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ABSTRACT 
 

INVESTIGATION INTO ITADORI KNOTWEED AS A CONTROL OF BANK EROSION IN 
NEW HAMPSHIRE RIVERS 

by 

Lauren Kaehler 

University of New Hampshire, May, 2023 

 

As floods increase in frequency and magnitude throughout New England, research on 

controls of erosion is necessary to help manage riverbank erosion and its implications on river 

system health and safety of infrastructure situated along the bank. Reynoutria japonica (Itadori 

knotweed) is an invasive species spreading throughout New Hampshire rivers which is suspected 

to cause riverbank erosion due to its unique root structure and winter die-back. To examine the 

impact of knotweed on riverbank erosion, paired knotweed and native species vegetation patches 

were selected as study sites along the Sugar and Lamprey Rivers, New Hampshire. Study sites 

were monitored over the course of a year using bank pins, remote sensing (LiDAR and Structure 

from Motion), and hydraulic modeling. Banks colonized by knotweed experienced 6.8 cm more 

erosion on average than similar banks with native vegetation. No statistically significant 

difference was recorded between modeled applied shear stress or estimated critical shear stress 

values between paired vegetation patches, apart from Sugar Site 6. Overall, the results of the 

bank erosion monitoring, estimated critical shear stress, and modeled applied shear stress results 

show that the only significant differences across paired vegetation patches were the presence of 

Itadori knotweed and an increase in erosion measured at knotweed patches. To minimize the 

impacts on river ecosystems by knotweed and damage to infrastructure by erosion, river corridor 

management should consider efforts to remove knotweed from river systems.



 
 

Chapter 1: Introduction 
 

1.1 Importance of Studying Bank Erosion 
 

Morphological change in river systems is controlled in part by riverbank erosion, which 

is a natural process dependent on many factors including regional climate, geology, soil 

properties, and fluvial vegetation (Lawler, 1995; Duró et al., 2019). Excessive erosion can be 

hazardous to aquatic ecosystems and surrounding infrastructure (Kline and Dolan, 2008). 

Riverbank erosion increases the amount of sediment being transported in the river, limiting the 

amount of light available for organisms in the river and increasing the amount of deposition 

downstream (Arnold and Toran, 2018). In addition, the erosion of riverbank sediment, which 

often contains phosphorus, has been linked to harmful algae blooms and the eutrophication of 

downstream lakes (Ross et al., 2019). Infrastructure such as dams, bridges, roads, and buildings 

located near the riverbanks are also at risk from bank erosion and can be costly to repair (Gall et 

al., 2011; Fluixá-Sanmartín et al., 2018; Deng et al., 2016). Therefore, erosion is a risk to public 

health, private property, and public infrastructure, as well as ecological functions (Deng et al., 

2016). 

Over the past century, flood events in New England have been increasing in frequency 

and severity due in part to climate change and changes in land use (Armstrong et al., 2012; 

Armstrong et al., 2014). More frequent extreme precipitation events have led to more large flood 

events (Armstrong et al., 2012; Armstrong et al., 2014; Ross et al., 2019). In addition, increased 

runoff due to urbanization preventing infiltration of rainwater in riparian buffers has also caused 

more water to reach rivers faster, causing larger floods (Ross et al., 2019). As a result of the 
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increase in floods, riverbanks are more susceptible to erosion than ever (Ross et al., 2019; Li et 

al., 2021). 

Riverbank erosion is a result of a combination of multiple processes, which can vary in 

dominance based on geographical location, as well as location within the river system (Lawler, 

1995; Chassiot et al., 2020). Processes of bank erosion include fluid entrainment, subaerial 

processes, and mass failure (Lawler, 1995; Chassiot et al., 2020). Fluvial entrainment happens 

when the force applied by water passing over the bed and bank material, known as shear stress, 

exceeds the stress level at which point the bank material will be mobilized, known as critical 

stress of the bank (Julian and Torres, 2006). In cold climates, fluvial entrainment can also be 

caused by the abrasion of ice against the bank (Chassiot et al., 2020). Subaerial processes, 

including mass failure events which are generally caused by gravitational forces along with 

slower “preparatory” processes such as weakening during freeze-thaw cycles, also can cause the 

collapse of bank material (Jugie et al., 2018). As an example, a bank could be undercut by fluvial 

erosion during a large flood, with the overhanging material later collapsing due to gravity in a 

mass failure event (Chassiot et al., 2020). The prevalence of each process depends on river and 

riverbank characteristics, such as discharge, channel slope, bank height, and soil cohesion 

(Lawler, 1995; Chassiot et al., 2020). The contribution each process makes to the total amount of 

riverbank erosion varies between rivers and spatially along individual rivers in part based on 

upstream drainage area (Lawler, 1995). Fluvial entrainment is the most dominant erosive process 

in the middle sections of a river (Lawler, 1995). 

Bank erosion depends on fluvial processes, characteristics of bank material, and the 

presence of bank vegetation (Lawler, 1995; Chassiot et al., 2020). Soil properties of bank 

material, such as soil cohesion, grain size, moisture content, and the percentage of organic 
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matter, can increase or decrease critical shear strength of the bank (Lawler, 1995; Simon and 

Collison, 2002; Julien and Torres, 2006). Additionally, mature native vegetation has been found 

to stabilize riverbanks (Simon and Collison, 2002; Gurnell et al., 2016; Stover et al. 2018). 

Vegetation also impacts flow patterns during floods when water inundates the banks, which can 

influence erosion and deposition patterns (Perignon et al., 2013; Bywater-Reyes et al., 2018).  

1.2 Past Research on Riverbank Erosion  
 

Bank erosion has previously been studied using numerous different methods. In the field, 

erosion has been monitored in situ using cross sectional surveying and bank pins (Lawler, 1995; 

Heritage et al., 2009; Foucher et al., 2016; Arnold and Toran, 2018). In cross sectional 

surveying, repeated measurements of channel bed elevation along a cross section are compared 

(Heritage et al., 2009, Matte et al., 2021). Bank pins are rods installed horizontally into the 

riverbank (Lawler, 1993; Lawler, 1995). As the bank erodes, the amount of bank pin exposed 

increases, allowing quantification of the amount of erosion taking place (Lawler, 1993; Lawler, 

1995). Bank pins are one of the most common methods of monitoring bank erosion (Lawler, 

1993; Foucher et al., 2016; Arnold and Toran, 2018).  

Remote sensing techniques such as Structure from Motion (SfM) are also increasingly 

used to measure bank erosion (Jugie et al., 2018; Duró et al., 2019). SfM uses hundreds of 

pictures taken of a surface at various angles and depths, which are entered into a computer 

program that is able to generate a three-dimensional model of the bank (Jugie et al., 2018; Duró 

et al., 2019). Photographs can be taken by hand or using an Unmanned Aerial Vehicle (UAV; 

Jugie et al., 2018; Duró et al., 2019). This technique can be repeated over the course of months to 

years to assess changes over time in the bank by comparing the 3-dimensional models (Jugie et 
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al., 2018; Duró et al., 2019). Due to the high spatial variability of bank erosion, SfM may be able 

to catch changes that bank pins could miss (Jugie et al., 2018; Chassiot et al., 2020).  

Remote sensing techniques, especially those deployed via Unmanned Aerial Vehicles 

(UAVs), have great potential to be used to monitor riverbank erosion due to their ability to 

capture accurate high-quality repeated spatial data for relatively low costs (Hemmelder et al., 

2018). In some cases, UAVs may be more useful than satellite imagery due to their potential 

higher resolution and flexibility to collect data almost anywhere or anytime (Hemmelder et al., 

2018). UAVs can collect photographs necessary for SfM or can be equipped with Light Ranging 

and Detection (LiDAR) technology to collect topographic data (Hemmelder et al., 2018; Palace 

et al., 2018; Hamshaw et al., 2019). The topographic data can be used to create topographic 

maps, called digital elevation models (DEMs; Hamshaw et al., 2019). DEMs created from 

repeated flights can be subtracted from each other to create DEMs of Difference (DoDs) 

displaying any erosional or depositional change taking place on the banks over time (Hamshaw 

et al., 2019).  

Hydraulic modeling is another powerful tool that has been used to quantify riverbank 

erosion. Numerous models have been developed to assess bank stability and sediment 

contribution to rivers over a range of spatial scales including the Bank Stability and Toe Erosion 

Model (BSTEM; Simon et al., 2003), Distributed Hydrology Soil and Vegetation Model 

(DHSVM; Wigmosta et al., 1994), BankforNET (Gasser et al., 2020), and the Conservation 

Channel Evolution and Pollutant Transport System (CONCEPTS; Langendoen, 2000). Some 

models, such as BSTEM, can incorporate information about bank vegetation to model the impact 

of root structure on bank stability through RipRoot (Stryker et al., 2017; Stover et al., 2018). 
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This study uses the numerical hydrodynamic model Flow and Sediment Transport with 

Morphological Evolution of Channels (FaSTMECH), which is offered publicly through the 

International River Interface Cooperative (iRIC), to model river flow (Nelson, 2013). 

FaSTMECH was selected as it is a quasi-steady two-dimensional model developed by the United 

States Geological Survey (USGS) using the continuity and Navier-Stokes equations for the 

conservation of fluid mass and momentum to solve for velocity and shear stress (Nelson, 2013). 

A two-dimensional model was selected as it can calculate applied shear stress caused by the 

water flowing past the bank material, which can be used to predict fluvial entrainment, and one-

dimensional models do not adequately take into account river processes in meanders, which 

makes two-dimensional models better suited to non-straight channels (Julien and Torres, 2006; 

Nardi et al., 2013). The use of FaSTMECH within this study focused solely on fluvial 

entrainment, not other mechanisms of erosion such as mass failure and subaerial processes. 

1.3 Past Research on the Impact of Vegetation on Bank Erosion 
 

Multiple studies have investigated the impact of different types of vegetation on bank 

stabilization and riverbank erosion through field and flume studies. Pollen and Simon (2005) 

used a model and field verification of root tensile strength to determine that overall roots 

stabilize riverbanks, but the amount of reinforcement changed spatially and temporally based on 

soil shear strength and soil moisture. Gran and Poala (2001) used a flume to replicate a braided 

channel river and alfalfa (Medicago sativa) to simulate riparian vegetation, keeping discharge 

and sediment grain size constant. Vegetation stabilized the riverbanks reducing channel 

migration, creating narrower and deeper channels, with the effects increasing with increasing 

vegetation density (Gran and Poala, 2001). In a similar flume experiment, Coulthard (2005) 

found vegetation to increase the number of channels by acting as obstructions and directing flow 
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to either side, in contrast to previous studies. Though once channels were established, there was 

minimal later migration suspected to be caused by increased bank stability due to the vegetation 

(Coulthard, 2005). 

