
ABSTRACT 

PALA, OKAN.  Identification and Mapping of Riparian Vegetation in Eastern 
North Carolina by Remotely Sensed Data. (Under the direction of Siamak 
Khorram) 

The study of riparian buffer zones, the areas surrounding streams, is important in 

understanding water quality, nutrient cycles, and erosion and sedimentation 

deposition processes.  In this work, we mapped and identified riparian zone 

vegetation along streams within the Neuse River Basin of Eastern North Carolina 

using Digital Orthophoto Quarter Quadrangles (DOQQs) that were created using 

National Aerial Photography Program (NAPP)  1:40,000-scale color infrared 

aerial (CIR) photography. The main objectives of this study were to create a 

comprehensive riparian buffer zone database and evaluate the use of high 

spatial resolution data for riparian buffer zone characterization. The database 

contains both image data and the attributes that were used for riparian vegetation 

analysis. These attributes include percent vegetation coverage, vegetation type, 

stream width, and shaded areas.  The nature of the Neuse River Basin, which 

contains three main land cover categories; agricultural, urban, and forest in close 

proximity to streams, is used to demonstrate the predicting the effectiveness of 

land-use legislation on water quality. 

Our results indicate that streams passing through agriculturally dominated 

landscapes have smaller vegetation buffers than streams flowing through other 

land-cover types.  Additionally, we found higher levels of agricultural activity near 

first-order streams.  Together, these two findings suggest that first-order streams 

may be more likely to contribute to water contamination. Overall results indicate 

that detailed buffer zone characteristics can be adequately mapped and 

monitored using digital CIR aerial photography.  This allows researchers to study 

important stream water quality issues without extensive fieldwork, reducing the 

time and cost of these types of studies. 
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1 INTRODUCTION 
The recent hurricanes Fran, Dennis, Bonnie, and Floyd produced catastrophic 

results in the eastern portion of North Carolina. Wastewater from flooded hog 

lagoons and wastewater treatment facilities mixed into local streams, 

contaminating drinking water and threatening public health. These emergencies 

highlight the need for studying water quality in this fast-growing urban, industrial, 

and agricultural region.  

To address this need, this research creates a comprehensive riparian buffer zone 

database that can be used to evaluate pollution controls, land use regulations, 

and water source manipulation in eastern North Carolina. This database is 

composed of image and attribute elements that describe and characterize 

riparian vegetation adjacent to area streams.  

In this work, we hypothesized that riparian buffer vegetation and land cover 

classification could be performed using Digital Orthophoto Quarter Quadrangle 

(DOQQ) images. To investigate this hypothesis, we analyzed riparian buffer 

vegetation using DOQQs and compared a random sample of these findings with 

field measurements.  Our research shows that DOQQs can be used to effectively 

and accurately analyze riparian buffer vegetation in eastern North Carolina. 

The project is limited to a small area in the Lower Neuse River Basin, but it could 

be extended to the entire basin and similar analyses can be done with more 

sample segments. Height measurements using stereo vision capability would be 

a great addition to the project. IKONOS imagery and LIDAR data could also add 

an interesting dimension to future work in research in the Neuse River Basin. 

This study was part of a collaborative work between the Center for Earth 

Observation at North Carolina State University and the Landscape 

Characterization Branch of the U.S. Environmental Protection Agency (EPA). 
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The preliminary results of this study were presented at ASPRS 2003 annual 

conference at Anchorage, Alaska (Pala et al., 2003). 

In the remainder of this section, we first discuss relevant issues in water quality, 

riparian buffer zone characteristics like vegetation type and width, shading, etc. 

and land cover classification. We then discuss the project objectives and show 

the study area region.  

1.1 Water quality and riparian vegetation 

Non-point source pollution is a major problem that has had a considerable effect 

on water quality over the last several decades (Narumalani, et al., 1997). A US 

Environmental Protection Agency (EPA) study estimated that non-point source 

pollution contributes over 65% of the total pollution load to the US inland surface 

waters (US EPA, 1989). These non-point pollution sources introduce water 

pollutants including nitrogen (N), phosphorus (P), heavy metals, and other 

chemicals from fertilizers, pesticides, herbicides, animal wastes, overland flow 

wastewater treatment systems, and urban storm water (Muscutt et al., 1993).  

