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ABSTRACT 
 

In riparian areas of the northeastern United States, well-established reed canary 
grass (Phalaris arundinacea) stands are common and have proven to be a challenge for the 
success of tree plantings during riparian forest restoration projects. The impacts of reed 
canary grass (RCG) on the habitats it invades are numerous. Reed canary grass reduces 
biological diversity by homogenizing habitat structure, richness, and environmental 
variability. Its rapid growth rate and invasive nature limits tree regeneration in riparian 
forests by shading and crowding out seedlings. Riparian forests improve water quality, 
wildlife habitat, flood control, and provide a variety of other ecosystem services. As such, 
there is interest in restoring riparian areas that have been inundated by RCG stands to forest. 
A critical step to promoting and ensuring widespread adoption of riparian forest restoration 
efforts is to identify best practices for site preparation and maintenance at locations where 
RCG has become well-established. Due to its invasive nature, the time, labor and cost of 
managing plantings to encourage high percent survival, have made restoration efforts 
challenging. To ease the restoration process, the herbicide glyphosate is commonly used to 
eliminate RCG prior to tree planting.  Recent research has suggested that glyphosate may 
have sublethal and chronic impacts on wildlife and people, with particular impact on birds. 
To address the opportunity for widespread forest restoration and the challenge of RCG 
infestations, the purpose of this experiment was to assess survival of native trees subject to 
glyphosate, till and mowing management techniques (treatment B) vs. herbicide-free till 
and mowing management techniques (treatment A), and to compare RCG density between 
plots over time. To accomplish this, two treatment plots of ten species of native tree stems 
were planted at eight sites and stem survival was assessed over two growing seasons.  In 
addition, percent cover of RCG was recorded at each site. Chi Square, independent T-test 
and binary logistic regression statistics were used to assess tree stem survival and the 
relationship between tree stem survival and percent cover of RCG between treatment A 
and treatment B plots. Preparing plots by tilling and the application of herbicide 
(glyphosate) combined with two mowing events in each of the two growing seasons did 
not result in higher tree stem survival rates than the treatment A plots that were prepared 
by tilling only and were mowed four times in each of the two growing seasons. As was 
expected, treatment B plots (glyphosate use) significantly reduced RCG density in the first 
growing season. However, after the second growing season the percent cover of RCG in 
the treatment A and treatment B plots was not statistically different. This suggests that the 
treatment A prescription was as effective at RCG suppression as the treatment B, during 
the second year.  Furthermore, the odds ratio produced by the binary logistic regression 
models in this study, can be useful to practitioners and landowners when considering which 
methods of management to use in restoration projects. 
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CHAPTER ONE: A COMPREHENSIVE LITERATURE REVIEW  OF RIPARIAN 

BUFFER ESTABLISHMENT USING DIFFERENT MANAGEMENT 

TECHNIQUES 

1.1. Introduction 
 

In riparian areas of the northeastern United States, well-established reed canary 

grass (Phalaris arundinacea) stands are common and have proven to be a challenge for 

the success of tree plantings during riparian forest restoration projects. Prior to European 

settlement, riparian forests were common alongside tributaries, and afforded a variety of 

ecosystem, water quality, climate, and flood mitigation benefits (Osborne & Kovacic, 

1993; Bourgeois et al., 2016). Although reed canary grass (RCG) is native to Eurasia and 

North America, nonnative and highly invasive genotypes were introduced to North 

America for agricultural land uses in the mid nineteenth century (Lavergne & Molofsky, 

2004; Noyszewski et al., 2021). Since then, RCG has expanded to most of the continental 

United States, Canada and into Alaska. Its southern range is Northern Mexico, and it does 

not exist in Texas, Louisiana, Mississippi, Florida, Georgia and South Carolina (Waggy, 

2010). Due to its aggressive reproduction characteristics and ability to establish itself in 

diverse environmental habitats, RCG outcompetes native tree and shrub species, 

hindering the establishment of riparian forests (Clark & Thomsen, 2020).   

The cost, labor requirements and accessibility of managing heavily infested RCG 

stands is a concern for riparian restoration practitioners and landowners (Waggy 2010). 

Management techniques to control RCG growth include tilling, mowing and the use of 

the herbicide glyphosate, commonly known as Roundup or Rodeo (aquatic version). 
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Evidence shows herbicide use is generally the most effective (Adams and Galatowitsch, 

2006; Galatowitsch, 2000; MN DNR, 2020; Sweeney, 2002; Sweeney & Czapka, 2004), 

however for ecologically sensitive areas, or for landowners that are averse to chemical 

treatment, data is needed to allow for informed management choices. The possibility of 

managing reed canary grass using mechanical control methodologies to increase 

survivorship of newly planted tree stems has generated interest in recent years as an 

alternative to the widespread practice of herbicide application (Waggy 2010).  

Restoration practices are often based on trial and error or anecdotal information because 

local or regional data from controlled experiments are limited (Adams & Galatowitsch, 

2006; Hovick & Reinartz, 2007; Kim et al., 2006).  This review will discuss existing 

RCG management practices, detail the ecosystem services riparian forests provide, and 

describe the characteristics of reed canary grass that contribute to mortality of newly 

planted tree stems.   

1.2. Forested Riparian Buffer 
1.2.1. What are forested riparian buffers and what pollution mitigation services do 
they provide? 
 

A forested riparian buffer is an area or corridor adjacent to a stream, lake, or 

wetland that contains a combination of trees, shrubs, grasses, or other perennial plants 

(Bourgeois et al., 2016; Flanagan, 2017). The riparian corridor encompasses the water 

body or stream channel and the portion of terrestrial landscape from the high-water mark 

toward upland areas, where vegetation may be influenced by elevated water tables or 

flooding, and by the ability of soils to hold water (Naiman et al., 1993). Forested and 

vegetated riparian zones can also be described as linking lotic and lentic water bodies to 

their surrounding watershed and floodplain creating a vegetated corridor. As stated by 
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Naiman et al., (1993 p. 209), “ natural riparian corridors are the most diverse, dynamic, 

and complex biophysical habitats on the terrestrial portion of the Earth” . They are often 

managed to enhance and protect aquatic resources from the adverse impacts of land 

management practices and adjacent land use (Woodard, 1995; Flanagan, 2017). From a 

restoration point of view, establishing intact, fully grown forests in riparian areas is often 

the goal rather than vegetated strips of grasses, shrubs and perennials, as the ecosystem 

benefits are greater in riparian forest than buffer zones consisting of grass and shrub 

vegetation (Bourgeois et al., 2016; Fremier et al., 2015). Although grasses and shrubs are 

known to provide ecosystem services similar to forests such as nutrient uptake, sediment 

deposition, soil retention and carbon sequestration, there are differences in the rate at 

which the benefits are distributed (Bourgeois et al., 2016).  

 A primary function of both forested and vegetated buffer zones is protecting 

receiving water bodies from contaminated surface run off by filtering and removing 

nutrients and sediment (Osborne & Kovacic, 1993; Woodard, 1995). Riparian ecosystems 

are highly effective at filtering nutrients and reducing surface runoff and have numerous 

functional processes that are beneficial to the environment. Among them is their ability to 

modify, incorporate, dilute or concentrate substances before they enter a lentic or lotic 

system (Knouft et al., 2021; Osborne, 1993). Complex and more established riparian 

forests of significant width greatly reduce and slow surface water flow, reducing total 

suspended sediment levels allowing for absorption of nutrients and sediment deposition 

(Flanagan, et al., 2017; Keaton et al., 2017; Sweeney & Newbold, 2014). The higher the 

density and organic matter of the riparian buffer forest, the greater the absorption of 

nutrients such as phosphorus and nitrogen (Woodard, 1995). Forested buffer zones prove 
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to be the most effective in nutrient and sediment retention, stream flow regulation and 

reducing overland and peak flow flood intensities as compared to grass or shrub 

dominated surfaces (Walton et al., (2020)  

Notwithstanding the environmental benefits, riparian forested zones have been 

degraded worldwide.  For example, it is estimated, that up to 80% of pristine riparian 

zones have been lost over the last two hundred years in Europe and North America 

(Naiman et al.,1993). In Vermont and the United States, pollution of surface waters by 

sediment and nutrient run-off is one of the most significant water quality problems 

(Meals, 2001; Aarons & Gourley, 2012). Loss of functioning riparian forests to 

agricultural use, forestry, development, and invasive species is common and contributes 

to the threat of water quality degradation (Bourgeois et al., 2016).  Through the 

establishment of riparian restoration projects, portions of the landscape may return to a 

state of natural health and equilibrium with respect to native species and processes. 

1.2.2. Aquatic and terrestrial ecosystem services 
 

Forested land areas adjacent to waterways provide services to protect aquatic, 

semi aquatic and terrestrial habitats. Riparian areas that are compromised by agricultural 

use, grazing, deforestation, development, and invasive species, do not receive the full 

benefits of forested buffers (Bourgeois et al., 2016). The resulting water quality of such 

compromised land area is affected through an increase in nutrient loading, increased 

suspended organic solids, thermal stress and dissolved oxygen depletion (Ghermandi et 

al., 2009; Knouft et al., 2021).  Shading by riparian vegetation affects solar radiation and 

water temperature in small and moderate size streams and is a critical component in the 

influence of forested riparian buffers on waterways (Flanagan et al., 2017; Ghermandi, et 
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al., 2009). The presence of established trees and shrubs creates shade that cools water 

temperature, increases concentration of dissolved oxygen, and maintains balance in water 

chemistry (Knouft et al., 2021). Cold water that is chemically balanced in the 

aforementioned ways is essential to aquatic biota such as macroinvertebrates, fish and 

reptile populations.  (Bodie, 2001; Ghermandie et al., 2009). In receiving bodies of water, 

nutrients and high-water temperatures can cause eutrophication and toxic algae blooms 

that not only negatively impact aquatic biota, but also restrict and reduce recreational 

opportunities for  humans, such as swimming, boating and fishing (Ghermandie et al., 

2009; Meals, 2001).  Riparian forests provide recruitment zones for large woody debris.  

The in-stream large woody debris that is characteristic alongside riparian forests 

contributes structural elements and creates several environmental niches that are essential 

to many organisms and species. Some examples include trout and young of the year fish 

using in-stream large woody debris for protection from predators, macroinvertebrates 

residing in, and consuming detritus collected by instream debris piles, and the creation of 

predator and prey habitat and access points to waterways for reptiles such as turtles, frogs 

and salamanders (Flanagan, 2017). These environmental niches add diversity and species 

richness to riparian buffer ecosystems (Fremier et al., 2015)  

Intact and connected riparian forests also serve as habitat corridors for animals, 

birds and reptiles. These corridors provide shelter, routes of migration and travel, 

protection, and cover for dynamic predator/prey relationships, use for nesting/denning, 

food, and water access for numerous species (Flanagan, 2017).  Because of these 

interconnected ecosystem services, riparian forests of substantial width and size are rich 

in biodiversity of native tree, shrub, flower, grass, animal, bird, reptile, and insect species 
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(Fremier et al., 2015). Even fragmented riparian forests have been shown to provide 

benefit for species for protection, nesting, food forage, travel and water access. It has 

been suggested that, to accommodate a majority of freshwater turtle nesting migrations, 

riparian zones would need to span 150 m from the stream edge (Bodie 2001). This is 

corroborated by results of numerous other studies suggesting that widths of greater than 

30 m were sufficient to provide nutrient removal, thermal cooling, optimal conditions for 

fish and macroinvertebrates, as well as the ability to add large woody debris to the water 

channel (Sweeney & Newbold, 2014; Fremier et al., 2015; Flanagan, 2017; Ghermandi et 

al., 2009). 