Other studies have investigated the impact of vegetation on bank erosion through 

hydraulic modeling (Stryker et al., 2017; Bywater-Reyes et al., 2018; Stover et al., 2018). Stover 

et al. (2018) investigated the difference between the invasive plant Arundo donax (giant reed) 

and the native species Salix laevigata (red willow) on stream bank stability on the Santa Clara 

River in California using BSTEM. The native species was found to have both higher stem 

density and greater root tensile strength than the invasive, suggesting that A. donax provided less 

structural support to the riverbank (Stover et al., 2018). Bywater-Reyes et al. (2018) modeled 

different vegetation types and densities on point bars assessing changes in flow velocity and 

direction using FaSTMECH (Nelson, 2013). They found higher density vegetation had the most 

impact on erosional and depositional patterns within the channel compared to no vegetation and 

sparse vegetation (Bywater-Reyes et al., 2018).  

1.4 Introduction to Itadori knotweed 
 

The importance of bank vegetation to bank stability is highlighted when considering the 

spread of the invasive species Itadori knotweed (Reynoutria japonica), which is suspected to 

destabilize riverbanks (Talmage and Kiviat, 2004; Mummigatti, 2008; Secor et al. 2013; Arnold 

and Toran, 2018; Hammer, 2019; Matte et al., 2021). This species is also known by the common 

name “Japanese knotweed,” though the name “Itadori knotweed” was used throughout this study 

to minimize negative national associations. Itadori knotweed is a highly invasive species that has 

spread throughout Europe and North America from Asia (Drazan et al., 2021). Knotweed grows 

in dense tall clusters, which block the sun from native species, and in combination with the 
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potential allelopathic effects of roots, create a monoculture (Drazan et al., 2021). In addition to 

the harm knotweed may cause to the fluvial ecosystem, it is suspected to increase bank erosion 

due to its rhizomatous root structure, primarily in steep cut banks (Arnold and Toran, 2018; 

Colleran et al., 2020). Knotweed is also suspected to increase erosion during winter months 

when the plants die out and leave soil exposed to runoff or large spring-melt flood events (Child 

and Wade, 2000; Smets et al., 2008). 

Previous studies throughout North America and Europe have investigated the potential 

impact of Itadori knotweed on river ecosystems. On a large scale, unmanned aerial vehicles 

(UAVs) and satellite imagery have been used to identify the locations of knotweed along rivers 

(Martin et al., 2018). Spatial and temporal spreading patterns of knotweed were projected and 

discussed in comparison with native species in a European river (van Oorschot et al., 2017). In 

modeled scenarios with both vegetative and seed dispersal, knotweed was found to outcompete 

native species (van Oorschot et al., 2017). Within the model, high abundance of dense knotweed 

patches impacted flow patterns and raised water levels during the summer, lowering sediment 

transport. In the winter, the die-back of knotweed left the floodplain vulnerable to erosion, 

increasing the amount of sediment in the river (van Oorschot et al., 2017). Other studies have 

focused solely on the harmful biological impact of knotweed on an ecosystem (Lavoie, 2017; 

Wilson et al., 2017; Fogelman et al., 2018). 

Multiple field studies have investigated the correlation between knotweed and an increase 

in riverbank erosion. Mummigatti (2008) noted an increase in sediment load downstream of 

knotweed patches after rainstorms. Secor et al. (2013) found banks with knotweed lost four times 

the amount of soil that was lost by forested banks over a three-month study. Arnold and Toran 

(2018) studied the impact of knotweed on riverbank erosion through monitoring turbidity and the 
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use of bank pins, showing increased amounts of erosion taking place on incised banks covered 

with knotweed. Hammer (2019) found the percentage of riverbed embeddedness, which is a 

measure of the amount of fine sediment on the streambed, to be higher downstream of the 

invasive species, supporting past work suggesting knotweed promotes erosion of riverbanks. 

Matte et al. (2021) observed differences between river channel cross sections in the fall and late 

spring at locations with knotweed compared to those without, suggesting that knotweed increases 

soil erosion in riverbanks. While past studies have successfully associated knotweed with 

increased erosion rates, there is still uncertainty into the magnitude of the impact of knotweed on 

erosion and the mechanisms causing it (Colleran et al., 2020). 

Because knotweed spreads primarily through the propagation of stems and rhizome 

fragments, there is potential for a feedback loop between knotweed and erosion (Drazan et al., 

2021; Colleran et al., 2020). Within the feedback loop, the rhizome root structure of knotweed 

weakens riverbanks banks, which ultimately leads to bank erosion and collapse during flood 

events, which in turn causes the breakup of plants from the original patch and spreads fragments 

of stems and rhizomes, known as propagules, downstream (Colleran et al., 2020). Once the 

propagules are deposited on downstream banks, they grow into new patches, weakening the 

riverbanks in new locations and continuing the cycle (Colleran et al., 2020). The potential 

feedback loop emphasizes the need to better understand how bank erosion is affected by 

knotweed, as if left undisturbed rivers may experience more erosion as knotweed takes over 

fluvial ecosystems. 

1.5 Research Goal 
 

The goal of this study was to further investigate the relationship between Itadori 

knotweed and riverbank erosion by combining multiple known erosion monitoring methods, 



9 
 

including using bank pins, Structure from Motion (SfM), and hydraulic modeling using 

FaSTMECH. The hypothesis was that erosion rates are higher near knotweed patches than 

vegetation patches of native species and that fluvial entrainment, caused by applied shear stress 

exceeding critical shear stress, is a dominant cause of bank erosion around knotweed patches. 

The result of this study can help river corridor management better understand the potential 

impacts of Itadori knotweed on river systems and develop educated management strategies. 

 

Chapter 2: Study Sites 
 

2.1 Study sites 
 

Two rivers in the state of New Hampshire were selected for this study: the Lamprey 

River in Rockingham County and the Sugar River in Sullivan County (Figure 1). The Lamprey 

River has a 553 square-kilometer drainage basin and empties into the Great Bay in Newmarket, 

NH (StreamStats, USGS). The Sugar River drainage basin is 715 square kilometers and empties 

into the Connecticut River on the border between New Hampshire and Vermont (StreamStats, 

USGS). The mean basin slope of the Lamprey River is 6.24% while the Sugar River has a 

steeper mean basin slope of 12.35% (StreamStats, USGS). The Sugar River has an active USGS 

gauge station in West Claremont, NH (USGS 01152500; Figure 2).  The Lamprey River has an 

active USGS gauge station located in Durham, NH (USGS 01073500; Figure 3). The riverbed of 

the Lamprey River is dominantly sand and gravel and the Sugar River is mostly gravel, cobble, 

and boulders. The riverbank soil along the Lamprey River is dominantly Sandy loam and Loamy 

Sand while the Sugar River is mainly silty and sandy loams (Web Soil Survey). 
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The two rivers are located in similar climates with some slight differences in average 

temperature, precipitation, and land use. The Lamprey and Sugar River drainage basins have a 

mean annual temperature of 46 degrees Fahrenheit and 44 degrees Fahrenheit, respectively 

(StreamStats, USGS). The Lamprey River drainage basin receives an average of 45 inches of 

precipitation annually, including 66 inches of snowfall (StreamStats, USGS). The Sugar River 

receives 39 inches of precipitation on average annually, including 78 inches of snowfall 

(StreamStats, USGS). The Lamprey River drainage basin has 9.97% of land classified as urban, 

19.19% coniferous forest, 31.11% mixed coniferous and deciduous forest, and 8.59% wetlands 

(StreamStats, USGS). The Sugar River drainage basin is made up of 7.49% urban land, 26.93% 

coniferous forest, 24.66% mixed coniferous and deciduous forest, and 7.12% wetlands 

(StreamStats, USGS).  

Based on preliminary reconnaissance of portions of the Lamprey and Sugar Rivers in the 

spring of 2021, a total of seven study sites were selected for this study (Figure 2; Figure 3; 

Figure 4). Three study sites (Sugar Site 2, Sugar Site 6, and the Lamprey Site) were selected for 

focal analysis using bank pins, SfM, and modeling (Figure 5). Four study sites (Sugar Site 1, 

Sugar Site 3, Sugar Site 4, and Sugar Site 5) were less intensively analyzed using bank pins only 

(Figure 6). Each study site contained two bank vegetation patches that were comparable in terms 

of observed flow patterns, bank height, material, and steepness; one of the bank vegetation 

patches was Reynoutria japonica (Itadori knotweed) and the other was native vegetation.  

2.2 Hydrographic Analysis of Study Rivers  
 

Discharge in both rivers was monitored by USGS during the study period, which lasted 

from August 2021 to October 2022. Discharge was higher than seasonal average levels from July 

2021 to September 2021. Discharge continued to remain at average or higher than average levels 
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until March 2022. As a result of statewide drought conditions, April 2022 to October 2022 had 

average to below average flows. Within the study period, discharge was highest between the 

months of October 2021 and April 2022 (Figure 7). Discharge was lowest between June 2022 

and September 2022, when daily discharge was frequently below normal for both rivers (Figure 

7). The highest flow recorded in the hydrograph (Figure 7) happened in July 2021 before bank 

pins were installed within the study rivers, but the highest flow recorded during the study period 

took place in February 2022. 

 

 

  

Figure 1. Locations of the Lamprey River and Sugar River watersheds within New Hampshire. 
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Figure 2. Locations of the six study sites on the Sugar River, which flows from east to west. The 
sites are in numerical order from upstream to downstream, and the gauging station is marked by 
an orange triangle. 

 

 

Figure 3. Location of the Lamprey Site along the Lamprey River, which flows from west to east. 
The gauging station is marked by an orange triangle. 
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Figure 4. Locations of the six study sites on the Sugar River, which flows from east to west. 
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Figure 5. Aerial leaf-on imagery of the focal study sites, a) Sugar Site 2, b) Sugar Site 6, and 
c) Lamprey Site. Direction of flow is right to left in a) and b) and left to right in c). 
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Figure 6. Aerial leaf-on imagery of the non-focal study sites, a) Sugar Site 1, b) Sugar Site 3, 
c) Sugar Site 4, and d) Sugar Site 5. Direction of flow is right to left. 
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Figure 7. Hydrographs for the Sugar and Lamprey Rivers (USGS WaterWatch). The black lines 
indicate the daily average discharge throughout the study period, while colored lines represent 
historical average daily discharge levels. 
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Chapter 3: Methods 
 

3.1 Knotweed Survey 
 

Portions of the Lamprey River and Sugar River were surveyed for locations of Reynoutria 

japonica (Itadori knotweed) in the Spring and Summer of 2021 and Summer of 2022. The 

location of each knotweed patch was recorded, along with visual estimations of patch length, 

patch width, bank material, bank slope, and bank height for each patch. Future surveys on these 

rivers may be used to monitor the spread of knotweed throughout each river by comparison to 

the results of the 2021 baseline survey. 

