
 EVALUATION OF URBAN RIPARIAN BUFFERS  

ON STREAM HEALTH IN THE TOOKANY  

 WATERSHED, PA  

 

 

A Thesis 

Submitted to 

the Temple University Graduate Board 
 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

 MASTER OF SCIENCE 

 

 

 

 

by 

Emily G. Arnold 

December 2016 

 

 

 

 

 

 

 

 

 

 

 

 

Examining Committee Members: 

 

Dr. Laura Toran, Graduate Advisor, Earth and Environmental Science 

 

 

Dr. Jonathan Nyquist, Committee Member, Earth and Environmental Science 

 

 

Dr. Steven Chemtob, Committee Member, Earth and Environmental Science



 i 

ABSTRACT 

 

Stream channels and their corresponding riparian zones are composed of complex 

spatially and temporally dynamic systems. Changing land-use associated with 

urbanization has resulted in large shifts in riparian assemblages, stream hydraulics, and 

sediment dynamics leading to the degradation of the world’s waterways.  To combat 

degradation, restoration and management of riparian zones is becoming increasingly 

common.  However, the relationship between flora, especially the influence of invasive 

species, on sediment dynamics is poorly understood.   This relationship must be studied 

further to ensure the success of management practices. 

Three methods were used to monitor erosion and turbidity within the Tookany 

Creek and its tributary Mill Run in the greater Philadelphia, PA region.  To evaluate the 

influence of the invasive species Reynoutria japonica (Japanese knotweed) on erosion, 

reaches were chosen based on their riparian vegetation and degree of incision. Methods 

used to estimate sediment erosion included measuring changes in bank pins, repeated 

total station transects, and monitoring turbidity responses to storm events. While each 

method has been used in previous studies to monitor sediment flux, the combination of 

methods in this study allowed their applicability to be compared.   

Measurements taken with YSI turbidity loggers showed large fluctuations in 

turbidity based both on riparian conditions and geomorphic positioning, suggesting that 

future studies need to be careful with logger placement when using sediment calibration 

curves to estimate sediment yield within streams.  There were pros and cons of using both 
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total station and bank pins to estimate bank erosion. Total station has the potential to 

produce highly accurate measurements but a greater risk of loss of data if the control 

points used to establish the grid cannot be re-established from one measurement to the 

next.  Bank pins are more likely to influence bank erosion and be affected by freeze-thaw 

conditions but provide a simple method of monitoring erosion at frequent intervals.    

Volume calculations based on total station transects along the main stem of the 

Tookany did not show a consistent relationship between riparian type and erosion rates. 

However, erosion calculations based on bank pins suggest greater erosion in reaches 

dominated by knotweed with 4.7x10
-1

 m
3
/m and 8.3x10

-2 
m

3
/m more erosion than those 

dominated by trees at Chelten Hills and Mill Run respectively.  Turbidity responses to 

storm events were also higher (76.7 v 54.2 NTU) in reaches with knotweed, although this 

increase was found when the reach dominated by knotweed was also incised.  Thus, this 

study linked knotweed to increased erosion using multiple methods. 
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CHAPTER 1 

INTRODUCTION 

1.1 Urban Stream Syndrome 

 Stream and water resource degradation in response to human activities has a long 

history. Evidence of eutrophication of coastal waters in response to increased nutrient 

input dates back to the Roman era (Caldara et al., 2002) while soil erosion in response to 

agricultural practices post-American colonialism has long been recognized (Merchant, 

2007). More recently, the Industrial Revolution and urbanization have resulted in large 

shifts in both stream hydraulics and sediment dynamics.  As of 2000, there were over 

130,000 km of impaired streams and rivers in the United States (Paul and Meyer, 2001). 

Unless development patterns are managed, the degradation of waterways will continue as 

populations rise.  This growth will occur primarily in urban centers, as urban populations 

surpassed the number of people living in rural areas in 2009 (United Nations, 2009), 

making the provision of urban drinking water and sanitation two of the greatest 

challenges of the 21
st
 century (Kaushal and Belt, 2012).   

Degradation of urban streams and their receiving waters is common, resulting in a 

suite of impairments dubbed “Urban Stream Syndrome” (Walsh et al., 2005). Waterways 

suffering from Urban Stream Syndrome tend to have increased nutrient and contaminant 

concentrations, modified channel morphology, reduced ecological function, and a 

hydrograph with steeper ascending and descending limbs.  These symptoms are 

consistently observed in urbanized areas, although the degree to which degradation 

occurs depends on additional factors such as geological conditions, historical land use, 

development patterns, and drainage connectivity. Other impacts might include decreases 
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in groundwater baseflow or increased suspended solids, but are not present in all urban 

areas (Walsh et al., 2005).  

As urban development progresses, land cover is first cleared and then replaced 

with impervious surfaces such as roads, sidewalks, and roofs.  This leads to the 

installation of stormwater drainage systems due to a decrease in infiltration and an 

increase in surface runoff.  Cities have historically been associated with the “sanitary 

city” model, which aims to drain water rapidly out of urban areas and into adjacent 

streams through stormwater drainage systems (Kaushal and Belt, 2012).   Until recently, 

this practice was considered the best method of stormwater management, as it was 

believed to control flooding, erosion, and human exposure to potential pathogens and 

contaminants (Morris, 2008).   However, urban drainage systems are one of the largest 

contributing factors to Urban Stream Syndrome, as they disconnect urban runoff from 

natural hydrological processes (Walsh et al., 2005; Wenger et al., 2009; Kaushal and 

Belt, 2012).  

The percent total imperviousness (TI) in a watershed is often used as an indicator 

of urban intensity and is highly correlated with stream degradation.  Relative to forested 

reaches, runoff increases twofold as a catchment’s TI increases to 10-20% (Figure 1-1) 

and more than fivefold with 75-100% TI (Paul and Meyer, 2001).  Due to variations in 

stormwater connectivity, Urban Stream Syndrome is observable at different levels of total 

catchment imperviousness.  While a TI of 10-20% is often considered to be a lower 

threshold for degradation, urban streams have shown measurable impacts with as low as 

4% TI (Wegner et al., 2009) depending on catchment specific conditions.  Peak 

discharges have been found to be over 250% greater in urban catchments in New York 
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and Texas than in forested watersheds (Paul and Meyer, 2001).  Therefore, while TI can 

be used as an indicator, Wegner et al. (2009) warn against using TI as a universal 

measure of urban stream degradation as the relationship between TI and increased runoff 

is non-linear (Paul and Meyer, 2001). 

 

Figure 1-1: Urbanization’s Impact on Runoff. Increasing total 

imperviousness (TI) in a watershed influences natural processes 

including runoff, infiltration, and evapotranspiration. Taken 

from Paul and Meyer, 2001. 

 

Changes to urban hydrology influence catchment and stream morphology.  

Natural channel density decreases as small streams are filled in or replaced with pipes 

while artificial drainage increases through the construction of drainage networks such as 

stormwater pipes and road culverts (Paul and Meyer, 2001; Kaushal and Belt, 2012).  

These artificial passages often increase the drainage density of the overall catchment 

where they act as 1
st
 and 2

nd
 order tributaries that drain into 2

nd
 or 3

rd
 order surface 

streams (Figure 1-2).  These drainage networks limit the area of the catchment that is 
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hydrologically connected to geomorphological features such as floodplains, limiting 

natural processes such as biological processes, nutrient and contaminant uptake, water 

retention, and sediment deposition (Kaushal and Belt, 2012). 

 

Figure 1-2: Burial of Urban Streams. The burial of headwater streams and construction of artificial 

stormwater drainage pathways in the City of Philadelphia has decreased the length of stream reaches that 

are connected to floodplain systems by 73% while greatly increasing the catchment drainage density 

overall.  This pattern holds true in most urbanized centers. Taken from phillywatersheds.org.  

1.2 Sediment Flux 

 The streambed is a dynamic system that can change geomorphic form during 

storm events.  Stream sediment provides habit for aquatic organisms and is the location 

of many biogeochemical processes.  Changes in the streambed occur at variable spatial 

and temporal scales and contribute to the overall health of fluvial ecosystems. Sediment 

fluxes change in urban systems because of the increased flow rates, and erosion and 

deposition are one of the main stressors in urban streams. 

There is no defined amount of suspended sediment associated with degraded 

streams as the turbidity in natural hydraulic systems can vary significantly based on the 

density of the drainage basin, local geology, and the size of the stream or river. Turbidity 

is a measurement of the influence of suspended solids on an aqueous solution’s ability to 
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transmit light.  Sensors measure the degree a beam of light is either absorbed or scattered 

by suspended sediment and other un-dissolved materials, such as organic matter, when 

passing through the water sample (Minella et al., 2008).  However, a positive sediment 

flux within the watershed is indicative of a system with erosion rates that are out of 

equilibrium with deposition. There are multiple concerns associated with turbidity, 

including, but not limited to, decrease in light penetration, degradation of aquatic 

resources such as fish habitat, sedimentation of receiving waters such as lakes and 

estuaries, and transport of other contaminants.  

Non-point source pollutants such as heavy metals and nutrients can form 

complexes with clay minerals and other fine-grained sediments which can be 

remobilized. Eroding cut-banks in the mid-Atlantic region often consist of fine-grained 

legacy sediment (or sediment that was deposited in mill ponds during the Colonial and 

Industrial eras) which may be contaminated (Walter and Merritts, 2008; Taylor 

and Owens, 2009; Pizzuto et al., 2014). The remobilization of these sediments can 

increase nutrient loading leading to eutrophication of lakes and high toxicity in aquatic 

organisms that live or feed in the benthic zone (Nelson and Booth, 2002). Sediment 

deposition in lakes, estuaries, and harbors can impact economics through decreased 

quality of recreational activities as well as disrupting commercial navigation (USACE, 

2013). 

 Other concerns related to turbidity include health hazards such as water-borne 

illnesses in drinking water sources (Morris, 2008).  This is because disease-causing 

microbes can be transported with particulate matter.  In 1997, New York City issued the 

Filtration Avoidance Determination, the goal of which is to decrease sediment levels in 
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the surface waters of the Catskill and Delaware public water systems to the point that an 

expensive filtration system is unnecessary (USEPA, 1997).  

The nature of channel-floodplain sediment exchange within hydrologic systems 

strongly controls the transport distance and fate of particle-bound contaminants, with 

fine-grained sediments having the potential to be transported substantial distances 

(Nelson and Booth, 2002; Underwood et al., 2015). Due to the amount of stored 

sediments, and by extension sediment-bound pollutants, the movement and retention of 

sediments is likely to remain a concern for the foreseeable future (Hupp et al., 2013).  

1.2.1 Potential Sediment Erosion and Deposition 

Fluvial systems establish equilibrium by adjusting their channel morphology in 

response to discharge and sediment load. Variable features include channel width, depth, 

roughness, and slope (Ritter, et al., 2002; Paul and Meyer, 2001).  The influence of 

urbanization on sediment dynamics has been recognized since the 1960s (Wolman, 

1967).  According to Paul and Meyer (2001) aggradation and erosion are the two main 

phases of stream morphology adjustment following urbanization.  During construction, 

hill slope erosion increases, resulting in an increase in sediment load and aggradation of 

sediment along the streambed and banks.   

An erosional phase also occurs in the stream channel following aggradation and 

can result in both incision and stream widening.  Incision is defined as "rapid channel 

deepening disproportional to the increase in water discharge" (Booth, 1990).  Stream 

width increases in approximate proportion to increased discharge associated with 

increases in TI (Paul and Meyer, 2001; Ritter, et al., 2002; Walsh et al., 2005; Wegner et 

al., 2009).  In general, incision is more notable than stream widening in urban 
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environments and will occur when the transport capacity of the water exceeds the influx 

of sediment.  Erosion can have major impacts on stream health by decreasing channel 

complexity, disconnecting urban streams from their riparian zones, and increasing stream 

turbidity.  In addition, serious damage to structures such as roads and bridges can result 

from erosion and cause changes in catchment hydrology and infrastructure, especially 

during storm events (Carvalho et al., 2009). 

 Increased erosion due to urbanization is well documented with sediment sources 

varying depending on basin characteristics such as stream morphology, location within 

the watershed, nature of the runoff response, and maturity of the watershed. In Difficult 

Run, a watershed in the Piedmont Providence in the Chesapeake watershed, urbanization 

in the upper catchment resulted in double the amount of upstream erosion as compared to 

downstream storage (Schenk et al., 2013). This erosion has likely resulted in higher than 

normal bank heights due to incision into fine-grained legacy sediment which decreases 

connectivity of the stream with the floodplain system (Schenk et al., 2013).  In southern 

California, San Diego Creek saw 10
5
 megagrams per year, or 2/3 of the total sediment 

yield, as the result of stream channel erosion (Trimble, 1997).  The combination of 

decrease of connectivity and increased capacity for sediment transport during storm 

events in urban streams reduces the potential for overbanking and deposition of sediment 

on the floodplain.   

 Multiple studies dating back to the 1980s have found that the majority of the 

sediment eroded from the watershed is re-deposited within the basin with only 10-20% of 

the sediment eroded being removed from the basin entirely.  The majority of deposition 

occurs on terraces and floodplains with 20-30% of deposited sediment being temporarily 
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stored within the stream channel (USACE, 2013).  Areas of deposition within the channel 

include both living and fallen vegetation including large woody debris. The nature of 

deposition is not consistent, with the same areas serving as both sinks and sources of 

sediment during similarly sized flood events, potentially even changing from a sink to a 

source during a single flood event (Underwood et al., 2015). 

Deposition has also been examined in watersheds of variable sizes and locations 

with recent studies supporting previous results. Underwood et al (2015) demonstrated 

that during small to medium sized storms there was a net transfer of sediment from the 

channel to the stream margins adjacent to the active channel in an undeveloped 

catchment in New England.  Using fallout radionuclides 
7
Be and 

210
Pb and the stable 

isotopes of hydrogen in water, they showed approximately 90% of the sediment 

mobilized from the streambed being deposited onto the stream margins.  Only 10% of the 

mobilized sediment was transported downstream during storm events as suspended 

load. Due to the increased capacity for sediment transport in urban streams, the 

percentage of mobilized sediment that is flushed from the system to the receiving water 

body might be higher.  However, studies quantifying sediment flux in urban catchments 

are lacking. 

1.2.2 Sediment Residence Times 

 The travel-times associated with the transport of sediment through watersheds 

remain highly debated among scientists.  Garcia (2006) posits rapid movement of fine-

grained sediment from tributaries though the watershed to the receiving waters. 

Continuous transport of sediment is assumed in many sediment flux models, including 

those used for environmental management such as in Chesapeake Watershed (Meade, 
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2007; Pizzuto, 2014; Pizzuto et al., 2014).  What models often do not recognize is the 

importance of long-term storage of sediment with only episodic entrainment.  Sediment 

storage occurs mainly within the floodplain where sediment can remain for years and 

even millennia.   

 Channelized transport of sediment during storm events is apparent by both visual 

observation and continuous turbidity data collection (Skarbovik and Roseth, 2014).  

However, sediment is more likely, by factors of thousands or more, to be at rest than 

being transported the majority of the time (Pizzuto, 2014).  While mobilization of 

sediment is a consequence of storm events, the overall timing of the downstream 

sediment delivery is much more complex and depends on numerous conditions including 

watershed size, morphology, and biota. Due to storage of sediment in the floodplain, 

multiple sediment flux studies analyzing sediment age, erosion, and delivery to coastal 

waters suggest the average residence time of released fine-grained sediment at decades to 

millennia (Hupp et al., 2013; Meade, 2007; Pizzuto, 2014; Pizzuto et al., 2014; 

Underwood et al., 2015).   

1.2.3 Measuring Fluvial Sediment Budgets  

One way to examine sediment within a watershed is to create a sediment budget 

to categorize all of the sources, sinks, pathways, and processes associated with sediment 

flux. There are many monitoring techniques to evaluate sediment flux, including direct 

measurement of erosion and deposition and the use of turbidity as a proxy for sediment 

levels. Monitoring sediment flux is often considered superior to measuring erosion or 

deposition alone as it can represent both a positive gain and a negative loss of sediment 

within the system (Hupp et al., 2013).    
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Precise measurements for bank erosion, sediment transport, and channel and 

floodplain deposition to develop stream-scale sediment budgets are difficult to 

obtain.  The creation of a comprehensive sediment budget requires multiple site studies 

over a minimum of a several year period.  The extended time-frame is necessary to 

account for changes in erosional and depositional patterns due to variable annual 

precipitation and storm events.  In addition, our understanding of sediment yield is 

complicated by historic and current human land-use. This instability is especially 

pronounced in urban environments with a long history of alterations in the surrounding 

watershed, direct management of the stream channel, and both intentional and 

unintentional introduction of exotic flora and fauna.  However, areas that either 

contribute sediment into the stream or act as sediment traps greatly impact the 

downstream water quality. Understanding the balance of sediment inputs to outputs 

within a watershed is essential to determining the best management practices for stream 

restoration (Hupp et al., 2013; Schenk et al., 2013).  

Sediment has been identified as one of the most significant pollutants entering the 

Chesapeake Bay and legislation has been introduced to implement total maximum daily 

loads (TMDLs) to control the amount of suspended sediment entering the estuary 

(Schenk et al., 2013).  The Piedmont has been identified as the single greatest sediment 

source into the Chesapeake Bay despite low relief and low, long-term erosion rates 

(Schenk et al., 2013; Hupp et al., 2013; USACE, 2013). To meet TMDL requirements it 

is necessary understand sediment dynamics in tributaries to the Chesapeake Bay. As a 

preliminary step extensive work to create sediment budgets in tributaries in the Piedmont 

region is underway.  The tributaries included have varying land-use and include Difficult 
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Run, Little Conestoga Creek, and Linganore Creek which represented urban, urbanizing, 

and agricultural watersheds respectively. These studies used bank pins to measure cut-

bank erosion and clay pads, or artificial horizons, installed to monitor floodplain 

deposition (Schenk et al., 2013). Measurements in these catchments showed that the net 

site sediment budget was best predicted by the ratio of the channel to floodplain width. 

Sediment budgets in the tributaries of other major watersheds along the Atlantic are 

lacking as TMDLs have not yet been implemented. 

Sediment flux can also be monitored by continuous data loggers monitoring 

turbidity.  Sediment levels are often associated with high flow events in response to 

precipitation.  As such, regular sampling intervals used in other water quality studies can 

miss elevated sediment concentrations during storm events resulting in an underestimate 

of sediment load (Gao, 2008). Skarbovik and Roseth (2014) showed that turbidity loggers 

were particularly successful at detecting peak concentration of sediment during storm 

events. A site-specific calibration curve can be created to relate suspended sediment 

concentration to the turbidity data.  This allows turbidity to be used as a proxy for total 

suspended sediment within the water column (Gao, 2008; Minella et al., 

2008).   Turbidity loggers are not typically used on a reach scale, instead focusing on 

catchment level changes in sediment load. Watershed scale monitoring is especially 

useful in areas where increases in sediment are associated with non-point sources, an 

issue that has been recognized for a number of pollutants since the early 1980s (Nelson 

and Booth, 2002).   
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1.3 Riparian Zones  

 Riparian zones (Figure 1-3) are broadly defined as semi-terrestrial areas that 

represent the interface of the terrestrial and aquatic environment (Richardson et al., 2007; 

Vidon et al., 2010; Warren II et al., 2015).  They also act as a transitional zone that serve 

as “conduits for substantial fluxes of materials and energy from one adjacent, clearly 

defined ecosystem to another” (Richardson et al., 2007, p. 126) as well as support flora 

that is distinct from neighboring terrestrial ecosystems (Richardson et al., 2007; van 

Oorschot et al., 2016).  Tickner et al (2001) add the stipulation that riparian systems are 

inundated with enough frequency to contain contemporary fluvial landforms.  Riparian 

zones are generally dominated by woody plants and are classified as shrub land or forest 

vegetation (Richardson et al., 2007). 
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Figure 1-3: Riparian Buffer Processes. Major 

components (top) and processes (bottom) through which 

riparian zones influence channel morphology and stream 

water chemistry. Taken from Dosskey et al., 2010 

 

1.3.1 Role in Sediment Flux 

 Local sediment transport and storage are also impacted by the interaction between 

vegetation and fluvial processes (Underwood et al., 2015).   In 1956, Mackin noted that 

the Wood River in Idaho alternated between meandering and braided as riparian zones 

shifted from forest to prairie.  Links between vegetation and geomorphology continued to 

be studied throughout the second half of the 20
th

 century with the majority of the focus on 

field observations (Gurnell, 2013). By the early 21
st
 century this research attracted 

attention, expanding to include complimentary flume and modeling and other theoretical 
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investigations which have confirmed the biogeomorphological relationships viewed in 

field observations (Gurnell, 2013).  However, the relationships between flora and geology 

are dynamic and research in this field is still limited. 

The relationship between vegetation and sediment dynamics is an important factor 

in stream geomorphology.  Meandering rivers are formed by the interplay between 

erosion and deposition on the outer and inner bends respectively. Studies have shown the 

role of wooded riparian systems on maintaining the balance between erosion and 

deposition by retaining significant volumes of sediment.  When trees are removed it 

results in extreme erosional potential as seen after changes in land management in the 

America's after European settlement (Merchant, 2007).  Early field observations included 

the relationship between channel width and riparian vegetation along relatively small 

streams with tree-dominated riparian zones having wider channels than those with non-

woody vegetation (Gurnell, 2013).  

Vegetation can also alter channel hydraulics with large woody debris or roots 

providing physical structures to slow water and catch materials.  Large woody debris 

includes downed trees, large branches, and anthropogenic objects such as railroad ties.  

van Oorschot et al. (2016) found that increasing vegetation can re-direct flow along banks 

and result in the deposition of fine sediment and organic material.  The contribution of 

large woody debris to the sediment balance can be significant, with densities of up to 160 

wood piles per km of stream bank found in temperate forests (Naiman and Decamps, 

1997).  Similar to living vegetation, large woody debris has been found to increase 

deposition within the stream channel, sometimes allowing an increase in channel gradient 

past the slope supported by sediment resistance to transport alone (Booth, 1990). 
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Modeled results suggest that without ecological succession on newly deposited sediments 

a meandering system would not be maintained (van Oorschot et al.; 2016).  These results 

complement research at geological timescales that suggest that river systems shifted from 

predominately braided to meandering systems as rooted vegetation began to stabilize 

river banks during the Devonian (Gurnell, 2013).  

 The extent to which flora affects flow dynamics and stabilizes the banks is 

dependent of the type of vegetation present as well as the density and depth of root 

systems.  Vegetation can decrease soil erosion by providing structural support through 

root development and increasing soil cohesion by supplying organic material.  One study, 

completed by Smith (1976), experimented on the effect of vegetation on erosion and 

found a 20,000-fold increase in erosional resistance with an 18% increase in the volume 

of root mat in silty bank materials.  However, Allmendinger et al. (2005) note that 

vegetation only protects against erosional processes if the roots extend to the toe of the 

bank and a decrease in bank stability due to vegetation can cause mass failure 

(Richardson et al., 2007; van Oorschot et al., 2016). In other words, vegetation on incised 

banks is not effective.  If the ratio of rooting to channel depth is small, then the 

erodibility of bank sediments and hydraulics of flow become more important.  Recent 

modeling efforts continued to increase the scientific community's understanding on the 

influence of plant root systems on bank stability and erosion resistance (Gurnell, 2013). 

 Deposition is promoted when riparian systems can be regularly inundated.  The 

structure of the vegetation controls the roughness of the inundated surface with increased 

roughness having the greatest impact on carrying capacity. Abt et al. (1994) determined 

that the degree of sediment entrapment in Kentucky bluegrass (Poa pratensis) ranged 
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from 30-70% of the deposited sediments. More recently van Oorschot et al. (2016) 

suggested that the bush stage of vegetation development has the largest influence on 

decreasing the sediment transport rate and encouraging deposition.   

Riparian systems have high levels of disturbance from both natural processes such 

as inundation and anthropogenic influences such as urbanization and river management. 

Because of this, river corridors contain a mosaic of complex, temporally dynamic, 

habitats. Any change in riparian assemblages has the potential to have corresponding 

effects on organisms, ecological processes, and geomorphology within the stream 

channel. Fluvial pressures on vegetation include the duration of flooding and flow 

velocity.  Morphodynamic pressures are particularly influential during the colonization 

phase of vegetative growth with hydraulic conditions affecting both seed transportation 

and the survival of seedlings (Gurnell, 2014; van Oorschot et al., 2016).  

1.3.2 Invasive Species 

 Non-native species now dominate landscapes in most parts of the world due to the 

spread of both beneficial and invasive species (Didham et al., 2005). While ecological 

changes associated with invasive species are fairly well studied, the effects on physical 

processes are not well understood. This lack of quantitative knowledge results in an 

inability to develop predictive models for river management (van Oorschot et al., 2016; 

Tickner et al., 2001). 

There are four main characteristics that define invasive species.  First, they are not 

indigenous to the country or biogeographical area. Invasive species are both abundant 

and considered nuisance species.  Lastly, humans are typically responsible for the 

introduction of the species either intentionally, such as garden plants, or unintentionally, 
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such as transporting seeds on boats (Tickner et al., 2001). While certain physical 

attributes are common, no one trait, or suite of traits, is consistently associated with 

successful invasive species (Maskell et al., 2006) as successful features are highly 

dependent on ecosystem specifics.  

Riparian systems are particularly prone to invasion.  Stream corridors facilitate 

invasion and propagation through transport and flooding while providing nutrients and 

sediments with high levels of moisture (Tickner et al., 2001; Richardson et al., 2007; 

Warren II et al., 2015). In addition, invasive species are recognized to be more abundant 

in non-natural systems such as urban environments; one study found invasives to be50% 

more abundant in urban watersheds than in neighboring rural catchments in European 

cities. This is in part because anthropogenic inputs assist the spread of invasive species 

and in part due to the increase in temperatures associated with urban settings (Maskell et 

al., 2006; Gilbert 1989; Kent et al 1999). 

 To colonize a riparian corridor successfully, exotic plants must be tolerant of the 

local hydrologic and geomorphologic conditions (Tickner et al., 2001).  After 

colonization invasive plants can significantly alter riparian morphology and function if 

their morphology or biochemistry is different from native species. However, invasive 

species can also be functionally similar to their native counterparts, and therefore their 

influence on the ecosystem can be minimal (Maskell et al., 2006; Richardson et al., 

2007). Substantial research has occurred to identify ecological changes associated with 

invasion along riparian corridors, but studies showing the interaction between invasive 

species, hydrological regimes and geomorphologic processes are limited yet is crucial to 
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understanding the impacts of exotic species and managing their spread (Tickner et al., 

2001; Lecerg et al., 2007). 

 That invasive species have the potential to influence river corridors is widely 

accepted; however, whether they are the symptom or the cause of stream degradation in 

urban environments is currently debated.  Didham et al (2005) claim that invasive species 

take advantage of ecosystem change such as habitat disturbance rather than being the 

drivers of change themselves; for instance, if the stability of native ecosystems has been 

undermined by bank erosion habitat is opened for colonization.  Plants that grow quickly, 

a trait that is common among invasive species, are more likely to succeed on eroded 

surfaces (Tickner et al., 2001).  Other anthropogenic disturbances, such as pollution, also 

decrease the resiliency of native systems (Warren II et al., 2015; Maskell et al., 2006) and 

could be managed to lower the potential for invasion.  

1.3.3 Case Study: Reynoutria japonica (Japanese knotweed) 

 Japanese knotweed (Reynoutria japonica) is native to Japan, Taiwan and northern 

China (Mummigatti, 2001; Pysek and Prach, 1993) and was introduced to Europe and 

America in the mid-1800s as an ornamental plant.  Considered one of the most successful 

plant invaders, it has spread prolifically across both continents. The plant consists of 

bamboo-like stalks typically greater than three meters in height and spreads 

predominately via mono-specific stands and aquatic transport of rhizomes (Lecerf et al., 

2007; Mummigatti, 2001; Pysek and Prach, 1993; Beerling, 1991; Maskell et al., 2006). 