1.2.3. Climate induced change to forest dynamics and structure 
 

Because the goal of riparian restoration is to establish fully functioning mature 

forest, it is important to recognize climate change as a factor in the process of forest 

regeneration (Seavy et al., 2009). The structure and function of both young and mature 

forest ecosystems is influenced by climate and it plays an essential role in forest growth 

and health. A changing climate may exaggerate the threats to forests, such as change in 

precipitation, temperature, species composition as well as drought, snowpack reduction 

and increased herbivory.  Each of these threats is detailed below. 

Precipitation and drought 

Climate change will increase the risk of extreme fluctuation in precipitation, 

resulting in flooding in some regions and drought in others (Gourevitch et al., 2022; 

Wheater & Evans, 2009). Altered precipitation rates from climate change influence the 

productivity and distribution of forests, ultimately increasing wildfire risk, susceptibility 

to insect and pest damage, and abundance of non-native and invasive species (Karl et al., 



 

7 
 

2009; Seavy et al., 2009). In addition, changes to precipitation affect the available 

moisture for plants and trees, streamflow rates, ground water levels, water quality and 

flood risk (Backlund et al., 2008; D’Amato et al. 2011).  Tree species also respond 

differently to drought and heavy precipitation, as some species are more tolerant than 

others (D’Amato et al., 2011). 

Temperature 

When warming temperatures create longer growing seasons, the geographic range 

of some tree species is altered (Hatfield et al., 2008). As habitats change due to increased 

temperatures, plant and tree species are more likely to move north in latitude or higher in 

elevation (Hatfield et al., 2008). There is an obvious connection between warmer summer 

temperatures and drought.  Drought sensitive tree species are more likely to have 

increased drought stress, vulnerability to insect pests and invasive species competition 

and higher risk of mortality from wildfire (Karl et al., 2009). Although on a more positive 

note, increased temperature allows plants to have a longer growing season and more time 

to photosynthesize, which can lead to increased forest growth and enhanced carbon 

sequestration. 

Snowpack 

In areas where climate change results in lower precipitation and or warmer 

winters, the snowpack can be significantly reduced. Snowpack provides numerous 

services to forest and soil ecosystems (Gleason et al., 2021). When soils are baren of 

snowpack it can lead to deeper soil freezing. Although varying forest types and tree 

species are affected differently, the resulting impacts include, root damage, reduced 

nitrogen uptake and damage to microbes and soil biota (Gleason et al., 2021). Natural 
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forest function is interrupted by soil freezing dynamics, and it impacts forest carbon 

storage and sequestration as well as air and water quality (Gleason et al., 2021; Templer 

et al., 2012). Evidence of reduced carbon uptake was seen in a recent study observing 

reduced snowpack in Northern Hardwood forests including a decrease of over 15% in 

carbon uptake and storage (Templer et al. 2012).  

Invasive Species 

The climatic factors that influence the ability of invasive plants to invade 

ecological niches include warmer temperature, earlier spring season and reduced 

snowpack (Karl et al., 2009). Invasive species reduce forest resiliency and health by 

suppressing tree regeneration, reducing species richness and diversity, and decreasing 

forest biomass (Dyderski, 2020). This is because invasive species have wide range of 

environmental tolerance, high levels of resilience and adaptability, and the ability to 

efficiently colonize new or disturbed areas (Dyderski, 2020).  

Herbivory  

Herbivory by forest dwelling species such as white-tailed deer (Odocoileus 

virginianus) moose (Alces alces) and snowshoe hair (Lepus americanus) can stunt forest 

development (Rodenhouse et al. 2009). Climate change impacts population densities and 

the feeding behavior of those and numerous other species (Rodenhouse et al., 2009). 

Decreased snowpack (enhanced by climate warming) increases the time period that deer 

and moose can access forage during the winter months, and heavy browsing pressure may 

limit the ability of forests to grow and therefore adapt to climate change (Fisichelli et al., 

2012). 
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Both young and old forests are susceptible to the climate influencing factors listed 

above. Newly planted forests face these climate induced threats as they strive to reach 

maturity. Compared to mature forests, early successional forests store less carbon overall, 

but they do sequester, capture and store carbon at relatively high rates (Littlefield & 

D'Amato, 2022), suggesting that even young riparian forests have climate combating 

properties. Thus, major riparian buffer restoration projects, if done correctly, while high 

in both cost and maintenance, have been identified as one of the most effective climate 

change adaptation strategies (Seavy et al., 2009; Mantyka-Pringle, 2016)   

1.2.4. Flood resilience and climate change 
 

The need to restore riparian forests is receiving attention due to their documented 

influence to decrease the frequency and severity of flood events, ability to store carbon as 

the forest grows, and because they afford a myriad of cultural and recreational benefits 

(Adrian et al., 2003; Bonnie et al., 2000; Dybala et al., 2018; Lapin, 2003; Murray & 

D’Amato 2019). Flood risk and intensity have been magnified by climate change and the 

loss of forested riparian buffer areas (Gourevitch et al., 2022; Wheater & Evans, 2009). 

For example, increased agricultural expansion and development have led to the global 

decrease of 2.3 million km2 of forest between 2000 and 2012 (Gourevitch et al., 2022; 

Hansen et al., 2013). The loss of riparian ecosystems alone has considerably increased 

flood damage, through decreased flood mitigation and storage (Gourevitch et al., 2022; 

Gulbin et al., 2019; Li et al., 2018; Taylor & Druckenmiller, 2021). Bradshaw 

et al., (2007) found that a 10% loss in forest cover at a global spatial scale was associated 

with a 4%–28% increase in flood frequency and a 4%–8% increase in total flood 

duration. Knowing the flood mitigation advantages provided by riparian forests makes a 
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strong case for the need for restoration, and in the Vermont portion of the Lake 

Champlain Basin alone, more than 86,000 acres have been identified as potential riparian 

forest restoration sites (Lake Champlain Basin Program.  www.lcbp.org, n.d.).    

Riparian buffer restoration projects have also been identified as an effective 

climate change adaptation strategy (Knouft et al., 2021; Mantyka-Pringle., 2016), and can 

afford carbon sequestration benefits. Riparian biomass and soil carbon stock data were 

used to model the change in carbon stock as a function of vegetation age, climate and 

whether or not the riparian forest had been planted or was natural regeneration (Dybala et 

al., 2018). The model predicted on average that the “establishment of riparian forest will 

more than triple the baseline unforested soil carbon stock, and that riparian forest hold 

and average 68-158 Mg C/ha in biomass at maturity ” (Dybala et al., 2018, p. 57).  

Actively planted riparian forest was demonstrated to aid in biomass carbon accumulation 

with early measured growth rates more than double of those of naturally regenerated 

riparian forest.     

  In summary, properly managed riparian buffer zones have the potential to 

improve water quality, wildlife habitat, and flood control, and to provide a variety of 

other ecosystem services, helping to improve environmental conditions, to build 

community resistance to a changing climate, and to improve the economy of the Lake 

Champlain basin (Adrian et al., 2003; Bonnie, 2000; Lapin, 2003; Murray & D’Amato, 

2019). As such, there is interest in restoring riparian areas that have been inundated by 

RCG stands to functioning forest ecosystems through management techniques such as 

tilling, mowing and herbicide use.   

 

http://www.lcbp.org/
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1.3 Reed Canary Grass (Phalaris arundinacea) 
 
1.3.1. What is reed canary grass and why is it a problem? 
 

Reed canary grass is one of the primary threats to the natural regeneration of, and 

manual restoration of forested riparian buffers in the northeastern United States. 

Originally planted broadly across the United States in the 1800s as a food source for 

grazing animals and to help reduce erosion, RCG is a perennial grass that grows rapidly 

and outcompetes native plants (Adams & Galatowitsch, 2006; Apfelbaum & Sams, 1987; 

MN DNR, 2020). It is native to Eurasia and North America, although nonnative and 

highly invasive genotypes were introduced to North America (Lavergne & Molofsky, 

2004; Noyszewski et al., 2021). It often forms a monoculture that grows rapidly and 

excessively, thriving in a variety of settings including wetlands, ditches, fields, and 

riparian areas (Adams & Galatowitsch, 2006; Apfelbaum & Sams, 1987; MN DNR, 

2020). As a result, it is considered an invasive species (SEWISC, 2020).  

The impacts of RCG on the habitats it invades are numerous. First, it reduces 

biological diversity by homogenizing habitat structure, richness, and environmental 

variability. Second, it alters hydrology by trapping silt and constricting waterways. Third, 

it limits tree regeneration by shading and crowding out seedlings and other native plant 

species (Sweeney & Czapka, 2004; Wisconsin Reed Canary Grass Management Working 

Group 2009).  

The establishment of forested riparian buffer zones can be severely restricted by 

RCG, a highly variable species that grows rapidly producing a dense monoculture that 

spreads radially through establishment of dense rhizomes and seed dispersal. Its invasive 

nature inhibits native tree and shrub species from establishing and prevents their growth. 
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The result is that riparian buffer areas with high concentrations of RCG are slow to 

convert to forest if ever, with or without restoration and or planting projects.   

Other characteristics of RCG also help it to outcompete native plants. Water 

dispersing flood events is often a transport method for recolonization of invasive species 

(Apfelbaum & Sams, 1987; Keeton et al., 2017; Stromberg et al., 2007), and is shown to 

be the case for RCG. Waterways adjacent to primary RCG habitat provide transport 

mechanisms for seed and moisture availability for rapid rhizome growth (Adams & 

Galatowitsch, 2006; Apfelbaum & Sams, 1987). In areas prone to flooding, RCG is 

recognized for high biomass production (Galatowitsch, 2000). Its ability to regenerate 

from seed or rhizomes allows it to create dense root structures and to reach maturity in 

one season (Apfelbaum & Sams, 1987; Kim et al., 2006). Native species grow at slower 

rates than RGC and can be outcompeted for light, nutrients, and space (Bourgeois et al. 

2016; Clark & Thomsen, 2020). Reed canary grass is also more drought resistant than 

many grass species from upland areas (Bourgeois et al. 2016; Clark & Thomsen, 2020).  

Newly planted tree stems suffer significant mortality from RCG infestations in a 

multitude of different ways. They struggle to survive as RCG grows taller than the stems 

in the first year of their growth due to the shading created (Clark & Thomsen, 2020). In 

the fall and early winter, dense stands of RCG die and cover tree stems, often breaking or 

damaging the stems. The dried, post-frost grass collects on and around the stems 

providing a mechanism for snow and ice to accumulate on the grass covered stems, 

which has the propensity to break or push the stems over. The deceased RCG also tends 

to accumulate snow and create air pockets and space on the ground level around the base 

of the tree stems, which is ideal habitat for moles, voles, and other ground dwelling 
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rodents (Heroldova et al., 2012). Those animals girdle the stems or eat them, adding yet 

another mechanism of mortality. Heroldova et al, (2012) found the main factors 

influencing the impact of rodent species on tree regeneration were open, grassy habitat 

conditions, higher abundance of vole species, tree species preference and snow cover 

condition. Mortality from the impact of herbivory by rodents was greater in areas with 

low forest canopy and high grass density, increased snow depth and consumption 

preference was given to artificial plantings rather than natural forest regeneration 

(Heroldova et al., 2012).    

1.3.2. Methods of control for reed canary grass 
 

To improve the process of restoring riparian forests, different methods of RCG 

control and management have been studied. The method used on any particular location 

is dependent on the conditions of the site, available funds, personnel, equipment and 

landowner choices or objectives.   Combinations of tilling, mowing, sheltering (tube 

protection of stems) and herbicide application provide the framework for current standard 

treatments (Stannard & Crowder, 2001). Herbicide-free management techniques such as 

tilling and mowing have been studied with varying results (Hovick & Reinartz, 2007; 

Kim et al., 2006). Consequently, restoration practices are often based on trial and error or 

anecdotal information because local or regional data from controlled experiments is 

limited (Adams & Galatowitsch, 2006; Hovick & Reinartz, 2007; Kim et al., 2006).   