3.2 Erosion Monitoring 
 

3.2.1 Erosion Monitoring with Bank Pins 
 

Twelve bank pins were installed at each of the seven study sites (six on the Sugar River and 

one on the Lamprey River) in order to monitor the amount of erosion taking place at those 

locations. Each bank pin consisted of a 2-foot (61 cm) long ¼” inch (0.64 cm) diameter steel 

piece of rebar. A sledgehammer was used to pound each bank pin horizontally into the face of 

the riverbank until refusal, with a minimum of 5 cm of pin left exposed (Lawler, 1993). Two-

foot-long pins were selected in this study due to the expected amount of erosion, cost, and ease 

of use (Lawler, 1993). Some past studies have used longer pins to prevent pins from being lost 

due to large amounts of erosion (Lawler, 1993; Jugie et al., 2018). 

The pins were installed in vertical columns, each consisting of a top, middle, and bottom pin. 

The three pins were placed vertically at equal distances from each other, with the bottom pin 

placed just above the water surface on the day of installation, and the top pin placed at 
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approximately two-thirds of the total exposed bank height (Jugie et al., 2018). Within each of the 

knotweed patch and native species patch, two columns of pins were installed one meter apart 

from each other (Jugie et al., 2018). Bank pins, including those used in a similar arrangement to 

this study, are a well-established method to monitor riverbank erosion (Foucher et al., 2016; 

Jugie et al., 2018). Three bank pins have been shown to account for vertical spatial variability in 

bank erosion, and two columns have been used to assess lateral spatial variability in bank erosion 

(Jugie et al., 2018; Chassiot et al., 2020). 

Bank pins were installed during August and September 2021. The bank pins at the Lamprey 

River site were installed on August 11th, 2021, the bank pins at Sugar River Site 6 were installed 

on August 18th, 2021, and bank pins were installed at all other sites on September 23rd, 2021. 

Bank pins were removed on September 29th, 2022 for all Sugar River sites and October 2nd, 2022 

for the Lamprey River site. Bank pins at the focal sites (Lamprey, Sugar Site 2, and Sugar Site 6) 

were measured between three and four times after installation to assess how erosion rates varied 

temporally throughout the year. Bank pins at the other sites were only measured during 

installation and removal. 

Large amounts of erosion were observed at some of the focal sites, which were each visited 

multiple times. In some cases, more than half of a bank pin had been exposed by erosion 

between visits, at which point the pin was reset to prevent the pin from falling out of the bank. At 

Sugar Site 2, all the knotweed bank pins except for the upstream top pin and the middle 

downstream native pin were reset on April 19th, 2022. At Sugar Site 6, one of the native 

vegetation pins had to be reset during a site visit on September 23rd, 2021, and all pins except the 

upstream bottom knotweed pin were reset during a site visit on April 29th, 2022. 
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The same procedure for measuring bank pins was used at all study sites. For each pin, the 

amount of pin exposed extending horizontally away from the bank soil surface was measured 

using a measuring tape along the top and bottom of each pin, and the average of those two values 

was used in the analysis (Lawler, 1993). For all study sites, the total amount of erosion taking 

place was determined by subtracting the final pin measurement taken the day of pin removal 

from the original measurement taken the day of pin installation; thus, a negative change 

indicated erosion. For focal study sites, the amount of erosion between successive visits was also 

calculated using the same process but subtracting the measurement from the later visit from that 

of the earlier visit. 

There are various methods of interpreting bank pin results, specifically when there are 

positive values, as they can be caused by several factors, including deposition, bank pin 

movement, bank expansion and contraction, freeze-thaw, and desiccation (Lawler, 1993; Couper 

et al., 2002).  In this study, positive values of bank pin exposure were included in the analysis as 

representing deposition, which is one of the standard methods of accounting for positive bank 

pin change (Lawler, 1993; Couper et al., 2002).  

Missing bank pins pose a problem in interpreting study results. For accurate results when 

using bank pins, they must not move throughout the study (Lawler, 1993). Past studies have used 

different methods when interpreting results with missing bank pins, including assigning a bank 

pin change value to the pin as the maximum amount of erosion before a pin would likely fall out 

of the bank (Lawler, 1993). In this study, it was assumed that all the missing bank pins were lost 

due to mass failure of the bank, burial, or ice jams, not fluvial entrainment to a depth which 

would cause the bank pins to fall out of the bank. As a result, two methods were used in this 

analysis. In one method, unrecovered bank pins were omitted from the analysis of total bank 
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erosion (all sites) as well as the short-term erosion between successive visits (focal sites only). In 

the other method, any sites that had unrecovered bank pins (Sugar Site 3, Sugar Site 5, and Sugar 

Site 6) were removed entirely from the analysis. Using these methods results in a conservative 

estimate of erosion. 

Statistical tests were used to determine if there was a significant difference in average erosion 

between knotweed and native vegetation patches. First, a t-test was used to compare bank pin 

results between knotweed and native vegetation patches. The t-test was run twice. One test 

included data from all sites apart from any missing bank pins. The second test only used data 

from Sugar Site 1, Sugar Site 2, Sugar Site 4, and the Lamprey Site. T-tests were conducted at a 

significance level of 0.05 and were run in python 3.8 using the SciPy Stats package. In addition, 

seasonal changes in erosion rates were compared using a two-way ANOVA test including 

interactions at a significance level of 0.05 conducted in Microsoft excel. 

3.2.2 Erosion Monitoring using Structure from Motion 
 

 In addition to bank pins, focal study patches were monitored using Structure from Motion 

(SfM) from the ground. Hundreds of overlapping photographs were taken using an OLYMPUS 

Tough TG-6 Waterproof Camera on multiple dates throughout the study period (Table 1). 

Photographs were taken at various distances, heights, and angles relative to the bank at each 

vegetation patch of the three focal study sites (Jugie et al., 2018). These photographs were 

patched together using pix4D to generate a dense three-dimensional point cloud (Jugie et al., 

2018). Point clouds were georeferenced using the outer end of each of the bank pins, which were 

surveyed in the field using a Trimble Geo7X Centimeter edition with Tornado 2 Antenna and 

Trimble TerraSync 5 software. 
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Table 1. Dates photographs were taken of each focal site for SfM. 
Site Name 8/11/2021 8/18/2021 10/14/2021 12/10/2021 4/29/2022 9/29/2022 10/2/2022 

Sugar Site 2     X X X X   

Sugar Site 6   X   X X X   
Lamprey 
Site X     X X   X 

 

3.3 Site-specific Vegetation Surveying 
 

During Summer 2021, a vegetation survey was conducted at each study site. At all three 

focal study sites (Lamprey Site 1, Sugar Site 2, and Sugar Site 6), an in-depth survey was 

completed at three one-square-meter quadrats for each patch. The middle quadrat was located 

above the center of the bank pins installed in the patch; the two other quadrats were located one 

meter upstream and downstream of the middle quadrat. Within each quadrat, all vegetation that 

was over knee height (about 0.5 meters) was identified, and the number of stems was counted. At 

the non-focal study sites (Sugar Site 1, Sugar Site 3, Sugar Site 4, and Sugar Site 5), vegetation 

of each patch was visually classified as dense or sparse and the dominant vegetation type, such 

as knotweed, herbaceous, or shrub-sapling, was noted. The Shannon diversity index was used to 

quantify species diversity within each vegetation patch (Shannon, 1948). A Student’s t-test was 

used to determine any significant differences in diversity between the sites. 

3.4 Hydraulic Modeling of Erosion Susceptibility  
 

The numerical hydraulic model FaSTMECH (Nelson, 2013) was used at the three focal study 

sites (Lamprey, Sugar Site 2, and Sugar Site 6) to provide a detailed spatial analysis of flow 

patterns and shear stress to understand erosion susceptibility. Similar studies have been 

conducted by Julian and Torres (2006), Rinaldi et al. (2008), and Bywater-Reyes (2018).  
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3.4.1 Acquisition of Topographic Data Using LiDAR 
 

To accurately model the study sites, topographic data were acquired using remote sensing 

techniques. Topographic data of the floodplain and banks were acquired with Unmanned Aerial 

Vehicles (UAVs) on August 15th, 2022, for the Sugar River sites and August 24th, 2022, for the 

Lamprey Site. A DJI M300 drone equipped with a Livox Avia LiDAR sensor integrated into a 

GreenValley LiAirV70 payload was used. Flights were conducted at a flight speed of 5 m/s and 

an elevation of 65 m from the ground with a targeted overlap of around 60%. Data were 

georeferenced in LiGeoreference (v 1.4, GreenValley International, Ltd. 2022) using a NovAtel 

EG320N INS paired with a NovAtel base station for post-processing kinematic georeferencing of 

LiDAR returns. Flight lines were subsequently trimmed to produce an overlap of approximately 

50%, with automated outlier removal, followed by ground classification using Lidar360 (v 5.4, 

GreenValley International, Ltd. 2022). The resulting total return density was greater than 300 

points per square meter. 

3.4.2 Acquisition of Topographic Data Using Photogrammetry 
 

In addition to LiDAR, a DJI P4 Multispectral drone was flown over each focal site in 

order to collect aerial imagery for SfM (Table 2). Flight altitude was set at 100 m above the 

ground surface for all flights. This elevation was selected as low enough to produce high-quality 

imagery while being high enough to minimize flight time and the risk of hitting trees or 

powerlines.  In this study, 60% side and 80% front overlap of photographs were used in order to 

minimize spatial uncertainty and create an accurate DEM (Clapuyt et al., 2016; Hemmelder et 

al., 2018). The flights were flown during the spring to minimize vegetation cover and take place 

after snow cover had melted. The aerial images were used to create a point cloud using 
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Pix4Dmapper. The point cloud was used to make a Digital Elevation Model (DEM) of each of 

the focal sites in ArcMap 10.8.1.  

Table 2. Information about SfM UAV flights. 