Rhizomes are defined as a laterally growing underground stem that puts out shoots and 

roots.  
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 The success of knotweed as an invasive species is attributed to several factors 

such as rapid growth and its viability on soils with low nitrogen content.  Beerling (1991) 

found Japanese knotweed to be significantly affected by land-use in South Wales, with 

increased occurrence on abandoned properties and agricultural drainage networks and 

lower abundance on grazed land natural or semi-natural communities along river 

banks.  The high flows in urban systems could promote efficient long-distant dispersal 

and play a role in the repeated re-colonization of Japanese knotweed in urban systems. 

Knotweed becomes competitive as they develop high density stands that eliminate 

sunlight from reaching the ground and deter undergrowth (Mummigatti, 2001; Pysek and 

Prach, 1993; Tickner et al., 2001).   

 Once established, knotweed is believed to promote bank erosion due to the 

shallow nature of root systems when compared to riparian trees or shrubs. However, 

despite numerous references to this phenomenon, there are few quantitative studies. One 

study, (Mummigatti, 2001) shows an increase in sediment load downstream of knotweed 

reaches after storm events but could not conclusively evaluate whether this was 

associated with higher rates of erosion due to limited precipitation events.   

1.3.4 Restoration  

  Restoration of riparian areas includes active restoration efforts through re-grading 

of the stream channel and passive reforestation. The role of riparian restoration varies 

depending on the native environment.  For instance, in Canyon de Chelly National 

Monument, Arizona the removal of invasive vegetation aimed to de-stabilize channel 

banks, allowing the channel to shift from a single-channel meandering system to a 

braided stream (Pollen-Bankhead et al., 2009). Along the Atlantic coast stream 
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restoration usually seeks to re-establish inundation patterns and improve riparian 

function. Inundation alters soil moisture content and exports particulate carbon and 

inorganic nutrients from the floodplain to the channel. However, in many circumstances 

the changes in sedimentation associated with restoration are just as important as 

inundation frequency in determining ecological responses (Underwood et al., 2015).  

Most studies relating to restoration and management of riparian zones are on the 

reach scale (Richardson et al., 2007) while restoration of catchment level processes is 

largely ignored. In addition, many restoration designs relate channel morphology to 

discharge based on regional reference curves (Rosgen, 1996) originally developed by 

Dunne and Leopold (1978).  These curves provide a simple method of describing river 

reaches based on channel width, depth, slope, and sediment load.  However, this method 

has also been criticized for over-simplifying watershed level processes that influence 

river behavior over the long term (Simon et al., 2007; Kondolf, 2004).  One characteristic 

that is ignored are differences in vegetative coverage between reaches (Allmendinger et 

al., 2005; Hession, 2001). This calls into question the value of using riparian restoration 

as a technique to increase water quality in urban areas (McMillan et al., 2014; Wohl et 

al., 2005) as it is necessary to understand processes at a range of spatial scales to address 

the relationships between discharge, sediment flux, invasive species, and ecosystem 

resilience.  

 Due to episodic movement of sediment a significant lag period between 

implementation of management techniques and improvement of receiving water quality is 

expected. This is particularly relevant if restoration is implemented upstream of the 

characteristic transport length of the stream relative to the receiving body.  For instance, 
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Pizzuto et al (2014) found the transport length of clay and silt to be 4-60 km while the 

transport range of sand was estimated to be 0.4 to 113 km in five upland watersheds in 

the Chesapeake Watershed.  These transport ranges suggest a lag interval before the Bay 

experiences the benefits of management practices (Pizzuto et al., 2014).  The estimated 

time interval associated with this lag (100-1000 years) is outside of the sediment loading 

limits established by legislation, possible study periods, and even detailed hydrodynamic 

models which typically represent short time and spatial scales.  To ensure that funding for 

management is well used restoration initiatives need to involve setting sequential goals 

towards a realistic endpoint that is well communicated between all the groups involved 

(Richardson et al., 2007; Palmer et al., 1997). 

1.4 Objectives and Hypotheses 

 There are two main objectives for this study.   The primary objective is to 

examine the influence of riparian zones on erosion and turbidity in the Tookany Creek, 

an urban stream in the greater Philadelphia region.  Vegetation type and the degree of 

incision were used to classify riparian systems.  The secondary objective is to compare 

commonly used monitoring techniques to determine their effectiveness when monitoring 

entrainment of sediment.  This study uses time-lapse surveying with total station, 

monitoring of banks with bank pins, and turbidity loggers to test the following three 

hypotheses: 

1) Erosion rates will be higher in reaches with Japanese knotweed, despite dense 

vegetation on banks. 

2) Any benefit of connected riparian zones on turbidity levels is local and will not 

persist in downstream reaches. 
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3) Irregular turbidity patterns can be caused by: 

a) mobility of the stream bed sediments 

b) proximity to large woody debris (LWD) 

 

 

It is currently not well understood how localized riparian conditions, such as 

incision and invasive species, influence the success of management practices 

implemented within the stream channel.  In addition, monitoring techniques used to 

examine sediment dynamics do not typically measure the effects of local conditions and 

best management practices over short spatial scales.  The first two hypotheses were 

developed to determine how the local degree of incision and vegetation type influence 

sediment flux using high density turbidity loggers and bank erosion monitoring.  The 

final hypothesis was included to better understand irregular turbidity patterns seen in 

preliminary data.  By understanding how riparian conditions can influence sediment 

dynamics, more targeted placement of best management practices and stream 

reconstruction can be implemented. 

This research is part of an effort initiated by the William Penn Foundation to 

monitor water quality in five Philadelphia watersheds before and after the 

implementation of stormwater management practices including riparian reconstruction.  

Waterhseds are in the Upstream Suburban Philadelphia Cluster and include the 

Wissahickon, Tookany-Tacony-Frankford, Pennypack, Poquessing, and Cobbs Creek 

(Figure 1-4).  The goal of this initiative is to improve water quality and the results of this 

study may be used in determining ideal locations for future restoration efforts and their 
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management.  This study also addresses the lack of quantitative analyses concerning 

increased erosion along knotweed dominated stream corridors. 

 

Figure 1-4: Upstream Suburban Philadelphia Cluster. Ongoing research in five Philadelphia 

watersheds, the Wissahickon, Tookany-Tacony-Frankford, Pennypack, Poquessing, and Cobbs Creek 

Watersheds is funded by the William Penn Foundation.  The goal of monitoring is to determine the effect 

of stormwater management practices on water quality. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Study Area 

The Tookany/Tacony–Frankford (TTF) Creek flows from Abington Township, 

Montgomery County and through Philadelphia County before discharging into the 

Delaware River.  Based on calculations done in ArcGIS, the total TTF watershed is 93.6 

km
2
 with 41.6 km

2
 (44%) of the watershed designated the Tookany Watershed, upstream 

of the Philadelphia County line. In addition to the main stem, there are five main 

tributaries in the headwater region, Baeder Creek, Jenkintown Creek, Mill Run, Rock 

Creek, and an unnamed tributary.  Together, their total length is 34.2 km (Borton-Lawson 

Engineering Inc., 2008). The average discharge of the Tookany upon entering 

Philadelphia County is 26.4 cfs.  This value was calculated based on data obtained from 

the USGS stream gauge 01467086.  The stream has an average channel slope of 

approximately 1.34% or 13.5 m/km and originates 132 meters above sea level.   

Selected sites are all located within Montgomery County where the stream is 

referred to as the Tookany Creek.  Although the Tookany watershed mostly overlies mica 

schist there is some felsic gneiss and quartzite in a few headwater tributaries.  Highly 

urbanized (Table 2-1), the watershed is predominately low to medium level development 

with 51% of the land use classified as low intensity residential composed of single family 

detached residential housing (R. J. Ryan, Temple University, personal communication, 

December, 2015). Deciduous forest is the second most common land cover at 16% 

(Borton-Lawson Engineering Inc, 2008; Waldman and Meade, 2015).  The 2008 
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stormwater management plan cites flooding, erosion, sedimentation, groundwater 

impacts, and pollution as major issues associated with stormwater in the watershed 

(Borton-Lawson Engineering Inc, 2008). 

Table 2-1: Land Use in the Tookany Watershed. Land cover in the Tookany 

Watershed is predominately (51%) low intensity residential composed of single family 

housing.  High density residential covers the fourth largest area at 8% (Borton-Lawson 

Engineering Inc, 2008). 

Land Cover Classification  Acres 

Open water  4.9 

Low intensity residential 5,293.0 

High intensity residential 865.8 

Commercial industrial/transportation 1098.1 

Transitional 1.6 

Deciduous forest  1695.3 

Evergreen forest  160.3 

Mixed forest  542.4 

Urban/recreational grasses 643.1 

Woody wetlands 1.8 

Emergent herbaceous wetlands  43.4 

Total  10,349.7 
 

 

Stream and stormwater infrastructure monitoring is ongoing in the Tookany 

Watershed.  Several groups are responsible for continued research:  Temple University, 

Villanova University, the Tookany/Tacony-Frankford Watershed Partnership (TTF), the 

United States Geological Survey (USGS), the Philadelphia Water Department (PWD), 

and the National Academy of Sciences (NAS). Stormwater controls are currently being 

designed and installed in the watershed.  Installed projects in Abington Township include 

riparian restoration at Abington Friends School and rain garden constructions. Several 

projects, including streambank restoration and floodplain storage and wetland 

enhancement, are planned for summer 2016. 
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Figure 2-1: Tookany Watershed: The Tookany Watershed (pink) is 41.6 km
2
 and is primarily 

classified as low intensity residential development.  Two sub watersheds, Chelten Hills (yellow) and 

Mill Run (brown) were monitored using YSI loggers.  There were a total of 12 logger locations 

within the watershed.  

Two sites were chosen for monitoring within the Tookany Watershed (Figure 2-

1).  Chelten Hills (CH) is located on the main stem of the Tookany Creek.  The drainage 

area upstream of the final monitoring location represents 33% of the total Tookany 

Watershed and is shown in yellow.  Mill Run (MR) is a tributary to the Tookany Creek 

and monitoring locations represents 93% of the tributary drainage area and 10% of the 

total Tookany Watershed.  The sub watershed is shown in brown and part of the tributary 

extends into Philadelphia County.  Each site has two or three reaches characterized by 

riparian type and each reach has several monitoring locations where equipment or 

surveys were used (Figure 2-2).  Riparian type was determined based on the vegetation 
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type and the degree of connectedness.   Banks were classified as incised if the stream was 

disconnected from its floodplain and if roots did not interact with the water.  Monitoring 

locations were chosen based on accessibility, vegetation type, and degree of incision for 

analysis of riparian characteristics on erosion and in-stream turbidity responses to storm 

events.  Three monitoring techniques were used including two methods of measuring 

erosion along study reaches using bank pins and transect surveys and in-stream turbidity 

using continuous data loggers.  All monitoring locations were identified by their site code 

and position number.  Chelten Hills’ code was CH while Mill Run’s was MR. 

Two rain gauges were used to identify precipitation events. Data were 

downloaded from the Philadelphia Water Department rain gauge PWD_30 and used until 

the installation of the water station at Abington Friends School on July 28, 2015.  To be 

classified as a storm, precipitation needed to last over one hour.  If there was a greater 

than 10-hour break in precipitation a new storm event was declared as water level 

responses tended to recover within that time period as based on visual inspection. 
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A 

 
B 

Figure 2-2: Generalized Site Maps: Site maps for Chelten Hills (A) and Mill Run (B) showing the 

locations and descriptions of each reach.  Solid lines are drawn approximately to scale, dashed lines 

indicate change in mapped distance. 
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2.2 Monitoring Erosion and Deposition 

 To establish the effectiveness of vegetated zones in controlling erosion both 

stream cross section surveys and bank pins were used.  These methods provide data on 

different temporal and spatial scales and were used to estimate stream erosion and 

deposition within each monitored reach.   

2.2.1 Bank Pins 

 Bank pins are a method of monitoring erosion or deposition through the 

installation and measurement of exposed rods.  Rods can be installed vertically into a 

floodplain or point bar to measure deposition or horizontally into a cut bank to determine 

the amount of erosion.  By measuring the amount of pin exposed it is possible to 

determine the extent of change as well as the rate of change. 

 At both sites two locations with varying riparian characteristics, specifically 

vegetation and the degree of incision, were chosen for bank pin installation. At Chelten 

Hills, the bank pins represent erosion rates in a disconnected riparian section dominated 

by knotweed as well as a disconnected section with trees present.  Pins at Mill Run 

characterized the connected reach dominated by knotweed. There a limited degree of 

incision here that allowed for installation, despite being classified as connected due to the 

interaction between the stream surface and both the floodplain and root structures. Pins 

were also installed in a disconnected reach with trees at Mill Run. The bank pins are 

referred to by their site name, Chelten Hills or Mill Run, and longitudinal position, either 

up or down stream (Figure 2-2). 

 Bank erosion profiles consisted of four erosion pins (0.5 m long garden stakes) 

installed perpendicular the cut bank face. The pins were installed in a diamond pattern 
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(Figure 2-3), where pin 1 was the top-most pin and numbering progressed in a clockwise 

rotation. There was approximately 0.5 m between each pin with the bottom pin located 

just above the waterline present on the date of installation. 

 

Figure 2-3: Bank Pin Installation: a) Four bank pins were installed horizontally into the stream bank. 

The length of the exposed pin was used to calculate erosion. b) Field example of installation from the 

upstream location at Mill Run.  

The initial length of the exposed pin was recorded and used to establish a starting 

position of the bank.  Subsequent measurements of the exposed pin were used to 

calculate how much erosion had occurred at each pin location.  Bank pins that 

experienced substantial erosion were reset to 15 cm when in danger of being eroded out 

of the bank. This occurred twice at the upstream Chelten Hills monitoring point and once 

at the downstream Mill Run location.  The measurement interval ranged from five days to 

a month. At each site the change in bank position was analyzed both individually and as 

an average of the four bank pins. While soil horizons were not taken into account when 

installing bank pins, subsequent soil texture analysis revealed horizons at some locations.  

If horizons were identified, bank pins were assumed to be representative of the soil 

horizon in which they were installed (Figures 2-4 to 2-5).  The total bank erosion was 

calculated by summing the total erosion of each horizon using Equation 2-1:  
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    ∑             Eq. 2-1 

where    is the horizon’s total erosion (m
3
),    is the horizon erosion rate (m/time),    is 

the height of the horizon (m), and    is the length of the horizon.  The height of the bank 

was determined by measuring from the top of the bank to the beginning of the streambed 

substrate.  Bank height measurements were taken on February 22, 2016.  The volume of 

erosion (m
3
) at each bank was standardized by dividing the total erosion by the length of 

the bank (m), resulting in final erosional volume with units of m
3
/m.  Different time 

intervals were specified by the monitoring period. 

The criteria for determining the ending points used to calculate the bank length 

were more flexible.  At the upstream location at Chelten Hills the loggers CH1 and CH2, 

were used as the ending points.  The downstream location at Chelten Hills dominated by 

trees had no loggers present within the reach, so the large trees on the right bank directly 

upstream of transect CH 400 and downstream of CH 600 were used as end points.  Both 

locations at Mill Run used a combination of logger locations and important physical 

features.  The logger MR1 was used as the start of bank at the connected reach dominated 

by knotweed at Mill Run while the end of the bank extended to where the bank tapered 

off and became a point bar.  The entrance to the field site, at the overland flow drainage 

channel, was used as the start of the bank in the downstream disconnected reach and 

logger MR3 was used to mark the end of bank position.   

If only one horizon was present, the results of all four pins were averaged to 

estimate the bank erosion rate (    and used to calculate the volume eroded      

(Equation 2-2).  Results were standardized using the same method outlined above and 

erosion is presented with units of m
3
/m. The total erosion was calculated both in October 
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and March at Chelten Hills for comparison between bank pins and cross section transects.  

The same intervals were used when calculating total erosion at Mill Run.   

                 Eq. 2-2 
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Figure 2-4: Chelten Hills- Bank Pin Profiles. The monitored reaches were measured to determine bank height to 

the streambed and length at each monitored reach.  Bank pins were located at CH 100 (left) and CH 600 (right). 

Heights listed above the figures and are drawn to scale. 
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Figure 2-5: Mill Run- Bank Pin Profiles. The monitored reaches were measured to betermine bank height to 

the streambed and length at each monitored reach.  Bank pins were located at MR 300 (left) and MR 400 (right). 

Heights listed above the figures and are drawn to scale. 
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2.2.2 Total Station: Field Procedure 

 The Nikon Total Station NPR-332 (Figure 2-6) was used to record mm scale 

changes in bank and streambed elevation by surveying cross sections along selected 

stream reaches.  Three locations were chosen along the Tookany Creek at Chelten Hills 

and represent banks with a connected reach dominated by trees, a disconnected reach 

dominated by trees, and a disconnected reach dominated by knotweed (Figure 2-2).  The 

disconnected reach dominated by trees was further classified as highly disconnected 

based on the degree of incision when there was over 2 m difference in height between the 

top of the bank and the thalweg. Two locations representing a connected riparian zone 

dominated by knotweed and a disconnected reach dominated by trees were studied at 

Mill Run. Three transects were set up in each location for a total of nine transects at 

Chelten Hills and six transects at Mill Run. Re-bar with pink flagging tape was placed on 

each side of the stream to ensure that total station transects were measured in the same 

locations over the field season.  Transects were perpendicular to the stream at each 

location.  In disconnected reaches, where the stream was in a meander, transects were 

positioned at the beginning, apex, and end of the cut bank.  Transects along a straight 

reach were equally spaced approximately 7.2 m apart.  

 At each site two primary local grid systems were created based on line of sight 

visibility from the total station surveying location (Appendix A.1). Mill Run was 

separated into upstream and downstream sections comprised of the connected reach with 

knotweed and the disconnected reach dominated by trees respectively.  At Chelten Hills 

the disconnected reaches and connected reach were placed in separate grid systems.  

Grids were not tied into a known coordinate system.  
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Figure 2-6: Total Station. A Nikon total station NPR-332 was to 

survey nine stream cross-sections at Chelten Hills.  Transects were 

perpendicular to the stream at each location. 

Primary grids were created by using a base station and two control points to 

triangulate the position of data points.  The location and height of the total station 

location during the initial grid set up in June 2015 were set as the base station x, y, z 

coordinates of 1000 m, 100 m, 10 m.  The y-axis was aligned with the control point B, 

which was always the control point on the right from the user’s perspective (Figure 2-7). 

To measure changes in stream morphology over time this primary grid was re-established 

every time the total station was used.  

 Control points were mounted on trees to ensure that they would not move over the 

course of the field season.  This method was largely successful; however, at the upstream 

Mill Run grid the control points were placed at the crown and on the trunk of a single 

downed tree as there were no stable, living trees within line of sight. This tree moved 

during a storm event resulting in movement of the control point markers. Thus, the 

upstream grid could not be re-established after July 21, 2015 and no further transects 

were surveyed at that location. The control points at all other sites remained stable and 

the grid was re-established during each sequential data collection. 
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Figure 2-7: Primary Grid Set-Up. A total of four primary local grids were created using the same procedure.  In each grid the base 

station was given the assigned coordinates of (1000, 100, 10) meters.  Two control points were established and the coordinates were 

stored to be used to re-establish the primary grid in future surveys.  The y-axis was always aligned with control point B, which was the 

right control marker from the user’s perspective. 
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 There were two steps to re-establishing the primary grid. First, slight differences 

in position or height of the total station can affect data collection, so the current 

instrument position must be determined.  The coordinates associated with the two control 

points are stored within the total station and the user can georeference the instrument by 

sighting each control point and accessing the saved coordinate values.  The total station 

then triangulates the instrument’s current position using the control points and instrument 

height.  This method ensures that the primary grid can be re-established even if the initial 

base station location is inaccessible provided the control points have not moved.   By re-

establishing the primary grid new data points were measured in reference to the initial 

base station, not the current instrument position, which allows spatial data to be 

compared over time. 

 Second, control point B was used as a backsight and the coordinates were re-

measured. This allowed the operator to easily check that the grid had been re-established 

correctly by comparing the x, y, z, reading to that of saved control marker coordinates. 

Once the control point measurements were replicated the user could begin data 

collection.  In the case of the upstream grid at Mill Run, the coordinates associated with 

control point B could never accurately be re-created after the control point markers had 

moved and so triangulation of the new instrument position was no longer possible.  At all 

other sites, where the control points had not moved, the measurements associated with 

control point B resulted in the same x, y, and z coordinates as the initial grid coordinates.  

Repeated measurements of a known point also allowed the precision of the instrument 

and measurement techniques to be determined.  
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When taking measurements, the total station sight was usually targeted at a prism 

mounted on an extendable rod (Figure 2-8).  A plastic base was placed on the bottom of 

the total station prism rod to ensure that the rod tip did not sink into soft sediment 

preferentially and result in lower elevations associated with those locations.  There were 

two corrections associated with this set-up that needed to be programmed into the 

instrument.  First, when the rod height was changed the new height was recorded in the 

total station so that the instrument accurately calculated the elevation of the ground at the 

base of the rod.  The extendable rod was typically kept at a height of 1.6 m but could be 

altered to allow the prism to be visible above or below obstructions like tree branches and 

other vegetation. Second, when using the prism the instrument included a 30 mm offset.  

This offset varies with different prism brands and sizes and is listed on the prism. 

 
Figure 2-8: Total Station Prism. The total 

station used a prism with a 30 mm offset as a 

sight when collecting data points.  The prism 

was attached to an extendible rod and the height 

of the rod was recorded to measure the x, y, z 

coordinates of the ground at the base of the rod. 

Example image from Chelten Hills transect 100. 
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Use of the prism also required careful leveling of the rod. If the rod is not level, 

the elevation associated with that measurement point changes. This process is especially 

important when the rod was extended to high elevations so that it was unobstructed by 

vegetation. Because of difficulties with leveling, an additional bubble level was 

purchased and attached to a lower section of the rod so that the person holding the rod 

could level the prism even when they were not able to see the built-in leveling device.   

 Total station measurements were taken at an interval of 0.61m (2 ft) across point 

bars and 0.30 m (1 ft) across the stream.  This 0.3048 m interval was initially used along 

cut banks as well but was shortened as it resulted in a lack of detail in the cut bank shape 

and slope.  Pointing the total station laser at the bank itself allowed for a finer interval 

with good reproducibility, without the presence of the total station prism.  Thus, the rod 

and prism were not used on the bank after the initial survey. Furthermore, data could be 

retrieved from areas that were inaccessible for the prism rod holder.  This technique also 

resulted in less erosion along steep banks from movement of the field worker on the 

bank. Measurements could also be taken between root structures, areas that were 

inaccessible when using a rod and prism. However, the prism and rod were still used 

along the streambed, as the laser cannot pass through water, and along the point bar, as 

deposition features were easily accessible and lacked steep slopes.  Key characteristics of 

each transect were also recorded while collecting measurements.  These included the 

control point locations, the top of the bank, changes in bank slope or composition, the left 

and right edge of water, and in some cases the medium of the stream bed.  
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2.2.3 Total Station: Data Analysis 

The x, y, z, coordinates were exported from the NIKON total station to a 

computer and were analyzed in MATLAB to determine changes in stream bed and bank 

positions over time. The two processing steps completed in MATLAB were translation 

and rotation of the data and sediment balance calculations, in cubic meters, of the stream 

channel.  

 The backsight measurements of control point B were compared to determine the 

accuracy of the total station.  Sites that experienced no movement of control points were 

found to have an accuracy of 0.1 cm to 1.5 cm accuracy, when a single outlier 

measurement was removed this accuracy improved to 0.1 cm to 0.5 cm (Table 2-2).  The 

control points at the connected reach dominated by knotweed experienced movement 

resulting in large errors.  Data collected prior to this movement had a precision of 0.0 cm 

to 0.2 cm, suggesting that the cross-section produced is accurate. However, when trying 

to re-established the grid an accuracy of only 8.8 cm to 146.8 cm was achieved, because 

of this movement, repeated transects could not be taken at this location.   

Table 2-2: Errors associated with TS cross-sections. Errors are calculated according to control 

measurements made during data collection. * indicates that an outlier was removed from the calculation.  

High errors at the upstream site in Mill Run are associated with the control points used to establish the total 

station grid shifting.  The error calculated for this reach including movement of the control points is listed 

in parentheses.  

  X (cm) Y (cm) Z (cm) 

Chelten Hills:  

Disconnected Reaches 
0.5* 0.2* 0.5 

Chelten Hills:  

Connected Reach 
0.1* 0.1* 0.3* 

Mill Run:           

Connected Reach 
  0.1* 

(146.8 ) 

   0.0* 

(103.3) 

0.2*  

(8.8) 

Mill Down:  

Disconnected Reach 
0.1 0.2 0.4 
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Translation is when the point of reference, or origin point of the grid, is shifted 

along the x and y axes.  In order to compare surveys taken on different dates the x and y 

positions of primary grid’s origin point were translated in MATLAB to create a new 

secondary local grid. The rebar transect pin located on the left bank, when looking 

downstream, was chosen for the secondary origin point for each transect.  The remaining 

data points along the cross-section were translated based on the original coordinate 

positions of the left rebar          using Equation 2-3 

           Eq. 2-3 (a) 

           Eq. 2-3 (b) 

where     and     refer to the x and y positions of the initial data,     and    represent the 

coordinate positions of the left rebar pin, and    and    are the translated data. The 

translation of the data must be done for each data point in a given transect.  Since the 

coordinates of the left rebar pin varied, a different coordinate position was used to 

translate each transect.  The left rebar pin’s new position was (0, 0,     after translation 

as the z coordinate was not included within the translation. Not including the z-axis in the 

translation allowed elevation data to be compared between transects calculate the 

gradient of the streambed along the thalweg.   
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Figure 2-9: Grid Rotation to Align with Stream Cross-

Section.  MATLAB was used to rotate each transect.  Data 

points were rotated around the z-axis to align transect with the 

x-axis. The rotation angle ( ) was determined by calculating 

the angle between the translated axes and the line of data 

points along the transect. 

 

 After the data were translated they were rotated around the z-axis at the secondary 

origin at the left rebar pin (Figure 2-9). This rotation puts aligns the transect data with the 

secondary x-axis for easy graphing.  To determine the appropriate rotation angle ( ) the 

angle between the primary grid axes and the transect data points was calculated for each 

survey point and averaged.  The data were then rotated using Eq. 2-4 

        

        
  [

 
 ] [

              
               

] Eq. 2-4 

and the elevation data, or z coordinates were not affected by this rotation. 
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Figure 2-10: Total Station Erosion and Deposition Calculations. The stream was split at the thalweg of the initial transect and the change in area as 

compared to the y-value associated with the thalweg of the 1st transect collected was calculated.  Positive change (blue) signified deposition which 

negative change (red) signified erosion. 
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The total station has the ability to not only measure erosion along cut banks but 

also depositional and erosional features on the point bar and within the stream channel.  

To compare total station erosion estimates to bank pin results each transect was split into 

right and left, when looking downstream, components (Figure 2-10).  The thalweg of 

each cross-section was used as the division point to account for all sediment movement 

within the transect.  For the incised banks where bank pins are located, the thalweg is 

close to the bank, so only a short distance in the stream bed was included in the total 

station calculation.  However, because the erosion areas were different, direct 

comparisons between bank pin erosion calculations and total station erosion calculations 

were not made, only relative differences were compared.   Another source of error was 

that the thalweg may shift laterally over time, but this error was small with observed 

shifts in the thalweg position less than 1.2, and this assumption simplified the 

programming.  The area under each time-lapsed transect was calculated to the elevation 

of the minimum thalweg using the MATLAB function polyarea(x,z).  This required 

additional data points to be added below the first, thalweg, and last data points in each 

cross-section. The resulting areas were subtracted to determine the change for the left and 

right sides of the stream.  Positive changes in area, shown in blue, signified deposition 

while negative results, shown in red, signified erosion.  

