Gr - graminoid, Wo - woody dicot.
Abbreviations for species are given in Table 5.1. Error bars indicate 1 SE.
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5.10. Tables
Table 5.1. The ten species analyzed; their scientific and common names, growth form and
initial percent water content. Nomenclature follows USDA, NRCS [52]. Water content (±
1 SE) was determined by averaging the percent difference between fresh mass and oven
dried mass of 25 leaves for each species.
Species

Common
Abbreviation name

Growth form

Water
content (%)

Acer saccharum
Marsh.

acsa

sugar maple

woody dicot

52.89 ± 0.64

Asclepias syriaca L.

assy

common
milkweed

forb

75.91 ± 0.53

Avena sativa L.

avsa

common oat

graminoid

80.73 ± .99

Phragmites australis
(Cav.) Trin. ex
Steud.
phau

common reed

graminoid

61.00 ± 1.19

Picea pungens
Engelm.

pipu

Colorado
blue spruce

conifer

61.82 ± 3.01

Pinus strobus L.

pist

eastern white
pine

conifer

40.19 ± 0.55

fern

64.09 ± 0.65

woody dicot

52.03 ± 0.72

Pteridium aquilinum
(L.) Kuhn
ptaq
Quercus rubra L.
Taraxacum
officinale F.H.
Wigg.
Polypodium
virginianum L.

quru

common
bracken
northern red
oak

taof

common
dandelion

forb

83.31 ± 0.58

povi

common
polypody

fern

74.21 ± 1.47
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Table 5.2. Difference in leaf area between fresh and treated leaves of ten species and the
respective percent decrease in area. Asterisks denote differences between fresh and
treated leaf areas that were significantly different than zero (paired t-test, P ≤ 0.05, n=25).

Species
Acer saccharum
Asclepias syriaca
Avena sativa
Phragmites australis
Picea pungens
Pinus strobus
Polypodium virginianum
Pteridium aquilinum
Quercus rubra
Taraxacum officinale

Treatment
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
Pressed
Cold
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Difference in
leaf area (cm2)
-3.94 ± 0.37
0.03 ± 0.06
-5.87 ± 0.56
-0.09 ± 0.07
-4.43 ± 0.38
-0.82 ± 0.17
-7.07 ± 0.93
-0.31 ± 0.20
-0.08 ± 0.01
-0.05 ± 0.01
-0.08 ± 0.01
-0.06 ± 0.01
-8.78 ± 0.69
0.03 ± 0.15
-5.07 ± 0.50
-0.35 ± 0.10
-4.82 ± 0.42
0.03 ± 0.05
-4.74 ± 0.29
-0.92 ± 0.18

Decrease in
area (%)
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

6.86 ± 0.29
-0.09 ± 0.13
10.13 ± 1.13
0.05 ± 0.10
20.68 ± 1.08
3.58 ± 0.73
24.76 ± 1.17
0.87 ± 0.73
21.06 ± 2.12
15.37 ± 1.97
16.94 ± 1.58
11.41 ± 2.06
35.22 ± 1.92
-0.25 ± 0.65
13.94 ± 0.59
0.98 ± 0.26
7.18 ± 0.25
-0.14 ± 0.15
25.99 ± 0.79
4.11 ± 0.77
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