Site 
Flight 
Date 

Area 
Covered 

(km2) 

Number of 
Photographs 

Number of Points 
in Point Cloud 

Point Density 
(points per m3) 

Sugar Site 2 4/2/2022 0.346 958 8805925 22.3 

Sugar Site 2 9/16/2022 0.458 5670 65761585 20.54 

Sugar Site 6 4/2/2022 0.16 382 3841163 22.3 

Sugar Site 6 9/16/2022 0.397 2500 7765957 7.14 

Lamprey Site 5/5/2022 0.752 1129 29801064 20.1 

Lamprey Site 9/16/2022 1.1 3252 33373673 20.42 
 

The point clouds acquired through SfM were interpolated using the Inverse Distance 

Weighted (IDW) spatial analyst tool in ArcMap 10.8.1 to create a visual DEM. The DEMs of 

each focal site created using SfM were used when developing the hydraulic model, discussed 

later, before LiDAR data were acquired. The aerial images of the focal sites could also be used in 

the future to further develop methods to identify knotweed through remote sensing, which could 

prove useful for river corridor management groups (Martin et al., 2018). 

3.4.3 Acquisition of Bathymetric Data Using Surveying 
 

 Subaqueous bathymetry of the river channels was obtained from ground surveying. Eye-

safe LiDAR signals are absorbed and refracted differently by the water in a way that either 

prevents returns or makes them highly inaccurate (Bangen et al., 2014), so LiDAR data were not 

available for areas that were covered by water at the time of surveying. More specifically, 

bathymetric points were obtained using a Trimble Geo7X Centimeter edition with Tornado 2 

Antenna and Trimble TerraSync 5 software. Survey points were obtained along cross sections 
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throughout the study reach, except for topographically complex regions of the channel bed or 

areas with large changes in slope where additional points were obtained (Heritage et al., 2009, 

Bangon et al. 2014). Point densities resulting from the ground survey were 0.001 point/m2, 0.027 

point/m2, and 0.116 point/m2 for Sugar Site 2, Sugar Site 6, and the Lamprey Site, respectively. 

3.4.4 Comparison of LiDAR and SfM 
 

Digital Elevation Models (DEMs) were created from the LiDAR and SfM data. To assess 

the accuracy of the resulting DEMs, the vertical alignment of the ground survey points and the 

LiDAR and SfM DEMs were compared. For the LiDAR data, Sugar Site 2, Sugar Site 6, and the 

Lamprey Site had average differences between the LiDAR and ground surveying points of 0.17 

m (SD = 0.57 m, N = 10), -0.16 m (SD = 0.37 m, N = 11), and 0.23 m (SD = 0.56 m, N = 12), 

respectively. For the SfM data, Sugar Site 2, Sugar Site 6, and the Lamprey Site had an average 

difference of 0.29 m (SD = 0.34 m, N = 10), 0.24 m (SD = 0.51 m, N = 11), and - 0.43 m (SD = 

0.56 m, N = 12), respectively. LiDAR had an average difference in elevation of 18.7 cm in from 

the ground survey points, while SfM had an average difference of 31.7 cm compared to the 

ground survey points. In this study, the LiDAR DEM was selected over the SfM data to be used 

in the hydraulic model as it was more accurate compared to the survey data. But depending on 

the resolution requirements of a study, SfM may be more cost effective than LiDAR. 

3.4.6 Creating Digital Elevation Models 
 

The first step to creating DEMs for the study sites was processing the ground survey data. 

First, individual survey points with high vertical or horizontal error were removed based on error 

calculations by the GPS device. Eleven points were removed from Sugar Site 2, eight points 

were removed from Sugar Site 6, and fourteen points were removed from the Lamprey Site; 
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usually these points were located near a riverbank underneath dense tree canopy. Second, 

additional estimated supplemental points were added in areas that were unable to be surveyed, 

for example in areas that were too deep to access safely. Survey points were also added far 

upstream and downstream of the study vegetation patches, where time constraints and deep water 

limited surveying, to allow the flow conditions in the hydraulic model to stabilize before 

reaching the vegetation patches. Around 20 to 100 points were added to each site, primarily far 

upstream and downstream of the vegetation patches.  

After necessary corrections to the survey points were made, a riverbed surface was 

interpolated from the points using the Inverse Distance Weighted (IDW) spatial analyst tool and 

merged with the LiDAR DEMs in ArcMap 10.8.1 using the Mosaic to New Raster tool (Figure 

8). The new merged DEM, with both topographic and bathymetric data, was converted to text 

file format using the Spatial Analyst Sample tool and exported.  
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Figure 8. Merged DEMs for each focal study site created from LiDAR and surveying data: 
a) Lamprey River Site, b) Sugar Site 6, and c) Sugar Site 2. 

3.4.5 Modeling in FaSTMECH 
 

Flow and Sediment Transport with Morphological Evolution of Channels (FaSTMECH; 

Nelson, 2013) is a quasi-steady two-dimensional model developed by the United States 

Geological Survey (USGS) available for public use through International River Interface 

Cooperative (iRIC) software. FaSTMECH uses the continuity and Navier-Stokes equations for 

the conservation of fluid mass and momentum to solve for velocity and shear stress for each cell 

within an orthogonal curvilinear grid (Nelson, 2013). Riverbed topography, discharge, lateral 

edge viscosity (LEV), and downstream stage are required inputs in the model (Nelson, 2013).  
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Table 3. Discharge values for each site based on the discharge measured at the USGS gauge 
stations and percentage of total watershed area draining to an individual site. The low discharge 
value represents the discharge during the day the riverbed was surveyed, the medium discharge 
is the highest discharge recorded during the study period, and the high value is the maximum 
discharge recorded within the past 20 years. 

  

Upstream 
Watershed Area 

(km2) Low Discharge 
(cms) 

Medium 
Discharge (cms) 

High Discharge 
(cms) 

Sugar Gauge Station 713.98 5.15 110.32 272.72 

Lamprey Gauge Station 553.48 4.14 35.84 251.16 

Sugar Site 2 624.39 4.51 96.48 238.50 

Sugar Site 6 652.52 4.71 100.82 249.24 

Lamprey Site 283.50 2.12 18.36 128.65 

 

Topographic data in the form of a point cloud was imported into FaSTMECH (Figure 8). A 

topographic surface was created within the program using the attribute mapping figure along a 

curvilinear grid following the thalweg of the channel. A grid of 0.5 by 0.5-meter cells was used 

for Sugar Site 6 and the Lamprey Site, while 1.0 by 1.0-meter cells were used for Sugar Site 2, 

which was larger. The width of each grid was selected as the maximum width possible to trace 

the shape of the river channel while remaining within the bounds of the DEMs. The width was 

set to 100 meters for the Sugar Site 6 and the Lamprey Site and 200 meters for the larger Sugar 

Site 2. 

The model was run at steady state for three discharges for each modeled focal site: a low, 

medium, and high flow, which represent the discharge during the day the riverbed was surveyed, 

the maximum discharge recorded within the study period, and the maximum flow level over the 

past 20 years, respectively (Table 3). The largest discharge over the past 20 years was selected as 

the high discharge value as it is a realistic scenario that each site experienced relatively recently. 

Discharge within each reach was scaled by multiplying discharge measured at the gauge station 

by the proportion of the area of the watershed upstream of each study site (Galster, 2007).  
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Downstream stage at each discharge was calculated using the Manning equation for Study 

Site 2 and the Lamprey Site (Arcement and Schneider, 1989): 

Q = VA = 𝑅 / 𝑆 /  

where Q (m3/s) is discharge, V (m/s) is flow velocity, A (m2) is the cross-sectional area of the 

channel, n is the Manning’s roughness coefficient, R (m) is the hydraulic radius of the channel, 

and S (m/m) is channel slope (Arcement and Schneider, 1989). The Manning’s roughness 

coefficient was set to a value of 0.3 based on channel characteristics (Arcement and Schneider, 

1989). Boundary conditions are displayed in Table 4. 

The downstream boundary of Sugar Site 6 is a trapezoidal weir. Calculations for stage were 

completed using the weir equation (Brater and King, 1982): 

Q = CLH3/2 

where Q (m3/s) is discharge, C (m0.5s-1) is the discharge coefficient, L (m) is the length of the 

weir, and H (m) is the height of the water surface over the weir (Brater and King, 1982). A 

discharge coefficient of 1.7 m0.5s-1 was chosen based on the length, width, and shape of the dam 

(Brater and King, 1982). This particular weir is about 0.6 m wide and 30 m long and has a 6 m 

long rectangular notch inset for low flows. At higher discharges water exceeds the low-flow 6 m 

long notch to span the entire 30 m of the weir, increasing its length. Boundary conditions are 

displayed in Table 5. 
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Table 4. Boundary conditions for Sugar Site 2 and the Lamprey Site at each modeled discharge. 

Site 
Discharge 

(m3/s) 
Manning's n 

Hydraulic 
Radius 

(m) 

Channel 
Slope 

Downstream 
WSE (m) 

Sugar Site 
2 

4.51 0.03 0.36 0.0024 159.926 
96.48 0.03 0.86 0.0024 161.511 
238.5 0.03 0.87 0.0024 162.4305 

Lamprey 
Site 

4.71 0.03 0.23 0.0016 28.242 
100.82 0.03 0.76 0.0016 28.925 

249.24 0.03 0.74 0.0016 30.969 
 
Table 5. Boundary conditions for Sugar Site 6 at each modeled discharge.  

Site 
Discharge 

(m3/s) 
C (m0.5 s-1) L (m) H (m) 

Downstream 
WSE (m) 

Sugar Site 
6 

2.12 1.7 6 0.597421 160.097421 
18.36 1.7 30 1.575135 161.5751346 

128.65 1.7 30 2.879818 162.879818 
 

In FaSTMECH, constant discharge and downstream stage were set for each reach based on 

the calculations above. Upstream stage was selected to minimize the mean error on discharge. 

The model was run under steady 2-D conditions to produce the distribution of velocity and shear 

stress in the streamwise curvilinear grid. Ten values of streamwise shear stress near each of the 

knotweed and native vegetation patches were extracted from the model results. Streamwise shear 

stress was selected over stream-normal shear stress in this analysis, as the locations of vegetation 

patches were mainly within straight channels where streamwise shear stress would be the 

dominant cause of fluvial entrainment on the banks (Bywater-Reyes et al., 2018). The estimated 

shear stress for each of three flow conditions was compared using Student’s t-test to assess if 

either patch experienced notably different hydraulic conditions which could account for 

variations in erosion magnitude between patches. The shear stress values were also compared to 

calculated critical shear stress values based on soil properties of the banks (Julien and Torres, 

2006). To verify the accuracy of the model, the water surface elevation (WSE) calculated by the 
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model for the discharge in the reach during surveying was compared with surveyed WSE values 

using a Student’s t-test. 

Additional model runs were conducted in order to determine the discharge associated with 

stage levels which fully submerged each set of top, middle, and bottom bank at each focal site. 