 The erosional and depositional areas calculated were assumed to be representative 

of the bank profile surrounding the transect and used to determine the total erosion along 

the bank surface using Equation 2-5  

           Eq. 2-5 
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where   is the volume of erosion or deposition along the bank,   is the area of change 

(m
2
) calculated in MATLAB, and   (%) is a correction factor explained below.  The 

volume of erosion (m
3
) results were standardized by dividing the total erosion by the 

length of the bank (m), resulting in final erosional volumes with units of m
3
/m.  

 When determining the total volume eroded on the bank adjacent to the total 

station transect the change in area along the transect was multiplied by the length of the 

bank perpendicular to the transect (Figure 2-11).  However, sloping banks introduce error 

into this calculation and so a correction factor (%) equal to the percent of the bank 

present (light blue polygon) as compared to the lateral extension of the height of the 

transect (dashed rectangle).  It was assumed that the bank heights changed linearly 

between transects.  In the example given in Figure 2-11 there is no change in area as the 

additional area to the left of Transect B is equal to the missing area to the right of 

Transect B.  In this situation the volume calculation would be multiplied by a correction 

factor of 100%.  The correction factors used (Table 2-3) were used on cut banks only, no 

correction factor was applied for point bar calculations.  Resulting volumes were used to 

compare different reach types.  Relative changes were compared to those obtained by 

bank pin measurements.  Only relative changes rather than absolute volumes were 

compared to bank pin measurements because of known sources of error in the different 

calculations including: estimating the bank height, extrapolating layering at the bank 

pins, and including the short distance in the thalweg for the total station erosion 

calculation, and possible instrument error.  Possible instrument error seems to account for 

the largest source of error in total station measurements, this might be due to a slight shift 

in the total station’s position during data collection.
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Figure 2-11: Total Station Correction Factor. A correction factor (%) based on the area of the bank 

profile present (light blue polygon) versus the area adjacent to the transect at the height of Transect B 

(dashed rectangle) was used when calculating the volume of change (m
3
) along the banks.  If the bank’s 

area was equal to area calculated around the transect, as in the example above, a correction factor of 100% 

was used. 

 

 

 

 

 

 

 

  

 

 

 

Transect B 

2x x 

Transect A Transect C 

 

 

  
=  Correction 

Factor (%) = 100 



 48 

 

Table 2-3: Volume Correction Factor. When calculating the volume 

of sediment eroded, the volume of estimated erosion adjacent to the 

total station cross-section was multiplied by a correctional value to 

account for changing bank heights.  The straight reach containing a 

connected riparian with trees was not included.   

Riparian Type Transect 
Correctional 

Value (%) 

Chelten Hills 

Disconnected/ 

Knotweed and Trees 

CH 100 90.98 

CH 200 103.88 

CH 300 105.68 

Disconnected/ 

Trees 

CH 400 102.09 

CH 500 102.62 

CH 600 91.49 

Connected/ 

Trees 

CH 800 NA 

CH 900 NA 

CH 1000 NA 
 

2.3 Hydrologic Response 

 The hydrologic response to storm events and seasonal fluctuations in the Tookany 

Creak and Mill Run were monitored using a variety of techniques. Data loggers were 

installed at field sites to monitor water level, temperature, turbidity, and specific 

conductivity. Measurements were taken every 15 minutes.  In addition, discharge was 

measured at five locations within 5 meters of logger positions. These methods measured 

fluctuations associated with storm events as well as base flow conditions.  

2.3.1 Water Level and Discharge 

 The height of water level in the stream was determined using Onset HOBO 

loggers that measured pressure. To calculate the water level both a barometer and water 

level logger were needed and the atmospheric pressure recorded by the barometer was 
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subtracted from the pressure of the water plus the atmosphere measured by the water 

level logger. This resulted in a water height recorded in meters. 

 At Chelten Hills the water level logger was installed on the point bar side of the 

highly disconnected reach dominated by knotweed.  At Mill Run the water level logger 

was installed in a pool at the end of the monitored reach.  Water level and barometric 

pressure loggers were downloaded approximately once a month and used to identify 

storm response times in streams. 

 To characterize discharge a SonTek Flowtracker handheld acoustic doppler 

velocimeter (ADV) was used. Transects CH 1000, CH 300, and CH 500 were used as 

discharge measurement points Chelten Hills (Appendix A.2). At Mill Run the discharge 

was measured at transects MR 300 and MR 400.  These transects were used to represent 

the discharge in each of the five monitored riparian zones. 

 Transect locations were chosen in areas with as close to laminar flow as possible 

based on field observation during base flow.  It is important to set up transects in areas 

with near laminar flow because turbulence will cause the flow direction to be inconsistent 

and result in greater error in velocity measurements. Runs, or locations with run-like 

characteristics such as a lack of tree roots or large rocks that could divert flow, were used 

as they provide the most laminar flow.    

 The acoustic doppler meter records the depth of the streambed, the velocity of the 

water, and the angle of the water’s movement relative to the probe. It uses these 

measurements to calculate the discharge in each interval.  When measuring, an interval of 

0.46– 0.61 m (1.5 - 2 ft) was used depending on field conditions.  The data could be 

downloaded directly onto the computer for analysis.  
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 Discharge was taken at multiple locations in each site to see if there were changes 

in discharge longitudinally which established whether the stream was gaining or losing in 

these reaches. Water might enter through stormwater pipes or drainage systems, which 

were known to be present in both systems.  Another potential source of water was 

groundwater inflow. Discharge measurements were taken at each transect in June and 

July 2015, and February 2016.  An additional discharge measurement was taken at 

transect CH 300 on October 2, 2015 to monitor discharge during precipitation associated 

with hurricane Joaquin, but field conditions became too hazardous to continue data 

collection at other transects. 

2.3.2 Turbidity 

 To monitor water quality YSI OMS 600 loggers were installed at four sites on the 

main stem near Chelten Hills and four sites on Mill Run starting in May 2015. Loggers 

were placed at the beginning and end of riparian zone types to determine how turbidity 

changes over short intervals between changes in the riparian buffer.  The loggers were 

numbered 0 through 3 from upstream to downstream.  In December, two additional 

loggers were added at the Mill Run site to monitor a channelized reach and two of the 

loggers at Chelten Hills were moved to upstream and downstream of a large outfall that 

drains from the train tracks. All loggers were calibrated using standard calibration 

procedures prior to deployment (Appendix A.3). The YSI loggers were used to record 

temperature, specific conductivity, and turbidity. Only turbidity data are reported here.  

 During storm events the turbidity was expected to increase as turbid water is 

usually associated with increased sediment loads. It was hypothesized that reaches where 

erosion was expected to be greater would have higher turbidity levels during storm 
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events.  Examples of areas with large expected increases in turbidity due to erosion are 

reaches that are either disconnected or contain knotweed. Conversely, connected reaches 

might have lower turbidity levels as the floodplain can act as a plain of deposition.   

 Each logger was installed to maximize protection against both natural disturbance 

such as high flow velocities and anthropogenic disturbances, such as theft.  Loggers were 

placed in tubes on cement blocks and secured to a tree or shrub on the bank with cable 

ties.  At both sites loggers were installed near the bank.  Equipment installed in meanders 

were placed on the cut bank side.   

 Loggers CH 0 through CH 3 at Chelten Hills were installed in the middle of a 

connected native trees riparian zone, as well as the beginning and end of a highly 

disconnected riparian zone with knotweed.  CH 3 was placed for a longitudinal study to 

determine if small changes in turbidity in relationship to riparian zones would have 

lasting effects downstream.  There were 80 meters between loggers CH 0 and CH 1 and 

30 meters between loggers CH 1 and CH 2. The distance between the CH 2 and CH 3 

was approximately 300 meters.  At Mill Run MR 0 and MR 1 were installed at the 

beginning and end of the connected reach dominated by knotweed and MR 2 and MR 3 

were installed at the beginning and end of a disconnected reach with trees.  This 

downstream reach was separated from the upstream reach by both large woody debris 

and a stormwater inlet channel.  There was approximately 30 meters between each 

logger. 

 Additional loggers were placed and two loggers repositioned in December, 2015.  

At Chelten Hills the loggers located at the reach with a connected tree riparian zone and 

the longitudinal logger, loggers CH 0 and CH 3, were moved upstream. They were placed 
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upstream and downstream of a large drainage pipe to monitor turbidity associated with 

drainage systems.  Two additional loggers were placed in Mill Run, upstream and 

downstream of a channelized reach.  There are multiple stormwater outfalls throughout 

the channelized section. These loggers were placed to further our understanding of how 

channelization affects turbidity levels as much of the Tookany Watershed is channelized. 

None of the four loggers at Mill Run were moved. Monitoring through early March 2016 

is reported here, but the loggers were in place until May 25, 2016. 

 To determine the relationship between turbidity and riparian characteristics the 

statistical software package, number crunching statistical software (NCSS), was used.  

When analyzing two groups the Mann-Whitney U test was used.  If greater than two 

groups were being compared Kruskal-Wallis one-way analysis of variance (ANOVA) 

was used.  Both analyses were chosen as they could rank data that was not normally 

distributed and can be used on unequal sample sizes. When only two categories were 

present for comparison T-tests were used, otherwise ANOVA was used. Filters were 

applied to determine how vegetation type, degree of incision, antecedent conditions, and 

seasonality influenced turbidity levels.  Antecedent conditions considered rain events 

within the last five days as wet conditions. If no storms had occurred within five days 

conditions were considered dry.  Seasonality was examined using foliage as an indicator 

and was split in mid-November.  The amount and intensity of precipitation were also 

compared between foliated and non-foliated conditions to ensure that there was no 

change in storm size that might influence turbidity results.  A p-value of 0.05 was used as 

the threshold of determining statistical significance at the 95% confidence interval.   
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2.4 Sediment Characterization: 

2.4.1 Streambed Characterization 

 The streambed was characterized for embeddedness and included soil texture 

classification, the depth to gravel layer, and an embeddedness survey.  Embeddedness is 

defined as the extent that coarse substrates, such as gravel and boulders are surrounded 

and covered by sand other fine sediments. The more embedded the substrate the more 

difficult it is to mobilize the streambed sediments. It was hypothesized that areas with a 

higher degree of embeddedness might have more predictable turbidity patterns. 

 The depth to gravel layer was determined by digging adjacent to each logger 

location until a gravel pavement was reached.   Samples were collected from the top 3-5 

cm for sediment characterization on a gravel, sand, silt+clay trilinear plot (see Bank 

Characterization). 

 The embeddedness of the streambed was surveyed by evaluating how easily 

coarse grains on the surface of the streambed could be dislodged. A 60 x 60 cm grid was 

constructed with markers placed every 5 cm to ensure that measurement positions were 

unbiased (Figure 2-12).  The grain at the node was evaluated for embeddedness, the size 

of the grain was not considered.  If there were no coarse grains present at the grid node, a 

notation of “S” was recorded to signify that only sand/loose sediment was present. The 

grid was set up near the center of the stream, directly adjacent to each turbidity logger. 

Turbidity loggers not included in this survey were the longitudinal logger (CH 3) in the 

Tookany Creek at Chelten Hills due to time constraints and the loggers in the channelized 

and storm pipe studies as they were not yet installed.
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Figure 2-12: Embeddedness Survey Grid. The embeddedness of the 

streambed was determined adjacent to each logger.  A 60 x 60 cm grid was 

constructed to ensure unbiased sampling. 

 

Table 2-4: Embeddedness Scale. This scale was used to determine the 

embeddedness of the streambed at both the Chelten Hills and Mill Run 

sites.  Measurements were taken adjacent to each YSI 600 OMS logger.  
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 A scale of 0 to 5 was used to characterize the ease at which the grains were 

removed (Bunte and Abt, 2001).  The scale represented increasing embeddedness with a 

result of 0 representing a node where a coarse grain was present and could be dislodged 

with no resistance.  A result of 5 indicated that the grain could not be pulled out of the 

streambed nor could it be moved at all (Table 2-4).   The measured resistance at each 

node was assumed to be representative of the 25 cm
2
 area surrounding the node.  An area 

of 12.5 cm
2
 was used for nodes along the edges of the grid and an area of 6.25 cm

2
 was 

used for the corner nodes. The weighted result could then be compared to the total area 

for each grid location.  Due to the possible variability in results based on personal opinion 

all measurements were taken by the same individual on September 6, 2015.  

2.4.2 Bank Characterization 

 Stream banks were characterized using soil texture. Soil samples were taken at 

each transect location and bank pin location and collected parallel to soil horizons.  .  

More samples were included at some locations, due to multiple distinct layers present. 

 Eight sieves ranging from 0.063 mm to 25.4 mm were used to separate soil and 

stream bed samples into gravel, sand, and silt+clay.  Clay and silt could not be separated 

using this method as the transition between sand silt lies at 0.062 mm. The results were 

then plotted using a modification of the MATLAB script “Shepard_Ternary_Plot” 

(Waite, 2006) which is based on a tri-linear plotting style originally developed by 

Shepard (1954) (Appendix B.1).  Clasts larger than 25.4 mm were not included in the 

plots as their weight would significantly bias the results.    
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2.5 Summary  

 A combination of methods was used to monitor erosion and turbidity within the 

Tookany Creek and its tributary, Mill Run. Methods included estimating the volume of 

sediment lost along the banks based on erosion measurements taken with bank pins and 

repeated total station transects as well as monitoring turbidity responses to storm events.  

Using multiple techniques allowed for a comparison of methods that have been used in 

previous studies to create site and watershed scale sediment budgets. The volume of 

sediment eroded along banks could not be directly compared, only relative erosion 

volumes are compared between bank pins and total station calculations.  At two locations 

(CH100 and CH600), bank pin and total station techniques could be evaluated by 

comparing the erosion, in cm, at bank pin locations which should, theoretically, have 

similar total erosion values.  Turbidity measurements could not be directly related to 

volumes as no sediment calibration curve was created for either site. However, 

longitudinal changes in turbidity were compared to riparian characteristics to determine if 

changes in turbidity could be associated with specific riparian zones.  Sediment analysis 

was also done on the streambed and banks to determine if there was any correlation 

between grain size, or embeddedness of the streambed, and turbidity responses. 
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CHAPTER 3 

RESULTS 

3.1 Sediment Characterization  

3.1.1 Streambed Characterization 

 The streambed was characterized adjacent to each of the logger locations using 

three techniques: depth to gravel, an embeddedness survey, and sediment size analysis.   

Mill Run showed more variability than Chelten Hills in embeddedness and sediment size 

distribution.  

 The depth to gravel layer was defined as the depth from the streambed to a layer 

with firm packing and little mobility and ranged from 14 to 80 cm at Mill Run and 21 to 

30 cm at Chelten Hills.  The 80 cm sample was an outlier at Mill Run, with the remaining 

three samples ranging from 14 to 26 cm.  Both the highest and lowest depth to gravel 

were sampled from pools.  Streambed samples collected sediment from the top 3 to 5 cm 

and were found to contain less than 1.0% silt while gravel content ranged from 6.8% to 

74.3% (Figure 3-1).  The low concentrations of silt are likely to be an artifact of the 

sampling method as fines are more apt to be removed by streamflow when being scooped 

from the bed and through the water column, but the proportions of the other sediment 

sizes are still commonly used to compare bedding characteristics. 

 Of the sites sampled, sediment from the three loggers located in pools had the 

greatest variability; however, these results cannot be extrapolated to other sites due to 

limited number of samples. Sand content in pools ranged from 29.4% to 92.6%, with the 

highest sand content appearing at Mill Run logger 2 (MR 2). At Mill Run the sediment 

collected from pools was found to have higher proportions of sand to gravel than those 
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sampled from the run.  This pattern does not hold true at Chelten Hills where the pool 

sample (CH 2) contains 16.0% less sand than the sample taken from the run (CH 0).  The 

amount of gravel in runs ranged from 54.1 (CH 0) to 61.9% (MR 1). The greatest amount 

of gravel was found within riffles at both sites with CH 2 and MR 0 containing 74.3% 

and 71.7% gravel respectively.   

 The grid survey used the degree of difficulty when removing gravel from the 

streambed as a measure of embeddedness (Table 2-4).  The size of the particles was not 

considered in this technique.  In both streams the majority of the grid was found to be 

either sand/loose sediment (S) or completely loose grains (0) (Appendix B.2). Neither site 

contained a high proportion of highly embedded grains, which are defined as gravel 

grains that could not be dislodged from the streambed.  Mill Run was found to have a 

higher percentage of sand/loose sediment and completely loose grains, 87%, and largely 

embedded gravel, 6%, than Chelten Hills which had 73% and 2% respectively (Figure 3-

2a).  These are based on the averaged results of the embeddedness survey.  

 The degree of embeddedness was also compared according to geomorphologic 

position (Figure 3-2b). Pools have the highest levels of sand/loose sediment (S) and 

completely loose grains (0) at 99%. Less than 1% of the studied pools contain clasts that 

cannot be dislodged easily. Riffles and runs have a comparable percentage of sediment 

and completely loose grains at 66% and 70% respectively; however, riffles have a higher 

degree of embeddedness with 15% of the grids containing grains that could not be 

removed from the streambed. While pools have the highest greatest variability in results, 

ranging from 20% at MR2 to 98% sand/loose sediment (S) coverage at CH 2, large 

ranges are also seen in riffles and runs. 
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Figure 3-1: Streambed Sediment Characterization. Sediment samples were collected from seven logger 

locations at both Chelten Hills and Mill Run. All samples contained less than 0.55% silt while gravel ranged 

from 6.8% to 88.8%.   
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Figure 3-2: Streambed Embeddedness Results: The embeddedness of the clasts adjacent to each logger was evaluated using a scale of S (sand/loose sediment) 

through 5 (not removable, no movement).  The averaged results were separated into site (B) and geomorphic location (B) to determine if any patterns emerged. 

Pools were found to have the highest percentage of loose sediment while riffles were found to have the highest percentages of highly embedded clasts. 
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Figure 3-3: Soil Texture Triangle Separated by Riparian Type. Soil samples were taken 

along each bank and plotted by percent of gravel, sand, and silt content.  They were organized by 

riparian type to determine any patterns in soil texture.  
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Figure 3-4: Soil Texture Triangle Separated by Bank Position. Soil samples were taken 

along each bank and plotted by percent of gravel, sand, and silt content.  They were 

organized by the bank position to determine vertical variability of soil texture. 
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3.1.2 Bank Characterization 

 There was more variability in the soil textures at Chelten Hills than Mill Run 

(Appendix B.3).  Mill Run had varying amounts of silt (11.9% to 43.5%) but very little 

gravel (0.1% to 1.4%).  In contrast, a comparable range of silt (4.6% to 46.8%) was seen 

at Chelten Hills but the proportion of gravel had a much larger range (0% to 70.5%).   

 Variable soil textures identified distinct soil horizons at the disconnected reach 

with knotweed at Chelten Hills. There are noticeable clusters representing three horizons 

in the disconnected reach with knotweed reach at Chelten Hills (Figure 3-3).  The 

uppermost horizon was classified as sand with greater than 75.2% sand by weight.  There 

was a distinct break between this horizon and the one directly below it which was 

comprised of 65.2% to 70.9% sand 28.8% and 34.7% silt.  While not clear from the soil 

texture results, this horizon becomes finer with depth, grading gradually into the high 

clay content seen in the bottom horizon.  The percentage of clay was unknown as the 

sieving technique used did not allow the clay and silt to be separated; however, the 

bottom horizon, monitored by bank pin 3,  had a distinctly high silt content (46.8%). 

 Three soil horizons were also identified at the disconnected reach with trees at 

Mill Run.  The uppermost horizon was represented by a sand content of 68.9% with a 

corresponding silt content of 31.0%.  The percentage of sand decreased to 55.7% in the 

middle horizon, represented by bank pins 2 and 4, with a corresponding silt content of 

43.5%.  The lower horizon had a comparable soil texture to the uppermost horizon with 

71.9% and 26.8% of sand silt respectively.   

No soil horizons were identified at the connected or disconnected reaches with 

trees at Chelten Hills or the connected reach with knotweed at Mill Run.  The connected 
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reach with knotweed at Mill Run contained 83.6% to 88.0% sand with corresponding silt 

content of 16.1% and 11.9% respectively.  Both the disconnected and connected reaches 

with trees at Chelten Hills had highly variable textures. The sand content ranged from 

37.5% to 83.1% with corresponding silt proportions of 6.1% and 16.3% respectively at 

CH 1000 and from 24.8% to 69.9% with corresponding silt concentrations of 4.6% and 

21.8%.  These were the only samples collected that contained greater than 5% gravel and 

a large portion of the gravel seen was found in the samples collected in the downstream 

reach comprised of disconnected reach with trees. The gravelly textures present in this 

reach were found both at the waterline and the land surface resulting in high variability of 

soil textures in those vertical positions (Figure 3-4).  

3.2 Erosion and Deposition 

 Erosion was monitored on both weekly and seasonal timescales using bank pin 

measurements and repeated measuring of cross-sections with a total station. Both 

methods were used to determine the amount of erosion seasonally while bank pins were 

used to capture changes in the bank position on a finer temporal scale.  Bank pin 

measurements were taken weekly to monthly depending on field availability.  Seasonal 

measurements using both total station and bank pins occurred on July 8 and October 4 

2015, as well as March 21 2016 at Chelten Hills.  Comparable measurements were made 

on July 8 and October 8 2015, and March 24 2016 at Mill Run although no erosional 

analysis using a total station was completed.   

3.2.1 Bank Pins: Erosional Events 

 Bank pin measurements showed erosion occurred episodically, with erosional 

events defined as sudden and temporary changes in the rate of erosion in one or more 
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pins.  Erosional events were recorded in at least one pin at each location.   An extended 

change in erosion rate occurred over the winter in three of the four bank pins locations. 

Due to the duration of monitoring (260 days) it is unknown if this change is permanent.   

 The upstream bank pins at Chelten Hills (CH 100) (Figure 2-1) represented a 

highly incised cut bank with mixed tree and knotweed vegetation, and degree of erosion 

varied during erosional events with no one event being recorded in all bank pins (Figure 

3-5).  One explanation for the spatial variation is that three soil horizons were present 

(Figure 2-2) with increasing silt content with depth.  There are five noticeable erosional 

events, between June 25 and July 2, 2015 in bank pin 2, 3, and 4, between August 7
 
and 

September 2 in bank pin 1, between September 9 and October 4 in pin 2, between 

November 15 and 22 in pins 2, 3 and 4, and between December 27, 2015 and January 12, 

2016 in pin 4.  Despite the three of the four bank pins showing erosion in mid-November, 

the amount of erosion varied greatly from 1.4 cm in pins 3 and 4 to 6.8 cm in pin 2.  Pin 4 

was the only pin to show a 3 cm decrease in the amount of pin exposed between January 

12 and January 20, 2016. The erosion rate increased for the remainder of the study period 

at all pins with noticeable changes in slope on December 27, 2015 or February 2, 2016 

depending on the pin.   

 There were fewer erosion events downstream at Chelten Hills at the tree 

dominated cut bank (CH 600) than the upstream location (Figure 3-6). Bank pins 1 and 2 

experienced less than 1 cm change in the length of exposed pin.  Pins 3 and 4 

demonstrated both increases and decreases in exposed pin. This is possibly due to 

slumping although the scale of slumping did not result in any noticeable evidence such as 

bank scars.  This combination of erosion and possible slumping resulted in no net change 
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the bank position in pin 3 and only 0.9 cm change in pin 4. However, there are two 

features of note; first, pin 4 experiences 2.9 cm of erosion between August 7 and 

September 2, 2015 which matches the erosional event seen in pin 1 at the upstream site.  

Second, all four pins show a rapid decrease followed by an increase in the amount of pin 

exposed between January 12 and February 2, 2016 which coincides with temperature  

fluctuations around freezing in mid to late January. 

 The upstream location at Mill Run (MR 300) represented a connected reach with 

knotweed and all bank pins showed a net loss of sediment. Bank pins experienced a range 

of 6.0 to 13.5 cm erosion with pin 3 having the least net erosion and pin 2 having the 

most (Figure 3-7). There was an erosional event in pins 2 and 4 after July 8, 2015 with 

notable erosion occurring until July 13 in pin 4 and pin July 20 in pin 2. With the 

exception of pin 1 all pins show a change in erosion patterns after December 27 similar to 

those seen at Chelten Hills with increases in the erosion rate in all pin and fluctuations in 

the amount of pin exposed corresponding with temperatures around freezing.  

 The downstream bank pin location at Mill Run (MR 400) represented a 

disconnected tree riparian zone and also showed net erosion.  The same erosional event 

seen in at the upstream location at Mill Run containing knotweed was also observed in 

pins 2 and 3 at MR 400 between July 8 and 16, 2015 (Figure 3-8).  Likewise fluctuations 

in the amount of pin exposed begin in pins 2, 3, and 4 after December 27.  This included 

marked increases in the erosion rates in pin 2 with 2 cm of erosion in 9 days (0.2 cm/d) 

and pin 4 with 6.9 cm of erosion in 73 days (0.09 cm/d).   
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Figure 3-5: Chelten Hills TR 100 Bank Pin Results. The change in the exposed bank pin as a measure of erosion.  Sudden and 

temporary increases in the rate of erosion are designated as erosional events. 
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Figure 3-6: Chelten Hills TR 600 Bank Pin Results. The change in the exposed bank pin as a measure of erosion.  Sudden and 

temporary increases in the rate of erosion are designated as erosional events.  
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Figure 3-7: Mill Run TR 300 Bank Pin Results. The change in the exposed bank pin as a measure of erosion.  Sudden and 

temporary increases in the rate of erosion are designated as erosional events.  
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Figure 3-8: Mill Run TR 400 Bank Pin Results. The change in the exposed bank pin as a measure of erosion.  Sudden and 

temporary increases in the rate of erosion are designated as erosional events.  
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Figure 3-9: Total Erosion at Bank Pin Locations. The total erosion at each location from July to October 2015 (A) and October 

2015 to March 2016 (B).  In both time intervals the greatest amount of erosion occurred at the upstream highly disconnected 

reach containing mixed knotweed and trees at Chelten Hills (TR 100) while the least amount of erosion occurred at the 

downstream disconnected reach containing trees at Chelten Hills (TR 600).  At Mill Run the most erosion occurred at the 

upstream connected reach containing mixed knotweed and trees (TR 300). 
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3.2.2 Bank Pins: Total Erosion 

 Bank pins were assumed to be representative of the soil horizon in which they 

were installed and used to calculate the total volume of erosion of that horizon along the 

monitored bank.  If only one horizon was present, the results of all four pins were 

averaged and used to calculate the volume eroded.   

 The upstream disconnected reach at Chelten Hills saw the greatest total erosion 

during both seasonal intervals monitored.  There was 24.6 cm erosion at BP 1, 30.3 cm 

erosion at BP 2, 18.9 cm erosion at BP 3, and 22.3 cm erosion at BP 4 between October 

4, 2015 and March 21, 2016. The averaged erosion of all four bank pins (Figure 3-9) was 

found to be 31.5 cm between July 7, 2015 and March 21, only 7.4 cm of this erosion 

occurred before October 4.  Using the profile height information (Figure 2-4) and the 

length of the bank (30.3m) the total volume of sediment lost to erosion per meter of bank 

was 5.4 x 10
-1

 m
3
/m. To account for variations in erosion between horizons an additional 

calculation was completed where the averaged erosional value of pins 1 and 2 was found 

to be 40.5 cm and was used as the amount of erosion of the upper horizon over the 

monitoring period. Pins 4 and 3 were representative of the middle horizon and lower 

horizons and had erosional values of 25.4 cm and 19.4 cm respectively.  This resulted in 

a decrease in the estimated volume of erosion to 4.8 x 10
-1

 m
3
/m with only 9.2 x 10

-3
 

m
3
/m occurring between July and October (Table 3-1). 