Currently, glyphosate is the most frequently recommended herbicide for RCG 

control and is widely used by practitioners to eliminate RCG prior to tree planting 

(Adams and Galatowitsch, 2006; Galatowitsch, 2000; MN DNR, 2020; Sweeney, 2002; 

Sweeney & Czapka, 2004). In fact, glyphosate is the most widely used herbicide in the 
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world (Costa, 2021; Kissane &Shepard, 2017; Mendez, 2021) and it is the current 

standard treatment for restoration practices in the country and in the Lake Champlain 

basin of Vermont (Adams & Galatowisch, 2006; Baker, 2018). As much as it has benefits 

in controlling weeds, and specifically RCG, glyphosate has a string of negative impacts 

that will be detailed in the next pages of this review.    

1.4. Glyphosate Use 
 

Glyphosate is the most widely used herbicide globally with an estimated 8.6 

billion kg sprayed between 1974 and 2014 (Costa et al., 2021; Kissane & Shephard, 

2017). Almost two-thirds of that amount was used in the last decade of this period 

(Mendez et al., 2021). In the five counties that border northern Lake Champlain 

(Franklin, Chittenden, Addison counties in Vermont and Clinton and Essex counties in 

New York), the use of glyphosate has increased 73% (from 14,060 to 24,343 kg 

annually) between 2008 and 2018 (Baker, 2018). It is used regularly in the agricultural 

and horticultural industry and is the herbicide of choice for weed control in rural and 

urban communities (Kissane & Sheppard, 2017). Previous studies suggest that herbicide 

use is essential for reed canary grass control on all but very small-scale projects 

(Apfelbaum & Sams, 1987; Kilbride & Paveglio, 1999; Tu, 2004). Recent management 

recommendations suggest using multiple treatment methods in combination to control 

reed canary grass because a single herbicide application is often insufficient for long-term 

suppression (Henderson, 1991; Kilbride & Paveglio,1999; Tu, 2004; Wisconsin Reed 

Canary Grass Management Working Group, 2009). Adams and Gelatowitsch, (2006) 

designed a multiyear field experiment to evaluate the effects of herbicide application 

timing on RCG populations. They found that glyphosate applications in late August and 
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late September were more effective than in mid-May (due to enhanced glyphosate 

translocation to rhizomes), such that two mid-May applications reduced RCG biomass to 

a level equivalent to that achieved by one late-season application. A separate study 

showed that Glyphosate (Rodeo, Aquamaster, or Glypro among others applied in a 2% 

solution (1.08% active ingredient) with a nonionic surfactant works well to eradicate 

RCG (Adams & Galatowitsch, 2006; Tu, 2004). Similarly, it was reported using 

application rates of 1.5–2 kg/ha for prior to plant emergence and about 4.3 kg/ha were 

used for direct spraying of pastures, forestry use, and industrial or dense weed control. 

Other similar research recommended a 3-5 % glyphosate solution with water and a 

surfactant (Annen, 2008; Bahm et al., 2014; Stannard & Crowder, 2001; Sweeney & 

Czapka, 2004).   

Glyphosate has been shown to reduce or nearly eliminate RCG in the first- and 

second years following application, RCG often returns through seed dispersal or rhizome 

encroachment (Stannard & Crowder, 2001). This process called re-infestation or weed 

resurgence, can be rapid depending on the characteristics of the site (Annen, 2008; 

Stannard & Crowder, 2001). However, some additional evidence exists that shows trees 

and shrubs can be successfully established in RCG monocultures following effective 

continuous spot herbicide application, and that 10 to 20 years after such establishment, 

the RCG can be nearly eliminated by shading from mature trees (Hovick & Reinartz, 

2007; Kim et al., 2006).  

The application of glyphosate can be challenging due to the wet and sometimes 

remote nature of riparian areas. Landscapes that are bumpy, wet, rocky and debris laden, 

make for less than safe conditions to operate vehicles and equipment on, for the 
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application of herbicides (Annen, 2008). Manual spraying with a backpack sprayer has 

been used but is labor intensive and reduces the area that can be treated due to the time it 

takes for an individual to walk and spray the grass. Effective herbicide treatment is 

exacerbated by the height and density of the grass stands, with heights reaching as high as 

six to seven feet in some areas (Stannard & Crowder, 2001). Stands can be so dense that 

vehicles and tractors cannot easily apply herbicide with boom sprayers. Herbicide 

application in such dense stands requires sites to be mowed or hayed prior to treatment 

(Adams & Galatowitsch, 2006). Furthermore, the resulting thatch from mowing can be 

problematic. Thick piles of thatch can inhibit absorption of glyphosate into the RCG 

shoots and inhibit transport of the herbicide to rhizomes (Adams & Galatowitsch, 2006; 

TU 2004).  Accessing these areas with vehicles and equipment to bale the grass or 

remove it, is also a significant challenge due to the rough and rugged floodplain and 

riparian areas that RCG inhabits.    

Plowing or tilling following herbicide application has been shown to effectively 

control reed canary grass in wet meadow restorations because herbicide-damaged 

rhizomes desiccate when they become exposed to the air (Kilbride & Paveglio, 1999). In 

a study on the survival of hand-planted one- to three-year-old seedlings, plowing 

following herbicide application resulted in the highest woody plant survival rates 

compared to herbicide only or no herbicide or plowing (control) (Hovick and Reinartz, 

(2007).   

1.4.1. Effects of glyphosate on aquatic and terrestrial ecosystems 

The existence of glyphosate in the agricultural and horticultural industry is 

substantial and even single applications may persist in the environment for up to 197 days 
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(Giesy at al., 2000). Kanissery et al., (2019) reviewed studies and found it degrades at a 

relatively rapid rate in most soils, with a half-life estimated between 7 and 60 days. They 

added that the extent and rate of glyphosate biodegradation are influenced by processes 

such as adsorption and desorption in soil, along with other physical, chemical, and 

biological influencers. Soil characteristics under both anaerobic and aerobic conditions 

favor the degradation of glyphosate, even though anaerobic degradation is generally 

slower than aerobic degradation. Similarly, soil temperature can also play a vital role in 

determining glyphosate degradation (Kanissery et al., 2019). 

The use of herbicides and other chemical agents in agriculture, restoration and 

horticulture can result in their accidental introduction into waters. When used for weed 

control and restoration efforts, glyphosate is applied as a post emergence spray and it 

may enter aquatic systems through accidental offsite movement by herbicide (spray) drift, 

or through transport in leaching and surface run-off (Stannard & Crowder, 2001; 

Thanomsit et al., 2020). More research has indicated that glyphosate can contribute to 

eutrophication in the case of primary producers such as diatoms that use it as a source of 

phosphorus. This suggests that glyphosate in “below detectable levels” can induce 

eutrophication, thus causing adverse effects to aquatic organism habitat and aquatic 

resources (Thanomsit et al., 2020).   

 Glyphosate is often mixed with surfactants such as polyoxyethylene amine (POEA) 

to reduce surface tension, thereby increasing its ability to spread and wet plant leaves and 

grass blades (Kissane & Shephard, 2017; Thanomsit et al., 2020). Generally, glyphosate 

including POEA as a surfactant is highly toxic when compared to herbicides without 

these surfactants, and aquatic organisms show higher sensitivity to POEA than terrestrial 
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organisms (Kissane & Shephard, 2017; Thanomsit et al., 2020). Thus, bioavailability to 

wildlife , and in particular birds, through ingestion and dermal contact is of great concern 

(Kissane & Shephard, 2017). Recently, there have been studies indicating that glyphosate 

contamination causes adverse effects on aquatic organism and is bio-accumulated and 

bio-magnified through the food chain and finally reaches human beings as a top 

consumer (Thanomsit et al., 2020; Thanomsit et al., 2016). Fish have shown adverse 

effects, consisting of abnormal swimming, gill tissue degradation, changes in liver 

structure, reduced brain function, oxidative stress, genotoxicity, reproductive organ 

damage, endocrine disruption and mortality (Modesto & Martinez, 2010; Menéndez– 

Helman et al., 2012; Thanomsit et al., 2016). It has also been suggested that glyphosate 

may have sublethal and chronic impacts on wildlife and people, with particular impact on 

birds (Braz-Mota et al., 2015; Kissane & Shephard, 2017). Exposure to glyphosate by 

insects, birds, fish, reptiles and other animals can be through inhalation, ingestion and 

dermal contact (Kissane & Shepard, 2017) and exposure is likely to be chronic at 

sublethal levels, increasing with each exposure event (Kissane & Shephard, 2017; Perez 

et al., 2011). Recent studies focused on wildlife and humans show effects on cells and 

tissues, with chronic effects including neurotoxicity, endocrine disruption, cell damage 

and immune suppression (Costa et al., 2021; Gasnier et al. 2009; Kissane & Shephard, 

2017; Thongprakaisang et al., 2013).    

 

1.4.2. Human exposure concern 
 

In March 2015, the International Agency for Research on Cancer determined that 

there is evidence that glyphosate is carcinogenic to humans, specifically leading to 
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increased risks for non-Hodgkin lymphoma (IARC 2015; Guyton et al., 2015). This led 

the IARC to reclassify glyphosate into category 2A: “probably carcinogenic to humans”, 

noting strong mechanistic evidence and positive associations for non-Hodgkin lymphoma 

(Kissane & Shephard 2017; Myers et al., 2016). Additionally, it was found that 

agricultural professionals highly exposed to glyphosate had a 41% higher risk of 

contracting non-Hodgkin’s lymphoma than those with low or no exposure (Zhang et al., 

2019). Glyphosate has been banned or restricted in several countries due to its potential 

carcinogenicity, and ability to act as an endocrine disruptor at environmentally relevant 

and sublethal levels (Costa et al., 2021; Gasnier et al., 2009; Thongprakaisang et al., 

2013).  Furthermore, the classification of this herbicide as a category 2A carcinogen, 

prompted Myers et al., (2016) to call for a formal reassessment of its toxicity by 

government regulators worldwide because current usage guidelines are based on outdated 

science (Kissane & Shephard 2017; Myers et al., 2016). Concerns over heal effects of 

glyphosate he therefor motivated greater consideration of mechanical means of RCG 

control.  

1.5. Tilling 
 

Reed canary grass can be eliminated by tillage, as can most perennial rhizomatous 

grasses, although it requires repetitive tillage throughout the growing season (Annen, 

2008). Tillage kills top growth so that below-ground energy reserves are eventually 

exhausted.   Initial tilling requires numerous passes to achieve depth and rhizome 

desiccation (TU, 2004). Most RCG rhizomes are in the upper six to eight inches of the 

soil, so tillage depth needs to reach eight or more inches (Annen, 2008; Hovick & 

Reinartz, 2007; MN DNR. 2020; Stannard & Crowder, 2001). Additionally repetitive 
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tilling reduces RCG seed bank in the soil (MN DNR, 2020), although tillage is also 

known to raise buried seeds to the soil surface and remove litter, facilitating germination 

(Annen, 2008). As mentioned previously, tillage combined with glyphosate use has been 

shown to have more success than tillage alone or any other method of control alone 

(Adams & Galatowitsch, 2006; Galatowitsch, 2000; Hovick & Reinartz, 2007).  After 

two growing seasons the mean survival of 22 tree species in plots that received fall 

herbicide application followed by spring plowing (not actually tilling) was 50.5 % 

compared to the herbicide only (33.9 %), mowed and herbicide ( 37.6 %) burned and 

herbicide (40.2%) and the control (no treatment of RCG with a survival rate of 7.1 %) 

(Hovick & Reinartz, 2007).  At the same Lake Huiras site in Wisconsin, RCG biomass 

was highest in the control plots at 846 g m -2 and lowest in the herbicide and plowed 

treatment plot at 8 g m-2. It was also found in the same study that mean cover of RCG 

was lowest for the herbicide and plowed plot (17.5 %) as compared to the herbicide and 

burned (34.1 %), herbicide only (34.1 %), mowed and herbicide (37.5 %) and the control 

(no treatment of RCG with a mean cover of 87.5 %)(Hovick & Reinartz, 2007). Some 

additional advantages and disadvantages of tilling as a management practice are 

generalized below.   