This was done in order to assess how often parts of the bank were being effected by applied 

shear stress and would potentially erode due to fluvial entrainment. 

3.5 Testing Soil Characteristics 
 

Many factors contribute to the erodibility of a riverbank, including soil properties and the 

presence of vegetation (Julian and Torres, 2006; Mahalder et al., 2018). To characterize the 

extent to which soil properties were similar among vegetation patches at each site, soil 

properties, including soil moisture, bulk density, grain size distribution, and critical shear 

strength, were estimated for each vegetation patch at the three focal study sites. While many 

methods, including in-situ and laboratory testing, have been developed to quantify the critical 

shear stress, this study used an empirical equation that had been developed for rivers with similar 

characteristics (grain size distribution, and moisture content) to the study rivers (Hanson, 1990; 

Julien and Torres, 2006; Wahl, 2016; Mahalder et al., 2018). 

To collect the soil samples, a 2-inch polyvinyl chloride (PVC) pipe was inserted laterally 

into the riverbank using a sledgehammer. The PVC pipe was then capped using a test plug to 

create suction during pipe removal. The amount of soil recovered within the pipe was measured. 

This was done using a measuring tape to record the distance from one end of the pipe to the 

beginning of soil at the inside top and the inside bottom of the pipe. The two values were then 

averaged and subtracted from the overall length of the pipe to obtain the average length of soil in 
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the pipe, which was used to calculate the volume of recovered soil using the equation for the 

volume of a circular cylinder. The soil removed from the bank was stored in airtight bags in a 

refrigerator until it was tested. 

Every soil sample was weighed at the start of testing. The weight of the wet soil was 

divided by the volume of the soil collected in the pipe to calculate wet bulk density (Mahalder et 

al., 2018). Next, each soil sample was dried in an oven at 105 degrees Celsius for 24 hours 

(Matthes et al., 1992; Tanner and Leong, 1995). Once dry, samples were weighed again to obtain 

the dry weight of the samples (Matthes et al., 1992; Tanner and Leong, 1995). The difference in 

weight between the wet and dried sample was divided by the weight of the wet sample to 

calculate the moisture content of the soil (Matthes et al., 1992; Tanner and Leong, 1995). All 

weighing was performed on a Mettler Toledo PB303, which reports values to the nearest 

milligram. 

Each dry soil sample was then wet sieved using a 63-µm sieve until the reverse osmosis 

water running through the sample was clear (Matthes et al., 1992; Tanner and Leong, 1995). This 

process removed silt and clay particles leaving only sand behind (Matthes et al., 1992; Tanner 

and Leong, 1995). The sediment remaining in the sieve was collected and dried in an oven at 105 

degrees Celsius for 24 hours before being re-weighed and recorded as the weight of dry sand in 

each sample (Matthes et al., 1992; Tanner and Leong, 1995). The dry weight of silt and clay 

within the sample was calculated by subtracting the weight of dry sand from the total sample dry 

weight. This value was then divided by the total weight of dry sediment to obtain the silt-clay 

fraction of the soil. 

Finally, critical shear stress was estimated using a rating curve that had been developed 

for soils in Aiken, South Carolina (Julian and Torres, 2006), which have similar percentages of 
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silt and clay, along with soil moisture, as the study soils (Web Soil Survey). Silt-clay percentage 

was used to calculate the critical shear stress of the soil in the following third-order polynomial 

equation where τc (Nm-2) is the critical shear stress of the soil and SC% is the silt-clay percentage 

content of the soil (Julien and Torres, 2006): 

τc = 0.1 + 0.1779(SC%) + 0.0028(SC%)2 -2.34e-5(SC%)3 

Critical shear stress was then compared between vegetation patches using a Student’s t-test. 

The critical shear strength of the bank was compared to the applied shear strength of the water on 

the bank predicted by the model, to see if the predicted applied shear stress would exceed the 

critical shear stress of the bank, making it susceptible to erosion (Julian and Torres, 2006).  

 

Chapter 4: Results and Discussion 
 

4.1 Knotweed Survey 
 

 Knotweed patches were found throughout sections of both rivers (Figure 9; Figure 10). 

Knotweed appeared to be more common near urban areas and less common in sections of the 

river further away from infrastructure (Figure 9; Figure 10), which is consistent with previous 

studies (Duquette et al., 2016). The Lamprey River was floated across two visits; a section of the 

Lamprey River from Epping, NH to Wadleigh Falls, Lee, NH was floated on April 18th, 2021, 

and a section spanning from Raymond, NH to Epping NH, was floated on May 5 th, 2021. In 

total, 26 patches of knotweed were identified along 26 kilometers of the Lamprey River. 

Throughout the 21-kilometer section of the Sugar River floated on June 1st, 2021, 50 patches of 

knotweed were identified. Knotweed patches were usually dense, though a few sparse patches 

were observed, especially in locations that appeared to be newly established. The locations of the 
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knotweed patches were uploaded to EDDMapS, which is used by the state of New Hampshire to 

monitor the spread of invasive plant species. 

The presence of knotweed on both rivers should be a concern to local watershed 

management (Colleran and Goodall, 2014; Colleran and Goodall, 2015; Colleran et al., 2020). 

Knotweed is highly invasive and has potential implications on fluvial ecosystems and 

geomorphology (Lavoie, 2017; Drazan et al., 2021). While knotweed is difficult to remove, 

removing it while knotweed populations along a river are relatively low can prevent the need for 

more extensive and expensive remediation efforts later on, such as installing riprap along banks 

and reconstructing piers that have been subject to erosion (Colleran et al., 2020). 

 



34 
 

 
Figure 9. Identified locations of Itadori knotweed along the Sugar River, which flows from east 
to west. Knotweed was more commonly found near the urban areas of Claremont and Newport, 
NH. Reaches shown in dark blue were assessed during the current study; reaches in light blue 
were not assessed. 
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Figure 10. Identified locations of Itadori knotweed along the Lamprey River, which flows from 
west to east. Knotweed was most commonly found near the urban area of Epping, NH. Reaches 
shown in dark blue were assessed during the current study; reaches in light blue were not 
assessed. 
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4.2 Erosion Monitoring Results 
 

4.2.1 Results of Erosion Monitoring Using Bank Pins 
 

 Over the entire study duration, bank areas covered with knotweed experienced more 

erosion than bank areas covered with native vegetation (Figure 11). More specifically, bank pins 

located in knotweed patches experienced more erosion than those located in native vegetation 

patches when using data from all sites (p = 0.002, N = 122) and when only using sites without 

recovered bank pins (p < 0.001, N = 48). Banks with knotweed were observed to erode more on 

average compared to those without, which supports the results of past studies (Mummigatti, 

2008; Arnold and Toran, 2018; Hammer, 2019; Matte et al., 2021). Overall, when using data 

from all sites, bank pins installed in knotweed patches had an average of 11.1 cm (SD = 8.92 cm) 

of erosion, compared to pins in native vegetation patches, which had an average of 4.33 cm (SD 

= 8.12 cm). Knotweed patches had an average of 4.3 cm more erosion than native patches when 

looking at only sites without unrecovered bank pins. In addition, it was found that the position of 

a bank pin on the bank did not impact the amount of erosion it experienced. There was no 

statistically significant difference was found between erosion rates experienced by pins placed in 

upstream as opposed to downstream columns, or between top, middle, and bottom pins (Figure 

11). Raw bank pin data is displayed within Table 10. 

Some bank pins were not recovered in their original location. It is likely that unrecovered 

bank pins were potentially pulled out or bent by ice jams or large woody debris or removed by 

mass failure of the bank. Out of the focal study sites, Sugar Site 6 was the only one to have 

unrecovered bank pins. Two pins were lost between December 10th, 2021, and April 29th, 2022, 

when flows were the highest and there was the potential for ice jams. Ice jams or large woody 
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debris were suspected to have pulled out the missing pins because some of the recovered pins 

had been bent. Sugar Sites 3 and Sugar Site 5 both had missing pins during the final site visit on 

September 29th, 2022. In these cases, there was evidence of mass failure of bank material. The 

bank at Sugar Site 3 was originally very steep at around a 90-degree angle during the installation 

of the pins; the following year, the bank was sloped at around a 60-degree angle. At Sugar Site 5, 

a large chunk of the bank appeared to have collapsed from the top of the bank; one bank pin was 

found buried within the collapsed bank material. Even when these sites with unrecovered bank 

pins were completely removed from the analysis, knotweed patches were still found to 

experience more erosion than native patches in when only using sites without recovered bank 

pins (p < 0.001, N = 48). 
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Figure 11. Total change in the amount of bank pin exposed between the first and last site visit for 
each bank pin. Pins that were missing from the bank during the last site visit are marked with a 
black triangle. Blue indicates native vegetation and orange indicates knotweed. The size of each 
circle corresponds to the amount of change that was observed. 
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Figure 12. Cumulative bank erosion and deposition recorded at each site visit to the three focal 
sites showing how erosion rates changed throughout the study period. Grey dots show the 
cumulative erosion and deposition recorded at individual pins throughout the study period. 
Seasonal time periods correspond to Table 6. 
 
 
Table 6. Seasonal erosion and deposition rates recorded at each focal study site. Erosion rates 
were calculated by dividing the average erosion rates at each vegetation patch throughout each 
time period by the number of months within each time period. Time periods were selected based 
on dates of site visits. Positive values indicate deposition. 

Site 

Summer 2021 to 
Fall 2021 

(cm/month) 

Winter 2021 to 
Spring 2022 
(cm/month) 

Spring 2022 to 
Fall 2022 

(cm/month) 
Sugar 2 Native -0.01 -1.14 0.26 
Sugar 2 Knotweed 0.06 -1.80 0.01 
Sugar 6 Native -0.87 -2.42 -1.31 
Sugar 6 Knotweed -0.52 -1.66 -1.59 
Lamprey Native 0.67 0.03 -0.22 
Lamprey Knotweed -0.22 -0.51 -0.55 
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A seasonal variation in erosion rates was observed for focal sites (p = 0.001), which were 

visited multiple times throughout the study period (Figure 12). There was no difference found in 

seasonal erosion rates between knotweed and native vegetation patches (p = 0.269). Within the 

study period of August 2021 to October 2022, the most erosion took place between Winter 2021 

and Spring 2022 for all vegetation patches except the native and knotweed patch at the Lamprey 

Site (Figure 12; Table 6).   