 Overall the downstream disconnected reach at Chelten Hills site saw the least 

amount of erosion with an averaged erosion of 0.8 cm over the entire study period.  This 

amounted to a net loss of 1.2 x 10
-2

 m
3
/m of sediment along the 29.7 m bank with         

5.7 x 10
-3 

m
3
/m eroding between July and October.  Multiple horizons were not observed 
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during either sediment characterization or field observations and so only the averaged 

rate was used in calculations.  Bank pins results ranged from an increase of 0.3 cm at 

bank pin 3 to 1.0 cm of erosion at bank pin 1 between October 2015 and March 2016. 

Table 3-1: Volume of Erosion Based on Bank Pin Measurements. The volume of sediment lost on each 

bank was calculated based on bank pin measurements and assuming constant erosion along each bank.  Soil 

horizons were considered on banks represented by bank pins at transects CH 100 and MR 400.  Grey cells 

indicate the bank pin location. Results are given in the area of sediment lost per meter of bank.  

Measurement dates varied, with approximately 90 days between the July and October, 2015 measurements, 

and approximately 170 days between the October, 2015 and March, 2016 measurements. 

Bank Pins Volume Results (m
3
/m) 

Transect Riparian Type 
July - October 

2015 
October 2015 - 

March 2016 
Total  

(~260 days) 

CH 100 
Disconnected 

Knotweed and 

Trees 

-9.2E-02 -3.9E-01 -4.8E-01 CH 200 

CH 300 

CH 400 
Disconnected 

Trees 
-5.7E-03 -6.1E-03 -1.2E-02 

CH 500 

CH 600 

MR 100 
Connected 

Knotweed and 

Trees 

-4.6E-02 -5.0E-02 -9.6E-02 
MR 200 

MR 300 

MR 400 
Disconnected 

Trees 
-1.0E-02 -2.8E-03 -1.3E-02 

MR 500 

MR 600 
 

The second highest erosion rate was recorded at the upstream connected reach at 

Mill Run.  An average erosion value of 8.6 cm was used to determine the total erosion 

between July 8 and October 8, 2015 at the upstream location at Mill Run as no horizons 

were noted in either field observations or sediment analysis. Nearly half of this erosion, 

4.1 cm occurred before October 2015 and resulted in 4.7 x 10
-2

 m
3
/m of erosion along the 

39.6 m reach. The total volume of sediment lost over the monitoring period was            

9.6 x 10
-2 

m
3
/m.  According to bank pins results this bank experienced 3.0 to 5.8 cm of 

erosion.  Only the upstream bank pins at Chelten Hills exceeded this erosion rate.   



 74 

 The downstream disconnected reach at Mill Run experienced only slightly more 

erosion than its comparable disconnected reach with trees at Chelten Hills.   Bank pins 

results ranged from an expansion of the bank of 0.5 cm at bank pin 3 to 3.8 cm of erosion 

at bank pin 4.  All four bank pins were averaged and the erosion was found to be 2.8 cm 

over the monitoring period.  This amounted to 2.1 x 10
-2

 m
3
/m of sediment loss between 

July 2015 and March 2016 over the 39.3 m bank.  Three horizons were identified based 

on sediment analysis and field observation. The upper horizon was represented by bank 

pin 1 with 0.9 cm total erosion with no erosion occurring before October 8.  The middle 

horizon was represented by the averaged value of bank pins 2 and 4, and saw a total of 

4.6 cm of erosion over the monitoring period. Bank pin 3 was representative of the lower 

horizon and saw a decrease in the amount of erosion from 1.7 cm between July and 

October to 0.5 cm between October and March 2016.  These rates resulted in 1.3 x 10
-2 

m
3
/m of sediment loss along the bank over the study period with 1.0 x 10

-2
 m

3
/m 

occurring before October. 

3.2.3 Total Station: Cross-Sections 

 A total of 12 cross-sections were measured at Chelten Hills and Mill Run using 

the total station and processed in MATLAB using a translation and rotation (Appendix 

C.1).  Figure 3-10 shows the resulting data after translation and rotation of measurements 

collected on July 8, 2015. Transects were equally spaced along straight, connected, 

reaches. In disconnected reaches transects were placed at the beginning, apex, and end of 

the cut bank which was assumed to be an entirely erosional bank.  Repeated total station 

measurements at the three reaches at Chelten Hills were taken to evaluate the degree of 

incision from the thalweg to the top of the bank as well as changes in cross-section 
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morphology through time.  The data were then processed with bank height and width 

information in MATLAB to determine the net erosion and deposition at each reach.  

 The degree of incision and stream width varied between reaches.  The greatest 

amount of incision was seen at the disconnected riparian reach with knotweed and trees at 

Chelten Hills.  At transect CH 100 there was a 2.47 m change in height between the top 

of the bank and the thalweg (Figure 3-11).  Measurements were taken on March 21, 2016.  

This transect also has the narrowest stream channel with 3.42 m between the left and 

right edge water at transect CH 100.  The stream becomes 0.13 m shallower and widens 

to 6.40 m by transect CH 300.  This pattern was consistent at all time periods, although 

the difference in thalweg depth between the first and last transects varies. 

 The disconnected reach with trees (CH 400 – 600) was located approximately 50 

m downstream of transects CH 100 – 300 and has an average of 1.64 m incision (Figure 

3-12).  This reach experiences narrowing downstream with transect CH 400 having a 

flooded channel of 9.60 m, with 2.74 m of gravel bar between the flooded sections, and a 

width of 4.86 m at CH 600 as measured on March 21, 2016.  There was no corresponding 

increase in channel depth associated with this narrowing, with the thalweg fluctuating 

between 8.83 and 8.95 m over the monitoring period.  Errors associated with total station 

cross-sections have an error of 0.2 to 0.5 cm according to control measurements made 

during data collection (Table 2-2). 

 The connected reach monitored at Chelten Hills had the least incision with an 

average of 0.54 m difference between the top of the first terrace bank and the thalweg 

(Figure 3-13). There was an average of 1.2 m difference between the thalweg and the top 

of the second terrace.  Stream widths increased from 8.09 to 9.39 m between transects 
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CH 800 and CH 1000 as measured on March 21, 2016.  Errors associated this reach have 

an error of 0.1 to 0.3 cm according to control measurements made during data collection. 

 The knotweed dominated upstream grid at Mill Run was designated a connected 

riparian system despite the degree of incision being closer to that of the disconnected 

reaches than the connected reaches at Chelten Hills (Figure 3-14).  The difference in 

height between the top of the bank and the thalweg ranged between 1.19, at MR 300 and 

1.34 m at MR 200; however there was only 0.67 to 1.0 m difference between the water 

level and the top of the bank.  In addition, the stream depth accounted for a greater 

percentage of the bank height as a whole allowing for the root zone and the water surface 

to interact.  The stream had an average width of 7.16 m with a standard deviation of 0.46 

m.  The cross-sections presented are from August 2015 and have an error of 0.0 to 0.2 cm 

according to control measurements. 

The degree of incision seen in the cross-sections in the tree dominated reach at 

Mill Run showed that the riparian zone was disconnected from the stream (Figure 3-15).  

At the time of data collection, July 2015, degree of incision varied, with MR 500 having 

the least downcutting with 1.07 m between the top of the bank and the thalweg and MR 

600 having the largest difference at 1.59 m.  The difference in water level to the top of 

the bank ranged from 0.76 m at MR 500 and 1.49 m at MR 600.  These numbers are 

conservative as total station rebar pins were not located at the top of the bank as they 

were inaccessible due physical restrictions and property boundaries. The stream width 

varies from 5.94 m at cross-section MR 400 to 7.4 m at MR 500. Data points have an 

error of 0.1 to 0.4 cm based on control measurements.
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Figure 3-10. Translation and Rotation: An example of translation and rotation using the data from CH 100 collected on 

July 8, 2015. The original data were translated so that the left rebar pin represented the local origin (0,0) and rotated so all 

data points fell along the x-axis.  Elevations were not altered in either step.  
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Figure 3-11. Chelten Hills Total Station Cross-sections (TR 100-300): Three time-lapse measurements were taken between July 

2015 and March 2016 and were overlain to show deposition and erosion in the upstream reach at Chelten Hills.  This reach is 

classified as highly disconnected with a mixture of Japanese knotweed and trees present.  The point bar is located on the right bank 

while the cut bank is on the left.  The blue line represents the waterline. Control measurements indicate data points taken with the 

total station have x-value accuracy of 0.5 cm, y-value accuracy of 0.2 cm, and z-value accuracy of 0.5 cm. 
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Figure 3-12. Chelten Hills Total Station Cross-sections (TR 400-600): Three time-lapse measurements were taken between July 

2015 and March 2016 and were overlain to show deposition and erosion in the downstream reach at Chelten Hills.  This reach is 

classified as disconnected with trees present.  The point bar is located on the left bank while the cut bank is on the right.  The blue line 

represents the waterline. Total station results suggest scour of the reach between October 2015 and March 2016, this is not supported 

by field observations or bank pin results indicating that the total station might have moved during data collection. Control 

measurements indicate data has a x-value accuracy of 0.5 cm, y-value accuracy of 0.2 cm, and  z-value accuracy of 0.5 cm. 
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Figure 3-13. Chelten Hills Total Station Cross-sections (TR 800-1000): Two time-lapse measurements were taken between June 

2015 and July 205 and were overlain to show deposition and erosion in the connected reach at Chelten Hills.  The vegetation in this 

reach is dominated by trees.  The blue line represents the waterline. Control measurements indicate data has a x-value accuracy of 0.1 

cm, y-value accuracy of 0.1 cm, and  z-value accuracy of 0.3 cm. 
 



 81 

 
Figure 3-14. Mill Run Total Station Cross-sections (TR 100-300): Cross-sections at Mill Run were taken in August 2015. This 

reach is classified as connected with a mixture of Japanese knotweed and trees present.  Control measurements indicate data has a x-

value accuracy of 0.1 cm, y-value accuracy of 0.0 cm, and  z-value accuracy of 0.2 cm. 
 



 82 

 
Figure 3-15. Mill Run Total Station Cross-sections (TR 400-600): Cross-sections at Mill Run were taken in July 2015. This reach 

is classified as disconnected with trees present.  The cut bank is located on the right bank and the point bar is located on the left in 

transects 400 and 500.  In transect 600 both banks are incised. The blue line represents the waterline. Control measurements indicate 

data has a x-value accuracy of 0.1 cm, y-value accuracy of 0.2 cm, and  z-value accuracy of 0.4 cm. 
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3.2.4 Total Station: Total Erosion and Deposition 

 Chelten Hills was monitored to determine erosion and deposition along the three 

reaches. Each of the nine cross-sections was divided into right and left components at the 

thalweg position so the change in area along each transect could be compared during each 

time-step (Table 3-2).   Directional information is given as if the viewer is facing 

downstream.  The results are presented in m
3
 of erosion per meter of bank (m

3
/m).  The 

downstream reaches (CH 100 – 600) were mapped on July 8, 2015, October 4, 2015 

following Hurricane Joaquin, and March 21, 2016.  Two of these sections, CH100 and 

CH600 can be compared to co-located bank pin measurements. 

Transects CH 100 – 300 represented a disconnected reach with knotweed and tree 

system and experienced the greatest fluctuations in sediment volume with the least net 

change over the monitored period.  Between July and October, the reach saw a net 

increase in sediment with 3.5 x 10
-1

 m
3
/m being deposited along the 30.3 m reach 

(Appendix C.2).  This increase was completely negated by erosion recorded in the March 

cross-section with 3.8 x 10
-1 

m
3
/m eroded, resulting in net erosion of 3.0 x 10

-2 
m

3
/m 

sediment between July 8, 2015 and March 21, 2016.   
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Table 3-2: Volume of Erosion Based on Total Station Measurements. The change in area on both the 

right and left sides of the thalweg position and multiplying by the length of the bank.  These values were 

summed to determine the net change in volume over the study periods.  The first and second data 

collections occurred on July 8, 2015 and October 4, 2015 in the disconnected riparian systems and June 

25, 2015 and July 27, 2015 in the connected riparian system. The third data collection occurred on March 

21, 2016 for all transects.  Grey cells indicate that the results are from the same bank in which bank pins 

are installed. Scour seen between CH 400 and CH 600 is supported by control measurements; however, 

the degree of erosion indicated by total station results was not observed in the field or recorded in bank 

pins. 

 
 

Of the cross-sections in the upstream reach, CH 100 saw the greatest variability in 

erosion and deposition.  Total station measurements indicated there was 11.5 cm erosion 



 85 

at BP 1, 22.5 cm erosion at BP 2, 68.8 cm erosion at BP 3, and 16.8 cm erosion at BP 4 

between October and March of the study period.  When comparing total station results 

with bank pin measurements taken over the same interval (Table 3-3) the total station 

indicated there was 13.1 cm less erosion at BP 1, 7.8 cm less erosion at BP 2, 49.9 cm 

more erosion at BP 3, and 5.5 cm less erosion at BP 4. A similar analysis was not 

completed for the first time period as the points collected with the total station did not 

align with bank pin positions and so were not directly comparable. When combined with 

in-stream erosion the bank surrounding CH 100 saw 2.1 x10
-1 

m
3
/m of erosion between 

July and October and 4.2 x10
-1 

m
3
/m of erosion between October and March.  The right 

bank experienced 6.8 x10
-1 

m
3
/m of deposition and 3.9 x10

-1 
m

3
/m of erosion in the first 

and second time intervals respectively. This resulted in a net erosion of 3.3 x10
-1 

m
3
/m for 

this section of the reach.  

 Transect CH 200 was the only cross-section in this reach to consistently 

experience erosion on the cut bank and deposition on the point bar.   There was a 

comparable amount of erosion between the first and second monitoring intervals with 4.1 

x10
-1 

m
3
/m and 3.1 x10

-1 
m

3
/m erosion occurring on the left bank.  The amount of 

deposition on the right bank decreased from 8.4 x10
-1 

m
3
/m between July and October to 

2.5 x10
-2 

m
3
/m between October and March. Both erosion and deposition occurred mostly 

within the active channel with a positive net change of 1.7 x10
-1 

m
3
 of deposition over the 

monitoring period. 

 Transect CH 300 was located at the end of the meander associated with the 

disconnected reach with knotweed reach.  The left bank, which was visually identified as 

a cut bank, saw an increase in sediment of 1.4 x10
-1 

m
3
/m followed by the erosion of    
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2.9 x10
-1 

m
3
/m, this resulted in 1.6 x10

-1 
m

3
/m loss of material on the cut bank over the 

eight month monitoring period.  The right bank experienced 1.5 x10
-2 

m
3
/m deposition in 

the first measurement interval and 3.0 x10
-1 

m
3
/m deposition during the second which 

corresponded with a 1.17 m shift in the thalweg position towards the left bank. The cross-

section was net depositional with an increase in sediment volume of 1.6 x10
-1 

m
3
/m 

mostly within the active channel. 

 Transects CH 400 – 600 represented a disconnected system with trees and 

experienced the greatest apparent scour of sediment over the monitoring period.  Between 

July and October the reach saw a net increase in sediment with 3.3 x10
-1 

m
3
/m being 

deposited on the point bar along the left side of the 29.7 m reach.  This was followed by 

erosion of the point bar amounting to 8.4 x10
-1 

m
3
/m between October and March.  

Combined with the 1.8 x10
-1 

m
3
/m and 9.1 x10

-1 
m

3
/m erosion along the right side cut 

bank seen in the first and second time periods, respectively, the net erosion for this reach 

was 7.9 x10
-1 

m
3
/m over the 256 day monitoring period. 

 Erosion was seen over the entire CH 400 cross-section in both monitored time 

periods.  The amount of erosion in the section of the reach surrounding CH400 increased 

from 6.9 x10
-2 

m
3
/m between July and October to 5.3 x10

-1 
m

3
/m between October and 

March. The thalweg also deepened by 0.03 m.  The bank surrounding the cross-section 

saw a total erosion of 6.0 x10
-1 

m
3
/m between July and March. The majority of this 

erosion occurred on the left side point bar where deepening of the overflow channel was 

prominent.   

 Both transects CH 500 and CH 600 saw deposition followed by erosion.  This 

pattern was especially pronounced in the left point bar along CH 600 where 1.1 m
3
/m of 
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deposition was seen between July and October and 1.5 m
3
/m of erosion occurring 

between October and March.  CH 500 saw 2.2 x10
-1 

m
3
/m deposition and 8.4 x10

-1 
m

3
/m 

erosion along the same bank during the same time intervals. The right banks were 

consistently erosive with CH 500 experiencing a loss of 1.2 x10
-1 

m
3
/m of sediment 

during both the first and second measurement periods.  After an initial 4.8 x10
-1 

m
3
/m 

erosion along the cut bank at CH 600 there was only 1.6 x10
-1 

m
3
/m of erosion between 

October and March.  Both banks were net erosional with CH 500 and CH 600 

experiencing 8.5 x10
-1 

m
3
/m and 1.1 m

3
/m respectively over the entire study period.  This 

erosion occurred mainly on the point bar and in-stream due to deepening of the thalweg.  

CH 600 also corresponded with bank pin monitoring.  Total station measurements 

also showed substantial scour along the left bank of the stream channel but this was not 

supported by field observations.  Control point measurements indicated that the total 

station position had been accurately re-established; however, it is possible that the high 

values calculated at the downstream reach dominated by trees are due to measurement 

error.  There are two indications that this might be the case. First, measurements indicate 

scour of the entire cross-section not observed visually during field visits.  Second, data 

points taken with the total station should correlate well to measurements collected at bank 

pin locations.  This is not the case, with erosion measured with the total station at CH 600 

between October and March being substantially higher than those obtained using bank 

pins. One possible explanation for this error is an unnoticed shift in total station during 

data collection (Table 3-3).
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The cross-sections for connected riparian zone containing trees (CH 800 – 1000) 

were mapped on June 25, 2015, July 27, 2015, and March 21, 2016 and so represent 

different measurement intervals than the disconnected cross-sections (Figure 3-13).  

Neither side of the channel between CH 800 – 1000 showed net deposition during either 

measurement interval (Appendix C.2).  The right side of the reach was found to be 

consistently erosional, with 2.8 x10
-1 

m
3
/m of sediment being removed between the first 

two measurements and 6.1 x10
-2 

m
3
/m of erosion between the end of July and March.  

Both erosion and deposition was found on the left bank, with 1.1 x10
-1 

m
3
/m erosion 

occurring in the first measurement interval and 1.1 x10
-2 

m
3
/m deposition during the 

second. The reach was found to have a total net erosion of 3.4 x10
-1 

m
3
/m over the entire 

monitoring period. 

 Cross-section CH 800 saw the greatest variability in volume change between the 

left and right halves of the stream in both time periods within the reach. During the first 

measurement period the left bank saw 7.1 x10
-2 

m
3
/m erosion while the right bank saw 

2.1 x10
-1 

m
3
/m of erosion.  Between July and March the left bank saw 2.1 x10

-1 
m

3
/m 

Table 3-3: Comparison of bank pins (BP) and total station (TS) erosion measurements.  Values 

represent the erosion (cm) recorded at each bank pin location between October 2015 and March 2016.  The 

difference between the two methods was greater than anticipated.  Negative sign indicates erosion.  TS data 

not available at Mill Run. 

  

Total Erosion (cm) 

BP 1 BP 2 BP 3 BP 4 

BP TS BP TS BP TS BP TS 

CH 100  -24.6 -11.5 -30.3 -22.5 -18.9 -68.8 -22.3 -16.8 

CH 600 -1.0 -33.4 -0.4 -10.8 0.3 -10.5 -0.6 -10.8 

MR 300 -5.6  NA -3.0 NA  -3.3  NA  -5.8  NA  

MR 400 -0.9  NA -1.0 NA  0.5  NA -3.8  NA 
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deposition while the right saw 7.2 x10
-2 

m
3
/m erosion. The deposition on the left bank 

makes this the only cross-section in the reach to experience deposition in the connected 

reach.  The deposition occurred on the left bank above the water line; however, over the 

monitoring period the cross-section had a net loss of 1.5 x10
-1 

m
3
/m sediment.  

 The bank surrounding cross-section CH 900 saw net erosion of 4.6 x10
-1 

m
3
/m 

between June 25 and March 21.  The left and right banks had comparable amounts of 

erosion during the first time interval with 1.2 x10
-1 

m
3
/m occurring on both banks. During 

the second collection interval the discrepancy between the banks’ erosion rates increased 

with 2.0 x10
-1 

m
3
/m and 1.5 x10

-2 
m

3
/m on the left and right sides respectively. The rate 

of erosion seen on the right bank between June and March was the lowest of all of the 

nine cross-sections monitored. The erosion seen adjacent to the cross-section was 

predominately within the active stream channel. 

 Transect CH 1000 was consistently erosive with a total loss of 5.5 x10
-1 

m
3
/m of 

sediment over the study period.  The volume of sediment eroded from the left bank and 

right banks were 1.8 x10
-1 

m
3
/m and 1.3 x10

-1 
m

3
/m respectively between June and July.  

The second lowest erosion rate of all the monitored transects was seen on the left bank of 

this cross-section which experienced 8.6 x10
-2 

m
3
/m between July and March.  This 

corresponded with 1.6 x10
-1 

m
3
/m erosion on the right bank.   

3.3 Turbidity Response to Storm Events 

3.3.1 Seasonal Storm Data and Timing  

 Continuous turbidity loggers recorded increases in turbidity during storm events 

with a rapid ascending limb and more gradual falling limb (Figure 3-16).  The length and 

shape of the turbidity response is dependent on conditions such as temporal variability in 
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precipitation.  Localized in-stream response was determined by rising water level and the 

mean lag length in turbidity response began 1.9 hours after discharge increased with 

turbidity increasing as early as 9.2 hours before and as late as 32.3 hours after water level 

increased.   There was a rapid ascending limb with the peak turbidity usually occurring 

within 15 minutes of the turbidity response.  This modal response was substantially lower 

than the mean period of 4.9 hours due to the presence of dual peaks. It took an average of 

17.6 hours for the stream turbidity levels to reach new equilibrium levels after the peak 

turbidity.  The lag between the start of precipitation and the turbidity response cannot be 

reported as the rain gauge was not located close enough to the monitored sites.
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Figure 3-16. Turbidity Response to Storm Event Curve: Turbidity Response to storm on June 21, 2015 at 

Chelten Hills (A) and Mill Run (B). Turbidity responses generally had a rapid ascending limb followed by a gradual 

return to equilibrium conditions.  The shape of this curve was influenced by the logger location, size of storm, and 

temporal variability in precipitation.  The storm depicted above has a shorter than average recovery period.  
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Figure 3-17. Turbidity Levels at Chelten Hills, Spring 2015: The turbidity levels at Chelten Hills increased during storm events. Of the storms 

that occurred in the spring after logger installation 100% were analyzed.  
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Figure 3-18. Turbidity Levels at Mill Run, Spring 2015: The turbidity levels at Mill Run increased during storm events. Of the storms that 

occurred in the spring after logger installation 100% were analyzed. 
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Figure 3-19. Turbidity Levels at Chelten Hills, Summer 2015: The turbidity levels at Chelten Hills increased during storm events. Of the 15 storms 

that occurred in the summer 11, or 73%, were analyzed.  The cyclical signal seen in loggers CH 2 and CH 3 were not the result of precipitation events. 
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Figure 3-20. Turbidity Levels at Mill Run, Summer 2015: The turbidity levels at Mill Run increased during storm events. Of the 15 storms in the 

summer 11, or 73%, were analyzed.  The cyclical signal seen in loggers MR0, MR 1, and MR 3 were not the result of precipitation events. 
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Figure 3-21. Turbidity Levels at Chelten Hills, Fall 2015: The turbidity levels at Chelten Hills increased during storm events. Of the 18 storms 

that occurred in the fall 10 occurred while there was no foliage present and a total of 16, or 89%, were analyzed.  Noisy data was omitted from CH0 

between October 6, 2015 and the end of its logging period on November 8, 2015.  
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Figure 3-22. Turbidity Levels at Mill Run, Fall 2015: The turbidity levels at Mill Run increased during storm events. Of the 18 storms that occurred 

in the fall 10 occurred while there was no foliage present and a total of 16, or 89%, were analyzed.  The cyclical signal seen in lovers MR0, MR 1, and 

MR3 are not the result of precipitation events.  Noisy data was omitted from MR 0 and MR 1 between December 19, 2015 and December 31, 2015 and 

MR 0 between 12:00 on October 8, 2015 and 9:00 on November 10, 2015. 
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B 
Figure 3-23. Response to Stormwater Outfall and Channelization Studies, Fall 2015: The turbidity levels at Chelten Hills (A) and Mill Run (B) 

increased during storm events. A secondary spike outlier was omitted from Chelten Hills on December 18, 2015 at 9:45 as it was thought to be from 

human disturbance during data download since it disrupted the recovery curve. An outlier peak of 1182.6 NTU occurred after the channelized corridor 

in Mill Run on December 17, 2015, while not shown on the above graph the data point was not omitted as there was no apparent issue with the 

equipment or human disturbance to suggest that the data point was inaccurate. 
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Figure 3-24. Turbidity Levels at Chelten Hills, Winter 2016: The turbidity levels at Chelten Hills increased during storm events. Of the ten storms 

that occurred in the winter a total of seven, or 70%, were analyzed.   
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Figure 3-25. Turbidity Levels at Mill Run, Winter 2016: The turbidity levels at Mill Run increased during storm events. Of the ten storms that 

occurred in the winter a total of six, or 60%, were analyzed.  Needing to omit noisy data was common with MR0 having omitted data between January 

1 and 20, 2016 and February 25 and March 8, 2016.  MR 1 had issues with noisy data between January 1 and 11, 2016, January 20 and February 2, 

2016, and February 25 and March 7, 2016.  Data was omitted from MR2 between January 1 and 4, 2016, January 20 and February 2, 2016 and 

February 25 and March 7, 2016.  Noisy data that began on February 25, 2016 began during a storm event.  Loggers sometimes self-corrected but were 

more often corrected by cleaning of the logger tube and sensor.  
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Figure 3-26. Response to Outfall and Channelization Studies, Winter 2016: The turbidity levels at Chelten Hills (A) and Mill Run (B) increased 

during storm events. Noisy data was omitted from after the channelized corridor between January 1 and January 11, 2016, issue was corrected by 

cleaning of sensor and logger tube. 
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 A total of 57 storm events were identified based on precipitation data from rain 

gauges (Appendix D.1).  However, the number of storms monitored varied by logger 

location due to re-positioning of loggers in November and equipment malfunction.   A 

total of 40 and 39 storms were monitored at Chelten Hills and Mill Run respectively.  

These numbers indicate that at least one logger had viable results; however, not all 

loggers at each site recorded monitored storms due to equipment malfunction and noisy 

data.  Data were split into seasons (Figures 3-17 to 3-26) based on three month intervals 

starting in spring 2015 on June 18, 2015 and ending in winter 2016 on February 23.  Not 

all of the storms that occurred in each season were analyzed (Table 3-4).  The studies to 

examine response to stormwater outfall and channelization were added to Chelten Hills 

and Mill Run respectively when there was no longer foliage.   

Table 3-4: Number of Storms Monitored Per Season: Not all storms that occurred 

seasonally were recorded due to repositioning of loggers in Mid-November and equipment 

malfunction.  The number of storms monitored indicate that at least one logger at that site had 

results that were interpretable, not that all loggers viable data.  

Season Number of Storms Monitored Total Number of Storms 

  Chelten Hills Mill Run   

Spring 2015 6 6 6 

Summer 2015 11 11 15 

Fall 2015: Full 

Foliage 
6 6 8 

Fall 2015: No Foliage 10 10 10 

Winter 2016 7 6 10 
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In addition to storm events, some loggers recorded a cyclical signal that recurs 

approximately once a day.  This signal was seen at both sites with loggers CH2, CH3, 

MR0, MR1, and MR3 recording the cyclical pattern.  It was not present in the spring and 

disappears from both sites in the winter season.  Gillain (2005) found similarities between 

diurnal turbidity signals and dissolved oxygen fluctuations, indicating that biological 

processes are likely responsible for turbidity fluctuations rather than other explanations 

such as instrument effects and sediment transport. However, additional analysis was not 

completed as these cycles were not a response to precipitation events.    