Advantages: Tillage is relatively cost effective. The results are evident within a few 

days. Tillage also serves to create a more desirable seedbed for reseeding or planting 

(Stannard & Crowder, 2001).  

Disadvantages: Physical access to the site may be reduced by flooding, and wet soils, 

and tillage may not be a viable option (Annen, 2008). Depending on soil moisture tilling 

to desired depth may by difficult (personal experience from September 2020). Removing 
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thatch and dead grass from surface is necessary to allow the tiller to achieve depths of up 

to eight inches (personal experience from September 2020). Following tillage, soil is left 

unprotected increasing erosion potential until the site is revegetated. Riparian areas are 

particularly vulnerable to erosion following tillage due to potential runoff and stream 

flooding events (Stannard & Crowder, 2001).  Additionally, use of tillage as a control 

method to manage RCG assumes that you have no threatened species or communities of 

concern that you are trying to preserve at the location (TU, 2004).  

1.6. Mowing 
 

Mowing RCG stands in riparian areas has been found to be effective at 

controlling the height of RCG and some reproductive success, but it is labor intensive and 

can result in re-emergence after one or two growing seasons (Annen, 2008; Clark & 

Thomsen, 2020). The strategy of mowing is to deplete as much of the carbohydrate root 

reserve as possible (Tu, 2004). Reed canary grass likely will not be eradicated by mowing 

alone, and it’s shown that if RCG is mowed only once or twice per year, it may actually 

stimulate additional stem production (Clark & Thomsen, 2020; Tu, 2004). Mowing RCG 

stands twice per year increased species diversity compared to control plots; however after 

two years species diversity was still much lower than the original native wetland 

communities (Annen, 2008; Clark & Thomsen, 2020; Kilbride & Paveglio,1999; 

Lavergne & Molofsky, 2006). Continued seasonal mowing for five to ten years is 

reported to decrease the density of RCG, but this has not been demonstrated on a large 

scale (Hovick & Reinartz, 2007; Tu, 2004). Persistence of mowing at an interval of every 

two weeks to a height of 8 cm was required to reduce RCG cover in one study in 1993, 

following other studies showing the need for appropriate timing and repetition (Kilbride 



 

22 
 

& Paveglio,1999). Mowing should occur when substantial amounts of above ground 

biomass are produced, but before transfer from above ground parts is made to the roots. 

Usually, this timing is at or near flowering. Depletion of carbohydrate reserves in the 

rhizomes inhibits active growth of rhizomes and forces redirection of resources to the 

plant, that in turn will respond by producing more shoots (Stannard & Crowder, 2001). 

Some advantages and disadvantages of mowing as a management practice are 

summarized below.   

Advantages: Defoliation from mowing is easy to gauge, and mowing repetition can be 

altered. Desirable plants may be released from the shading effect of RCG (Stannard & 

Crowder, 2001).   

Disadvantages: Many areas where RCG grows are not suitable for mowing or haying 

equipment. The effect can be short-lived if mowing is not repeated frequently enough and 

complete control via mowing is unattainable (Stannard & Crowder, 2001). 

1.7. Combination Treatments 
 

Combining treatments have been demonstrated to be the most effective means of 

controlling reed canary grass because the effects are cumulative (Adams & Galatowitsch, 

2006; Galatowitsch 2000; Hovick & Reinartz, 2007). In a multiyear study, Hovick & 

Reinartz (2007) ranked species in order of survival and found that the average two-year 

survival of the top ten species in their study was 62% in the herbicide-only treatment, 

compared with 85% in the herbicide and plowed treatment, and only 14% in the untreated 

RCG controls. Sweeney & Czapka (2004) studied the use of tree shelters and weed 

treatment methods on survivorship and growth rates of newly planted stems, including 

herbicide use, matting and mowing. Growth rates showed that seedlings with shelters 
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grew significantly faster in herbicide plots than in mow or control plots (fig. 1), while no 

difference was observed between weed treatment in plots for unsheltered seedlings. 

Seedlings in herbicide plots (averaged across tree shelter use, species, and sites) grew 

significantly faster than those in mowed or control plots (Table 1. and Fig 1.) 

(Sweeney& Czapka, 2004). 

Table 1. Comparison of seedling survivorship (mean % (confidence limits)) and growth 
(mean cm (±S.E.)) after the first and fifth growing season (Sweeney & Czapka, 2004). 

 Survivorship Growth 
 First year Fifth year First year Fifth year 
Shelter 

 Unsheltered 95.2 A (91.8, 97.3) 68.9 A (59.2, 77.2) �í���������$��
(±1.0) 52.5 A (±4.7) 

 Sheltered 97.0 A (92.8, 98.8) 95.6 B (91.3, 97.9) 5.6 B (±1.0) 156.7 B (±4.2) 
 
Species 

    

 Red maple 95.0 B (90.7, 97.3) 78.6 AB (69.5, 
85.5) 

�í���������$��
(±1.4) 69.6 A (±6.3)     

 White oak 98.8 BC (96.9, 
99.5) 93.1 C (87.9, 96.2) 5.1 B (±1.4) 84.7 AB (±5.7)     

 Red oak 95.8 BC (92.1, 
97.8) 

92.7 BC (81.8, 
97.3) 

�í���������$��
(±1.5) 

101.1 BC 
(±5.8) 

    

 Pin oak 98.8 C (96.3, 99.6) 94.8 BC (80.8, 
98.7) 

�í���������$��
(±1.4) 118.8 C (±5.7)     

 Tulip 
poplar 79.0 A (68.0, 87.0) 59.1 A (40.1, 75.6) 19.5 C (±1.5) 148.8 D (±7.0)     

 
Weed treatment 

    

 Control 96.7 A (91.9, 98.7) 86.5 A (74.1, 93.4) 0.9 A (±1.5) 86.6 A (±7.4)     

 Mow 96.6 A (91.5, 98.7) 83.3 A (75.5, 88.9) �í���������$��
(±1.5) 89.5 A (±7.5)     

 Tree mat 96.7 A (92.5, 98.6) 91.6 A (82.4, 96.2) 2.1 A (±1.5) 114.0 AB 
(±7.3) 

    

 Herbicide 94.5 A (88.7, 97.4) 87.1 A (78.7, 92.6) 2.1 A (±1.5) 128.4 B (±7.6)     
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Figure 1. Growth rates for seedlings at year one and five.  Comparison of weed treatment 
methods for sheltered and unsheltered seedlings (Sweeney & Czapka 2004).     
 

In another study by Sweeney (2002), mean seedling survivorship was 

significantly higher for herbicide treatment (87.3%) over mowing (37.7%) and control 

(35.3%) in the first year of growth (Table 2). Then in the fourth season of growth, 

survivorship for the herbicide treatment was 56.6%, mowing treatment was 13.9 % and 

the control (no treatment of any sort) was 12.5 % (Table 1.2.).  

Table 1.2. Comparison of seedling survivorship (mean % (confidence limits)) and growth 
(mean cm+/-SE)) after first and fourth growing season (Sweeney 2002). 
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1.8. Research Explanation 
 

Given the environmental impacts of glyphosate, there is significant interest in 

determining which non-herbicide treatments are most effective in suppressing RCG 

growth. However, the previously summarized studies leave significant questions over 

whether mowing or tilling are preferable and in what combinations.  To address the 

opportunity for widespread riparian forest restoration and the challenge of RCG 

infestations, this project assessed survival of newly planted native tree stems subject to 

standard vs. herbicide-free site preparation and management techniques over two 

growing seasons. Mowing, tilling and herbicide application methods were used during 

the preparation and maintenance of the sites. Specifically, adjacent treatment A 

(herbicide-free management techniques) and treaement B (i.e., herbicide management 

techniques) plots of native tree stems were planted at eight sites and stem survival and 

RCG characteristics are assessed overtime.  

The null hypothesis being tested in this study was that there is no difference in 

mortality of tree stems planted in pre-tilled plots prepared with use of herbicide (to treat 

RCG) and mowed two times per each growing season (treatment B), and those planted in 

pre-tilled plots prepared without use of herbicides and mowed four times per each 

growing season (treatment A) (Ho). The alternative hypothesis states that based on 

preparation and management differences (herbicide application and mowing frequency) 

the treatment A plots incur greater tree stem mortality.  

1.9. Conclusion 
 

With the multitude of climate, flood, carbon sequestration and ecosystem services 

that riparian forest provide, it behooves restoration practitioners and landowners to make 



 

26 
 

better informed decisions about site preparation and management implementation of sites 

dominated by RGC that improve the likelihood that newly planted trees will  survive. 

Comparing the use of herbicides such as glyphosate to the practices of tilling and mowing 

creates an herbicide vs mechanical manipulation model, with advantages and 

disadvantages for each. The negative effects of glyphosate to the ecosystem and potential 

health threat to humans who apply or come into contact with glyphosate, is strong 

motivation to consider alterative techniques. Additionally previous studies have 

suggested that the use of one or more fall applications of herbicide in conjunction with 

tilling, has been shown to be effective in controlling RCG, and the survival of newly 

planted trees. Based on the characteristics of RCG and previous studies detailing the 

effect of mowing as a mechanical treatment method, the inclusion of mowing during the 

growing season creates the potential for even greater survival rates than studies in which 

mowing was not an added prescription.  
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CHAPTER 2. RIPARIAN BUFFER ESTABLISHMENT USING DIFFERENT 
MANAGEMENT TECHNIQUES  

 
2.1. Introduction 

 
In riparian ecosystems, mature and fully functioning forests provide immense 

ecosystem services to water quality, species diversity, hydrology, and climate change 

(Osborne & Kovacic, 1993; Bourgeois et al., 2016). Loss of functioning riparian forests 

to agricultural use, forestry, development, and invasive species is common and 

contributes to the threat of water quality degradation and the disruption of natural 

ecosystem services (Bourgeois et al., 2016). Through the establishment of riparian 

restoration projects, portions of the landscape may return to a state of natural health and 

equilibrium with respect to its native species and processes. The challenge of reclaiming 

altered or eliminated riparian forests to their prior existence (through planting trees), can 

be hindered by the presence of dense stands of reed canary grass (Phalaris arundinacea) 

(Clark & Thomsen, 2020).    

The establishment of forested riparian buffer zones can be severely restricted by 

the characteristics of reed canary grass (RCG)(Sweeney & Czapka, 2004; Adams & 

Galatowitsch, 2006; Wisconsin Reed Canary Grass Management Working Group 2009). 

Reed canary grass is a highly variable species that grows rapidly producing a dense 

monoculture that spreads radially through dense rhizomes and seed dispersal (Adams & 

Galatowitsch, 2006). Its invasive nature inhibits native tree and shrub species from 

establishing and prevents their growth. The result is that riparian buffer areas with high 

concentrations of RCG are slow to convert or never mature to forest, with or without 

restoration and/or planting projects. To improve the process of restoring riparian forests, 

different methods of RCG control and management have been studied. The method used 
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on any particular location is dependent on the conditions of the site, available funds, 

personnel, equipment and landowner choices or objectives. Combinations of tilling, 

mowing, sheltering (tube protection of stems) and herbicide application provide the 

framework for current standard treatments (Clark & Thomsen, 2020; Hovick & Reinartz, 

2007; Stannard & Crowder, 2001; Sweeney, 2002; Sweeney & Czapka, 2004). 