The increase in erosion noted during site visits in December 2021 and April 2022 compared 

to earlier site visits correspond to overall high discharge levels during winter and early spring 

months of 2022, as shown in the hydrographs for the Lamprey and Sugar Rivers (Figure 7; 

Figure 12). Higher amounts of erosion observed during winter and early spring months (Figure 

12; Table 6) is consistent with other studies that also noticed increasing erosion during the winter 

months (Arnold and Toran, 2018, Matte et al., 2021). During the winter months, riverbanks in 

the northeastern United States not only are subjected to higher river discharge, but also 

experience freeze-thaw cycles, which can weaken the bank material (Chassiot et al., 2020). In 

addition, both study rivers showed evidence of ice jams or large woody debris impacting the 

bank pins; ice jams can abrade bank material causing erosion (Chassiot et al., 2020). 

Additionally, the number of days each bank pin at the focal sites was submerged was 

estimated in order to analyze how much the bank material near each pin elevation, top, middle, 

or bottom, was subjected to potential fluvial entrainment. This was done using stage estimates 

developed using the hydraulic model at various discharges compared to the elevation of each 

bank pin. The bottom pins were submerged approximately 315 days, 295 days, and 215 days, the 

middle pins were submerged approximately 75 days, 58 days, and 45 days, and the top pins were 

submerged approximately 9 days, 16 days, and 9 days, respectively for Sugar Site 2, Sugar Site 
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6, and the Lamprey Site. Top, middle, and bottom bank pins experienced similar amounts of 

erosion overall but were not equally subjected to the applied shear stress which causes fluvial 

entrainment. The lack of difference in observed erosion at different bank elevations suggests that 

fluvial entrainment is not the dominant erosional mechanism on the banks of the focal sites. 

4.2.2 Monitoring Bank Erosion Using Structure from Motion 

 Using the Structure from Motion (SfM) technique proved challenging in study sites. 

During the summer and falls visits, the sites had dense vegetation cover making it difficult for 

photographs to capture the bank surface and for the photos to be processed by Pix4D (Table 1). 

No successful leaf-on point clouds were created for any of the patches at the three focal sites. 

The dense vegetation made it impossible for geospatial software to patch together a continuous 

surface of the bank profile. During the December 10th, 2021 and April 29th, 2022 visits, the SfM 

technique was limited by river access (Table 1). High river stage but incomplete ice cover 

prevented mid-channel access, limiting the number of angles and distance from the bank from 

which photographs could be acquired. High flows at the time of drone flights limited the amount 

of bank able to be reconstructed using SfM and compared to other datasets. During one of the 

visits, on December 10th 2021, snow covered the banks, eliminating the potential to use SfM to 

accurately record bank surface topography (Table 1). Future bank erosion studies using SfM 

should consider vegetation cover of the bank as well as seasonal changes in river flow patterns 

and local weather when planning site visits.  

In the future, if photographs are obtained during summer months, then it is recommended 

that this technique be used exclusively on banks with limited vegetation cover, or during winter 

months when vegetation cover is limited on banks.  When site access by foot is limited, other 
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techniques, such as using drones or attaching a camera to a pole, may allow for better coverage 

of the banks (Jugie et al., 2018; Chassiot et al., 2020). 

4.3 Site-specific Vegetation Survey Results 
 

 Vegetation at all study sites primarily consisted of dense herbaceous vegetation or shrub-

saplings. Native vegetation patches of the Sugar River focal sites were dominated by Solidago 

flexicaulis and Boehmeria cylindrica (Table 7). The native patch at the Lamprey Site was 

dominated by Cornus amomum (Table 7). While most native vegetation patches had multiple 

species present in each patch, knotweed patches were typically monocultures, except for 

knotweed plot 1 at Sugar Site 2 which included one stem of Solidago flexicaulis (Table 7). 

Native vegetation at the non-focal sites was mainly dense shrubs and saplings, except for Sugar 

Site 3 which was mainly grass. Knotweed patches were dense monocultures at all non-focal sites. 

Native patches of Sugar Site 2, Sugar Site 6, and the Lamprey Site had Shannon diversity index 

scores of 0.846, 0.824, and 0.108, respectively. Knotweed patches of Sugar Site 2, Sugar Site 6, 

and the Lamprey Site had Shannon diversity index knotweed patches of 0.127, 0.0, and 0.0, 

respectively. The was no difference in species diversity (p = 0.089) using the Shannon diversity 

index between knotweed and native vegetation patches. There was a notable change in 

vegetation cover between summer and winter seasons (Figure 13). Both herbaceous and shrub-

sapling vegetation and knotweed likely died back at all study sites over the winter months.  
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Table 7. Vegetation survey results for the three focal study sites. Three one-meter square 
quadrats were surveyed at each vegetation patch. Plot 1 represents the most upstream quadrat in 
a patch, plot 2 was centered over the bank pins, and plot 3 was the most downstream quadrat. 

  Sugar Site 2 Sugar Site 6 Lamprey Site 

Quadrats Species Stem Count Species Stem Count Species Stem Count 

Native 1 

Boehmeria 
cylindrica  

1 
Athyrium 
filix-femina 

4 
Cornus 
amomum 

73 

Celastrus 
scandens 

1 
Boehmeria 
cylindrica  

18 
Solidago 
flexicaulis 

2 

Solidago 
flexicaulis 

45 
Solidago 
flexicaulis 

23     

Native 2 

Athyrium filix-
femina 

7 
Boehmeria 
cylindrica  

10 
Cornus 
amomum 

57 

Boehmeria 
cylindrica  

1 
Fraxinus 
nigra 

1 
Solidago 
flexicaulis 

1 

Robinia 
pseudoacacia 

1       

Solidago 
flexicaulis 

9         

Native 3 

Ambrosia 
artemisiifolia 

1 
Boehmeria 
cylindrica  

35 
Boehmeria 
cylindrica  

1 

Boehmeria 
cylindrica  

14 
Solidago 
flexicaulis 

7 
Cornus 
amomum 

69 

Solidago 
flexicaulis 

10     
Solidago 
flexicaulis 

4 

Knotweed 
1 

Reynoutria 
japonica 

13 
Reynoutria 
japonica 

13 
Reynoutria 
japonica 

18 

Solidago 
flexicaulis 

1         

Knotweed 
2 

Reynoutria 
japonica 

11 
Reynoutria 
japonica 

15 
Reynoutria 
japonica 

7 

Knotweed 
3 

Reynoutria 
japonica 

12 
Reynoutria 
japonica 

8 
Reynoutria 
japonica 

10 
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Figure 13. a) Sugar Site 2 knotweed patch on September 29th, 2022, b) Sugar Site 2 knotweed 
patch on September 29th, 2022, c) Sugar Site 2 native patch on April 29th, 2022, and d) Sugar 
Site 2 native patch on April 29th, 2022. 
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4.4 Hydraulic Modeling of Erosion Susceptibility Results 
 

 The 2-D hydraulic model FaSTMECH appeared to provide reasonable estimates of flow 

within the focal study site reaches. More specifically, the modeled water surface elevation values 

were close to field measurements. For the Sugar Site 2, Sugar Site 6, and the Lamprey Site there 

was an average difference of 0.05 m, 0.08 m, and 0.123 m with a standard deviation of 0.257 m, 

0.096 m, and 0.376 between ten model output WSE values and field WSE measurements at the 

same discharge, respectively. Due to site access and study duration limitations, field 

measurements of water surface elevation were only obtained during low flow periods; validation 

was thus not performed at higher discharges. 

Applied shear stress computed by the model varied greatly between sites and discharges 

(Figure 20). Streamwise shear stress increased between the low, medium, and high discharges for 

all study sites (Table 8), even though the flow became overbank flow for the highest discharges 

(Figures 13-19). Sugar Site 2 experienced the highest applied streamwise shear stress around the 

vegetation patches (Figure 14; Figure 17). Sugar Site 6 had the lowest applied streamwise shear 

stress values (Figure 15; Figure 18). The Lamprey Site applied streamwise shear stress 

magnitudes were in between the values of the two Sugar River sites (Figure 16; Figure 19).  

Applied shear stress was similar between paired knotweed and native vegetation patches 

at the same discharge (Table 8). More specifically, there was no statistically significant 

difference between the modeled shear stress results for knotweed patches when compared to 

native patches for any of the study sites (p > 0.05). 

 



46 
 

 

Figure 14. Model outputs showing shear stress (Nm-2) in the streamwise direction for Sugar Site 
2 at three different discharges, a) discharge on day of surveying, b) maximum discharge during 
the study period, and c) maximum discharge within the last 20 years. Direction of flow is from 
right to left. Note differences in color scale among subpanels. 
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Figure 15. Model outputs showing shear stress (Nm-2) in the streamwise direction for Sugar Site 
6 at three different discharges, a) discharge on day of surveying, b) maximum discharge during 
the study period, and c) maximum discharge within the last 20 years. Direction of flow is from 
right to left. Note differences in color scale among subpanels. 
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Figure 16. Model outputs showing shear stress (Nm-2) in the streamwise direction for the 
Lamprey Site at three different discharges, a) discharge on day of surveying, b) maximum 
discharge during the study period, and c) maximum discharge within the last 20 years. Direction 
of flow is from left to right. Note differences in color scale among subpanels. 
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Figure 17. Model outputs showing shear stress (Nm-2) at different scales in the streamwise 
direction for Sugar Site 2 at three different discharges, a) discharge on day of surveying, 
b) maximum discharge during the study period, and c) maximum discharge within the last 20 
years. Direction of flow is from right to left. Note differences in color scale among subpanels. 
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Figure 18. Model outputs showing shear stress (Nm-2) at different scales in the streamwise 
direction for Sugar Site 6 at three different discharges, a) discharge on day of surveying, 
b) maximum discharge during the study period, and c) maximum discharge within the last 20 
years. Direction of flow is from right to left. Note differences in color scale among subpanels. 



51 
 

 

Figure 19. Model outputs showing shear stress (Nm-2) at different scales in the streamwise 
direction for the Lamprey Site at three different discharges, a) discharge on day of surveying, 
b) maximum discharge during the study period, and c) maximum discharge within the last 20 
years. Direction of flow is from left to right. Note differences in color scale among subpanels. 
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Figure 20. Average erosion compared to the applied shear stress at each focal site modeled at 
low, medium, and high discharges. 

 

 

Table 8. Average applied streamwise shear stress (τs) and standard deviation (SD) calculated 
using streamwise shear stress values extracted from the FaSTMECH model outputs at each 
vegetation patch of the three focal sites. Low shear stress refers to the model output at the low 
discharge, the medium shear stress at the medium discharge, and high shear stress at the high 
discharge, as shown in Table 3. Values are the average across the ten model cells that were 
closest to each patch.  