Noisy turbidity data was collected by loggers MR0, MR1, and MR2, as well as 

the logger downstream of the channelized reach after December 19, 2015 (Figure 3-27).  

Noise was characterized by repeated jumps in turbidity, typically of 50 to 600 NTUs, 

over short time periods with no driving storm event.  This occurred multiple times 

throughout the winter and resulted in a lack of data for multiple storms and limited 

sample size in some statistical analyses.  Explanations include the result of sediment 

build-up within the logger station casing, possibly because of decreased stream flow 

during winter months.  While cleaning out the tubes temporarily corrected scatter it was 

not a permanent solution with noise occurring in affected loggers in both January and 

February logging periods.  Chelten Hills did not experience the same issue.   
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Figure 3-27. Example of Noisy Signal: Multiple loggers at Mill Run had issues with noise, 

possibly due to sediment accumulation in logger tubes, during the late fall and winter 

months. When noisy data was present it was impossible to differentiate between scatter and 

storm response and so data was omitted.  The above example is from MR1. 

3.3.2 Turbidity vs Distance 

 Turbidity responses by distance from logger 0 at each site were used to examine 

longitudinal patterns in turbidity readings.  Numerous patterns were identified at Chelten 

Hills while Mill Run was found to have more variable results.  Patterns did not always 

correlate with statistically significant changes in turbidity between loggers at the 95% 

confidence interval. Turbidity levels were analyzed with Kruskal-Wallis one-way 

analysis of variance (ANOVA) and Mann-Whitney T-test.  Results were plotted 

separately for each season.   

 Of the 40 storms monitored at Chelten Hills 23 occurred before the movement of 

loggers CH0 and CH3 in November and 17 occurred after (Appendix D.2).  Turbidity 

response increased between loggers CH0 and CH1, which represented the transition from 

the connected to disconnected reaches (Figure 3-28). The change in turbidity between 
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these loggers was found to be statistically significant (P-Value 0.006) using Kruskal-

Wallis One-Way ANOVA with a difference in mean turbidity of 81.7 NTUs.   

 No significant difference (P-value 0.665) was found between loggers CH1 and 

CH2 at the 95% confidence interval.  However, of the storms monitored 85% of storms 

observed a decrease in turbidity between loggers CH1 and CH2, which were placed at the 

beginning and end of the highly disconnected reach with knotweed.  This resulted in a 

decrease in the mean turbidity of 8.2 NTU between loggers CH1 and CH2 and was the 

opposite of the expected pattern based on the degree of incision.  The six storms that saw 

an increase occurred on June 26, August 19, August 20, September 10, and December 23, 

2015 as well as February 23, 2016.  While three of the five storms that saw an increase 

occurred between the months of August and September, there was little else to connect 

them.   

The longitudinal study tended to show a decrease in turbidity.  In general, CH3 

had a mean turbidity of 46.4 NTU lower than that of CH2.  However, high variability in 

the recorded turbidity at logger CH3 prevented this difference from being statistically 

significant (P-value 0.127) at the 95% confidence interval.  

 In November, loggers were placed before and after a stormwater outfall upstream 

of all other loggers.  There was no significant (P-value 0.783) difference before and after 

the outfall, with only a 3.4 NTU difference between the mean turbidity responses.  In 

addition, no patterns emerged with five (45.5%) storms seeing an increase in turbidity 

downstream of the outlet and six (54.5%) storms seeing a decrease. Stormwater outlets 

either do not result in changes in turbidity or the outlet chosen was not representative of 

all outfall responses. An increase in turbidity between the logger after the outfall and 
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logger CH1, the next logger downstream, was seen in 12 of the 13 storms (92.3%) 

analyzed with the mean turbidity value increasing by 12.0 NTU.  This increase was not 

found to be statistically significant (P-value 0.511) at the 95% confidence interval.  

 Although not all loggers were monitored at the same time, some patterns between 

loggers were suggested by the data. The largest increase was noted between loggers CH0 

and CH1 as well as the lack of increase between the logger after the stormwater outfall 

and CH1. It was hypothesized that had all loggers been monitoring at the same time a 

corresponding significant decrease in turbidity would have been observed from  the 

outfall loggers to the connected reach (CH0).  This would suggest that loggers CH1 and 

CH2 had the greatest overall turbidity response followed by loggers before the outfall, 

after the outfall, CH3, and CH0 (Figure 3-29). 
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Figure 3-28. Chelten Hills: Typical Turbidity Response Patterns: The turbidity response pattern at Chelten Hills was fairly consistent with the majority of 

storms having the greatest turbidity response in logger CH 1 followed by CH 2, CH 3, and lastly CH 0. 
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Figure 3-29. Turbidity Response at Chelten Hills by Logger: The turbidity response for 

each logger was plotted and analyzed with ANOVA.  Logger CH0 was found to have a 

statistically lower turbidity response than loggers CH1 and CH2 but no statistical difference 

from other loggers.   
 

 The turbidity response at Mill Run was less consistent than that of Chelten Hills.  

A total of 38 storms were monitored with 35 storms recorded in the main reaches.  

However, 13 storms (37.1%) were missing one or more data points due to logger 

malfunction and patterns could not be identified. Few patterns were discernible at Mill 

Run (Figure 3-30).  The most frequently recurring turbidity sequence from maximum to 

minimum response was logger MR0, MR1, MR3, MR2 which occurred in five (22.7%) 

storms.  The mean turbidity reading of logger MR2 was 42.3 NTUs lower than logger 

MR0, 49.4 NTUs lower than logger MR1, and 25.0 NTUs lower than logger MR3. It was 

also found to be statistically different (P-value 0.009) from loggers MR0 and MR1 

(Figure 3-31). 
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Figure 3-30. Mill Run: Typical Turbidity Response Patterns: Unlike at Chelten Hills, the turbidity responses to storm events were not regular at Mill Run, 

possibly due to greater mobility of the streambed as indicated by a low degree of embeddedness. 
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Figure 3-31. Turbidity Response at Mill Run by Logger: The turbidity response for each 

logger was plotted and analyzed with ANOVA.  Logger MR0 was found to have a 

statistically different from loggers MR1 and MR2. 
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Figure 3-32. Turbidity Response Outfalls and Channelization: The turbidity response for fall storms were plotted for loggers placed before and after the 

outfalls at Chelten Hills (A) and before and after the channelized corridor at Mill Run (B) to determine if there were any patterns in the turbidity response. 
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The channelized study was added along Mill Run in late November and was 

located approximately a kilometer upstream of the main study.  Only 16 storms were 

available to determine the influence of the channelized corridor on turbidity within the 

stream with 11 storms (68%) recording the storm response in both loggers due to 

equipment failure (Figure 3-32b).  Of the storms analyzed eight (72.7%) saw an increase 

in turbidity after the channelized corridor as expected.  There was a decrease in turbidity 

associated with two storms (18.2%) and one storm (9%) had no response to the storm 

event in either logger. The storm on November 29, 2015 had no turbidity response since 

less than 0.25 cm of rain fell, which was found to be the typical threshold for an increase 

in turbidity. The average peak turbidity increased by 107.3 NTU between the loggers 

before and after the channelized corridor.  When the outlier of 1187.5 NTU was removed 

from the data collected at the logger after the channel this pattern remains but the 

increase in the mean turbidity was reduced to 30.1 NTU (Figure 3-33).  However, this 

increase was not found to be significant at the 95% confidence interval (P-value 0.286) 

both with and without the outlier present.  
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Figure 3-33. Turbidity Response to Channelization Study at Mill Run: The turbidity response for each 

logger was plotted and analyzed with ANOVA.  While the majority of the storms (72.7%) saw an increase 

in turbidity after the channelized corridor, this change was not statistically significant at the 95% 

confidence interval. 
 

3.3.3 Turbidity Response to Riparian Conditions 

 Loggers at locations with comparable riparian conditions were used to determine 

if there was any statistically significant difference between the turbidity responses of the 

two streams. At both Chelten Hills and Mill Run tree dominated, incised riparian systems 

were present (Figure 3-34a).   Based on the Kruskal-Wallis test, there was no statistical 

difference (p-value 0.264) between the two stream systems.  Chelten Hills logger CH3 

had a mean turbidity response of 40.2 NTU with a standard deviation of 11.4 NTU.  This 

is compared to a mean turbidity of 34.3 NTU with a standard deviation of 9.2 NTU at 

MR3.   
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A comparison between knotweed dominated riparian zones also resulted in no 

statistical difference (P-value 0.319) despite a difference in connectivity between the two 

sites.  The knotweed at Mill Run was in a connected riparian system and had a mean 

turbidity response of 62.0 NTU.  The highly disconnected reach with knotweed at 

Chelten Hills had a mean turbidity of 68.7 NTU. This lack of statistical difference was 

found despite base flow at Chelten Hills being 4.5 to 6.5 times higher than that of Mill 

Run.  

 Loggers were positioned to limit controlling factors that might influence the 

turbidity response.  Short reach lengths ensured that only one riparian type was present 

between loggers.  This allowed the effect of vegetation and degree of incision on the 

turbidity response to be analyzed.   
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Figure 3-34. Comparison of Turbidity Response Between Sites: The turbidity response for tree dominated riparian systems (a), loggers CH3 and 

MR3, were evaluated between Chelten Hills and Mill Run. This was done to ensure that the stream responses were comparable despite differences in 

discharge.  No statistical difference was found when comparing responses in reaches dominated by knotweed (b), despite knotweed dominated 

reaches being connected at Mill Run and incised at Chelten Hills. 
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Figure 3-35. Turbidity Response by Vegetation: Outlined box plots indicate a statistical difference. When loggers were separated by vegetation type there was 

a statistical difference between mixed vegetation and trees only at Chelten Hills (A) but no statistical difference between the vegetation types at Mill Run (B). 

When the loggers from both sites (C) were included there was a statistical difference between vegetation types. 
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Figure 3-36. Turbidity Response by Degree of Incision: Outlined box plots indicate a statistical difference. When loggers were separated by degree of incision 

there was a statistical difference between connected and highly disconnected reaches at Chelten Hills (A) and a statistical difference between the highly 

disconnected loggers in the channelized study and the connected and disconnected reaches in the main study at Mill Run (B). When the loggers from both sites 

(C) were included the highly disconnected reaches were found to be statistically different from the connected and disconnected reaches. 
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Table 3-5. Turbidity Response by Antecedent Conditions: Data was filtered by site and antecedent conditions to determine if recent rainfall 

and soil moisture conditions influenced the turbidity response.  Dry antecedent conditions were defined as no rainfall occurring within the last 

five days. Data was analyzed using ANOVA Kruskal Wallis where data was grouped by the degree of incision and the change in turbidity was 

the response variable.  The null hypothesis was rejected under wet conditions, meaning there was statistical difference (P-value <0.05) between 

the riparian types when it had precipitated within the last five days. 

  Count Mean (NTU)  Standard Error (NTU)  

Filters P-value Con. Discon. 
Highly 

Discon.  

Channel 

/Bedrock  
Con.  Discon.  

Highly 

Discon.  

Channel 

/Bedrock  
Con.  Discon.  

Highly 

Discon.  

Channel 

/Bedrock  

CH; Dry 0.521 4 8 27 14 31.9  61.0  113.2  50.4  57.3  40.5  22.1  30.6  

CH; Wet 0.010 15 16 51 20 8.6  30.3  79.6  108.9  35.2  34.1  19.1  30.5  

MR; Dry 0.063 18 26 5 NA 68.1  31.5  115.0  NA 19.6  16.3  37.3  NA 

MR; Wet 0.005 35 53 9 NA 48.7  32.3  221.6 NA 21.7  17.7  42.9  NA 
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At Chelten Hills, sites monitored in tree-dominated riparian zones experienced 

lower turbidity responses than knotweed dominated reaches (Figure 3-35).  Knotweed-

dominated reaches had a mean value of 91.3 NTU and tree-dominated reaches had a 

mean value of 53.3 NTU, a significant difference at the 95% confidence interval (P-value 

0.02).  Mill Run had comparable turbidity responses in knotweed dominated reaches with 

a mean value of 55.3 NTU and comparable responses in tree-dominated zones with a 

mean value of 54.9 NTU.  There was no statistical difference (p-value 0.205) between the 

turbidity responses of different vegetation types at Mill Run.  However, when both sites 

were combined (Figure 3-35c) then the difference was significant (P-value 0.008). This 

showed the influence of the highly disconnected reach with knotweed at Chelten Hills 

and resulted in a mean turbidity response of 76.7 NTU in reaches dominated by knotweed 

and 54.2 in reaches dominated by trees.  These results suggested that while the presence 

of knotweed increases turbidity the increase is not significant unless the stream is also 

incised. 

 The degree of connectivity was also considered as a factor influencing turbidity 

response, with the highly disconnected reaches showing greater turbidity.  At Chelten 

Hills, a statistical difference (P-value 0.016) was found between the connected and highly 

disconnected reaches but not between the connected and disconnected reaches or between 

the disconnected and highly disconnected reaches (Figure 3-36a).  The mean values for 

connected, disconnected, and highly disconnected were 13.5 NTU, 40.5 NTU, and 86.4 

NTU respectively.  When loggers at Mill Run were separated by the degree of incision, 

the mean response in the connected reach with knotweed was found to be elevated (55.2 

NTU) as compared to the mean response of 32.0 NTU in the disconnected reach with 
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trees, although this difference was not significant (Figure 3-36b). While is it likely that 

high degree of incision does play a role in the levels of turbidity seen in the highly 

disconnected reaches at Mill Run, loggers were part of the channelization study a 

kilometer upstream and so other factors might influence the statistical difference seen (P-

value 0.001) between the highly disconnected and less incised reaches. When both sites 

were combined (Figure 3-36c), a similar pattern to Mill Run emerged, with the highly 

disconnected reaches being significantly difference from both the connected and 

disconnected reaches (P-value 0.001).  The mean turbidity responses were 44.2 NTU, 

34.0 NTU and 105.2 NTU for the connected, disconnected, and highly disconnected 

reaches respectively. 

3.3.4 Turbidity Response to Antecedent Conditions 

 The antecedent conditions were also examined to determine if dry conditions 

yielded different turbidity responses than wet conditions. Dry conditions were defined as 

a period with no precipitation for five or more days.  Four degrees of connectedness were 

considered to include the channelized and highly disconnected reaches added in 

November (Table 3-5).  At Chelten Hills, the highest mean turbidity response was 

observed in the highly disconnected reach. This pattern was seen at Mill Run as well 

where the highly disconnected reach had greater turbidity during storm events than the 

connected and disconnected reaches. During wet conditions the difference in turbidity 

between riparian types was statistically significant at both Chelten Hills (P-value 0.010) 

and Mill Run (P-value 0.005). There was no statistical difference between varying 

incision types in dry conditions.     
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 Loggers added in mid-November had higher turbidity levels under wet conditions 

than dry conditions.  This pattern was seen in the turbidity levels in the 

channelized/bedrock reach associated with the stormwater outlet at Chelten Hills as well 

as the turbidity readings at the highly disconnected reach that correspond with the 

channelization study at Mill Run. The other loggers in the study sites had the opposite 

pattern, with dry conditions having higher or comparable turbidity responses. Greater 

turbidity at secondary study sites might be the result of remobilization of sediment in 

stormwater outfalls, resulting in increased influx of sediment through discharge points. 

3.3.5 Influence of Foliage on Turbidity 

 Statistical analysis was completed to determine if there was a change in turbidity 

associated with the lack of foliage over the winter months.  When studying the influence 

of foliage, or seasonality, on the turbidity response analyses were split by vegetation type 

rather than degree of incision.  Vegetation types were compared for two reasons. First, 

foliage is specific to vegetation and not the degree of incision. Second, no comparison 

could be made between full foliage and no foliage in connected reaches dominated by 

trees due to the movement of data loggers in November.  Only loggers whose placement 

remained constant over the entire study period were considered.  

 No statistical difference between full and no foliage was found at either at Chelten 

Hills (P-value 0.705) or Mill Run (P-value 0.519) at the 95% confidence interval (Figure 

3-37).  However, at both sites the mean and standard deviation was found to increase 

when no foliage was present.  This increase in turbidity did not appear to be associated 

with corresponding increases in precipitation as neither the amount of precipitation (P-
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value 0.475) or intensity of precipitation (P-value 0.101) increased during the winter 

months (Figure 3-38). 

 The turbidity response for reaches with different vegetation was compared when 

foliage was and was not present.  As the loggers used in the channelized study at Mill 

Run were over a kilometer upstream, they were not included in this analysis.  In both 

Chelten Hills and Mill Run there was a significant difference (P-values 0.018 and 0.012 

respectively) between knotweed and trees when foliage was present.  In contrast, there 

was no difference at either site when foliage was not present (P-value 0.335 and 0.106).   
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Figure 3-37. Turbidity Response to Change in Foliage: Loggers whose placement remained constant over the entire study period at Chelten Hills (A) and Mill 

Run (B) were analyzed to determine the influence of seasonality, based on the presence of foliage, on turbidity signals.  While the mean turbidity does increase at 

both sites when no foliage was present, this change was not found to be significant at either site.   

 

 



 124 

 

Figure 3-38. Analysis of Seasonal Changes in Precipitation: The amount (A) and intensity (B) of precipitation was analyzed when foliage was and was not 

present to ensure that any changes in turbidity associated with the change in season was not the result of changing storm patterns. No statistical difference was 

found for either amount or intensity. 
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3.4 Summary 

 The multiple methods used to study the Tookany Creek allowed for the 

techniques used to monitor erosion to be compared.  Results provided information on 

both the impact of riparian conditions on erosion and turbidity levels as well as the 

influence of other local condition on sediment dynamics. 

 Erosion was measured directly using bank pins and total station.  Up to five 

erosional events were recorded in bank pins although not all erosional events were 

recorded at all locations.  Seasonality was appears to influence erosion rates as an 

increase in erosion can be seen in bank pins after December 27, 2015.  This compliments 

turbidity results which, while not statistically significant, show an increase in the mean 

turbidity response when no foliage was present.  Bank pins indicated that there were 

higher rates of erosion in areas with knotweed although this correlation is not supported 

by total station results.   

 In-stream turbidity responses to storm events showed that turbidity response 

patterns at Chelten Hills were more predictable than those of Mill Run.  This appears to 

be related to local conditions such as the embeddedness of the streambed as Chelten Hills 

was found to have a greater degree of embeddedness based on streambed sediment 

texture analysis and lower combined percentage of sand/loose sediment and completely 

loose grains.   

 Riparian characteristics were also found to influence turbidity responses.  For 

instance, turbidity increased significantly (P-value 0.006) from CH 0 to CH 1 upon 

entering the disconnected reach dominated by knotweed.  Statistical analysis (Figure 3-

36) showed vegetation to be the dominant control on turbidity response.  However, when 
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comparing the turbidity response between vegetation types at Mill Run, there was not a 

significant difference.  Therefore, while vegetation appears to be the dominant control, 

the degree of incision impacts whether the increase in erosion associated with prevalent 

knotweed will result in a significant increase in turbidity. 
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CHAPTER 4 

DISCUSSION 

4.1 Comparison of Methods 

 While previous studies tend to focus on one method of analysis, three methods 

were used to monitor erosion within the Tookany Watershed.  One of the primary 

objectives of this study was to determine the benefits and limitations of each method.  By 

using multiple methods, techniques commonly used to monitor sediment flux could be 

compared. As a detailed understanding of sediment dynamics is essential to 

implementing management practices, the results of this analysis have implications for 

future research. 

4.1.1 Bank Pins vs. Total Station: Pros and Cons 

 Bank pins were used to measure erosion along each monitored reach.  Repeated 

total station transects were also completed at Chelten Hills so the procedures and results 

of these methods could be directly compared. There were strengths and weaknesses 

associated with each method.  

  There are many benefits to using bank pins to monitor bank erosion.  The pins are 

easy to install provided that the soil does not have high gravel content.  Measurements are 

straightforward and simple to obtain with minimal training.  The ease of data collection 

allows sites to be monitored frequently, providing erosional information about specific 

storm events or other conditions.  This technique is especially useful in areas such as the 

Tookany Watershed where citizen scientists, or volunteers, are enlisted to collect data and 

can be used to monitor multiple sites simultaneously.  Frequent measurements showed 

that banks experienced episodic erosion, but that not all pins showed erosion in response 
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to the same storms.  For instance, while pins at both locations at Mill Run experienced 

erosion in response to the large storms on July 9 and 14, 2015, erosion was not seen at 

any of Chelten Hills’ bank pins. While not included in this study, pins, or similar 

methods, can also provide information about deposition on floodplains or point bars, 

although it is more difficult to stabilize the monitoring point.  

 Bank pins also have a number of limitations. Of primary concern is the influence 

of pins on erosional or depositional patterns.  Winnowing around pins was present in 

several locations, which could increase erosion and lead to an overestimate of the volume 

of sediment lost.  In addition, rebar used in total station transects accumulated sediment 

mounds around them suggesting that the use of pins could trap sediment and result in an 

overestimate of deposition.  This issue could be solved by using techniques such as the 

installation of clay horizons and subsequent coring to determine the depth to the artificial 

horizon (Hupp et al., 2013; Schenk et al., 2013).  These limitations mean that pins could 

not be used to monitor in-stream erosion and deposition.   

In this study, the assumption was made that the four pins installed were 

representative of the entire cut bank.  However, based on variable erosional patterns seen 

along the same bank by total station measurements, erosion was not uniform.  

Heterogeneity could be addressed by installing pins along the entire bank surface, but that 

could further contribute to winnowing. Thus, there is a tradeoff between extent of 

monitoring and extent of influence on the erosion process.  

 Unlike erosional measurements with bank pins, repeated total station 

measurements have the capacity to monitor erosion and deposition within the channel in 

addition to the banks.  Provided that the total station position is re-established correctly, 
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with no movement of control point locations, measurements along transects show small-

scale changes in streambed and bank positioning.  Total station measurements were 

found to have a precision of 0.1 to 0.5 cm at Chelten Hills and 0.0 to 0.4 cm at Mill Run 

when outliers were removed.  Although cross-sections were used in this study, 

measurements could also be taken using a grid collection pattern to create digital 

elevation maps (DEMs).  This would depict the net change in channel elevation of the 

entire area without assuming consistent erosion patterns in the channel surrounding the 

measured cross-section. Other techniques to measure changing stream banks include 

ground-based LiDAR, which has the ability to map surface details down to the millimeter 

scale producing DEMs with extremely high resolution.  Like bank pins, LiDAR cannot 

be used to monitor in-stream deposition and erosion as the laser scanner is unable to take 

measurements below the water surface.  Therefore, DEMs produced using a combination 

of total station and LiDAR methods might be used in the future. 

 While use of a total station has the potential to create extremely precise 

measurements, there are also limitations with this method.  Data collection using a total 

station is time consuming and requires training.  This limits the number of times 

measurements can be taken and makes it difficult for the results of individual storms to 

be analyzed.  In addition, while the measurement interval of 0.305 m (1 ft) can be 

obtained on a limited number of transects, mapping of a larger area would require a 

coarser sampling pattern due to time constraints. Lastly, the risk associated with loss of 

data is high.  If the control points used to establish the total station position move, or the 

instrument gets bumped and moved even a small amount during measurements, 

comparison between current and past measurements is impossible.  This occurred during 
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data collection and so amount of erosion recorded by total station measurements is 

suspect and prevents calculated erosion from being compared to those calculated from 

bank pin measurements.    

One of the key trade-offs between using bank pins versus total station to measure 

erosion is temporal versus spatial coverage, and neither method represents the best option 

for both.  Bank pins offer more temporal coverage and showed storms did not create 

similar responses in all the pins.  A total station offers more precise spatial coverage, but 

is nonetheless limited in mapping heterogeneity because of the time it takes to measure 

just one transect and the potential for measurement error.  There is an advantage to using 

both methods to reveal the complexity of the erosion patterns.   

4.1.2 Turbidity 

 Turbidity data as collected in the Tookany Watershed is not directly comparable 

to volumes eroded as calculated from bank pins or total station measurements.  To 

calculate the volume of sediment present in the stream a calibration curve would need to 

be created.  This can be done in two ways.  First, turbidity readings can be taken with 

samples of known concentration based on soil samples taken from banks within the 

catchment.  Second, the sediment concentrations of water samples collected simultaneous 

to turbidity readings during storm events can be used.  Both methods produce a curve 

relating the volume of sediment present in the water column to the readings obtained by 

the turbidity probe; however, simultaneous measurement is considered superior if 

feasible (Minella et al, 2008).  A calibration curve has not yet been created for the 

Tookany but could be produced in the future and used to estimate the volume of sediment 

present at monitoring locations during the study period. 



 131 

 Erosion calculations from bank pin and total station measurements suggest that a 

substantial volume of sediment was removed from along cut banks.  Erosional events 

recorded in bank pins (Figure 3-5) corresponded with four of the six storms that saw an 

increase in turbidity between CH 1 and CH 2, suggesting the erosion along this 

disconnected reach was sometimes recorded in the turbidity loggers.  However, turbidity 

responses to storms on December 23, 2015 and February 23, 2016 were not associated 

with erosional events recorded in bank pins and there are erosional events that did not 

correspond to increasing turbidity downstream of the reach. This suggests that YSI OMS 

600 loggers are not sensitive enough to consistently measure the change in turbidity 

associated with erosion at the reach scale.  

It is also possible that erosion and deposition based on stream channel morphology 

influence turbidity readings more than entrainment of sediment from cut banks.  

Turbidity results are influenced by logger placement in addition to the characteristics of 

the riparian zone.  Locations for YSI logger installations were based on the beginning and 

end of riparian features, accessibility, and proximity to a tree or other features to which 

the logger could be secured.  Due to limited locations available for installation, 

geomorphic position was not a dominant factor when placing loggers.  This is typical 

based on a review of previous studies (Gao, 2008; Minella et al., 2008; 

Skarbovik and Roseth, 2014). 

However, variability in the turbidity readings suggest that other conditions, such 

as pool, riffle, run features, and large woody debris are important to consider as well.  For 

example, logger MR 2 was located in a pool directly downstream of large woody debris 

and consistently had lower turbidity readings than the other loggers in the main study at 
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Mill Run (Figure 3-39).  Sediment adjacent to this logger was found to have the highest 

percentage of sand (92.6%) of all streambed samples.  In combination with the 

accumulation of sediment and organic matter noted in the field at this location, these 

results indicate a depositional environment within the stream channel, which is likely to 

cause a decrease in measured turbidity.  In future studies, loggers should be placed in the 

same geomorphological features to control for sources of variability in turbidity results 

and local logger conditions should be taken into account when comparing turbidity 

changes in 30-50 m reaches.   

While this study indicated that turbidity was not significantly influenced by either 

channelization or stormwater outfalls, the two studies added in November 2015 had a 

small sample size, with fewer than 17 storms monitored at both sites.  A larger scale 

study could be conducted to evaluate turbidity contributions from channelized reaches.  

This study could occur between USGS monitoring stations 01467086, at the Tacony 

Creek entering Philadelphia County, and station 01467087, on the Frankford Creek at 

Castor Avenue in Philadelphia (http://pa.water.usgs.gov/pwd/) which is a long 

channelized reach.  Turbidity loggers might also be used to measure the impact of 

tributaries on the turbidity main stem by selecting similar monitoring location above and 

below tributaries. This technique could be used to compare impact from basins with 

contrasting sizes and land use types to determine areas of concern to focus resources.  

4.1.3 Sediment Budget 

 In streams where sediment erosion creates impairment, the creation of site and 

catchment scale sediment budgets can be useful.  These are difficult to create, with 

http://pa.water.usgs.gov/pwd/
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multiple years of data collection necessary.  Once created, sediment budgets can be used 

to identify areas that should receive direct management (Figure 4-1).   