Herbicide-free management techniques such as tilling, plowing and mowing have been 

studied with varying results (Hovick & Reinartz, 2007; Kim et al., 2006; Sweeney & 

Czapka, 2004). Consequently, restoration practices are often based on trial and error or 

anecdotal information because local or regional data from controlled experiments is 

limited (Adams & Galatowitsch, 2006; Hovick & Reinartz, 2007; Kim et al., 2006).  Of 

particular interest is the use of the herbicide glyphosate (Rodeo or Roundup) that is 

commonly used as a tool in riparian restoration. Evidence shows herbicide use in 

conjunction with other management practices is generally the most effective at increasing 

survival of newly planted trees and reducing RCG density in the short term (Adams and 

Galatowitsch, 2006; Galatowitsch, 2000; MN DNR, 2020; Sweeney, 2002; Sweeney & 

Czapka, 2004).  However, for ecologically sensitive areas, or for landowners that are 

averse to chemical treatment, data are needed to allow for informed management choices. 

This study used a split plot design to evaluate the effect of treatment methods on 

stem survival over two growing seasons with primary predictors of percent cover of 

RCG, year, and site location.  Soil nutrient and heavy metal concentrations were modeled 

as well. The goals of this study were to: (1) quantify differences in percent survival of 

native tree stems planted in riparian buffer zones in clayplain floodplains dominated by 

RCG when herbicide and tilling are used in site preparation as compared to only tilling in 
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the site preparation, with weed eating as management over time; (2) compare differences 

in percent cover of RCG when herbicide and tilling are used in site preparation as 

compared to only tilling in the site preparation, with more and less intense weed eating 

management regimes over time; and (3) present site preparation and maintenance options 

based on study results to help guide riparian restoration managers in their ability to 

successfully restore riparian forest in areas dominated by clay soils with well-established 

RCG stands. This experiment hypothesizes that “there is no difference in survival success 

of native trees planted in plots prepared with use of herbicide to treat RCG and those 

planted in plots prepared without use of herbicides”.   

 
2.2. Methods 

 
2.2.1. Study sites 
 

The study took place on eight plots located in five Vermont Fish and Wildlife 

Management Areas in the Champlain Valley region of Vermont.  The wildlife 

management areas from north to south are Little Otter Creek (locally known as Slang 

Creek) in Ferrisburgh, Lower Otter Creek in Vergennes, Dead Creek in Addison, 

Whitney/Hospital Creek in Addison, and Lemon Fair River in Cornwall (Figure. 2.1).  
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Figure 2.1: Riparian restoration site locations. Locations of eight research sites in Central 
Vermont. 

 
 

Eight specific site locations were identified within the five wildlife management areas 

(Table 2.1). These locations were chosen because they were identified as Champlain 

Valley clayplain floodplain areas that are predominantly dominated by RCG (personal 

communication from steering committee (Appendix A.).  
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Table 2.1: Site locations. Site locations from north to south by town, wildlife 
management area, soil type and geographic coordinates. 

Site  
and site id 

Location, 
Town 

Wildlife 
Management 
Area 

Soil Type 

 

Geographic 
Coordinates  

Slang Creek 
East (North) 
Site id = SEN 

Ferrisburgh, 
VT 

Little Otter Creek 
WMA 

Swanton Fine 
Sandy Loam and 
Covington/Panton 
silty clays 

 

44.22857098228275,-
73.25989956227517 

Slang Creek 
South 
Site id = SS 

Ferrisburgh, 
VT 

Little Otter Creek 
WMA 

Covington/Panton 
silty clays 

 

44.220443845457, -
73.26746793531356 

Lower Otter 
Creek 
Site id = LOC 

Vergennes, 
VT 

Lower Otter 
Creek WMA 

Vergennes clay 

 

44.16577036817095,-
73.27292136210052 

Dead Creek 
Lower 
Site id = DCL 

Addison, 
VT 

Dead Creek 
WMA 

Covington/Panton 
silty clays 

 

44.064542663743545,-
73.36275510821979 

Dead Creek 
Upper 
Site id = DCU 

Addison, 
VT 

Dead Creek 
WMA 

Covington/Panton 
silty clays 

 

44.064077410423785,-
73.36401977876764 

Whitney 
Creek 
Site id = WC 

Addison, 
VT 

Whitney/Hospital 
Creek WMA 

Covington/Panton 
silty clays 

 

44.031498748233005,-
73.38896355778077 

Lemon Fair 
lower 
Site id = LFL 

Cornwall, 
VT 

Lemon Fair 
WMA 

Livingston clay, 
flooded 

43.993030261471475,-
73.24777324184952 

Lemon Fair 
Upper 
Site id = LFU 

Cornwall, 
VT 

Lemon Fair 
WMA 

Vergennes clay 44.031498748233005,-
73.38896355778077 

 

 Clayplain forest was once the dominant land cover in Vermont’s southern Champlain 

Valley (Lapin, 2003). Clayplain floodplains in the Lake Champlain valley have 

historically been converted from forest to field, primarily for agricultural land use (Lapin, 

2003). Many of these areas including the eight research sites in this study, have followed 

that trend in land use (Figure 2.2).  
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Figure 2.2: Map of Land use. Land use associated with each of eight research sites. Map 
Credit Jordan Rosenthal. 
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The criteria for sites were domination by RCG, location in the floodplain or adjacent to 

the floodplain of a tributary in the Lake Champlain Basin, primarily clay soils (Figure 

2.3) and accessible by a tractor for tilling and mowing purposes.  
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Figure 2.3: Map of soils. Soil type associated with each of eight research sites. Map credit 
Jordan Rosenthal. 
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Attention was given to location in relation to the adjacent waterway to prevent 

mortality from detrimental flooding and winter ice sheering. The sites were visited in the 

summer of 2020 and criteria were validated. Sites varied slightly in elevation and 

distance from the waterway. The lowest elevation is the Slang Creek South site at 31 m. 

The site with the highest elevation is the Lemon Fair Upper site at 45 m. Slang Creek 

South is the most proximate to its adjacent water body only 15 m away. The farthest 

distance from the water body is Dead Creek Upper which is 208 m from the water. Most 

sites are completely flat between the treatment A and treatment B plots, as is the case for 

Dead Creek Upper and Lower, Little Otter Creek, Slang South and Little Otter Creek 

Slang East and Whitney Creek. Lower Otter Creek, Lemon Fair Upper and Lemon Fair 

Lower each has a slope of 0.03 from lowest point on the plot to the highest (Table 2.2). 

Table 2.2: Site location, elevation (m) and distance from water body (m) 

Site  
and site id 

Elevation (m) Distance from 
water body (m) 

Slang Creek East (North) 
Site id = SEN 

32 71 

Slang Creek South 
Site id = SS 

31 15 

Lower Otter Creek 
Site id = LOC 

31 170 

Dead Creek Lower 
Site id = DCL 

37 205 

Dead Creek Upper 
Site id = DCU 

38 208 

Whitney Creek 
Site id = WC 

32 115 

Lemon Fair lower 
Site id = LFL 

43 54 

Lemon Fair Upper 
Site id = LFU 

45 71 
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2.2.2. Site preparation and planting 
 

For each of the eight sites a 0.05 ha plot was established and divided into two 

square 0.025 ha plots adjacent to each other. A square plot design was chosen to 

minimize edge influence of surrounding reed canary grass and minimize corrections in 

the calculation of spatial statistics.  Each 0.025 ha plot was divided into nine 5.33 x 

5.33m subplots for ease of counting live and dead stems, estimation of RCG percent 

cover, and to allow for analysis of variance (Figure 2.4). 

Figure 2.4: Plot design and pre-planting preparation. Dimensions of treatment A, B, and 
subplots, as well as tilling and herbicide prescription. 

 

Two pre-planting treatments were made for each of the eight sites in September 

through October of 2020. Treatment A plots consisted of mowing (to remove standing 

RCG) and tilling twice separated by 16 days, and treatment B plots were mowed (to 

remove standing RCG) and herbicide was applied a week before each of the two tilling 

dates. In early September of 2020 the plots were mowed with emphasis on expelling cut 

grass beyond the edge of the plots to reduce thatch on the soil surface which inhibits 
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herbicide infiltration and can clog the tiller tines when tilling. On September 22nd, 2021, a 

2% active ingredient glyphosate solution (Rodeo®) was applied to treatment B plots by a 

18.92 L (5 ga) backpack sprayer and 78.66 ml (2.66 oz) of 53.8% ai concentrate per 3.78 

L (1 ga) of water as directed by label.  Following label recommendations 75.70 L (20 ga) 

of glyphosate solution was applied across the eight treatment B plots for an application 

rate of 3.14 L (3.32 quarts) per .40 ha (1 ac). Helfire® brand herbicide adjuvant (active 

ingredients Animated phosphoric, Carboxylic acids, Sulphurated amides) was added at a 

rate of 94.63 ml (3.2 oz) per 18.92 L (5 ga) as directed by label. Blue food coloring dye 

was used to allow visibility and ensure even application. Particular attention to droplet 

size was taken to reduce drift of herbicide. Tilling was conducted six days later on 

September 28th, to allow adequate time for stem and grass blade cellular damage as well 

as root absorption and based on the manufacturer recommendation for the herbicide. The 

treatment A and B plots were tilled using a Kubota L039 tractor (39 HP) and a 3 pt. hitch, 

66” tiller. Landpride Model RTA1266. The desired till depth was 20 cm (8 inch) and due 

to the lack of precipitation, the soils were extremely hard, and a depth of 12.7 cm (5 in) 

was accomplished (note second tilling in October achieved the 20 cm (8-in) desired 

depth. Ten days later (October 7th), was the scheduled date for second herbicide 

application. Due to rain on the that day, it was postponed and completed on October 9th. 

On October 16th the A and B plots were tilled again. Due to recent precipitation which 

provided softer soil, the desired depth of 20 cm was achieved.  

In April of 2021, the touching border between A and B plots received a 

rubberized weed retention fabric installed as a 33 cm (12 in) vertical barrier to prevent 

grass and rhizome migration between the A and B treatment plots. The A and B plots 
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were each divided into nine square subplots of 5.33m x 5.33m and corners were depicted 

with steel flag staffs. Treatment B subplots used the color hot pink for flags and treatment 

A subplots were marked with blue flags. From April 29 to April 30th, all sites except the 

two Lemon Fair sites were planted. The sites were wet with saturated soils or standing 

water, yet manageable for planting. The two Lemon Fair sites were under 15- 20 cm (6-8 

in) of standing water and not conducive to planting during the 29th to 31st planting period. 

On May 9th and 10th, the Lemon Fair Upper and Lower sites were planted successfully. 

Bare root stems were purchased from Intervale Center Conservation Nursery in 

Burlington VT, USA. Stems were planted by hand 0.75m to one meter apart at a density 

of ten stems per subplot, which is 90 stems per 0.025 ha plot.  Equaling 180 stems at each 

of the eight plots (Figure 2.5). That is a rate of 1440 stems per 0.40 ha (1 ac). Species 

were randomly planted and not placed in lines or rows. Each subplot received American 

basswood (Tilia americana), arrowood (Viburnum dentatum), burr oak (Quercus 

macrocarpa) grey dogwood (Cornus racemosa), nannyberry (Viburnum lentago) red 

maple (Acer rubrum) red osier dogwood (Cornus sericea), silky dogwood (Cornus 

amomum), silver maple (Acer saccharum) and swamp white oak (Quercus bicolor). Red 

osier dogwood (Cornus sericea) and silky dogwood (Cornus amomum) stems were 1.2 m 

to 1.5 m in height and the remaining eight species were all between 0.60 m and 1.2 m in 

height. Each stem received a strip of surveyor tape tied on an upper sturdy part of the 

stem to help in locating trees when counting and collecting data. This was important 

because it aided in visually locating stems as vegetation height increased over the 

summer. Biodegradable surveyor tape was used to prevent waste and potential for micro-

plastic entering the environment if the tape fell off. The biodegradable tape degraded 
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sooner than expected and each of the 1,140 trees was tagged again in May of 2022 with 

plastic surveyor tape to ensure stems could be visible for counting in the future months.  