Sites 
Low τs (N/m2) Medium τs (N/m2) High τs (N/m2) 

Average SD Average SD Average SD 
Sugar 2 Native 0.463 0.156 1.163 0.097 16.822 3.264 
Sugar 2 Knotweed 0.363 0.295 1.180 0.230 16.878 4.887 
Sugar 6 Native 0.003 0.001 0.412 0.168 1.544 0.180 
Sugar 6 Knotweed 0.003 0.001 0.435 0.113 1.507 0.248 
Lamprey Native 0.041 0.011 0.962 0.416 11.083 5.221 
Lamprey Knotweed 0.059 0.027 0.778 0.552 11.250 3.698 
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4.5 Soil Characteristics 
 

 Soil characteristics were mostly similar across each pairing of vegetation patches. Silt-

clay content, bulk density, soil moisture, and estimated critical shear stress, were mostly similar 

between knotweed and native vegetation patches at Sugar Site 2 (Table 9). The Lamprey Site had 

differences in bulk density and soil moisture content between vegetation patches (Table 9). The 

knotweed patch of Sugar Site 6 had a higher silt clay content (59%) compared to the native patch 

with soil containing 32% silt-clay (Table 9). There were no significant differences in silt-clay 

percentage, bulk density, or soil moisture content between the soil of knotweed patches 

compared to native patches, but the silt-clay percentage of the knotweed patch of Sugar Site 6 

and the soil moisture content of the native vegetation of the Lamprey Site were outliers when 

compared to all collected data. 
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Figure 21. Average erosion compared to estimated critical shear stress values at each vegetation 
patch of the focal sites. 
 
 
Table 9. Soil characteristics for each focal site vegetation patch. Shear stress was estimated using 
silt-clay % based on Julian and Torres (2006). Average erosion was calculated by averaging the 
total amount of erosion recorded over the entire study period at all bank pins within a vegetation 
patch. 

Site Name Silt and Clay % 
Bulk 

Density 
(g/cm3) 

Soil 
Moisture 
Content 

(%) 

Estimated 
Critical 
Shear 
Stress 
(N/m2) 

Average 
Erosion 

(cm) 

Sugar Site 2 Native 24% 0.35 24% 5.85 4 

Sugar Site 2 Knotweed  26% 0.35 24% 6.71 8.2 

Sugar Site 6 Native 32% 0.39 24% 8.57 23.1* 

Sugar Site 6 Knotweed 59% 0.32 19% 20.25 17.9 

Lamprey Native 35% 0.28 57% 9.69 -1.7** 

Lamprey Knotweed 22% 0.49 27% 5.52 6.1 
* Not all bank pins we recovered. 
** Negative values represent deposition. 
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Estimated critical shear stress ranged from 5.52 N/m2 to 20.25 N/m2 (Table 9). These 

values are higher than what was calculated using the same technique in Julien and Torres (2006) 

likely reflecting the higher percentage of silt and clay in the riverbank soils of the Lamprey and 

Sugar River. In addition, reported critical shear stress values only consider soil properties, not 

the effect of vegetation. Vegetation is suspected to increase critical shear stress in channel banks 

(Thorne, 1990). 

In summary, the Lamprey site native patch had a slightly higher estimated critical shear 

stress than the knotweed patch. At both Sugar River sites, the native patch had a lower estimated 

critical shear stress. There was not a significant difference between estimated critical shear stress 

values at knotweed patches compared to native patches, but the estimated critical shear stress 

value at the Sugar Site 6 knotweed patch was an outlier (Figure 21). Overall, critical shear stress 

did not appear to be influencing erosion rates within the focal sites. 

4.6 Comparison of Erosion Monitoring, Hydraulic Model Results, and Soil Characteristics 
 

Overall, the only significant difference recorded between paired vegetation patches was 

the larger amount of erosion recorded at knotweed patches compared to native vegetation 

patches. No statistically significant difference was recorded between modeled applied shear 

stress values between paired vegetation patches, meaning that any difference in erosion rates 

between paired vegetation patches should not be attributed to flow patterns around the vegetation 

patches. In addition, there was no statistically significant difference between estimated critical 

shear stress between paired vegetation patches, apart from Sugar Site 6. At Sugar Site 6, the 

knotweed patch had a significantly higher estimated critical shear stress, which could explain 

why at this site the knotweed patch experienced less erosion than the native patch (Table 9). 

Overall, the difference in measured erosion between paired patches, apart from potentially Sugar 
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Site 6, cannot be attributed to differences in the estimated critical shear stress of the soil. In 

summary, the results of the bank erosion monitoring, vegetation survey, estimated critical shear 

stress, and modeled applied shear stress results show that the only significant difference across 

all paired patches was the presence of Itadori knotweed and the increase in erosion measured at 

knotweed patches. 

For most of the studied scenarios at the focal sites, the applied shear stress (from the 

numerical model) was lower than the critical shear stress (estimated from soil characteristics). 

The only two scenarios in which applied shear stress exceeded the critical shear stress were the 

Sugar Site 2 and the Lamprey Site high discharge scenarios (Figure 22), but these high 

discharges were not observed during the study period. Therefore, no erosion via fluvial 

entrainment was expected within the study period. However, erosion was observed during at 

least one period of time at all focal study sites (Figure 12).  In addition, Sugar Site 6 had the most 

recorded erosion, but the lowest applied shear stress and the Lamprey Site experienced the least 

erosion but had the second highest applied shear stress values (Table 9; Figure 11). In short, 

higher calculated applied streamwise shear stress did not correspond to higher amounts of 

erosion (Figure 20). Additionally, there was no difference between the amount of erosion 

recorded by top, middle, and bottom bank pins although the top, middle, and bottom pins all 

experienced different amounts of exposure to fluvial entrainment. These findings suggest that 

fluvial entrainment was not the principal mechanism of bank erosion at these sites and that other 

processes, such as mass failure, were dominant. 
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Figure 22. Calculated applied shear stress for knotweed and native vegetation patches at each of 
the three focal study sites. Critical shear stress values calculated based on bank soil properties are 
shown as horizontal lines in each plot. 
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Chapter 5: Conclusion 
 

5.1 Summary of Findings 
 

This study investigated the controls of bank erosion, including the impact of vegetation, 

on two New Hampshire rivers, concluding that the presence Itadori knotweed increases erosion 

rates on banks compared to native vegetation and that fluvial entrainment is not a dominant 

mechanism of erosion around knotweed patches. Multiple methods of studying bank erosion, 

including bank pins, SfM, and hydraulic modeling, were applied with varying levels of success. 

In general, vegetation patches were successfully paired based on estimated critical shear stress 

and modeled applied shear stress, only Sugar Site 6 had a significant difference between critical 

shear stress between vegetation patches. In situ bank pin observations provided further evidence 

that Itadori knotweed increases erosion rates compared to similar banks populated by native 

vegetation (Mummigatti, 2008; Arnold and Toran, 2018; Hammer, 2019; Matte et al., 2021). 

Increased erosion rates during winter and early spring months can be attributed to differences in 

temperature and flow patterns between seasons. This study further supports past work suggesting 

Itadori knotweed causes riverbank erosion and rules out the role of fluvial entrainment as a 

dominant mechanism of erosion near knotweed patches (Mummigatti, 2008; Arnold and Toran, 

2018; Hammer, 2019; Matte et al., 2021).  

5.2 Limitations 
 

Limitations of this study include the small number of field sites. Field work, such as 

installing and monitoring bank pins and ground surveying, is time-consuming, and work with 

UAVs is costly, which limited the number of study sites in this study. This study was only 

conducted on two similar rivers, in terms of watershed area, slope, and substrate material, that 
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are located relatively near each other within similar climates. Extrapolating results to rivers with 

different geologic provinces or within different climates should be done cautiously, as rivers with 

larger watershed areas may experience more erosion due to high discharges, more riverbank 

erosion is expected in steeper rivers as flow velocity is usually higher, and bank and bed material 

can vary between rivers and impact erosion patterns. 

There are many controls of bank erosion and, especially within field studies, it is challenging 

to isolate one dominant cause of bank erosion in specific locations (Lawler, 1995; Chassiot et al., 

2020). While attempts were made to minimize differences in characteristics affecting bank 

erosion, such as bank height, soil type, local flow patterns, and vegetation density, between 

paired knotweed and native vegetation patches, it cannot be concluded that the only difference in 

erosion between paired vegetation patches was the presence of knotweed.  

This study was limited to one year of data collection in the field. One year of data collection 

may not be representative of the river over a longer time. Moreover, New Hampshire 

experienced mild drought conditions throughout the summer and fall of 2022, which reduced the 

flow levels of the rivers and likely reduced erosion rates at the study sites. Short study periods 

are also unlikely to experience large rare floods, such as the 10-year or 100-year flow rate, which 

can cause a great amount of bank erosion and geomorphic change within a short period of time. 

In the future, longer-term and larger-scale research would be beneficial to better assess the 

impact of knotweed on erosion. There is potential for future work to combine remote sensing 

techniques such as UAVs or satellite imagery to increase the area and length of time being 

studied. For example, aerial imagery could be used to locate knotweed patches along entire river 

corridors, and repeat LiDAR elevation data could be used to estimate erosion and deposition at 

reach scales (Martin et al., 2018; Hamshaw et al., 2019).  
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Another study limitation is that bank pins may not be best suited to studying bank erosion 

in climates with cold winters where rivers may freeze, because ice jams as well as freeze-thaw 

processes in the bank may cause the movement of bank pins (Lawler, 1993; Couper et al., 2002). 

They also may interfere with natural bank processes by stabilizing or destabilizing the bank 

material or interfering with nearby hydrologic conditions. Visiting the sites to monitor erosion 

can also unnaturally impact the bank (Thorne, 1982; Lawler, 1993; Couper et al., 2002). Past 

studies have described “pin craters” where material directly surrounding the pin is disturbed 

leaving small indentations in the bank around the pin (Thorne, 1982); these were observed 

surrounding several bank pins within this study.  

Another limitation of bank pins is their inability to capture bank change at locations in 

between where pins are installed (Jugie et al., 2018). Mass failure, like that observed within 

Sugar River Sites 3 and 5, is also difficult to monitor using bank pins, which are best suited to 

measuring fluvial erosion, which is the abrasion of the bank material by flowing water (Couper 

et al., 2002). While there are limitations in the use of bank pins to study erosion, it is still one of 

the most widely used methods to study riverbank erosion, due to its low cost and applicability to 

a wide range of fluvial environments and studies (Lawler, 1993; Couper et al., 2002; Foucher et 

al., 2016; Arnold and Toran, 2018). Another option is using Photo-Electronic Erosion Pins 

(PEEPs), which continuously track riverbank retreat using exposure to light (Lawler and Leeks, 

1992). These can be useful to study erosion during particular time periods and around large flood 

events without the need to visit the sites in dangerous conditions (Lawler and Leeks, 1992). 