 Sediment volume calculations produced in the Tookany Watershed provide the 

foundation to estimate the sediment flux associated with a specific riparian type in the 

catchment.   Extrapolation to other reaches within the stream could then be used to create 

a catchment scale budget.  This method is useful when there is an interest in the influence 

of specific, small-scale characteristics on erosion. However, this method requires an 

assumption that the data can be projected to other locations within the catchment.  More 

comparisons of erosion rates between similar reaches would be useful to establish 

variability before using this type of extrapolation. 

Previous studies have developed preliminary, site-scale, sediment budgets for 

watersheds within the Piedmont region due to high levels of sediment entering the 

Chesapeake Bay (Hupp et al., 2013; Schenk et al, 2013). Traditionally, data were 

presented in one of two ways, change in mass/floodplain area/year (g/m
2
/y) or change in 

mass/reach length/year (kg/m/y), which were calculated using bulk density and lateral or 

vertical change measurements.  Schenk et al. (2013) went further, using the floodplain 

trapping factor, defined as the amount of upland sediment that a floodplain can trap. In 

this metric a factor of two indicates that a floodplain area can trap twice as much as the 

equivalent upland erosional source area.  It is a dimensionless measurement calculated by 

normalizing site sediment budgets by floodplain area and dividing by the stream’s 

sediment yield and can be used to compare different sized streams.
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Figure 4-1: Creating a Sediment Budget. When creating a sediment budget, erosion and deposition measurements can be taken either at 

the reach scale and extrapolated to other segments of stream with similar characteristics, or at the watershed scale directly.  Erosion 

measurements in the Tookany Watershed from the 2015-2016 field season could be used in conjunction with additional depositional studies 

and soil bulk density measurements to develop site scale sediment budgets for existing riparian types.  Turbidity loggers were shown to be 

ineffective at the reach scale but previous studies have used them to determine sediment flux at the catchment scale. 
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 Previous studies have also used turbidity loggers to create sediment budgets on 

the catchment scale directly without extrapolating from site scale measurements (Gao, 

2008; Skarbovik and Roseth, 2014).  Sediment budgets were created using a sediment 

calibration curve, which relates turbidity levels to the volume of sediment present in the 

water column.  Given variability at the reach scale identified, additional studies should be 

conducted to determine the reliability of this method for analyzing catchment scale flux.  

If found to be applicable, catchment scale budgets can aid in determining which streams 

are contributing the most sediment into the receiving body of concern and where to 

allocate future resources.   

4.2 Quantitative Analysis of Erosion by Riparian Type 

 Riparian types were based on the degree of incision and vegetation type.  Chelten 

Hills had three riparian types present – a connected reach dominated by trees, a 

disconnected reach with knotweed, and a disconnected reaches dominated by trees. A 

connected reach with knotweed and a second disconnected reach with trees were present 

at Mill Run.   When examining erosion, all three monitoring techniques were utilized.  

Bank pins and total station were used to estimate the volume of sediment eroded along 

the cut bank containing the diagnostic riparian characteristics.  As expected based on 

morphology, all cut banks showed net erosion in each of the time periods monitored. 

Turbidity was used to consider the relative change in sediment present in the water 

column between the beginning and end of the studied reaches to determine if erosion or 

deposition had occurred.   

 Erosion calculations using bank pin measurements indicated that there was greater 

erosion in reaches dominated by knotweed.  Over the study period, the volume of 



 136 

sediment eroded was 4.8 x10
-1 

m
3
/m along the highly disconnected reach at Chelten Hills, 

as represented by the bank pins at transect CH 100.  The connected reach at Mill Run, 

represented by transect MR 300, experienced the second highest amount of erosion at   

9.6 x10
-2 

m
3
/m over the study period.  Both of these reaches were dominated by 

knotweed.  Erosion in reaches dominated by trees was lower.  Despite differences in 

stream size, erosion rates at tree-dominated riparian systems at Chelten Hills and Mill 

Run are comparable, with 1.2 x10
-1 

m
3
/m and 1.3 x10

-1 
m

3
/m of erosion respectively over 

the monitored period. These results indicate that while the degree of incision influences 

the erosion rate, vegetation was the dominant control over bank erosion at these 

locations.   

 Turbidity data showed statistically higher levels of turbidity in knotweed-

dominated reaches at Chelten Hills but not at Mill Run.  At Chelten Hills turbidity data 

complemented erosion results calculated from bank pin data with an average change in 

turbidity of 91.3 NTU in the knotweed dominated reach and 53.3 NTU in reaches 

dominated by trees.  At Mill Run the reach dominated by knotweed had limited incision, 

and the mean turbidity responses for knotweed and tree dominated reaches were 

comparable at 55.3 and 54.9 NTU respectively.  This suggests that while erosion is more 

pronounced in reaches with knotweed, the turbidity will not be significantly higher unless 

the riparian zone is also disconnected from the stream level. 

 Volume calculations based on total station transects at Chelten Hills did not 

conclusively show a relationship between riparian type and erosion rates.  Between 

October, 2015 and March 2016 total station results support the pattern observed in bank 

pins, with the cut bank along the disconnected reach with knotweed experiencing          
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3.5 x10
-1 

m
3
/m of erosion while the cut bank along the disconnected reach with trees only 

experienced 9.1 x10
-2 

m
3
/m.  However, during the first monitoring period, cut banks 

along the disconnected reach dominated by knotweed (CH 100-CH 300) and 

disconnected reach dominated by trees (CH 400-CH 600) were comparable, experiencing                  

1.5 x10
-1 

m
3
/m and 1.8 x10

-1 
m

3
/m of erosion respectively.  Total station measurements 

also showed substantial scour along the left bank of the stream channel in the 

disconnected reach containing trees at Chelten Hills.  This was not supported by field 

observations.   

4.3 Conclusions 

4.3.1 Best Management Practices 

 Management practices including stormwater infrastructure and riparian 

restoration are used to either reduce erosion or promote deposition.  Restoration 

techniques include removal of invasive species, planting of native vegetation, and 

grading along the stream banks.  While there is no defined turbidity levels associated 

with degraded streams, long term analysis of in-stream sediment levels can be used to 

monitor the relative change in sediment flux in response to management.    

In the Tookany Watershed there are multiple projects underway to improve 

stream water quality, including rain gardens, tree plantings, stream bank stabilization, and 

riparian buffer reconstruction.  One example, planting trees along riparian corridors, is 

used to limit incision by strengthening banks and requires limited effort and funds.  The 

goal is to create an ecosystem similar to that seen in the connected riparian system 

dominated by trees at Chelten Hills.  However, the monitored riparian system at Chelten 

Hills was characterized by mature vegetation capable of stabilizing the banks; in contrast 
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saplings are used for riparian restoration.  During the time it takes these trees to mature, 

incision of the bank, loss of trees due to erosional events or disease, and invasion of 

exotic species such as Japanese knotweed can occur.  

 In this study, banks with Japanese knotweed were found to have higher erosion 

rates than sections with mature trees.  However, this does not indicate that knotweed 

removal should occur in all areas.  Preliminary results from the Tookany Creek suggest 

that while there is greater erosion in reaches dominated by knotweed, there is not a 

significant increase in turbidity response unless the riparian zone is also disconnected 

from the stream.  In connected riparian systems the removal of knotweed is likely to 

result in a significant increase in erosion and corresponding turbidity levels.  

Alternatively, in disconnected riparian zones knotweed removal is unlikely to 

significantly increase turbidity, as root systems are not interacting with the stream level.  

Therefore, when sediment entrainment is a concern, knotweed removal should be 

primarily in areas that are currently incised.  If this management technique is used, it is 

important that cleared riparian zones be maintained.  The knotweed at Mill Run was 

removed as part of a community riparian restoration but was recolonized within ten years. 

This suggests that the removal of invasives might not be the best long-term solution if 

there are minimal funds for continued monitoring and maintenance.  

 Longitudinal studies in the Tookany Watershed also indicate that while 

decreasing erosion and incision within the watershed is important, promoting deposition 

of sediment in downstream reaches and floodplains should also be evaluated.  Re-

depositing sediment would increase the travel-time between the entrainment source and 

the receiving water body without relying on successful replanting of the riparian corridor 
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with native vegetation.  Since in-stream sediment transport is currently poorly 

understood, further monitoring of sediment flux is needed to determine efficient and 

enduring sediment traps within the stream channel.  

4.3.2 Analysis of Hypotheses  

The first hypothesis predicted that erosion would be higher in reaches with 

knotweed than those with trees, despite the vegetation’s dense growth pattern.  Bank pin 

measurements at both sites and turbidity levels in response to storm events at Chelten 

Hills supported this hypothesis. Data collected with the total station also suggested that 

more sediment was removed along the cut banks dominated by knotweed than those 

dominated by trees between October 2015 and March 2016.  However, cross-sections 

from July and October, 2015 do not.  This appears to be the result of inaccurate readings 

in the disconnected reach dominated by trees; nevertheless, heterogeneous erosion along 

the cut banks should not be discounted in future studies.  

While many researchers assume the presence of knotweed will lead to higher rates 

of erosion, previous studies quantifying that assumption are not reflected in the literature.  

One previous study that provided quantitative analysis focused on rural catchments, 

which saw an increase in sediment load downstream of knotweed reaches after storm 

events (Mummigatti, 2007).  However, they not could conclusively evaluate whether this 

was associated with higher rates of erosion due to limited precipitation events.  Our 

research provides quantifiable turbidity responses to storm events in reaches dominated 

by knotweed within an urban setting.  As stated in the previous section on best 

management practices, our study suggests that while the presence of knotweed increases 

erosion, the corresponding increase in turbidity is only statistically significant in 
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disconnected riparian zones.  Therefore, if the goal of riparian restoration is to reduce 

sediment loads, replacing Japanese knotweed with native vegetation by removing 

vegetation from the banks is not necessarily effective where incision is minimal. Other 

management techniques that can be used include, but are not limited to, those that 

promote in-stream deposition and bank stabilization with rip rap or other engineering 

structures. 

Turbidity readings along the Tookany Creek and Mill Run also suggested that 

turbidity signals quickly diminish or increase downstream depending on local conditions. 

This confirmed our second hypothesis that any benefit of connected riparian zones was 

localized and did not persist downstream.  For instance, along the Tookany, turbidity 

levels decreased in flow through the connected riparian reach dominated by trees but 

increased 80 meters downstream upon entering a disconnected reach.  Additionally, 

loggers placed one kilometer upstream of the main study site at Mill Run had higher 

turbidity levels than downstream sites.   

One strategy used in the Philadelphia area is to begin reconstruction in headwater 

reaches, increasing management incrementally downstream over time.  However, while 

we should strive to limit sediment entrainment, our research suggests that the 

downstream impacts of those projects on turbidity may only be seen for short distances.  

Therefore, if the goal is to limit deposition of sediment in lakes and estuaries used for 

recreation and drinking water, efforts and resources to encourage deposition should be 

concentrated just before the receiving body of water.  

The third hypothesis posited that local conditions such as the mobility of the 

streambed sediments and proximity to large woody debris would result in irregular 
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turbidity patterns.  This hypothesis was shown to be true.  While changes in turbidity 

were not always significant, multiple patterns were identified at Chelten Hills where 

100% of storms created an increase in turbidity between CH 0 and CH 1 and 85% of 

loggers recorded a decrease in turbidity between CH 1 and CH 2. No patterns were 

observed at Mill Run as the most frequent turbidity response pattern only occurred during 

five storms, or 22.7% of the time.  The irregular turbidity patterns at Mill Run 

corresponded with a higher degree of streambed mobility. This was represented by a 

larger percentage of sand/loose sediment and completely loose grains, as well as the 

presence of sand gravely sand in streambed samples.   

The significance of these findings is that variability in the streambed should be 

factored into storm management practices. While the sample size within our study was 

not large enough to provide a definition of a mobile stream bed, preliminary results 

indicate that low levels of embeddedness will result in unpredictable turbidity responses.  

The streambed should be analyzed for texture and degree of embeddedness to help 

interpret monitoring data.  

4.3.3 Final Considerations 

Due to the nature of property lines, and infrastructure such as channelization, 

reconstruction of the entire riparian system is impractical.  By determining which stream 

characteristics are beneficial and which result in degradation of water quality, 

measurements on the effects of smaller riparian reaches, such as those conducted for this 

study, can help promote effective practices.  Without consideration of these local 

characteristics, management practices have a higher risk of failing. 
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 Small-scale studies like those in the Tookany Creek help to show the erosion 

variability within streams. This is especially true in urban watersheds where increased 

discharge from impervious surfaces, development adjacent to the stream corridor, and 

invasive species often culminate in highly impaired waterways.  Understanding sediment 

dynamics to decrease turbidity and sediment levels entering water bodies is just one 

subject that requires continued study. The improvement of stream health and water 

quality is considered a high priority and so continual monitoring of streams is necessary 

to design and implement appropriate management practices.   
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APPENDIX A 

FIELD GUIDES 

A.1 NIKON 232 Total Station: Instrument Guide  

*Things marked in bold might be labeled differently depending on field notation style. 

 

Uses: 

 The total station combines the horizontal and vertical angular measurements of a 

theodolite with the ability to measure distances.  Locate points in 3D by locating 

points in two planes (Azimuth angle on horizontal plane, and Zenith Angle on the 

vertical plane). 

 

Primary Sources of Error: 

 HI (instrument height), HT (height of target), or PC (prism constant), have not 

been set correctly 

 Total Station of Prism is not exactly over a point 

 Sighting on the Control Point (CP) or Monitoring Point (MP) is off 

 Movement of instrument or points. 

 

Things to remember: 

 Never put away a wet instrument 

 HI- instrument height 

 HT – height of target (height of prism)  

 SD – Slope distance 

 HA – angle of the telescope from azimuth (horizontal) 

 VA – angle of telescope from Zenith (vertical) 

 Use ENZ (XYZ) – Easting – Northing – Z elevation 

 Come up with a system of labeling  

 

Required Equipment: 

 Charged Battery 

 Total Station 

 Plumb Bob 

 Nails or other markers if establishing grid (1
st
 time measuring at a site) 

 Thermometer/Barometer (use if internal tools are not functioning correctly) 

 Prism 

 Prism Pole 

 Measuring tape (in correct units) 

 Documentation supplies (notebook, pen, pencil, permanent marker) 

 

 

Physical Setup: 
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 Remove all items from box 

 Position tripod over appropriate instrument point (IP) 

 Adjust tripod legs to approximately chest height 

 Position tripod so it is as centered/level over IP as possible 

 Place Total Station on tripod and secure 

 Center over point using plum bob and/or optical plummet 

 Total Station Leveling (using leveling screws) 

o Press 0 button for electronic level 

o Rotate Total Station and re-level three times.  Make sure not to touch a 

leveling knob once you have used it to level a side 

o Check leveling point to make sure bubble is in the circle 

 Set up prism on pole 

 Aim Total Station crosshairs at prism, check for parallax by moving eye up/ down 

and right/left  

o If target moves relative to crosshairs rotate the telescope relative to the 

cross hairs 

o If the target does not move you are good to go 

 

Check Settings (done while creating a job): 

 Angle 

o VA zero: Zenith 

o Resolution: 1 “ 

o HA: Azimuth 

 Distance 

o Scale: 1.0 

o T-P Corr. : ON 

o Sea Level: Off 

o C&R corr.: 0.132 

 Coordinate 

o Order: ENZ 

o Label: XYZ 

o AZ zero: North 

 Power Save: 

o Main Unit: Off 

o EDM Unit: 0.5 min 

o Sleep: 5 min 

 Unit: 

o Angle: Deg 

o Distance: M 

o Temp: °C 

o Press: mmHg 

 Rec: 

o Store DB: RAW+XYZ 

o Data Rec: Internal 
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 Other:  

o XYZ disp: +ENT 

o 2
nd

 Unit: None 

o Sig Beep: ON 

o Split: ST: No 

o CD: Input: ABC 

 

Starting a Project: 

 Turn on the instrument 

 Check value of temp and pressure 

 Once ok tilt the telescope  

 Creating a Job 

o Go to menu 

o Select job 

o Press MSR 1 to create a new job 

o Check the settings and confirm with above 

o Check offset 

 MSR1: Prism: offset = 30 mm (confirm on prism) 

 MSR2: Reflectorless: offset = 0 mm 

 Establish Control Points (you need three: the initial Total Station location (also 

labeled Instrument Point (IP)), re-take BS, and a third CP to the right) 

o Open Existing Job  

o Create CP10-IP-1 

 Press STN (#7) 

 Choose Known Point (#1) 

 ST = Instrument Point/ control point Label as 10  

 X=1000 

 Y=100 

 Z=10 

 CD= IP1-CP10 for instrument point 1 - control point 10 

 HI= instrument height to crosshair 

 Set BS point (aim at point CP to the left) 

 Choose angle 

 BS = 15  

 AZ = 0 

 Use appropriate MSR to record Back sight 

 Then hit enter to complete 

o Create CP20 (point at same point as BS) 

 Use appropriate MSR to record data 

 Make sure to press enter through screens to save data point 

o Create CP30  

 Use appropriate MSR to record data 

 Make sure to press enter through screens to save data point 
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o At this point you can continue with measurements for monitoring points 

(MP) or move the Total Station to a new location.  Your coordinate grid is 

all set up! 

 

Taking Measurements 

 Sight prism and select appropriate MSR 

 Press record  

 Enter height of prism 

 Give monitor point for transect 

 Label as transect letter and point measured 

 Press enter.  

 Repeat for each data Point 

 Editing and viewing Data 

 Pres DAT to bring up data  

 Select points 

o Use display to get from view to view 

 

Re-establishing in a grid (after Total Station has been moved) 

1. Open previous job 

2. Use STN (#7) – Station  

3. Choose known line (#7) 

4. Select point one 

5. Enter a control point previously saved ie 20, 30 

6. Verify coordinate data from field book 

7. Enter height of target (0 if not prism) 

8. Sight on point one and measure point one 

9. Hit enter 

10. Choose by coordinate 

11. Repeat 5-9. 

12. Call St. the station point ie 1,2,3 

13. Enter height of instrument 

14. Set Backsight point (choose CP to the left) 

 

 

Download Data 

 Setup  

o Download Anaconda, Python 2.7 onto computer if you don’t have it 

o Open Anaconda Command Prompt 

 At the command prompt type: “conda install pyserial” 

 When this finishes, type: “pip install easygui” 

 Downloading Data 

o Open Spyder 

o Open “Total Station Download_Script” 

o Make sure that the port is correctly labeled (This will be one number less 

than the actual port since python starts counting at 0) 
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o Make sure line #14 “ser.open()” is greyed out 

o Attach Total Station to computer with serial cable 

o Run script 

o Follow instructions that appear 

 

A.2 Acoustic Doppler: Field Safety 

 Safety is particularly important when taking discharge measurements.  The 

instrument is waterproof and records data within the system.  This means it is possible to 

take discharge measurements without a field partner.  However, during storm events both 

the water level and velocity can increase significantly, making fieldwork hazardous. 

When taking field measurements, be aware of conditions as flooding waders can result in 

being pulled under the stream surface. For example, on October 2, 2015 it became 

impossible to cross the stream to untie the transect tape as the water level had increased 

to the point where it would have a depth greater than the chest waders.  In addition, never 

set up a transect where it would be required to go under a constricted area such as an 

underpass or bridge.  Streambed visibility will be significantly reduced because of 

increased turbidity during storm events. Measurements should be taken cautiously to 

ensure stable footing throughout the process. 

A.3 600 OMS Loggers: Calibration Procedure 

 The 600 OMS loggers should be calibrated prior to the initial deployment of the 

instrument.  Turbidity and specific conductivity were calibrated in early June 2015 and 

the turbidity calibration was checked in November 2015 before the installation of the 

loggers used in the response to channelization and stormwater outfall studies. 

 

 

 



 155 

 Equipment 

o Field Computer 

o X3 1000 mL glass graduated cylinders 

 DI Water: 700 mL 

 Turbidity Standard: 300 mL 

 1000µs/cm KCl solution: 700 mL 

o Black surface (sheet of paper) 

o Record binder 

 

 Calibration: Conductivity 

o Open Eco Watch program 

o Connect logger to computer 

o Comm -> sonde -> comm1 

o Type “menu” on blank window that appears 

o Calibrate 

 #2 Calibrate -> specific conductivity -> 2 point -> First Point: 0 µs/cm 

DI water; Second Point: 1000µs/cm KCl solution 

 Place graduated cylinder with DI water 

  Make sure to sensor is submerged 

 Wait until numbers stabilize, hopefully they will be around the 

correct value. Press enter to calibrate. 

 Repeat with KCl standard  

o Repeat for each logger 

 

 Calibration: Turbidity 

o Open Eco Watch program 

o Connect logger to computer 

o Comm -> sonde -> (comm1) 

o Type “menu” on blank window that appears 

o If new logger, you might need to enable the sensors 

 #7 Sensor -> enable turbidity -> 6136 

o Calibrate 

 #2 Calibrate -> #2 turbidity -> 2 point -> First Point: 0 NTU; Second 

Point : 126 NTU 

 Place graduated cylinder with DI water on black surface (0 

NTU). 

  Make sure to clean sensor while calibrating 

 Wait until numbers stabilize, hopefully they will be around the 

correct value. Press enter to calibrate. 

 Repeat with turbidity standard  

o Check Calibration 

 #1 Run -> #1 Discrete Sample  

o Repeat for each logger 
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APPENDIX B 

EMBEDDEDNESS 

B.1 Grain Size: Tri-Linear Plots 

 The MyShepard script creates a tri-linear plot depending on the samples gravel, 

sand, and silt (+clay) ratios based on Shepard (1954).  Additional scripts were used to 

customize the data by site, geomorphology, riparian type, or vertical positioning.  The 

script used to mark data points by their riparian type is provided. 

B.1.1 MyShepard Terniary Diagram  
 
function handles = MyShepard(Gravel,Sand,Silt,Marker)  
%% 01/06/2016 Originally customized For Paul Zarella's Thesis 
%% January 2016 Additional Customization for Emily Arnold's Thesis 
% The original shepard script was for Sand,Silt,Clay. I wanted to Plot 
% Gravel, Sand, Silt (+ clay) 
    %Also I wanted to be able to control what the marker was for a 

given 
    %sample, So I added a marker option to the function. These could be 
    %used to identify the site, vertical positioning, or riparian type 

from 
    %which the sample was collected 
% This script makes a ternary diagram for Gravel, Sand Silt.  This 

plotting style was introduced by Shepard in his 1954 article: 
% Shepard, F.P., 1954, Nomenclature based on Gravel-Sand-Silt ratios: 
Journal Sedimentary Petrology, v. 24, p. 151-158. 
% This script is a modification of the TERNPLOT script by Carl 
Gravelrock (20020827). 
% This modification simply adds the labels required for the Shepard 

diagram. 
% This software is in the public domain because it contains materials 
that originally came from the United States Geological Survey, 
% an agency of the United States Department of Interior. For more 
information, see the official USGS copyright policy at 
% http://www.usgs.gov/visual-id/credit_usgs.html#copyright 
  
  
% NOTE: The plotted result seems to be screen dependent.  If the result 
is 
% a tiny triangle with words crammed together, simply use the plot 

window 
% to zoom in, and everything will fall into place. 
  
  
%        Silt 
%         / \ 
%        /   \ 
%    Gravel --- Sand  
  
% Author: Carl Gravelrock 20020827 
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% Set up the intersection points to form the interior boundaries of the 
% Shepard plot 
% Boundary points for the pure phase regions 
[c_sac(1), c_sac(2)] = frac2xy(.25,.75); 
[c_sc(1), c_sc(2)] = frac2xy(0,.75); 
[sa_csa(1), sa_csa(2)] = frac2xy(.75,.25); 
[sa_ssa(1), sa_ssa(2)] = frac2xy(.75,0); 
[s_cs(1), s_cs(2)] = frac2xy(0,.25); 
[s_sas(1), s_sas(2)] = frac2xy(.25,0); 
% Boundary points for the intersections with the pure phase regions 
[c(1), c(2)] = frac2xy(.125,.75); 
[sa(1), sa(2)] = frac2xy(.75, .125); 
[s(1), s(2)] = frac2xy(.125,.125); 
% Boundary Points for homogeneous central region 
[sasc_c(1), sasc_c(2)] = frac2xy(.2,.6); 
[sasc_csa(1), sasc_csa(2)] = frac2xy(.4,.4); 
[sasc_sa(1), sasc_sa(2)] = frac2xy(.6,.2); 
[sasc_sas(1),sasc_sas(2)] = frac2xy(.4,.2); 
[sasc_s(1), sasc_s(2)] = frac2xy(.2,.2); 
[sasc_cs(1), sasc_cs(2)] = frac2xy(.2,.4); 
% Boundary points on the midpoints of the triangle sides 
[sac_csa(1),sac_csa(2)] = frac2xy(.5,.5); 
[ssa_sas(1),ssa_sas(2)] = frac2xy(.5,0); 
[cs_sc(1),cs_sc(2)] = frac2xy(0,.5); 
% Done picking boundary points 
  
A = Gravel; 
B = Sand; 
C = Silt; 
  
xoffset = 0.04; 
yoffset = 0.02; 
  
majors = 4; 
  
Total = (A+B+C); 
fA = A./Total; 
fB = B./Total; 
fC = 1-(fA+fB); 
  
[x, y] = frac2xy(fA, fC); 
  
% Sort data points in x order 
[x, i] = sort(x); 
y = y(i); 
  
% get hold state 
cax = newplot; 
next = lower(get(cax,'NextPlot')); 
hold_state = ishold; 
  
% get x-axis text color so grid is in same color 
tc = get(cax,'xcolor'); 
ls = get(cax,'gridlinestyle'); 
  
% Hold on to current Text defaults, reset them to the 
% Axes' font attributes so tick marks use them. 
fAngle  = get(cax, 'DefaultTextFontAngle'); 
fName   = get(cax, 'DefaultTextFontName'); 
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fSize   = get(cax, 'DefaultTextFontSize'); 
fWeight = get(cax, 'DefaultTextFontWeight'); 
fUnits  = get(cax, 'DefaultTextUnits'); 
  
set(cax, 'DefaultTextFontAngle',  get(cax, 'FontAngle'), ... 
    'DefaultTextFontName',   get(cax, 'FontName'), ... 
    'DefaultTextFontSize',   get(cax, 'FontSize'), ... 
    'DefaultTextFontWeight', get(cax, 'FontWeight'), ... 
    'DefaultTextUnits','data') 
  
% only do grids if hold is off 
if ~hold_state 
    %plot axis lines 
    hold on; 
     
    plot ([0 1 0.5 0],[0 0 sin(1/3*pi) 0], 'color', tc, 
'linewidth',1,... 
                   'handlevisibility','off'); 
    set(gca, 'visible', 'off'); 
     
  
    % plot background if necessary 
    if ~isstr(get(cax,'color')), 
       patch('xdata', [0 1 0.5 0], 'ydata', [0 0 sin(1/3*pi) 0], ... 
             'edgecolor',tc,'facecolor',get(gca,'color'),... 
             'handlevisibility','off'); 
    end 
     
    % Generate labels 
    majorticks = linspace(0, 1, majors + 1); 
    majorticks = majorticks(2:end-1); 
    labels = num2str(majorticks'*100); 
     
    zerocomp = zeros(1, length(majorticks)); 
     
    % Plot right labels 
    [lxc, lyc] = frac2xy(zerocomp, majorticks); 
    text(lxc, lyc, [repmat('  ', length(labels), 1) labels]); 
     
    % Plot bottom labels 
    [lxb, lyb] = frac2xy(1-majorticks, zerocomp); % fA = 1-fB 
    text(lxb, lyb, labels, 'VerticalAlignment', 'Top'); 
     
    % Plot left labels 
    [lxa, lya] = frac2xy(majorticks, 1-majorticks); 
    text(lxa-xoffset, lya, labels); 
     
end; 
  
% Reset defaults 
set(cax, 'DefaultTextFontAngle', fAngle , ... 
    'DefaultTextFontName',   fName , ... 
    'DefaultTextFontSize',   fSize, ... 
    'DefaultTextFontWeight', fWeight, ... 
    'DefaultTextUnits',fUnits ); 
  