The effectiveness of riparian buffer zones in decreasing non-point source 

pollution has long been recognized and utilized in management practices (Dillaha 

et al., 1989). The Division of Water Quality’s (DWQ) Neuse River Basin (NRB) 

Riparian Buffer Rules, established in December 1997, designate a 50 foot buffer 

width on each side of intermittent or perennial streams (DWQ - 15 A NCAC 

02B.0233).  Lunetta et al. (2003) define riparian buffer zones as “areas directly 

adjacent to the top-of-the-stream bank and extending outward in a perpendicular 

direction of approximately 20 to 30 meters.”  Riparian buffer zones, also known 

as vegetated filter strips, can also be defined as permanently vegetated areas 

between pollutant sources and water bodies including rivers, streams, and lakes 

(Narumalani, et al., 1997). Through infiltration, absorption, uptake, filtering, and 

deposition processes, buffer zones significantly reduce the amount of runoff and 
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pollutants that reach both surface and underground water sources (Narumalani, 

et al., 1997).  

According to the United States Department of Agriculture (USDA) Forest Service, 

85% of phosphorous water pollution is caused by runoff and riparian vegetation 

may significantly reduce this pollution (USDA Forest Service, 1991).  Mapping 

and classifying riparian zones (according the land cover classes that have 

different effects on water quality) would provide a base for researching this and a 

variety of other issues relating water quality, riparian ecosystems, local habitats, 

agriculture, and forestry. One National Research Council research project 

suggests that land cover / land use can be used as an indicator to evaluate 

quality and extent of riparian areas (National Research Council, 2002). The same 

research indicates that collecting land cover / land use information systematically 

at regular intervals could help us make important decisions regarding riparian 

areas such as, control of rural residential sprawl, impervious surface limitation in 

urban areas and preservation of agricultural soils and wetlands (National 

Research Council, 2002).   

In this study we wanted to study smaller streams. In order to select streams that 

have similar characteristics, we needed to classify them. One way to classify the 

parts of stream networks is by stream ordering (Strahler, 1952, Strahler 1964, 

Osmond, et. al. 2002). A first order stream is a stream that has no tributaries. 

Two first order streams connect to make a second order stream. Similarly, two 

second order stream connect to make a third order stream (Dingman, et. al. 

1994). Although there are other techniques to assign stream order attributes to 

stream branches, this method is the most commonly used one.  

For preventing pollutants from reaching adjacent waters, lower order streams, 

such as first and second order streams, bear  more importance of 

biogeochemical transformation than higher order streams (National Research 

Council, 2002). The same National Research Council research also suggests 
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that when considering water quality, priority should be given to small order 

streams since only very small portion of the flow in higher-order streams actually 

passes through their adjacent riparian buffers. A study performed by Leopold et 

al. (1964) shows that the total length of first and second order streams is much 

higher than total length of higher order streams. A table published in this article 

clearly shows the reverse relationship between stream orders and total stream 

length. Therefore total areas of polluting land cover types around lower order 

streams are larger than that of higher order streams. Lower order streams also 

are least likely to be protected by riparian buffer zones since it is hard to enforce 

protection rules due to their spatial distribution across the land. Narumalani et al., 

(1997) recognizes the importance of first and second order streams in 

contributing to non-point source pollution as well. Therefore, this study focuses 

on these critical first and second order streams and the riparian areas around 

them. 

1.2  Land cover classification 

Useful thematic information can be extracted from remotely sensed data of the 

earth (Jensen, 1996). Landscape characterization elements such as land cover 

type, extent, and condition are important in environmental monitoring and 

evaluation and dynamic ecosystem studies (Lunetta, et al., 2003). Identifying and 

recording landscape characteristics through field studies are time intensive and 

costly, especially over large study areas. Automated classification processes 

using remotely sensed imagery can greatly reduce the time and cost required to 

characterize landscapes over large areas. 