Figure 2.5: Planting design. Each subplot within the treatment A and treatment B was 
planted with the same ten native species. Spacing between stems was 0.75 - 1 m and 
stems were planted in random locations. Not in lines or rows. 

 

2.2.3. Plot management and maintenance 
 

Each site was visited four times in the growing season of 2021 and four times in 

the growing season of 2022. In the first week of June 2021, each site was visited and the 

vegetation growing on the treatment A and treatment B plot was cut to ground level by a 

battery powered 56 volt handheld Ego weed eater. Careful attention was made to not cut 

tree stems with the weed eater. In the first week of July 2021, only the treatment A plots 

were cut with the weed eater. In the first week of August 2021, both the treatment A and 

B plot vegetation was cut again, and in the first week of September only the treatment A 

vegetation was cut.  The same pattern was repeated for the growing season of 2022 

(Table 2.3). The maintenance protocol for manual weed cutting of RCG was a 

recommendation of the steering committee to: 1. Allow seedlings to have access to 
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sunlight and reduce competition. 2.  Minimize ideal winter habitat for voles and other 

rodent/herbivores in the vicinity of the stems. 3. Maintain RCG shorter than the planted 

tree stems to ensure stems are not accidentally destroyed during future maintenance. 4. 

To mimic the anticipated capacity of landowners/land managers to maintain a site with 

little external assistance.  

Table 2.3: Maintenance protocol for 2021 and 2022. In 2021 and 2022, treatment A plots 
at each site were mowed each month. In 2021 and 2022, treatment B plots were mowed 
in June and August. 

 June July August September 

Treatment A Mow Mow Mow Mow 

Treatment B Mow None Mow None 

 
2.3. Data collection and analysis 

A split plot design was used to evaluate the effect of treatment methods on stem 

survival with primary predictors of percent cover of RCG, year, and site location. Soil 

nutrient and heavy metal concentrations were added to the model as well. In the summer 

of 2021, soil samples were collected and taken to the University of Vermont laboratory 

for nutrient and metal analysis. Samples were taken from the center of the subplot 

numbered “5”, for each treatment A plot and treatment B plot, at each of the eight sites. 

T-tests were run to determine “no difference” in soil type between A and B plots (p < 

0.05). Phosphorus (P), organic soil matter and aluminum (Al) were compared for the T-

tests. No significant differences were found when comparing these parameters across A 

and B plots across the eight study sites. Phosphorus (p = 0.582), soil organic matter (p = 

0.946), or aluminum (p = 0.795). 



 

41 
 

In the 2021 growing season, each site was visited four times. In the first week of 

June, July, August, and September. Trees were counted and recorded on a data sheet as 

live or dead in each of nine subplots for the treatment A plot and treatment B plot for all 

of the eight sites. Out of the ten stems in each subplot, the stems that were deceased and 

could be identified by species were documented, and if mechanism of death was evident, 

that was also recorded. In addition to counting mortality of stems in each subplot, a visual 

estimation of percent coverage of RCG was recorded for each subplot. For each subplot 

in the A and B plots, a 1m x 1m quadrat was placed in the approximate center of the 

subplot and a visual estimate of the percent cover of reed canary grass in the quadrate 

was recorded. Then without removing the quadrat, a visual estimate of the percent cover 

of reed canary grass in the entire subplot was made and recorded. This assisted in 

estimating subplot RCG cover because subplots were not uniform in RCG cover and 

quadrates had higher or lower percent cover than the entire subplot. The quadrat served 

as a good visual aid for accuracy. Photo documentation of both plots was taken for each 

visit during the plot preparation period, the planting process, the 2021 growing season, 

and the 2022 growing season. Means and differences across all eight sites and for each 

individual site were calculated for stem survival and percent cover of RCG by year. Stem 

survival analysis used two-way crosstabulation tables to arrive at chi-square values for 

association between treatment method (A or B) and survival. This was conducted after 

the first year of growth (2021) and after the second year of growth (2022).  A p-value of 

p < 0.05 was used for all analysis. Adjusted Bonferroni error rate (experiment-wise p < 

0.05, adjusted to p<.00625) was used to account for multiple comparisons.   
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An independent T-test was used to determine the relationship between RCG cover 

and treatment method (A or B) for each of the eight sites, with a Bonferroni error rate 

adjusted to 0.00625.  

  For each site, box and whisker plots were generated for stem survival and percent 

cover of RCG comparing year and treatment method (A or B), as well as comparing site 

and treatment method. Binary logistic regression was conducted to find the best fitting 

model to describe the relationship between treatment, year, percent RCG cover, site, and 

soil nutrient concentration (independent variables) and survival (dependent variable), and 

to be able to make appropriate statistical predictions using the odds ratio generated by the 

regression. Additionally, modeling was conducted with estimated percent cover of RCG 

alone, as well as adjusted with soil nutrient concentrations including, K, Mn, B, Cu and 

Zn. The soil nutrients and heavy metal concentrations were standardized such that one 

unit is one standard deviation. Parameter event tables were produced by the binary 

regression models and recorded to identify the significance of factors and their 

corresponding odds ratio. An odds ratio greater than one, indicates increased chance of 

survival based on one unit of the factor (treatment or RCG cover for example). An odds 

ratio of less than 1 indicates a reduction in chance of survival based on the factor. 

Analyses were performed using the statistical software SPSS (SPSS Statistics 26). 

2.4. Results 

2.4.1. Tree stem survival 
 

Mean survival of stems in the treatment A and treatment B plots across all eight 

sites after one growing season was almost the same at 91.8 % for the A plots and 91.5% 

for the B plots (Table 2.4, Fig.2.6). A chi-square test of independence was performed to 
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examine the relation between survival and treatment method was found to be not 

significant, X2 (1, N = 1440) = 0.036, p = 0.849. After two growing seasons the mean 

survival decreased to 78.2 % for A plots and to 81.1 % for B plots across all eight sites 

(Table 2.4, Fig.2.6). A chi-square test of independence using a Bonferroni error rate of p 

= 0.00625 presented that there was no significant association between stem survival and 

treatment method, X2 (1, N = 1440) = 1.89, p = 0.169. 

Table 2.4: Mean percent survival of stems after one growing season (2021) and after two 
growing seasons (2022). P-value derived from alive/dead crosstabulation chi-square test 
using Bonferroni adjusted error rate of p < 0.00625.  X2 (1, N = 1440) = 0.036, p = 0.849 
after one growing season.  X2 (1, N = 1440) = 1.89, p = 0.169 after two growing seasons. 
Significant differences between treatment A and B plots are indicated with a *.   

      Survival %     
Year N (stems) TreatmentA Treatment B Difference P-value 
2021 1440 91.8 91.5 0.28 0.849 
2022 1440 78.2 81.1 -2.92 0.169 
Difference   13.6 10.4     

 
Figure 2.6: Survival of stems per subplot across all sites by treatment method and year. 
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The mean survival of stems in each of eight sites for the treatment A and B plots 

after one growing season (Fig. 2.7) showed similar values with a difference of 5.56 points 

or less between treatment A and B plots, except for Lemon Fair Upper (8.89 point 

difference, Table 2.5). All sites failed to meet adjusted Bonferroni p-value threshold of 

0.00625.  

Figure 2.7: Survival of stems per subplot by site and treatment method after one growing 
season (2021)  

 
Table 2.5: Mean percent survival of stems by treatment method for each site after one 
growing season (2021). P-value derived from alive/dead crosstabulation chi-square test 
using Bonferroni adjusted error rate of p < 0.00625. Significant differences between 
treatment A and B plots are indicated with a *. 

      Survival %     
Site N TreatmentA Treatmen B Difference P-value 
Dead Creek Lower 180 87.8 93.3 -5.56 0.203 
Dead Creek Upper 180 92.2 95.6 -3.33 0.351 
Lemon Fair Lower 180 91.1 88.9 2.22 0.794 
Lemon Fair Upper 180 96.7 87.8 8.89 0.026 
Lower Otter Creek 180 91.1 93.3 -2.22 0.578 
Slang Creek East-North 180 93.3 93.3 0.00 1.000 
Slang Creek South 180 87.8 82.2 5.56 0.297 
Whitney Creek 180 94.4 97.8 -3.33 0.247 
All sites  1440 91.8 91.5 0.28 0.849 
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Mean survival of stems by treatment method recorded at each of eight sites after 

two growing seasons (Figure 2.8) showed more variability in difference in percentage 

values between treatment A and B plots (Table 2.6). Five out of the eight sites revealed 

greater survival in the B plot than the A plots with the greatest difference at 14.44 %. 

None of the values across all sites met the adjusted Bonferroni p-value threshold of 

0.00625.   

Figure 2.8: Survival of stems per subplot by site and treatment method after two growing 
seasons (2022). 
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Table 2.6: Mean percent survival of stems by treatment method for each site after two 
growing seasons. P - value derived from alive/dead crosstabulation chi square test, using 
Bonferroni adjusted error rate of p < 0.00625. Significant differences between treatment 
A and B plots are indicated with a *. 

      Survival %      
Site N TreatmentA TreatmentB  Difference P-value 
Dead Creek Lower 180 75.6 70.0  5.56 0.402 
Dead Creek Upper 180 83.3 91.1  -7.78 0.118 
Lemon Fair Lower 180 60.0 54.4  5.56 0.451 
Lemon Fair Upper 180 76.7 84.4  -7.78 0.187 
Lower Otter Creek 180 76.7 91.1  -14.44 0.008 
Slang Creek East-North 180 90.0 88.9  1.11 0.808 
Slang Creek South 180 76.7 78.9  -2.22 0.720 
Whitney Creek 180 86.7 90.0  -3.33 0.486 
All sites  1440 78.2 81.1  -2.92 0.169 

 
Method of mortality was recorded in this study, with data collection categories of 

“unknown,” “herbivory,” “disease,” “flood,” “cut by mower/weed eater” “drought” and 

“other” (Table 2.7).  Results did not provide clear information because cause of mortality 

was difficult to determine for many of the stems. Over the four data collection visits in 

2021 and the four data collection visits in 2022, 621 (93%) stems were listed as 

“unknown” cause of mortality. Planting mortality accounted for 31 causes (5%) and five 

stems indicated mortality from herbivory and five from accidental mowing/weed cutting. 

Planting mortality was assumed when no obvious cause of death was evident, and the 

death occurred in the first or second month following planting.  
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Table 2.7: Cause of mortality. Cause of mortality was recorded during each of eight data 
collection visits. 

Mortality  
Mortality cause Frequency 

reported over 8 
visits 

Valid 
Percent  

Unknown 621 92.5 
 

Herbivory 5 0.7 
 

Cut/Weed eater 5 0.7 
 

Planting mortality 31 4.6 
 

Other 9 1.3 
 

Total 671 100.0 
 

 
2.4.2. Reed canary grass percent cover 
 

Mean percent cover of RCG across all eight sites after one growing season was 

40.6 % for the treatment A plots and 28.7 % for the treatment B plots (Table 2.8). 