%Draw the separator lines on the Shephard Diagram 
  
plot([c_sac(1) c_sc(1)],[c_sac(2) c_sc(2)], 'color', 'k', 
'linewidth',1,... 
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                   'handlevisibility','off'); 
plot([sa_csa(1) sa_ssa(1)],[sa_csa(2) sa_ssa(2)], 'color', 'k', 

'linewidth',1,... 
                   'handlevisibility','off'); 
plot([s_sas(1) s_cs(1)],[s_sas(2) s_cs(2)], 'color', 'k', 

'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_c(1) c(1)],[sasc_c(2) c(2)], 'color', 'k', 'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sac_csa(1) sasc_csa(1)],[sac_csa(2) sasc_csa(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_sa(1) sa(1)],[sasc_sa(2) sa(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([ssa_sas(1) sasc_sas(1)],[ssa_sas(2) sasc_sas(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_s(1) s(1)],[sasc_s(2) s(2)], 'color', 'k', 'linewidth',1,... 
                   'handlevisibility','off'); 
plot([cs_sc(1) sasc_cs(1)],[cs_sc(2) sasc_cs(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_c(1) sasc_sa(1)],[sasc_c(2) sasc_sa(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_sa(1) sasc_s(1)],[sasc_sa(2) sasc_s(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
plot([sasc_s(1) sasc_c(1)],[sasc_s(2) sasc_c(2)], 'color', 'k', 
'linewidth',1,... 
                   'handlevisibility','off'); 
  
% Write in the Gravel, Sand Silt labels 
  
%Gravel 
Gravellocation = [0.168581 0.481926 12.052]; 
Gravellabel = text(Gravellocation(1), Gravellocation(2), 'Gravel 
Content (%)'); 
set(Gravellabel,'FontName','Times','FontSize',18,'Rotation',60,'Horizon

talAlignment','center'); 
%Sand 
Sandlocation = [0.506579 -0.0776316 12.052]; 
Sandlabel = text(Sandlocation(1), Sandlocation(2), 'Sand Content (%)'); 
set(Sandlabel,'FontName','Times','FontSize',18,'HorizontalAlignment','c
enter'); 
%Silt 
Siltlocation = [0.832 0.481926 12.052]; 
Siltlabel = text(Siltlocation(1), Siltlocation(2), 'Silt Content (%)'); 
set(Siltlabel,'FontName','Times','FontSize',18,'Rotation',-
60,'HorizontalAlignment','center'); 
  
% Write in the individual unit names 
Siltonlylocation = [.5 .73]; 
Siltonly = text(Siltonlylocation(1), Siltonlylocation(2),'Silt'); 
set(Siltonly,'FontName','Times','FontSize',10,'HorizontalAlignment','ce

nter'); 
  
GravelySiltlocation = [.4 .5]; 
sactext(1) = {'Gravely'}; 
sactext(2) = {'Silt'}; 
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GravelySilt = 

text(GravelySiltlocation(1),GravelySiltlocation(2),sactext); 
set(GravelySilt,'FontName','Times','FontSize',10,'HorizontalAlignment',
'center'); 
  
SandySiltlocation = [.6 GravelySiltlocation(2)]; 
sctext(1) = {'Sandy'}; 
sctext(2) = {'Silt'}; 
SandySilt = text(SandySiltlocation(1), SandySiltlocation(2),sctext); 
set(SandySilt,'FontName','Times','FontSize',10,'HorizontalAlignment','c
enter'); 
  
SiltyGravellocation = [.25 .25]; 
csatext(1) = {'Silty'}; 
csatext(2) = {'Gravel'}; 
SiltyGravel = text(SiltyGravellocation(1), SiltyGravellocation(2), 

csatext); 
set(SiltyGravel,'FontName','Times','FontSize',10,'HorizontalAlignment',

'center'); 
  
SiltySandlocation = [.75 SiltyGravellocation(2)]; 
cstext(1) = {'Silty'}; 
cstext(2) = {'Sand'}; 
SiltySand = text(SiltySandlocation(1), SiltySandlocation(2), cstext); 
set(SiltySand,'FontName','Times','FontSize',10,'HorizontalAlignment','c
enter'); 
  
homogenouslocation = [Siltonlylocation(1) .3]; 
homtext(1) = {'Gravel'}; 
homtext(2) = {'+'}; 
homtext(3) = {'Sand'}; 
homtext(4) = {'+'}; 
homtext(5) = {'Silt'}; 
homogeneous = text(homogenouslocation(1), homogenouslocation(2), 
homtext); 
set(homogeneous,'FontName','Times','FontSize',10,'HorizontalAlignment',

'center'); 
  
Gravelonlylocation = [.12 .08]; 
Gravelonly = 

text(Gravelonlylocation(1),Gravelonlylocation(2),'Gravel'); 
set(Gravelonly,'FontName','Times','FontSize',10,'HorizontalAlignment','
center'); 
  
SandyGravellocation = [GravelySiltlocation(1), Gravelonlylocation(2)]; 
ssatext(1) = {'Sandy'}; 
ssatext(2) = {'Gravel'}; 
SandyGravel = text(SandyGravellocation(1), 
SandyGravellocation(2),ssatext); 
set(SandyGravel,'FontName','Times','FontSize',10,'HorizontalAlignment',

'center'); 
  
GravelySandlocation = [SandySiltlocation(1), Gravelonlylocation(2)]; 
sastext(1) = {'Gravely'}; 
sastext(2) = {'Sand'}; 
GravelySand = text(GravelySandlocation(1), 
GravelySandlocation(2),sastext); 
set(GravelySand,'FontName','Times','FontSize',10,'HorizontalAlignment',
'center'); 
  
Sandonlylocation = [.88 Gravelonlylocation(2)]; 
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Sandonly = text(Sandonlylocation(1),Sandonlylocation(2),'Sand'); 
set(Sandonly,'FontName','Times','FontSize',10,'HorizontalAlignment','ce

nter'); 
  
% Plot data 
  
q = plot(x, y, Marker); 
  
if nargout > 0 
    hpol = q; 
end 
if ~hold_state 
    set(gca,'dataaspectratio',[1 1 1]), axis off; 
set(cax,'NextPlot',next); 
end 
  
end 
%-----------------------------------------% 
  
% Support Functions frac2xy and radians 
  
function [x, y] = frac2xy(fA, fC); 
y = fC*sin(radians(60)); 
x = 1 - fA - y*cot(radians(60)); 
end 
  
function radians = radians(degrees) 
% RADIANS (DEGREES) 
% Conversion function from Radians to Degrees. 
% Richard Medlock 12-03-2002 
radians = ((2*pi)/360)*degrees; 
end 

 

B.1.2 Tri-linear Plot- By Riparian Type  
 
% For Riparian Zones: does NOT include streambed measurements 
  
% Does not use the largest sieve size for cobbles 
% Marker shape and color based on riparian type and site. o = CH, * = 
MR, 
% blue = connected knotweed, black = disconnected knotweed, magenta = 
% disconnected trees, green = connected trees 
  
%% MR Connected-knotweed 
Data = xlsread('Sieve_matlab_riparian',1); 
Gravel = Data(:,13); 
Sand = Data(:,14); 
Silt = Data(:,15); 
Marker=('b*'); 
MyShepard(Gravel,Sand,Silt,Marker)  
hold on 
  
%% MR Disconnected-trees 
Data = xlsread('Sieve_matlab_riparian',2); 
Gravel = Data(:,13); 
Sand = Data(:,14); 
Silt = Data(:,15); 
Marker=('m*'); 
MyShepard(Gravel,Sand,Silt,Marker) 
hold on 
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%% CH Disconnected-knotoweed 
Data = xlsread('Sieve_matlab_riparian',3); 
Gravel = Data(:,13); 
Sand = Data(:,14); 
Silt = Data(:,15); 
Marker=('ko'); 
MyShepard(Gravel,Sand,Silt,Marker)  
hold on 
  
%% CH Disconnected-trees 
Data = xlsread('Sieve_matlab_riparian',4); 
Gravel = Data(:,13); 
Sand = Data(:,14); 
Silt = Data(:,15); 
Marker=('mo'); 
MyShepard(Gravel,Sand,Silt,Marker)  
hold on 
  
%% CH Connected-trees 
Data = xlsread('Sieve_matlab_riparian',5); 
Gravel = Data(:,13); 
Sand = Data(:,14); 
Silt = Data(:,15); 
Marker=('go'); 
MyShepard(Gravel,Sand,Silt,Marker)  
legend('Mill Run: connected knotweed','Mill Run: disconnected 
trees','Chelten Hills: disconnected knotweed','Chelten Hills: 
disconnected trees','Chelten Hills: connected trees'); 
hold off 
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B.2 Grid: Survey Results  
 

 The embeddedness of the streambed was analyzed adjacent to each of the initial logger 

locations except for CH3.  Embeddedness is defined as the extent to which coarse gravels are 

surrounded by sand other fine particulates.  A 60 x 60 cm grid was used to characterize the 

streambed.  Measurements were taken at 5 cm increments to ensure unbiased collection. When 

the streambed is more mobile, the majority of the grid will be classified as either S or 0 which 

correspond to sand/loose sediment and completely loose clasts respectively (Figure 3-1).  When a 

streambed is highly embedded gravel is unable to be removed from the streambed and classified 

as either a 4 or a 5.  Embeddedness results are presented in the percent of the grid adjacent to 

each logger position.  

  Chelten Hills     Mill Run 

  
Logger 

0 
Logger 

1 
Logger 

2 
Logger 

3 
    

Logger 

0 
Logger 

1 
Logger 

2 
Logger 

3 

S 14 34 98 NA   S 15 26 20 76 

0 30 42 1 NA   0 43 70 76 23 

1 27 6 0 NA   1 17 2 3 0 

2 7 10 0 NA   2 1 1 0 0 

3 21 2 0 NA   3 0 2 0 1 

4 0 5 0 NA   4 8 0 0 0 

5 0 0 0 NA   5 15 0 0 0 

 

B.3 Grain Size: Sample Location Percentages 
 

 Sediment samples were taken from the streambed and bank adjacent to every 

logger position.  These values were used to plot tri-linear diagrams and classify the soil 

texture. Vertical positioning was also taken into account in the banks to identify soil 

horizons.  Cobbles over 4 mm were not included in weight analysis as they were highly 

heterogeneous and would cause the percentage of sand silt+clay to be insignificant.  
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Sample 

# 

Granule (%) Sand (%) 
Silt + Clay 

(%) Total (g) 
Sediment 

Texture 
2 - 4 mm 0.062 - 2 mm < 0.062 mm 

1 0.2 83.6 16.1 40.8 sand 

2 0.1 88.0 11.9 33.3 sand 

3 1.3 71.9 26.8 48.6 silty sand 

4 0.8 55.7 43.5 34.4 silty sand 

5 0.1 68.9 31.0 39.1 silty sand 

6 1.2 57.8 41.0 54.1 silty sand 

7 1.4 83.3 15.3 37.2 sand 

8 2.3 89.5 8.3 38.7 sand 

9 0.0 68.8 31.2 31.4 silty sand 

10 5.3 75.2 19.5 35.1 sand 

11 4.5 82.4 13.1 38.3 sand 

12 0.6 83.1 16.3 43.6 sand 

13 56.4 37.5 6.1 71.4 sandy gravel 

14 0.0 53.2 46.8 33.6 silty sand 

15 0.1 78.9 21.0 39.0 sand 

16 0.0 65.2 34.7 29.2 silty sand 

17 0.0 78.9 21.1 29.5 sand 

18 0.0 76.5 23.5 30.2 sand 

19 0.0 69.4 30.6 41.9 silty sand 

20 4.5 78.8 16.7 51.2 sand 

21 0.3 71.0 28.8 39.1 silty sand 

22 2.7 61.4 35.9 29.8 silty sand 

23 21.9 64.4 13.7 58.0 gravely sand 

24 13.7 61.1 25.2 68.8 silty sand 

25 70.5 24.8 4.6 92.2 sandy gravel 

26 8.3 69.9 21.8 27.4 silty sand 

27 24.1 67.5 8.4 67.5 gravely sand 

28 41.0 41.0 17.9 43.0 gravely sand 

29 30.4 68.8 0.8 1234.1 gravely sand 

30 54.1 45.5 0.5 2737.3 sandy gravel 

31 74.3 25.3 0.4 3583.3 sandy gravel 

32 61.9 37.4 0.7 1802.5 sandy gravel 

33 69.9 29.4 0.6 2803.0 sandy gravel 

34 71.8 27.4 0.8 3024.0 sandy gravel 

35 6.8 92.6 0.5 903.0 sand 
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APPENDIX C 

TOTAL STATION 

C.1 Volume Calculations  
 

 For each transect two scripts were used.  A function was created to translate and 

rotate the data from the original local grid to a secondary local grid so the left rebar pin 

marking the transect had the coordinates (0,0). It also aligned the transect with the 

secondary x-axis.  The z-axis was not affected by either the translation or rotation. The 

second script used plotted the data for each transect and calculated the area under the 

transect curve to the elevation of the lowest thalweg measured in that transect.  All scripts 

are included in this appendix. 

C.1.1 MATLAB: Translation/Rotation Script 
 
 function [ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
%% translationrotation DESCRIPTION 
%   This function is used to translate all of my transects at MR and CH 

to 
%   from my origin point (based on the grid set up) to a localized 

origin 
%   point that is located at the LEFT pin.  This will result in being 

able 
%   to plot each transect as a cross section and can be compared 

through 
%   time. 

  
%% What to put in script file to set up the function 
% TR = xlsread('file name', sheet #)  
% T = row number of the translated origin aka the location of the left 

pin  
% in the excel sheet. 

  
%% Separate out the x, y, and z columns so you can call on them 

individually 
x = TR(:,1); 
y = TR(:,2); 
z = TR(:,3); 

  
%% Translate the data 

  
% Subtract all points from the new origin point T (left pin location) 
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xn = x - x(T); 
yn = y - y(T); 
zn = z - z(T); 

  
% Name the new origin point (this is a check, it should be at 0,0,z(T) 

if you 
% did it correctly) 
origin = [xn(T),yn(T),z(T)]; 

  
%% Finding the rotation angle 
% atan2 finds the angle based on the x and y positions of each point 

and 
% adds 0 if in quadrant 1, 90 if in quadrant 2, 180 if in quadrant 3, 

and 
% 270 if in quadrant 4.  It does this by keeping track of the sign on 

the x 
% and y coordinates. "d" is used so matlab works in degrees. 
Theta = atan2d(yn,xn); 

  
% I is all of the points where Theta is < 0... because we change 

quadrants 
% in the atan2 function 
I = find(Theta<0); 
% Use the average Theta value to represent this rotation angle 
Theta_mean = mean(Theta(I)); 

  
%% Rotate the points 

  
% rot = what we are going to rotate all the points by.  It is two rows 

and 
% two columns [row1column1, row1column2; row2column1, row2column2] 
rot = [cosd(Theta_mean), sind(Theta_mean);-sind(Theta_mean), 

cosd(Theta_mean)]; 
% The layout of the columns made it such that you have to use a (,) 

instead 
% of a (;)... but I am not sure why 
xyn = [xn,yn]';  
% (') changes it from a column array into a row array (transposing) 
xynr = (rot*xyn)'; 
% Combine xy and z matrices to one table 
xyznr = [xynr z]; 

  
%% Plot the Steps for Translation/Rotation 
figure 
subplot(2,2,1) % distribute plots on a single figure, row x colum, 

position 
               % number 
% plot3(TR100x,TR100y,TR100z,'r.') 
scatter3(x,y,z,'b.') 
grid on, axis equal, box on, view([0,90]) 
title('Original Data Positions') 
xlabel('x(1) [m]'); ylabel('y(1) [m]'); zlabel('z(1) [m]') 
% colorbar('East') 
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subplot(2,2,2) 
scatter3(xn,yn,z,'b.') 
grid on, axis equal, box on, view([0,90]) 
title('Translated Data: Local Origin') 
xlabel('x(2) [m]'); ylabel('y(2) [m]'); zlabel('z(2) [m]') 

  
subplot(2,2,3) 
scatter3(xynr(:,1),xynr(:,2),z,'b.') 
grid on, axis equal, box on, view([0,90]) 
ylim([-5 5]); 
title('Rotated Data: Local Origin') 
xlabel('x(3) [m]'); ylabel('y(3) [m]'); zlabel('z(3) [m]') 
% How do I get the axes so that they are on the same scale (axis equal) 

but 
% have the y-axis go from -1 to 1 so that it is not so tiny and you can 
% read the labels? 

  
subplot(2,2,4) 
plot(xynr(:,1),z, 'b-') 
grid on, axis equal, box on,  
title('Cross Sectional View: Rotated Data & Local Origin') 
xlabel('x(3) [m]'); ylabel('z(3) [m]'); 
end 

 

 

C.1.2 MATLAB: Chelten Hills Volume Calculations TR 100-300  

%% Chelten Hills Cross Sections 

  
% Volume calculations use the bank lengths associated with the Bank Pin 
% data (as oppose to calculating the distance between TS data points) 

for 
% easy comparison to bank pin results.  Changing bank height, which is 
% considered in BP calculations, is not considered in TS volume 
% calculations. 

  
%% Chelten Hills Disconnected Knotweed: TR 100-300 

  
%% Transect 100 
% Total Station Data from 7/8&9/2015 
TR = xlsread('CH_7_8_15',1); 
T = 2; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR100_July_8_2015=xyznr; 
%add new starting position/ending positions starting position for ease 

of calculations 
CH100start = [-1,0.05,10.902]; 
CH100end = [12.3465172340328,-0.206245459905186,10.041] %ending 

position of 3/21/16 data 
TR100_July_8_2015 = vertcat(CH100start, TR100_July_8_2015, CH100end) 
transectdata1=TR100_July_8_2015; 

  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',1);  
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T = 8; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR100_Oct_4_2015=xyznr; 
%add new starting position/ending positions starting position for ease 

of calculations 
TR100_Oct_4_2015 = vertcat(CH100start, TR100_Oct_4_2015, CH100end) 
transectdata2 = TR100_Oct_4_2015; 

  
% Total station data from 3/21/2016 
TR = xlsread('CH_3_21_16',1);  
T = 10; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR100_Mar_21_2016=xyznr; 
%add new starting position position starting position for ease of 
%calculations (ending position was used as end for previous transects) 
TR100_Mar_21_2016 = vertcat(CH100start, TR100_Mar_21_2016) 
transectdata3 = TR100_Mar_21_2016; 

  
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 

  
% Volume calculation for bank adjacent to TR 100 
halfdown = 9.2./2; 
Dep_halfdown = 7.0./2;  
% because TR 100 is the first transect the full length to logger 1 was 
% used for comparison to bank pins 
lengthup = 7.3; 

  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 

in 
%height).  This correction factor was determined by using the bank 

profiles 
%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 

depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH100 = 0.910; 
Left_Volume_1_2_BP100 = left_1_2.*(lengthup+halfdown).*CorrectionCH100 
Right_Volume_1_2_BP100 = right_1_2.*(lengthup+Dep_halfdown) 
monthErosion_Left_Volume_1_2_BP100 = (Left_Volume_1_2_BP100./88).*30 
monthDep_Right_Volume_1_2_BP100 = (Right_Volume_1_2_BP100./88).*30 

  
LeftErosion_Volume_2_3_BP100 = 

left_2_3.*(lengthup+halfdown).*CorrectionCH100 
RightDep_Volume_2_3_BP100 = right_2_3.*(lengthup+Dep_halfdown) 
monthErosion_Left_Volume_2_3_BP100 = 

(LeftErosion_Volume_2_3_BP100./88).*30 
monthDep_Right_Volume_2_3_BP100 = (RightDep_Volume_2_3_BP100./88).*30 
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LeftErosion_Volume_1_3_BP100 = 

left_1_3.*(lengthup+halfdown).*CorrectionCH100 
RightDep_Volume_1_3_BP100 = right_1_3.*(lengthup+Dep_halfdown) 
monthErosion_Left_Volume_1_3_BP100 = 

(LeftErosion_Volume_1_3_BP100./88).*30 
monthDep_Right_Volume_1_3_BP100 = (RightDep_Volume_1_3_BP100./88).*30 

  
%% Transect 200 

  
% Total Station Data from 7/8&9/2015 
TR = xlsread('CH_7_8_15',2); 
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR200_July_8_2015=xyznr; 
transectdata1=xyznr; 

  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',2);  
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR200_Oct_4_2015=xyznr; 
%add ending position of CH_7_8_15 for ease of calculations (least 

amount of 
%error) 
CH200end = [11.2916474521996,-0.249539205807260,10.036]; 
TR200_Oct_4_2015 = vertcat(TR200_Oct_4_2015(1:(end),:),CH200end) 
transectdata2 = TR200_Oct_4_2015; 

  
% Total station data from 3/21/2016 
TR = xlsread('CH_3_21_16',2);  
T = 2; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR200_Mar_21_2016=xyznr; 
% start at left pin, add ending position of CH_7_8_15 for ease of 

calculations (least amount of 
%error) 
CH200end = [11.2916474521996,-0.249539205807260,10.036]; 
TR200_Mar_21_2016 = vertcat(TR200_Mar_21_2016(2:(end),:),CH200end) 
transectdata3 = TR200_Mar_21_2016; 

  
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 

  
% Volume calculation for bank adjacent to TR 200 
halfup = 9.2./2; 
halfdown = 7.4./2; 

  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 

in 
%height).  This correction factor was determined by using the bank 

profiles 
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%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 

depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH200 = 1.039; 

  
Left_Volume_1_2_BP200 = left_1_2.*(halfup+halfdown).*CorrectionCH200 
Right_Volume_1_2_BP200 = right_1_2.*(halfup+halfdown) 
monthLeft_Volume_1_2_BP200 = (Left_Volume_1_2_BP200./88).*30 
monthRight_Volume_1_2_BP200 = (Right_Volume_1_2_BP200./88).*30 

  
Left_Volume_2_3_BP200 = left_2_3.*(halfup+halfdown).*CorrectionCH200 
Right_Volume_2_3_BP200 = right_2_3.*(halfup+halfdown) 
monthLeft_Volume_2_3_BP200 = (Left_Volume_2_3_BP200./88).*30 
monthRight_Volume_2_3_BP200 = (Right_Volume_2_3_BP200./88).*30 

  
Left_Volume_1_3_BP200 = left_1_3.*(halfup+halfdown).*CorrectionCH200 
Right_Volume_1_3_BP200 = right_1_3.*(halfup+halfdown) 
monthLeft_Volume_1_3_BP200 = (Left_Volume_1_3_BP200./88).*30 
monthRight_Volume_1_3_BP200 = (Right_Volume_1_3_BP200./88).*30 

  
%% Transect 300 

  
% Total Station Data from 7/8&9/2015 
TR = xlsread('CH_7_8_15',3); 
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR300_July_8_2015=xyznr; 
transectdata1=xyznr; 

  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',3);  
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR300_Oct_4_2015=xyznr; 
%add ending position of CH_7_8_15 for ease of calculations (least 

amount of 
%error) 
CH300end = [11.2388233166410,-0.0328094091021507,9.925]; 
TR300_Oct_4_2015 = vertcat(TR300_Oct_4_2015(1:(end-1),:),CH300end) 
transectdata2=TR300_Oct_4_2015; 

  
% Total station data from 3/21/2016 
TR = xlsread('CH_3_21_16',3);  
T = 5; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ); 
TR300_Mar_21_2016=xyznr; 
%add ending position of CH_7_8_15 for ease of calculations (least 

amount of 
%error) 
CH300end = [11.2388233166410,-0.0328094091021507,9.925]; 
TR300_Mar_21_2016 = vertcat(TR300_Mar_21_2016(5:(end-1),:),CH300end) 
transectdata3=TR300_Mar_21_2016; 
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[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 

  
% Volume calculation for bank adjacent to TR 300 
halfup = 7.4./2; 
% because TR 300 is the last transect the full length to logger 2 was  
% used for comparison to bank pins 
lengthdown = 6.4; 

  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 

in 
%height).  This correction factor was determined by using the bank 

profiles 
%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 

depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH300 = 1.057; 

  
Left_Volume_1_2_BP300 = left_1_2.*(halfup+lengthdown).*CorrectionCH300 
Right_Volume_1_2_BP300 = right_1_2.*(halfup+lengthdown) 
monthLeft_Volume_1_2_BP300 = ((Left_Volume_1_2_BP300)./88).*30 
monthRight_Volume_1_2_BP300 = ((Right_Volume_1_2_BP300)./88).*30 

  
Left_Volume_2_3_BP300 = left_2_3.*(halfup+lengthdown).*CorrectionCH300 
Right_Volume_2_3_BP300 = right_2_3.*(halfup+lengthdown) 
monthLeft_Volume_2_3_BP300 = (Left_Volume_2_3_BP300./88).*30 
monthRight_Volume_2_3_BP300 = (Right_Volume_2_3_BP300./88).*30 

  
Left_Volume_1_3_BP300 = left_1_3.*(halfup+lengthdown).*CorrectionCH300 
Right_Volume_1_3_BP300 = right_1_3.*(halfup+lengthdown) 
monthLeft_Volume_1_3_BP300 = (Left_Volume_1_3_BP300./88).*30 
monthRight_Volume_1_3_BP300 = (Right_Volume_1_3_BP300./88).*30 

  
%% Chelten Hills: Disconnected Knotween Figures 
figure 
subplot(3,1,1) 
plot(TR100_July_8_2015(:,1),TR100_July_8_2015(:,3),'b*-

',TR100_Oct_4_2015(:,1),TR100_Oct_4_2015(:,3),'r-

*',TR100_Mar_21_2016(:,1),TR100_Mar_21_2016(:,3),'g-*') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 100') 
%legend('July 8, 2015','Oct 4, 2015','March 21, 2016') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 

  
subplot(3,1,2) 
plot(TR200_July_8_2015(:,1),TR200_July_8_2015(:,3),'b*-

',TR200_Oct_4_2015(:,1),TR200_Oct_4_2015(:,3),'r-

*',TR200_Mar_21_2016(:,1),TR200_Mar_21_2016(:,3),'g-*') 
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grid on, axis equal, box on,  
title('Cross Sectional View: Transect 200') 
%legend('July 8, 2015','Oct 4, 2015','March 21, 2016') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 

  
subplot(3,1,3) 
plot(TR300_July_8_2015(:,1),TR300_July_8_2015(:,3),'b*-

',TR300_Oct_4_2015(:,1),TR300_Oct_4_2015(:,3),'r-

*',TR300_Mar_21_2016(:,1),TR300_Mar_21_2016(:,3),'g-*') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 300') 
legend('July 8, 2015','Oct 4, 2015','March 21, 2016') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 

 

C.1.3 MATLAB: Chelten Hills Volume Calculations TR 400-600  

%% Chelten Hills Cross Sections 
  
% Volume calculations use the bank lengths associated with the Bank Pin 
% data (as oppose to calculating the distance between TS data points) 
for 
% easy comparison to bank pin results.  Changing bank height, which is 
% considered in BP calculations, is not considered in TS volume 
% calculations. 
  