There are three main types of automated classification systems, supervised, 

unsupervised, and hybrid systems (Jensen, 1996). In supervised classification, 

location and land cover characteristics are determined through remotely sensed 

data sources and fieldwork (Mausel, et al. 1990). In unsupervised classification, 

pixel values are clustered into a selected number of groups with similar spectral 
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content. After the clustering process, the user associates each cluster with real 

land cover classes by assigning land cover class attributes (Iverson, et al. 1989). 

Hybrid systems combine these two techniques first performing unsupervised 

classification and making corrections with ancillary information.    

In this study, classification based on remotely sensed data was done manually.  

In the future, this process could be automated with any of the above methods.  In 

particular, data from this study could be used for training of an automatic 

classification method. 

1.3  Riparian Zone Characteristics  

The first step in the identification of riparian areas is to collect information about 

their quantity and quality. For smaller-scale studies in riparian zone assessment, 

knowledge is needed about types of vegetation, appropriate channel capacity for 

the stream and width of riparian vegetation (National Research Council, 2002). 

Since these elements are important for riparian buffers to function, we collected 

data including: the amount of vegetated area, vegetation width (reach), 

vegetation composition, the existence of adjacent vegetation, shading, and 

stream width for this study. We discuss each of these elements in detail in the 

following sections. 

1.3.1 Vegetation in riparian buffer zones 

The existence of vegetation and vegetation type around the streams are some of 

the factors that can explain the variation of runoff between watersheds (Gregory 

and Walling, 1973). Streamside vegetated buffer strips functions as a filter for 

nonpoint source pollutants from incoming runoff (Welsch, 1991). Runoff water 

carries sediments and often pollutants (National Research Council 2002). 

Vegetated strips are effective in sediment removal and extensive amount of 

research has been performed demonstrating this (Lowrance et al., 1995). Both 

grass and forested portions of the riparian vegetation help slow down water 



 6

velocity of surface runoff water, therefore allowing sediment to settle out 

(Osmond, et al,. 2002). In addition, the effectiveness of riparian vegetation in 

reducing pesticide residue runoff is characterized by a United States Department 

of Agriculture (USDA) study and a Natural Resources Conservation Service 

(NRCS) study. It is determined that 57 to 100 % of highly absorbed pesticides 

(e.g., chlorpyrifos, trifularin and lindane) were trapped in the riparian buffer 

(USDA, NRCS, 2000).  

Types of vegetation and their location in the buffer can influence the 

effectiveness of pollutant removal (Osmond et al., 2002).  In North Carolina there 

are two main riparian buffer systems that intercept surface runoff and subsurface 

flow. These are forest and grass / shrub (Osmond et al. 2002).  We focused on 

these vegetation types for this study as well. Forest is known to be better in 

filtering, nevertheless, well-maintained grass riparian buffers may be 90 – 95% 

effective for sediment removal (Osmond et al., 2002). In addition, nitrogen and 

phosphorus attached to the sediment and, though not as effectively, dissolved 

nitrogen and phosphorus are abated (Osmond et al., 2002). Grass riparian 

buffers need to be maintained regularly to remain effective (Dillaha et al., 1989).  

In riparian buffer zones, the combination of forest and grass seems to be most 

effective in reducing both sediments and phosphorus (NRC 2002) 

Riparian vegetation is also important since it provides food resources for animals. 

It is critically important for invertebrates, since it is one of their main food 

sources. It also serves adult insects emerging from water body by providing 

landing substrate (Benke and Wallace, 1990). 

1.3.2 Land cover types that disrupt riparian buffer zones 

Natural riparian vegetation and water drainage flow is disrupted by human 

activities like agriculture, urbanization or clear cutting for forestry. This disruption 

causes effects like removing the binding effects of roots upon the soil, increasing 

flow velocities near bank and reducing the hydrologic roughness of the bank 
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(Sedell and Beschta, 1991). All these contribute to an increase in surface runoff 

water. Runoff water includes all of the water that moves quickly to channels 

before it evaporates or gets stored in soils and groundwater for a period of time 

(National Research Council 2002).  