Indicating 11.93 % less RCG in the B plot than A plot. Suggesting the B method 

significantly influenced RCG percent cover, independent T-test (p = 0.000). After two 

growing seasons (Fig 2.9), the A plot average decreased by 3.7 points to 36.9 %, while 

the B plot average increased by 9.5 points to 38.2 %. Showing no significance between A 

and B using independent T-test (p = 0.648).   

Table 2.8: Mean percent cover of RCG by treatment for all sites in the first year and 
second year. P - value derived from independent samples T-test.  Using treatment method 
as the grouping factor and RCG as the output. Adjusted for Bonferroni error rate of p < 
0.00625. Significant differences between A and B plots are indicated with a *. 

      RCG Cover %     
  N (Plots) TreatmentA Treatment B Difference P-value 
2021 8 40.6 28.7 11.93 0.000* 
2022 8 36.9 38.2 -1.30 0.648 
Difference   3.7 -9.5     
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Figure 2.9: Mean percent cover of RCG by treatment method for year one (2021) and 
year two (2022) 

 
 

The mean percent cover of RCG by treatment for all sites after one growing 

season (Figure 2.10) showed variability in percentage values between treatment A and B 

plots (Table 2.9). All sites but one (Lemon Fair upper) recorded lower mean percentage 

of RCG in the B plots compared to A plots. The greatest difference between B and A 

plots was at the Lemon Fair Lower site with average percent survival in the B plot that 

was 36.3% less than the A plot average (treatment A, 76.4%, treatment B, 40.1%). The 

adjusted Bonferroni p-value of 0.00625 was met by Dead Creek Upper (p = 0.000), 

Lemon Fair Lower (p = 0.000) and Slang Creek South (p = 0.000).   
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Table 2.9: Mean percent cover of RCG by treatment method for each site after one 
growing season. P-value derived from independent samples T-test using treatment as 
grouping factor and RCG as the output. Adjusted for Bonferroni error rate at p < 0.00625. 
Significant differences between A and B plots are indicated with a *. 

      RCG Cover %   
Site N TreatmentA TreatmentB Difference P-value 
Dead Creek Lower 9 39.9 11.6 28.3 0.000* 
Dead Creek Upper 9 26.6 16.9 9.7 0.042 
Lemon Fair Lower 9 76.4 40.1 36.3 0.000* 
Lemon Fair Upper 9 50.4 65.3 -14.9 0.016 
Lower Otter Creek 9 46.7 35.7 11.0 0.068 
Slang Creek East-
North 9 54.7 54.4 0.3 0.960 
Slang Creek South 9 23.5 4.2 19.3 0.000* 
Whitney Creek 9 6.3 1.0 5.3 0.052 
All sites  72 40.6 28.7 11.9      0.000* 

 
Figure 2.10: Mean percent cover of RCG by treatment method and site after one growing 
season (2021). 

 
 

Mean percent cover of RCG by treatment method for each site after two growing 

seasons (Figure 2.11) showed sizeable difference in percentage values between treatment 

A and B plots (Table 2.10). Reed canary grass cover was lower in treatment A plots in 

four of the eight sites and percent cover in the treatment A plots was lower overall at  
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36.9 % to treatment B plots at 38.2% but not statistically significant. The Lemon Fair 

Lower site increasing by 50. 5 points from 40.1% in 2021 to 90.6 % in 2022.  Whereas 

the treatment A plot increased 3.3 % from 2021 to 2022. The adjusted Bonferroni p-value 

threshold of 0.00625 was met by Lemon Fair Lower (p =.006). 

Table 2.10: Mean percent cover of RCG by treatment method for each site after two 
growing seasons. P- value derived from independent samples T-test. Using treatment as 
the grouping factor and RCG as the output. Adjusted Bonferroni rate of 0.00625. 
Significant differences between treatment A and B plots are indicated with a *.  

      RCG Cover %    
Site N TreatmentA TreatmentB Difference  P-value 
Dead Creek Lower 9 26.9 21.0 5.9  1.210 
Dead Creek Upper 9 15.8 7.8 8.0  0.008 
Lemon Fair Lower 9 79.7 90.6 10.9  0.006* 
Lemon Fair Upper 9 73.9 77.2 3.3  0.341 
Lower Otter Creek 9 50.1 46.8 3.3  0.644 
Slang Creek East-
North 9 19.9 33.6 13.7 

 
0.015 

Slang Creek South 9 8.6 8.0 0.6  0.888 
Whitney Creek 9 20.0 20.4 0.4  0.916 
All sites  72 36.9 38.2 1.3           0.648 

 
Figure 2.11: Mean percent cover of RCG by treatment method and site after two growing 
seasons (2022).  
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Due to the combination of distance from the river, elevation and little to no slope, 

the sites experienced no erosion and were distanced enough from the river to eliminate 

risk of flood inundation by moving water which can result in winter ice sheering and 

stem mortality. The Lemon Fair Lower site was the exception in that it did receive 

inundation in the winter of 2022 but did not receive detrimental ice flows. 

2.4.3. Binary logistic modeling 
 

Binary logistic modeling was used because of its greater level of power to 

determine relationships between several predictors in one model. Using binary logistic 

analysis, two models were created. Model A. (Table 2.11) reported a Goodness of Fit of 

1.04 and an Omnibus Test significance of .000. Model B. (Table 2.12) reported a 

Goodness of Fit of 1.028, and an Omnibus Test significance of 0.000.  

A model predicting the probability of stem survival as a function of treatment 

method, RCG cover and year, adjusting for site, (Model A. Table 2.11) showed that RCG 

cover (p=0.005) and year (p = .000) were statistically significant predictors of 

outcome.  The odds of survival were 4.35-fold (CI: 3.78, 5.00) higher during the first year 

(2021). The effect size for RCG cover was extremely small. A one unit decrease in RCG 

reduced the odds of survival by less than 1%. Treatment method did not show influence 

on survival in the model A. (p = .169). This agrees with the results from the chi-square 

test presented above. 
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Table 2.11: Model A. Parameter estimates of binary logistic regression. Stem survival is 
the dependent, using “count of live stems” as the event variable and “count of stems 
planted” as the trials variable. Factors in the model: Intercept, year, subplot RCG cover, 
trt and siteid. “Year” is first year of growth (2021) or second year (2022). “Subplot RCG 
cover” is estimated percent cover of RCG per subplot. “trt=0” is treatment B and “trt=1” 
is treatment A. “siteid” presents all eight sites.  

Parameter     
95% Wald Confidence 
Interval for odds ratio   

 P- value Odds Ratio Lower Upper 
Intercept 0.000 10.991 8.639 13.984 

year=21 0.000 4.349 3.780 5.003 

year=22 
 

1 
  

subplot RCG cover 0.005 0.996 0.993 0.999 

trt=0 0.169 0.919 0.815 1.037 

trt=1 
 

1 
  

siteid=DCL 0.000 0.342 0.261 0.449 

siteid=DCU 0.272 0.842 0.619 1.145 

siteid=LFL 0.000 0.299 0.218 0.408 

siteid=LFU 0.009 0.650 0.471 0.898 

siteid=LOC 0.065 0.750 0.552 1.019 

siteid=SEN 0.037 0.727 0.539 0.980 

siteid=SS  0.000 0.287 0.220 0.375 

siteid=WC  
 

1 
  

Events: count_living 
Trials: count_planted 
Model: (Intercept), year, subplotRCG, trt, siteid 
 
 

When adjusting for the standardized soil concentration of K, and ZN in the 

modeling (Model B., Figure 2.12), treatment method was significant to survival (p = 

0.001). RCG cover, site, year, DCL, LFL, and SS all remained significant p < 0.05.  
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Table 2.12: Model B. Parameter estimates of binary logistic regression. Stem survival is 
dependent, using count of live stems as the event variable and count of stems planted as 
the trial’s variable. Factors in model: (Intercept), year, subplotRCG, trt, siteid, Zscore(K), 
Zscore(Zn), year.  “Year” is first year of growth (2021) or second year of growth (2022). 
“Subplot RCG” is estimated percent cover of RCG per subplot. “trt=0” is treatment B, 
“trt=1” is treatment A. Zscore(K) and Zscore (ZN) are the soil nutrients concentrations 
standardized such that one unit is one standard deviation.   

Parameter     
95% Wald Confidence 
Interval for odds ratio   

  P-value. Odds Ratio Lower Upper 
Intercept) 0.000 15.859 11.398 22.067 

year=21 0.000 4.368 3.788 5.036 

year=22   1     

subplot RCG cover 0.002 0.679 0.533 0.866 

trt=0 0.001 0.765 0.655 0.892 

trt=1   1     

siteid=DCL 0.000 0.176 0.107 0.291 

siteid=DCU 0.011 0.502 0.296 0.851 

siteid=LFL 0.030 0.418 0.191 0.919 

siteid=LFU 0.343 1.385 0.707 2.714 

siteid=LOC 0.000 0.477 0.315 0.721 

siteid=SEN 0.000 0.358 0.228 0.561 

siteid=SS  0.000 0.113 0.063 0.200 

siteid=WC    1     

Zscore(K) 0.005 0.540 0.351 0.830 

Zscore(Zn) 0.001 1.269 1.106 1.455 

(Scale)         

Events: count_living 
Trials: count_planted 
Model: (Intercept), year, subplotRCG, trt, siteid, Zscore(K), Zscore(Zn),  
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Hypotheses, expected results, finding and acceptance or rejection details are presented in 
Table 2.13.  
 

Table 2.13: Hypotheses, expected results, findings and acceptance or rejection of 
hypothesis. 

Hypothesis Expected Result Findings Accept/Reject 
There is no 
difference in survival 
success of native 
trees planted in plots 
prepared with 
herbicide, tilled, and 
managed with 
minimal mowing 
(treatment B) and 
those prepared 
without herbicides, 
tilled and managed 
with more frequent 
mowing (treatment 
A). 

Herbicide, tilling and 
minimal mowing will 
positively affect tree stem 
survival compared to 
tilling and more frequent 
mowing (Clark & 
Thomsen, 2020; 
Wisconsin Reed Canary 
Grass Management 
Working Group, 2009; 
Hovick and Reinartz, 
2007; Adams & 
Galatowitsch, 2006; Tu, 
2004; Sweeney & Czapka, 
2004; Kilbride & 
Paveglio,1999).  

Mean survival of stems 
was not significantly 
different in treatment 
A vs. B plots after 
either one (91.8% vs. 
91.5%) or two (78.2% 
vs. 81.1%) growing 
seasons (Year 1: X2 

0.036; p=0.849; Year 2: 
X2 1.89 p = 0.169). 
  

Accept. 

There is no 
difference in reed 
canary grass 
(Phalaris 
arundinacea) percent 
cover in in plots 
prepared with 
herbicide, tilled, and 
managed with 
minimal mowing 
(treatment B) and 
those prepared 
without herbicides, 
tilled and managed 
with more frequent 
mowing (treatment 
A). 

Herbicide, tilling and 
minimal mowing will 
reduce reed canary grass 
percent cover compared to 
tilling and more frequent 
mowing (Clark & 
Thomsen, 2020; 
Wisconsin Reed Canary 
Grass Management 
Working Group, 2009; 
Hovick and Reinartz, 
2007; Adams & 
Galatowitsch, 2006; Tu, 
2004; Sweeney & Czapka, 
2004; Kilbride & 
Paveglio,1999). 