Instead of bank pins, researchers could consider repeated cross-sectional surveying, SfM on non-
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vegetated banks, or comparing successive DEMs made from LiDAR data (Jugie et al., 2018; 

Hamshaw et al., 2019; Chassiot et al., 2020). 

There are also limitations in how critical shear stress values were calculated from 

statistical relationships that may not accurately represent the riverbank material. This study used 

a relationship that was developed for soils with similar grain size distributions, moisture content, 

and organic matter content to the study soils, but the silt-clay content for the study soils was 

higher than the soils for which the relationship was developed (Julian and Torres, 2006). Also, 

this method only considers one soil property, even though a combination of unique properties 

impact soil strength (Mahalder et al., 2018).  In future studies, direct measurement techniques, 

such as jet tests, are recommended to improve the accuracy of critical shear stress estimates 

(Hanson and Cook, 2004). 

More limitations involve making a realistic hydraulic model which may cause modeled 

shear stress values to not be representative of the study sites.  Bank stability was assumed to be 

spatial constant, rather than varying as it could in a bank model such as BSTEM using RipRoot 

(Stryker et al., 2017; Stover et al., 2018). In addition, bank erosion estimates focused on the 

mechanism of fluvial entrainment, though other important erosive processes such as mass failure 

and subaerial weakening were likely present at study sites (Klavon et al., 2017; Stryker et al., 

2017; Stover et al., 2018). Further efforts to quantify additional erosional processes could 

improve the explanatory ability of model estimates. This could potentially be done using other 

models, such as RipRoot combined with BSTEM, which take into account bank material and the 

effect of root density and strength on the stability of the bank material (Stryker et al., 2017; 
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Stover et al., 2018). Understanding what mechanisms of erosion are influenced by knotweed can 

help determine how to better protect against its effects. 

One difficulty in producing the model, especially at higher discharges, was the inability 

to obtain enough accurate stage measurements during high flow conditions to set up and validate 

the model. This study used WSE values from the day the reach was surveyed to validate the 

model at low-flow conditions, resulting in quite good agreement during low flows. At larger 

flows, which covered more of and even exceeded the bankfull channel, no validation data were 

available, so the accuracy of the model under those conditions cannot be quantified. Model 

inputs, including discharge, downstream stage, and upstream stage, were estimated for each 

reach as best as possible, but still add potential error to the analysis. Discharge was estimated 

using the percentage of the watershed draining to the reach multiplied by the discharge at the 

gauging station, but other methods could be used including measuring discharge directly at the 

site. River stage at each site could also be monitored through the use of a pressure transducer and 

used to develop a stage-discharge relationship for each site. Similar studies in the future should 

attempt to minimize potential sources of error around discharge and water surface elevation 

measurements in order to create accurate hydraulic models. 

5.3 Recommendations for River Management 
 

 As the frequency of large erosion-causing floods is expected to increase in the future 

throughout New England (Armstrong et al., 2012; Armstrong et al., 2014; Ross et al., 2019), it is 

important as ever for river management to consider riverbank erosion and its implications. 

Riverbank erosion can cause loss of property and damage to infrastructure as well as harmful 

impacts to fluvial ecosystems by increasing suspended sediment and contaminants within the 
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river (Gall et al., 2011, Fluixá-Sanmartín et al., 2018; Deng et al., 2016; Ross et al., 2019; Li et 

al., 2021).  

In some cases, dams, levees, embankments, and bank revetment can be used to control 

river flow and stabilize banks to minimize damages due to high discharges. These structures can 

be expensive to employ and may negatively impact erosion and depositional patterns in rivers 

(Gilvear and Winterbottom, 1992). In some cases, these structures can cause more erosion and in 

others, specifically upstream of dams and levees, can cause deposition of sediment (Gilvear and 

Winterbottom, 1992). In addition, dams and bank revetment have failed in large floods 

endangering lives and causing costly damage (Gilvear and Winterbottom, 1992).  

River management should consider taking preventative measures against bank erosion 

before bank revetment is necessary. This study found riverbanks with Itadori knotweed 

experienced more erosion on average than riverbanks with native vegetation, which agrees with 

past studies (Mummigatti, 2008; Secor et al. 2013; Arnold and Toran, 2018; Hammer, 2019; 

Matte et al., 2021). To minimize the impacts on river ecosystems by knotweed, river corridor 

management should consider efforts to remove knotweed from river systems before the need for 

expensive revetment (Colleran et al., 2020). As knotweed is highly invasive and can be difficult 

to remove, ideally removal efforts should be started while there are minimal knotweed patches 

within a river system (Colleran and Goodall, 2014; Colleran and Goodall, 2015; Colleran et al., 

2020; Drazan et al., 2021). If removal along an entire river system is not an option, river 

management could work to prevent the spread of knotweed by informing property owners of its 

invasive nature and give information about how to remove it themselves.  

In summary, the results of this study suggest that knotweed may increase erosion rates of 

riverbanks which can negatively impact fluvial ecosystems and cause costly damage to 



64 
 

infrastructure (Gall et al., 2011; Arnold and Toran, 2018; Fluixá-Sanmartín et al., 2018; Deng et 

al., 2016; Ross et al., 2019; Li et al., 2021). As such, the implications of knotweed on riverbank 

erosion warrants consideration by river corridor management. 
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APPENDIX 
Table 10. Raw bank pin data 

Bank Pin 8/11/2021 8/18/2021 9/23/2021 10/14/2021 12/10/2021 4/29/2022 9/30/2022 Total* 

Sugar 1                 

S11T N             -0.6 -0.6 

S11M N             1 1 

S11B N             -0.3 -0.3 

S12T N             -6.3 -6.3 

S12M N             -2 -2 

S12B N             -5.2 -5.2 

S13T KW             -4 -4 

S13M KW             -22.3 -22.3 

S13B KW             -19.6 -19.6 

S14T KW             -11.5 -11.5 

S14M KW             -19.5 -19.5 

S14B KW             -26.2 -26.2 

Sugar 2                 

S21T N       0.2 -0.4 -1.6 -1.9 -1.9 

S21M N       -0.3 -0.4 -8.4 -8.5 -8.5 

S21B N       0.4 0.7 -0.7 6.6 6.6 

S22T N       0 -0.2 -2.3 2.7 2.7 

S22M N       -0.3 -0.4 -11.2 -8.8 -16.7 

S22B N       0.6 0.8 -7.7 -6 -6 

S23T KW       0.4 0.5 -1.5 -0.7 -0.7 

S23M KW       0.5 -0.3 -7.9 -2.8 -8.3 

S23B KW       0.1 -1.1 -9.2 -0.8 -9.9 

S24T KW       -0.2 -0.5 -19.6 -14.8 -19.6 

S24M KW       0.3 0.2 -4.4 -1 -4.7 

S24B KW       0.4 0.3 -7 0.6 -6 

* Total erosion and deposition including pin reset measurements. 
NR = Not recovered 
UW = Under Water and unable to be measured 
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Table 10. (continued)  
Bank Pin 8/11/2021 8/18/2021 9/23/2021 10/14/2021 12/10/2021 4/29/2022 9/30/2022 Total* 

Sugar 3                 

S31T  KW             -3.6 -3.6 

S31M KW             -18.1 -18.1 

S31B KW             -4.7 -4.7 

S32T KW             -1.8 -1.8 

S32M KW             -20.8 -20.8 

S32B KW             -4.3 -4.3 

S33T N               NR 

S33M N               NR 

S33B N               NR 

S34T N               NR 

S34M N               NR 

S34B N               NR 

Sugar 4                 

S41T N             -10.7 -10.7 

S41M N             -7.5 -7.5 

S41B N             -1.6 -1.6 

S42T N             -3.6 -3.6 

S42M N             -1.9 -1.9 

S42B N             -2.7 -2.7 

S43T KW             -7.2 -7.2 

S43M KW             1 1 

S43B KW             -37.3 -37.3 

S44T KW             -13.4 -13.4 

S44M KW             -18.9 -18.9 

S44B KW             -21.2 -21.2 

* Total erosion and deposition including pin reset measurements. 
NR = Not recovered 
UW = Under Water and unable to be measured 
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Table 10. (continued) 
Bank Pin 8/11/2021 8/18/2021 9/23/2021 10/14/2021 12/10/2021 4/29/2022 9/30/2022 Total* 

Sugar 5                 

S51T N             NR   

S51M N             NR   

S51B N             -7.6 -7.6 

S52T N             3.6 3.6 

S52M N             -0.9 -0.9 

S52B N             -4.7 -4.7 

S53T KW             0.4 0.4 

S53M KW             -4.7 -4.7 

S53B KW             -7.7 -7.7 

S54T KW             -0.1 -0.1 

S54M KW             -5.6 -5.6 

S54B KW             -2.7 -2.7 

Sugar 6                 

S61T N     -0.3   -2.9 -33.4 2.7 -33.2 

S61M N     0   -11.7 NR NR -17.1 

S61B N     -0.9   UW -4.2 -19.1 -19.1 

S62T N     -0.1   -0.1 NR NR NR 

S62M N     -0.3   -4 -4.1 NR NR 

S62B N     -0.2   UW NR NR NR 

S63T KW     -0.1   -1.9 -20.5 -7.2 -21.5 

S63M KW     -0.5   -5.6 -6.2 -13.5 -22.6 

S63B KW     -0.6   UW -4.4 -21.8 -21.8 

S64T KW     -0.6   -3.8 -23.5 1.6 -18.4 

S64M KW     0.1   0.2 -3.4 -1.2 -8.6 

S64B KW     -0.2   UW -0.5 -14.2 -14.2 

Lamprey 1                 

L1T KW         -1 -2 11.9 -2.4 

L1M KW         -1.1 -3.8 12.4 -4.2 

L1B KW         -0.9 -7.6 21.9 -10.9 

L2T KW         0.2 0.3 7.8 0 

L2M KW         0.1 -10.4 21.2 -15.4 

L2B KW         -2.7 3.9 11.7 -3.8 

L3T N         1.7 1.4 7.2 1.3 

L3M N         2.8 9.3 1.6 7.7 

L3B N         8.5 1.4 7.3 1.2 

L4T N         0.1 -0.3 7.8 -0.3 

L4M N         0.2 5 4.9 0.1 

L4B N         2.8 0.2 10.1 0.1 

* Total erosion and deposition including pin reset measurements. 
NR = Not recovered 
UW = Under Water and unable to be measured 
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