Nationwide, there is a documented decline in riparian area quality and function, 

and one of the main causes of this decline is agricultural activity (Dillaha et al., 

1989). According to Menzel (1983) and NRC (2002), “land clearing, tillage, 

wetland drainage, grazing, stream and groundwater withdrawal, tiling and stream 

channelization” are some of the management practices that have significant 

direct effects on the environment. These effects are “increased and more rapid 

surface runoff, greater sediment delivery, lowered water table, increased and 

more rapid subsurface runoff, increased gradient, decreased bed form diversity 

and substrate homogenization”.  

The stream discharge and channel morphology alterations caused by these 

changes are “increased occurrence and magnitude of peak discharges, flooding 

translated downstream, more rapid time-of-travel downstream, decreased 

magnitude of base flows, greater intermittency of small streams, downstream 

aggradations resulting in increased sediment deposition in channel and on land 

and increased meandering, upstream degradation resulting in increased bed and 

bank erosion and deeper and wider channel” (NRC 2002; Menzel 1983). In this 

study we measured stream widths that could be used to understand the widening 

effects of agricultural activities on streams. 

Urbanization and development pose impacts on vegetation and hydrology and 

therefore on the function and structure of riparian areas (National Research 

Council 2002). Approximately 10 to 15 percent watershed imperviousness is 

thought to be the threshold for habitat quality and healthy ecosystem (Shaver et 

al., 1994; Booth 1991). More frequent and higher magnitude flooding and 

decreased base flow are some of the most important impacts of urbanization  
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thus impervious surfaces (Schueler 1987). Similar to agricultural activities, 

urbanization causes concentrated flow instead of sheet flow over riparian areas. 

As a result effectiveness of riparian areas is lessened, since less sediment 

settles, and less denitrification occurs (Dillaha et al., 1989).  

1.3.3 Width of riparian buffer zones 

Elimination of riparian areas around lower-order streams and reduction of the 

width of riparian areas around higher order streams are some of the outcomes of 

human activities (National Research Council 2002).  

Various studies have used different widths when defining riparian buffer zones. 

While estimating the current riparian coverage of the United States, the National 

Resources Inventory and the U.S. Environmental Protection Agency (EPA 1999) 

assumed that riparian areas extend an average of 50 feet from water bodies. In 

contrast, several riparian studies specific to the east coast considered wider 

riparian zones.  For example, Welsch (1991) suggested a buffer system of 95 

feet on each side of the stream. Wenger (1998) suggested three buffer width 

options for protection of water quality, including a fixed buffer of 100 feet. 

Nonetheless, researchers agree stream buffer width should be decided 

according to the functions expected for that specific site (Osmond et al., 2002).   

1.3.4 Shading 

Water temperature is an important factor for water quality as well as habitat 

(Verry, 1996). Riparian vegetation has a major effect on maintaining water 

temperature in streams by shading the stream surface from direct sun light 

(Brown 1969, Swift and Messer 1971). Especially during summer months, the 

shading effects of riparian vegetation can prevent or slow down the stream 

warming when stream flows are low and high stream temperatures pose a threat 

to aquatic life. (Gregory et al., 1991; McCullough 1999). In addition, even though 

stream shading is important for all streams and their ecosystems, it is much more 
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important for first, second and third order streams than higher order streams 

(Osmond et. al., 2002). Therefore, in this study, we recognized the importance of 

shading for lower order streams and observed the shading of these streams.  

The evidence we have discussed shows that riparian vegetation is very important 

because of the natural filtering it provides for runoff water. Vegetation type and 

existence of adjacent vegetation are two of the elements that affect the filtering 

capabilities of a riparian area. Vegetation type is important because different 

vegetation types affect the water quality in different ways. We know that trees 

that are long lived and tall with a large and dense crown are desirable for better 

shading (Quigley 1981). Deciduous trees have larger diameter and a dense 

crown that provide optimum shade on the other hand conifers have smaller 

diameter crown than hardwoods. Nevertheless any forest type that is long-lived 

and that provides sufficient shade is suitable (Higgins, 1996).  

Grass and shrub vegetation types do not provide as much shading as forest 

does. Therefore forest is the preferred land cover type in riparian areas not only 

because it provides better filtering and stream bank stability but also it provides 

better shading. Riparian vegetation, particularly trees, provides an effective 

means of interception of incoming solar radiation and therefore can greatly 

decrease the amount of solar energy available to a stream or a river (Brown, 

1969).   