Percent RCG cover was 
significantly less in 
treatment B plots 
(40.6%) than treatment 
A plots (28.7%) after 
one growing season (T= 
4.92; p = 0.000). No 
significant difference 
observed in average 
percent RCG cover 
between treatment A 
(36.9%) and B (38.2%) 
plots after two growing 
seasons (T=.456; 
p=0.648) 

Reject for 
year one. 
Accept for 
year two.  
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2.5. Discussion 

Through the establishment of riparian restoration projects, portions of the 

landscape may return to a state of natural health and equilibrium with respect to its native 

species and processes. The presence of reed canary grass is a challenge to restoration 

practitioners, land managers and landowners when reclaiming altered or eliminated 

riparian forest to their prior existence (through planting trees). This study assessed native 

trees subject to glyphosate, till and mowing management techniques (treatment B) vs. 

herbicide-free till and mowing management techniques (treatment A) during the 

establishment and maintenance of riparian forest, as well as a comparison of reed canary 

grass density between treatment A and B plots over time. 

Based on the average percent survival of tree stems across all eight sites, there 

was no difference in survival in treatment A (site prepared by tilling and mowed four 

times per growing season) or treatment B (site prepared by tilling and herbicide and 

mowed two times per growing season) plots in year one. Overall survivorship in year one 

was similar to previous studies (Sweeney & Czapka, 2004;  Hovick and Reinartz 2007) at 

91.8 % treatment A and 91.5 % treatment B. Although survivorship in year two (81%) 

was 10% less than year one in the B plots (herbicide and till), it was still higher than a 

similar study by Hovick and Reinartz, (2007) that registered 50.5 % survival for their 

herbicide and plow plot after two years. Of note is that in this study, the sites were tilled 

rather than plowed, and the treatment B plots (herbicide and till) were mowed twice in 

each season of growth. This gives evidence that adding mowing to herbicide and till 

preparation methodology could increase survival.  Observational data and pictures 

recorded that two of the eight sites had much higher densities of RCG outside of the plots 
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than the others. Those sites were the Lemon Fair Upper and Lemon Fair Lower. The 

height of RCG at those two sites was higher than the others, reaching as high as two 

meters.  Reed canary grass growth exploded in the second season at the Lemon Fair 

lower site to 90 % average cover increasing from 65 % cover in the first year of growth. 

Of interest is that the treatment A plot only increased by 3.3 % from year one to year two. 

Repetitive mowing of the treatment A plot at Lemon Fair Lower seemed to suppress 

RCG growth, where the fewer mowing visits to the B plots gave the RCG enough 

continued vigor to expand and grow much more rapidly. Choosing restoration sites with 

lower RCG density and shorter stands of grass for restoration plantings, is a suggested 

area of future study.    

Herbivory can be a significant cause of mortality in restoration projects. Method 

of mortality was recorded in this study, but did not provide clear information because 

cause of mortality was difficult to determine for many of the stems. Few stems indicated 

mortality from herbivory.  Most mortality was listed as “unknown.” Of note in this study 

was that on numerous occasions, trees that previously presented a main stem that 

appeared dead, later had live basal growth at the ground level. This occurrence was 

prevalent at the end of the first year of growth and again as year two growth began in 

May and June. One conclusion learned from that observation is that the time of the 

growing season in which stems are counted as live or dead is important and can be 

misrepresentative of actual survival. For example, counting live or dead stems in May or 

early June might present stems that appear dead, but have yet to sprout basal re-growth as 

many stems in this study did. No stems indicated girdling which is a common cause of 

mortality (Heroldova et al., 2012). By controlling the density of RCG it reduced the 
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habitat (in the plots) that is conducive to mole, vole, and rodent species that girdle stems. 

Restoration practitioners currently use plastic tube stem shelters to prevent girdling and 

other herbivory (deer browse) (Sweeney & Czapka 2004). Tree shelters were not used in 

this study because the associated micro plastic contamination that occurs as a result of 

such planting practices, and because using plastic shelter tubes is an environmental 

concern (Chau et al., 2021). Additionally, a comprehensive life cycle assessment study 

and multi factor overall analysis, suggests planting seedlings without tree shelters is the 

environmentally preferable option (Chau et al., 2021).   

Reed canary grass cover in this study presented some unexpected results from 

previous studies. First, the treatment A plots showed a 3.7 % decrease in percent cover 

from 2021 to 2022 when percent cover was expected to increase based on knowledge 

obtained about exponential RCG growth in year two after management practices (Clark 

& Thomsen, 2020; Hovick & Reinartz 2007; Sweeney & Czapka 2004). Second, the 

increase in RCG cover in the B plots, which was 9.5 % from year one to year two, was 

not expected because previous research (Hovick & Reinartz 2007; Sweeney & Czapka 

2004) found herbicide and plow methods to be more effective at reducing RCG after two 

growing seasons. Third, the fact that RCG cover in the treatment A plots after two years 

was lower than in the B plots discredits the idea that herbicide and plowing or tilling is 

more effective than non-herbicide options. Although the reduction in RCG cover in the 

treatment A plots was unexpected, it could be explained by the repetitive weed eating in 

the design of this study. The four weed eating events in each growing season allowed for 

the establishment of a dense surface cover of the invasive species bird’s-foot trefoil 

(Lotus corniculatus, also called bird’s-foot Deer Vetch) at all sites but the Lemon fair 
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upper and the Lemon Fair Lower. The encroachment of bird’s-foot trefoil and other 

species, likely prevented the excessive establishment of RCG. Other species such as 

Common/Blue Vervain (native, Verbena hastata), Common Ragweed (native, Ambrosia 

artemisiifolia), Waterpepper (native, Persicaria hydropiper) Hedge Bindweed (native, 

Calystegia sepium), and Arrow-Leave Tearthumb (native Persicaria sagittate) were 

prevalent at sites throughout the two-year growing seasons and may have also contributed 

to outcompeting RCG. This is similar to the role that cover crops provide for agricultural 

fields, suggesting that planting cover crops after tilling in the fall could provide dense 

ground cover to outcompete RCG to the point that mowing as a management tool might 

not be necessary.  Future research on cover cropping and its effect on RCG is needed and 

could be a suitable non-chemical method to apply to restoration projects of large scale.  

The time commitment involved in preparation, planting and site management, was 

large and obstacles such as weather, site access, site moisture and issues around weed 

cutting efficiency all contributed. This study indicated that weed cutting was a predictor 

of success and puts forward that future planting designs incorporate planning to allow for 

mowing on a larger scale using tractors or other haying equipment. A common problem 

for mowing is that the spacing in between tree stems needs to be significant in distance to 

allow for tractor passage. This reduces planting density. To accomplish desired planting 

density, the use of high horse-power mini tractors (often used in vineyards and small 

mountain farms in Europe) for mowing would be a close substitute for handheld weed 

cultivation. This could result in the ability to achieve desired planting densities and still 

mow in between trees effectively and efficiently. Other possible solutions to the time and 

energy commitment of manually mowing RCG is to tap into citizen science and examine 
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opportunities for volunteer groups to manually weed eat vegetation at planted restoration 

projects.   

2.5.1. Binary logistic analysis models.  
  

The analysis completed using chi-square and independent T-tests provided the 

significance of the relationship of tree stem survival to the treatment method applied, and 

the effect on reed canary grass percent cover by the treatment A and B methods.  To get a 

more concise analysis, two models were created using binary logistic analysis and named 

Model A and Model B. Model A analyzed for stem survival using “year”, “RCG cover,” 

“treatment” and “site” as predictors and did not show a relationship to survival (p = 

0.169) (Table 2.11), but when the model was adjusted (Model B., Table 2.12) to include 

soil nutrient data for potassium (K) and zinc (ZN), it indicated the relationship of 

treatment method to survival at a significance of p = 0.001. When compared to other 

mineral nutrients, potassium (K) performs an essential role in plant growth and 

metabolism and contributes to the survival of plants that are stressed by biotic and abiotic 

factors (Wang et al., 2013). The role of Zinc is documented and includes the assistance in 

the formation of carbohydrates and chlorophyll, used in the conversion of starches to 

sugars, as well as helping plant tissues withstand cold temperatures (Sutradhar, 2022). 

Other nutrient and heavy metal concentrations were added as predictors, but did not 

indicate significance.  More research is needed to understand the soil nutrient relationship 

to tree survival and reed canary grass density, and in the future could be applicable to 

practitioners as they consider site characteristics and variables when choosing ideal sites 

for restoration.  
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The odds ratio produced by the models in this study can be useful to practitioners 

and landowners when considering which methods of management to use in restoration 

projects.  Model A (Table 2.11) indicates that survival in the treatment B plots (herbicide 

and till) is the same as survival in the treatment A plots (till only) with the maintenance 

carried out by manual weed cutting two times per growing season for B and four times 

per growing season for A. This provides evidence that herbicide use is not a mandatory 

tool when addressing planting projects in areas dominated by RCG. Model B, which 

adjusts with K and Zn as predictors, indicates an effect from treatment method (p = 

0.001, Odds ratio of 0.765). Model B states that the odds of survival of trees in treatment 

B plots when compared to treatment A plots is reduced 23% from 1 to 0.765. This goes 

against the hypothesis of this study that there is no difference in survival in B and A 

treatment plots, although more needs to be known about how soil nutrient concentrations 

might influence survival. Other soil nutrients and heavy metals were introduced to the 

model including phosphorus, calcium, magnesium, sulfur, iron, manganese, boron, 

copper, sodium, aluminum, cadmium, chromium, nickel, lead and soil organic matter %, 

and were not significant. 

When it comes to analyzing RCG, the modeling also supports previous research 

in that as RCG cover increases, chance of tree stem survival decreases (Model A, p = 

0.005, odds ratio of 0.996 and Model B, p = 0.0002, odds ratio of 0.679). Interpretation 

of the odds ratio for model A says that for every one unit increase in RCG cover, the 

chance of tree stem survival decreases less than 1 % from 1 to 0.996. The odds ratio for 

model B says that for every one unit increase in RCG cover, the chance of tree stem 

survival decreases 32% from 1 to 0.676.  
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There were limitations to this study that future research could include. A true 

control was not used because research and knowledge is well documented that survival of 

tree stems planted in densely vegetated RCG stands with no mechanical or chemical 

manipulations is very low (Adams & Galatowitsch, 2006; Galatowitsch, 2000; Hovick & 

Reinartz, 2007). Additionally, the study could have been more robust by measuring RCG 

biomass and tree stem growth over the two growing seasons. Measuring survival success 

by species in each of the subplots would have provided some additional insight into the 

effect of treatment on tree species. 

This study provides a picture of the survival of tree stems and growth patterns of 

RCG across multiple sites with different prescriptions for site preparation and site 

maintenance over two years. It can be concluded that preparing plots by tilling and the 

application of herbicide (glyphosate) combined with two mowing events in each of the 

two growing seasons (treatment B) did not result in higher tree stem survival rates than 

the treatment plots that were prepared by tilling only and were mowed four times in each 

of the two growing seasons (treatment A). This result suggests such methods may be a 

viable alternative to standard herbicide application methods for riparian restoration at 

sites with endangered or protected species, sensitive ecosystems, wetlands, herbicide 

prohibition, or that have landowners who prefer to use non-herbicide control methods.  

Additionally, dense ground cover of bird’s-foot trefoil was established at six of the eight 

study sites, suggesting that this groundcover was able to outcompete RCG. It is possible 

that the site preparation in conjunction with the quadruple weed cutting regime during the 

growing seasons, weakened the RCG density to the point that bird’s-foot trefoil became 

dominant. Although it is expected that the RCG will encroach in the following years. 
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Future research might be carried out to assess this relationship further. For instance, it 

would be valuable to assess if percent cover of bird’s foot trefoil is inversely related to 

percent RCG cover and the length of time the species out competes RCG (without more 

mowing in future growing seasons). Given what was found regarding the role of site 

preparation, weed cutting and the resulting low-lying ground cover vegetation in this 

study, the possibility of preparing sites with tilling followed by planting a native ground 

cover and then planting stems in that seed bed, would be useful to study. Such site 

preparation might reduce the time commitment to manually cut vegetation or mow, while 

providing another chemical free alternative to riparian restoration plantings. 
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