%% Chelten Hills Disconnected Trees: TR 400-600 
  
%% Transect 400 
  
% Total Station Data from 7/8/2015 
TR = xlsread('CH_7_8_15',4); 
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR400_July_8_2015=xyznr; 
transectdata1=xyznr; 
  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',4);  
T = 4; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR400_Oct_4_2015=xyznr; 
transectdata2=xyznr; 
  
% Total station data from 3/21/2016 
TR = xlsread('CH_3_21_16',4);  
T = 7; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR400_Mar_21_2016=xyznr; 
transectdata3=xyznr; 
  
% Use Area_extended2ndtransect to calculate the area of change for the 
left 
% and right sides of the stream because the second measurement, on 
10/4/15, 
% extends past the first measurements, on 7/8/16) 
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = 
Area_extended2ndtransect( transectdata1,transectdata2,transectdata3 ) 
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% Volume calculation for bank adjacent to TR 400 
halfup = 6.9./2; 
halfdown = 3.2./2; 
% because TR 400 is the first transect the full length to the upstream 
tree was  
% used for comparison to bank pins 
lengthup = 6.9; 
  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 

in 
%height).  This correction factor was determined by using the bank 
profiles 
%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 

depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH400 = 1.021; 
  
Left_Volume_1_2_BP400 = left_1_2.*(lengthup+halfdown) 
Right_Volume_1_2_BP400 = 
right_1_2.*(lengthup+halfdown).*CorrectionCH400 
monthLeft_Volume_1_2_BP400 = (Left_Volume_1_2_BP400./88).*30 
monthRight_Volume_1_2_BP400 = (Right_Volume_1_2_BP400./88).*30 
  
Left_Volume_2_3_BP400 = left_2_3.*(lengthup+halfdown) 
Right_Volume_2_3_BP400 = 
right_2_3.*(lengthup+halfdown).*CorrectionCH400 
monthLeft_Volume_2_3_BP400 = (Left_Volume_2_3_BP400./88).*30 
monthRight_Volume_2_3_BP400 = (Right_Volume_2_3_BP400./88).*30 
  
Left_Volume_1_3_BP400 = left_1_3.*(lengthup+halfdown) 
Right_Volume_1_3_BP400 = 

right_1_3.*(lengthup+halfdown).*CorrectionCH400 
monthLeft_Volume_1_3_BP400 = (Left_Volume_1_3_BP400./88).*30 
monthRight_Volume_1_3_BP400 = (Right_Volume_1_3_BP400./88).*30 
  
  
%% Transect 500 
  
% Total Station Data from 7/8/2015 
TR = xlsread('CH_7_8_15',5); 
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR500_July_8_2015=xyznr; 
transectdata1=xyznr; 
  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',5);  
T = 5; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR500_Oct_4_2015=xyznr; 
transectdata2=xyznr; 
  
% Total station data from 3/21/2016 
TR = xlsread('CH_3_21_16',5);  
T = 8; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
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TR500_Mar_21_2016=xyznr; 
transectdata3=xyznr; 
  
% Use Area_extended2ndtransect to calculate the area of change for the 
left 
% and right sides of the stream because the second measurement, on 

10/4/15, 
% extends past the first measurements, on 7/8/16) 
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = 

Area_extended2ndtransect( transectdata1,transectdata2,transectdata3 ) 
  
% Volume calculation for bank adjacent to TR 500 
halfup = 3.2./2; 
halfdown = 7.3./2; 
  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 
in 
%height).  This correction factor was determined by using the bank 
profiles 
%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 
depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH500 = 1.026; 
  
Left_Volume_1_2_BP500 = left_1_2.*(halfup+halfdown) 
Right_Volume_1_2_BP500 = right_1_2.*(halfup+halfdown).*CorrectionCH500 
monthLeft_Volume_1_2_BP500 = (Left_Volume_1_2_BP500./88).*30 
monthRight_Volume_1_2_BP500 = (Right_Volume_1_2_BP500./88).*30 
  
Left_Volume_2_3_BP500 = left_2_3.*(halfup+halfdown) 
Right_Volume_2_3_BP500 = right_2_3.*(halfup+halfdown).*CorrectionCH500 
monthLeft_Volume_2_3_BP500 = (Left_Volume_2_3_BP500./88).*30 
monthRight_Volume_2_3_BP500 = (Right_Volume_2_3_BP500./88).*30 
  
Left_Volume_1_3_BP500 = left_1_3.*(halfup+halfdown) 
Right_Volume_1_3_BP500 = right_1_3.*(halfup+halfdown).*CorrectionCH500 
monthLeft_Volume_1_3_BP500 = (Left_Volume_1_3_BP500./88).*30 
monthRight_Volume_1_3_BP500 = (Right_Volume_1_3_BP500./88).*30 
  
%% Transect 600 
  
% Total Station Data from 7/8&9/2015 
TR = xlsread('CH_7_8_15',6); 
T = 1; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR600_July_8_2015=xyznr; 
transectdata1=xyznr; 
  
% Total station data from 10/4/2015 
TR = xlsread('CH_10_4_15',6);  
T = 5; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR600_Oct_4_2015=xyznr; 
transectdata2=xyznr; 
  
% Total station data from 3/21/2016 
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TR = xlsread('CH_3_21_16',6);  
T = 6; 
[ origin,Theta_mean,xyznr ] = translationrotation( TR,T ) 
TR600_Mar_21_2016=xyznr; 
transectdata3=xyznr; 
  
% Use Area_extended2ndtransect to calculate the area of change for the 
left 
% and right sides of the stream because the second measurement, on 

10/4/15, 
% extends past the first measurements, on 7/8/16) 
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = 

Area_extended2ndtransect( transectdata1,transectdata2,transectdata3 ) 
% Volume calculation for bank adjacent to TR 600 
halfup = 7.3./2; 
halfdown = 12.3./2; 
% because TR 600 is the last transect the full length to downstream 
tree was also 
% used for comparison to bank pins 
lengthdown = 12.3; 
  
%Volume measurements to be compared to bank pins are multiplied by a 
%correction factor that is the bank height at the transect position 
%multiplied by the percent of the bank that remains when you consider 
%lateral height differences (aka the bank is not a rectangle but varies 

in 
%height).  This correction factor was determined by using the bank 
profiles 
%made in conjunction with bank pin measurements and only includes the 
%height of the bank down to the streambed, not to the thalweg).  This 
%correction is more accurate for the erosional bank than the 

depositional 
%bank as the depositional bank was not measured for height changes. 
CorrectionCH600 = 0.915; 
  
Left_Volume_1_2_BP600 = left_1_2.*(halfup+lengthdown) 
Right_Volume_1_2_BP600 = 
right_1_2.*(halfup+lengthdown).*CorrectionCH600 
monthLeft_Volume_1_2_BP600 = (Left_Volume_1_2_BP600./88).*30 
monthRight_Volume_1_2_BP600 = (Right_Volume_1_2_BP600./88).*30 
  
Left_Volume_2_3_BP600 = left_2_3.*(halfup+lengthdown) 
Right_Volume_2_3_BP600 = 
right_2_3.*(halfup+lengthdown).*CorrectionCH600 
monthLeft_Volume_2_3_BP600 = (Left_Volume_2_3_BP600./88).*30 
monthRight_Volume_2_3_BP600 = (Right_Volume_2_3_BP600./88).*30 
  
Left_Volume_1_3_BP600 = left_1_3.*(halfup+lengthdown) 
Right_Volume_1_3_BP600 = 

right_1_3.*(halfup+lengthdown).*CorrectionCH600 
monthLeft_Volume_1_3_BP600 = (Left_Volume_1_3_BP600./88).*30 
monthRight_Volume_1_3_BP600 = (Right_Volume_1_3_BP600./88).*30 
  
%% Chelten Hills: Disconnected Trees Figures 
figure 
subplot(3,1,1) 
plot(TR400_July_8_2015(:,1),TR400_July_8_2015(:,3),'b*-
',TR400_Oct_4_2015(:,1),TR400_Oct_4_2015(:,3),'r*-
',TR400_Mar_21_2016(:,1),TR400_Mar_21_2016(:,3),'g-*') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 400') 
%legend('July 8, 2015','Oct 4, 2015') 
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xlabel('Distance[m]'); ylabel('Elevation [m]'); 
  
subplot(3,1,2) 
plot(TR500_July_8_2015(:,1),TR500_July_8_2015(:,3),'b*-
',TR500_Oct_4_2015(:,1),TR500_Oct_4_2015(:,3),'r*-
',TR500_Mar_21_2016(:,1),TR500_Mar_21_2016(:,3),'g-*') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 500') 
%legend('July 8, 2015','Oct 4, 2015') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 
  
subplot(3,1,3) 
plot(TR600_July_8_2015(:,1),TR600_July_8_2015(:,3),'b*-

',TR600_Oct_4_2015(:,1),TR600_Oct_4_2015(:,3),'r*-
',TR600_Mar_21_2016(:,1),TR600_Mar_21_2016(:,3),'g-*') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 600') 
legend('July 8, 2015','Oct 4, 2015','March 21, 2016') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 
 
C.1.4 MATLAB: Chelten Hills Volume Calculations TR 800-1000  

%% Chelten Hills Cross Sections 
  
%% Chelten Hills Connected Trees: TR 800-1000 
  
%% Transect 800 
  
% Total Station Data from 6/25/2015 
TR = xlsread('CHcon_6_25_15',1); 
T = 32; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ); 
TR800_June_25_2015=xyznr; 
  
%add ending position of 7/27/2015 for ease of calculations (least 

amount of 
%error) 
CH800end = [13.0102564935617,0.102327766196118,10.8620000000000]; 
TR800_June_25_2015 = vertcat(CH800end, TR800_June_25_2015(1:end,:)); 
TR800_June_25_2015 = flipud(TR800_June_25_2015) 
transectdata1 = TR800_June_25_2015; 
  
% Total station data from 7/27/2015 
TR = xlsread('CHcon_7_27_15',1);  
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ); 
TR800_July_27_2015=xyznr 
transectdata2 = TR800_July_27_2015; 
  
% Total Station Data from 3/21/2016 
TR = xlsread('CHcon_3_21_16',1); 
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ); 
TR800_Mar_21_2016=xyznr; 
  
% %add ending position of 7/27/2015 for ease of calculations (least 

amount of 
% %error) 
% CH800end = [13.0102564935617,0.102327766196118,10.8620000000000]; 
% TR800_June_25_2015 = vertcat(CH800end, TR800_June_25_2015(1:end,:)); 
% TR800_June_25_2015 = flipud(TR800_June_25_2015) 
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transectdata3 = TR800_Mar_21_2016; 
  
[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 
  
% Volume calculation for bank adjacent to TR 800 
halfup = 11.3/2; 
halfdown = 11.3/2; 
  
Left_Volume_1_2_BP800 = left_1_2.*(halfup+halfdown) 
Right_Volume_1_2_BP800 = right_1_2.*(halfup+halfdown) 
monthLeft_Volume_1_2_BP800 = (Left_Volume_1_2_BP800./32).*30 
monthRight_Volume_1_2_BP800 = (Right_Volume_1_2_BP800./32).*30 
  
Left_Volume_2_3_BP800 = left_2_3.*(halfup+halfdown) 
Right_Volume_2_3_BP800 = right_2_3.*(halfup+halfdown) 
monthLeft_Volume_2_3_BP800 = (Left_Volume_2_3_BP800./238).*30 
monthRight_Volume_2_3_BP800 = (Right_Volume_2_3_BP800./238).*30 
  
Left_Volume_1_3_BP800 = left_1_3.*(halfup+halfdown) 
Right_Volume_1_3_BP800 = right_1_3.*(halfup+halfdown) 
monthLeft_Volume_1_3_BP800 = (Left_Volume_1_3_BP800./270).*30 
monthRight_Volume_1_3_BP800 = (Right_Volume_1_3_BP800./270).*30 
  
%% Transect 900 
  
% Total Station Data from 6/25/2015 
TR = xlsread('CHcon_6_25_15',2); 
T = 36; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ); 
TR900_June_25_2015=flipud(xyznr) 
transectdata1 = TR900_June_25_2015; 
  
% Total station data from 7/27/2015 
TR = xlsread('CHcon_7_27_15',2);  
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ) 
TR900_July_27_2015=xyznr; 
  
% add ending position of 6/25/2015 for ease of calculations (least 
amount of 
% error)and exlude last data point in 7/27/2015 
CH900end = [10.9956954177900,0.298389475675726,10.8360]; 
TR900_July_27_2015 = vertcat(TR900_July_27_2015(1:(end-1),:),CH900end); 
transectdata2 = TR900_July_27_2015; 
  
% Total station data from 3/21/2016 
TR = xlsread('CHcon_3_21_16',2); 
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ) 
TR900_Mar_21_2016=xyznr; 
  
% add ending position of 6/25/2015 for ease of calculations (least 
amount of 
% error)and exlude last data point in 7/27/2015 
% CH900end = [10.9956954177900,0.298389475675726,10.8360]; 
% TR900_July_27_2015 = vertcat(TR900_July_27_2015(1:(end-
1),:),CH900end); 
transectdata3 = TR900_Mar_21_2016; 
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[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 
  
% Volume calculation for bank adjacent to TR 800 
halfup = 11.3/2; 
halfdown = 5.4/2; 
  
Left_Volume_1_2_BP900 = left_1_2.*(halfup+halfdown) 
Right_Volume_1_2_BP900 = right_1_2.*(halfup+halfdown) 
monthLeft_Volume_1_2_BP900 = (Left_Volume_1_2_BP900./32).*30 
monthRight_Volume_1_2_BP900 = (Right_Volume_1_2_BP900./32).*30 
  
Left_Volume_2_3_BP900 = left_2_3.*(halfup+halfdown) 
Right_Volume_2_3_BP900 = right_2_3.*(halfup+halfdown) 
monthLeft_Volume_2_3_BP900 = (Left_Volume_2_3_BP900./238).*30 
monthRight_Volume_2_3_BP900 = (Right_Volume_2_3_BP900./238).*30 
  
Left_Volume_1_3_BP900 = left_1_3.*(halfup+halfdown) 
Right_Volume_1_3_BP900 = right_1_3.*(halfup+halfdown) 
monthLeft_Volume_1_3_BP900 = (Left_Volume_1_3_BP900./270).*30 
monthRight_Volume_1_3_BP900 = (Right_Volume_1_3_BP900./270).*30 
  
%% Transect 1000 
  
% Total Station Data from 6/25/2015 
TR = xlsread('CHcon_6_25_15',3); 
T = 41; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ) 
TR1000_June_25_2015=xyznr; 
  
% add ending position of 7/27/2015 for ease of calculations (least 
amount of 
% error) 
CH1000end = [14.3166305214148,-0.0652112972912562,10.723]; 
TR1000_June_25_2015 = vertcat(CH1000end, TR1000_June_25_2015(1:end,:)); 
TR1000_June_25_2015 = flipud(TR1000_June_25_2015) 
transectdata1 = TR1000_June_25_2015; 
  
% Total station data from 7/27/2015 
TR = xlsread('CHcon_7_27_15',3);  
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ); 
TR1000_July_27_2015=xyznr 
transectdata2 = TR1000_July_27_2015; 
  
% Total Station Data from 3/21/2016 
TR = xlsread('CHcon_3_21_16',3); 
T = 1; 
[ origin,Theta_mean,xyznr ] = righttranslationrotation( TR,T ) 
TR1000_Mar_21_2016=xyznr; 
  
% add ending position of 7/27/2015 for ease of calculations (least 
amount of 
% error) 
% CH1000end = [14.3166305214148,-0.0652112972912562,10.723]; 
% TR1000_June_25_2015 = vertcat(CH1000end, 
TR1000_June_25_2015(1:end,:)); 
% TR1000_June_25_2015 = flipud(TR1000_June_25_2015) 
transectdata3 = TR1000_Mar_21_2016; 
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[left_1_2,right_1_2,left_2_3,right_2_3,left_1_3,right_1_3] = Area( 

transectdata1,transectdata2,transectdata3 ) 
  
% Volume calculation for bank adjacent to TR 800 
halfup = 5.4/2; 
halfdown = 5.4/2; 
  
Left_Volume_1_2_BP1000 = left_1_2.*(halfup+halfdown) 
Right_Volume_1_2_BP1000 = right_1_2.*(halfup+halfdown) 
monthLeft_Volume_1_2_BP1000 = (Left_Volume_1_2_BP1000./32).*30 
monthRight_Volume_1_2_BP1000 = (Right_Volume_1_2_BP1000./32).*30 
  
Left_Volume_2_3_BP1000 = left_2_3.*(halfup+halfdown) 
Right_Volume_2_3_BP1000 = right_2_3.*(halfup+halfdown) 
monthLeft_Volume_2_3_BP1000 = (Left_Volume_2_3_BP1000./238).*30 
monthRight_Volume_2_3_BP1000 = (Right_Volume_2_3_BP1000./238).*30 
  
Left_Volume_1_3_BP1000 = left_1_3.*(halfup+halfdown) 
Right_Volume_1_3_BP1000 = right_1_3.*(halfup+halfdown) 
monthLeft_Volume_1_3_BP1000 = (Left_Volume_1_3_BP1000./270).*30 
monthRight_Volume_1_3_BP1000 = (Right_Volume_1_3_BP1000./270).*30 
  
%% Chelten Hills: Connected Trees Figures 
figure 
subplot(3,1,1) 
plot(TR800_June_25_2015(:,1),TR800_June_25_2015(:,3),'b*-
',TR800_July_27_2015(:,1),TR800_July_27_2015(:,3),'r*-
',TR800_Mar_21_2016(:,1),TR800_Mar_21_2016(:,3),'g*-') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 800') 
%legend('June 25, 2015','July 27, 2015') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 
  
subplot(3,1,2) 
plot(TR900_June_25_2015(:,1),TR900_June_25_2015(:,3),'b-

*',TR900_July_27_2015(:,1),TR900_July_27_2015(:,3),'*-
r',TR900_Mar_21_2016(:,1),TR900_Mar_21_2016(:,3),'g*-') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 900') 
%legend('June 25, 2015','July 27, 2015') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 
  
subplot(3,1,3) 
plot(TR1000_June_25_2015(:,1),TR1000_June_25_2015(:,3),'b*-
',TR1000_July_27_2015(:,1),TR1000_July_27_2015(:,3),'*-

r',TR1000_Mar_21_2016(:,1),TR1000_Mar_21_2016(:,3),'g*-') 
grid on, axis equal, box on,  
title('Cross Sectional View: Transect 1000') 
xlabel('Distance[m]'); ylabel('Elevation [m]'); 
legend('June 25, 2015','July 27, 2015') 
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C.2 Chelten Hills Erosion Cross-sections 

 MATLAB scripts were used to calculate the change in area along each cross-

section in each monitoring interval.  The thalweg of each cross-section was used as the 

division point between the right and left, when oriented downstream, sides of the stream.  

The area under each curve was calculated to the z-value associated with the minimum 

thalweg measured using the MATLAB function polyarea(x,z).  This area was then 

multiplied by the length of the bank adjacent to the transect to determine the amount of 

erosion present.  As compared to figures 3-11 to 3-13 figures C-1 to C-9 show each 

cross-section analyzed with an exaggerated z-axis so changes in bank position are more 

apparent.  The figures also indicate the depth to which the area under the curve was 

calculated.   
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Figure C-1. Total Station Area Plots (CH 100): MATLAB was used to determine the change in area on the right (point bar) and left (cut bank) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. 
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Figure C-2. Total Station Area Plots (CH 200): MATLAB was used to determine the change in area on the right (point bar) and left (cut bank) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. 

 



 183 

 
Figure C-3. Total Station Area Plots (CH 300): MATLAB was used to determine the change in area on the right (point bar) and left (cut bank) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. 
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Figure C-4. Total Station Area Plots (CH 400): MATLAB was used to determine the change in area on the right (cut bank) and left (point bar) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. Total station results suggest scour of the reach between October 2015 and March 2016, this is not supported by field 

observations or bank pin results indicating that the total station might have moved during data collection. 
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Figure C-5. Total Station Area Plots (CH 500): MATLAB was used to determine the change in area on the right (cut bank) and left (point bar) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. Total station results suggest scour of the reach between October 2015 and March 2016, this is not supported by field 

observations or bank pin results indicating that the total station might have moved during data collection. 
 



 186 

 
Figure C-6. Total Station Area Plots (CH 600): MATLAB was used to determine the change in area on the right (cut bank) and left (point bar) sides 

of the stream with the thalweg as the division point.  The first transect was taken on July 8, 2015, the second transect was collected on October 4, 2015, 

and the third on March 21, 2016. Total station results suggest scour of the reach between October 2015 and March 2016, this is not supported by field 

observations or bank pin results indicating that the total station might have moved during data collection. 
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Figure C-7. Total Station Area Plots (CH 800): MATLAB was used to determine the change in area on the right and left sides of the stream 

with the thalweg as the division point.  The first transect was taken on June 25, 2015, the second transect was collected on July 27, 2015, and 

the third on March 21, 2016. 
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Figure C-8. Total Station Area Plots (CH 900): MATLAB was used to determine the change in area on the right and left sides of the stream 

with the thalweg as the division point.  The first transect was taken on June 25, 2015, the second transect was collected on July 27, 2015, and 

the third on March 21, 2016. 
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Figure C-9. Total Station Area Plots (CH 1000): MATLAB was used to determine the change in area on the right and left sides of the stream 

with the thalweg as the division point.  The first transect was taken on June 25, 2015, the second transect was collected on July 27, 2015, and 

the third on March 21, 2016. 
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APPENDIX D 

PRECIPITATION AND TURBIDITY DATA 

D.1 Storm Events 

 Precipitation was recorded using two rain gauges with the weather station at 

Abington Friends School providing the majority of precipitation information.  Data was 

also downloaded from PWD_30, a Philadelphia Water Department gauge, until the 

weather station was installed at the school on July 28, 2015.  To be classified as a storm 

precipitation needed to last over one hour.  A gap in precipitation of over 10 hours 

resulted in the creation of a new storm number.  In some cases, stream response, in the 

form of increased water level and turbidity, began before the precipitation began.  This is 

due to spatial variations in precipitation as the rain gauges used were not directly adjacent 

to field sites. 

Storm 

Number 
Start  Stop 

Duration 

(h) 

Amount 

(cm) 

Intensity 

(cm/hr) 

1 6/18/15 2:45 6/18/15 11:00 8.26 0.98 0.12 

2 6/19/15 15:30 6/21/15 8:00 40.51 1.64 0.04 

3 6/23/15 17:00 6/23/15 18:00 1.01 0.16 0.16 

4 6/25/15 18:30 6/26/15 6:30 12.01 0.58 0.05 

5 6/26/15 19:30 6/28/15 6:15 34.76 4.84 0.14 

6 6/30/15 15:15 6/30/15 16:00 0.76 0.10 0.13 

7 7/1/15 1:45 7/1/15 4:45 3.01 1.68 0.56 

8 7/2/15 18:00 7/2/15 20:00 2.01 0.08 0.04 

9 7/4/15 11:30 7/4/15 18:45 7.26 0.06 0.01 

10 7/6/15 17:00 7/8/15 17:30 48.51 6.60 0.14 

11 7/9/15 5:15 7/9/15 21:30 16.25 36.20 2.23 

12 7/14/15 6:15 7/15/15 16:45 34.50 23.60 0.68 

13 7/27/15 1:00 7/27/15 3:00 2.00 3.20 1.60 

14 7/30/15 14:35 7/30/15 17:05 2.50 0.53 0.21 

15 8/3/15 12:10 8/3/15 12:40 0.50 0.10 0.20 

16 8/10/15 19:30 8/11/15 16:05 20.59 2.62 0.13 

17 8/19/15 15:50 8/19/15 18:00 2.17 2.11 0.97 
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18 8/20/15 13:40 8/21/15 7:00 17.34 4.27 0.25 

19 9/10/15 4:35 9/11/15 3:10 22.59 6.15 0.27 

20 9/12/15 18:20 9/12/15 20:25 2.09 0.13 0.06 

21 9/29/15 14:20 9/30/15 7:25 17.09 3.84 0.22 

22 10/1/15 16:40 10/3/15 7:55 15.25 5.21 0.34 

23 10/9/2015 17:20 10/9/2015 18:50 1.50 0.76 0.51 

24 10/25/2015 6:20 10/25/2015 7:25 1.08 0.05 0.05 

25 10/28/2015 5:00 10/29/2015 4:40 23.67 2.72 0.11 

26 11/5/2015 8:55 11/5/2015 13:35 4.67 0.05 0.01 

27 11/10/2015 3:55 11/11/2015 2:25 22.50 1.35 0.06 

28 11/12/2015 11:40 11/12/2015 15:30 3.83 0.28 0.07 

29 11/19/2015 12:55 11/20/2015 0:05 11.17 4.19 0.38 

30 11/29/2015 5:25 11/29/2015 9:35 4.17 0.08 0.02 

31 11/30/2015 22:45 12/2/2015 21:35 46.83 2.64 0.06 

32 12/14/2015 19:50 12/15/2015 2:40 6.83 0.53 0.08 

33 12/17/2015 11:00 12/17/2015 17:40 6.67 2.18 0.33 

34 12/22/2015 9:00 12/22/2015 14:45 5.75 0.15 0.03 

35 12/23/2015 9:50 12/24/2015 1:30 15.67 2.67 0.17 

36 12/25/2015 18:30 12/25/2015 20:45 2.25 0.41 0.18 

37 12/27/2015 19:20 12/27/2015 23:10 3.83 0.33 0.09 

38 12/28/2015 22:30 12/29/2015 11:45 13.25 2.49 0.19 

39 12/30/2015 21:10 12/31/2015 0:25 3.25 0.46 0.14 

40 1/10/2016 3:15 1/10/2016 13:05 9.83 2.74 0.28 

41 1/15/2016 22:15 1/16/2016 5:55 7.67 0.64 0.08 

42 1/25/2016 12:45 1/25/2016 15:10 2.42 0.25 0.11 

43 2/1/2016 17:05 2/1/2016 20:20 3.25 0.23 0.07 

44 2/3/2016 7:05 2/3/2016 20:35 13.50 1.37 0.10 

45 2/5/2016 2:35 2/5/2016 17:25 14.83 0.94 0.06 

46 2/10/2016 11:55 2/10/2016 12:55 1.00 0.05 0.05 

47 2/16/2016 4:25 2/16/2016 15:25 11.00 2.44 0.22 

48 2/21/2016 21:40 2/21/2016 23:15 1.58 0.18 0.11 

49 2/23/2016 10:15 2/25/2016 1:10 38.92 4.62 0.12 

50 3/2/2016 2:50 3/2/2016 7:05 4.25 0.51 0.12 

51 3/4/2016 13:20 3/4/2016 17:55 4.58 0.23 0.05 

52 3/13/2016 18:00 3/14/2016 20:15 26.25 2.54 0.10 

53 3/15/2016 13:00 3/16/2016 17:30 28.50 0.13 0.00 

54 3/28/2016 0:45 3/28/2016 9:55 9.17 0.81 0.09 

55 4/2/2016 7:25 4/2/2016 10:55 3.50 0.20 0.06 

56 4/2/2016 23:35 4/3/2016 4:40 5.08 0.23 0.04 

57 4/4/2016 16:35 4/4/2016 19:05 2.50 0.15 0.06 
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D.1 Turbidity Response to Storm Events 

 The turbidity response to each storm event was plotted at each logger located to 

determine if any patterns emerged.  In general, turbidity patterns at Chelten Hills were 

found to be consistent with CH 1 having the highest response and CH 0 having the 

lowest.  Similar patterns were not observed at Mill Run, possibly due to increased 

mobility of the streambed.
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Figure D-1. Chelten Hills: Spring and Summer 2015 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to 

determine if any patterns emerged in either the spring (A) or summer (B) seasons.  
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Figure D-2. Chelten Hills: Fall 2015 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to determine if any 

patterns emerged when there was full foliage (A) and no foliage (B). Loggers CH 0 and CH 3 were moved after the storm on November 10, 2015. 
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Figure D-3. Chelten Hills: Winter 2016 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to 

determine if any patterns emerged. 
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Figure D-4. Mill Run: Spring and Summer 2015 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to 

determine if any patterns emerged in either the spring (A) or summer (B) seasons. 
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Figure D-5. Mill Run: Fall 2015 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to 

determine if any patterns emerged when there was full foliage (A) and no foliage (B).  
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Figure D-6. Mill Run: Winter 2016 Turbidity Response Patterns: The turbidity response for each storm was plotted by logger to 

determine if any patterns emerged. 
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Figure D-7.  Turbidity Response Patterns at Outfalls and Channelization (Winter 2016): The turbidity response for the storms in winter 2016 were plotted 

for loggers placed before and after the outfalls at Chelten Hills (A) and before and after the channelized corridor at Mill Run (B) to determine if there were any 

patterns in the turbidity response. 

 