1.4 Project objectives 

The objective of this project was to create a comprehensive database of the 

riparian buffer zone characteristics for selected study areas in the Neuse River 

Basin. These data could be of particular importance in evaluating non-point 

source pollution controls and supports decision making for land use regulations 

and water source manipulation.  

The main questions that this research addresses are: 
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• Is it possible to use high resolution aerial photography to determine detailed 

land cover classes and characteristics of riparian buffer zones? 

• Can the proposed database be useful for evaluating non-point source 

pollution controls? 

Our corresponding hypotheses are: 

• It will be possible to use high resolution imagery, such as aerial photography, 

to determine detailed land cover classes and important riparian buffer zone 

characteristics. 

• The database will be useful in evaluating the existence of riparian vegetation 

around first and second order streams 

Consequently, the objectives for this research include:  

• Create a database of attributes derived from maps of sample sites located in 

a portion of the Neuse River Basin using high resolution imagery. 

• Evaluate the accuracy of the database by comparing it with field data. 

• Use this database to perform a few sample analyses as proof-of-concept. 

1.5 Methods outline 

There are four main steps in creating this database of riparian zone 

characteristics:  

1) Obtain and verify the accuracy of the stream network, 

2) Identify a sample of stream segments, 

3) Analyze these segments using remotely sensed data, and 

4) Perform fieldwork to verify the accuracy of the findings from analyses.  

The stream network used for this study, provided by the funding agency USEPA, 

did not include all the first and second order streams, which are particularly 

important in understanding and preventing water pollution. Therefore, this stream 

network database was modified to include missing first and second order 

channels.  
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After developing a complete coverage of streams, 135 stream segments were 

selected to represent the study area. These segments were selected from 

channels on or neighboring three land cover classes of interest; agriculture, 

urban, and forest. These stream segments were selected to provide insight about 

the entire stream network, including the riparian vegetation composition, riparian 

buffer width and shading.  For the purpose of systematic analysis, we chose to 

use a buffer extending 100 feet on each side of the stream segments. 

Next, the representative stream segments were recorded in a database, and the 

segments were given attributes to describe their riparian vegetation 

characteristics. These attributes include:  

• stream width,  

• percent of the segment area that includes riparian vegetation,  

• width of vegetation on both the right and left sides of each stream segment,  

• percent of the stream length that has adjacent vegetation, 

• riparian vegetation composition (e.g. forest, shrub, or grass), and 

• percent of the stream length that is shaded. 

To assess the accuracy of analysis using remotely sensed data, we compared 

our results with field measurements on a sample of the stream segments.  

1.6 Study Area 

The study area is located on the lower Neuse River Basin north of Kinston, North 

Carolina. Figure 1 and Figure 2 give the exact location of the study area. 

Appendix 1 shows the study site overlaid with a digital elevation model (DEM). 

The site is approximately 11 km by 19 km and the total area is 21,200 hectares 

(52,390 acres). 
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Figure 1 – Location of Neuse River Basin on North Carolina 
 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 2 - Study site on Neuse River Basin 
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2 METHODOLOGY  
We applied remote sensing and geographic information systems tools to create a 

database of sites representing riparian zones within the study area in the Neuse 

River Basin. In this process, we performed four main steps: 1) modification of 

current stream network coverage to create a complete stream network coverage, 

2) selection of random sample sites, 3) development of a riparian map, data 

extraction and analyses of the data, and 4) accuracy assessment. Erdas Imagine 

(ERDAS), ArcView GIS, ArcInfo, and ArcGIS (ESRI) software were used for data 

preparation, data manipulation, and spatial analyses.  In this section, we will 

describe the data sources and the methods used the four steps in creating our 

database of sample stream segments from the Neuse River Basin. 

2.1 Data Used 
• Stream network coverage (Figure 3): Created by USGS using 1/24,000 color 

infrared photography. It was centerlined and stream order attributes were 

assigned by US EPA-Landcover Characterization Branch (Lunetta, personal 

communication) 

• IKONOS scenes: Pan sharpened imagery. One-meter spatial resolution, stereo 

capable (Space Imaging 2002). These images were mosaiced and used for 

locating streams during fieldwork. 

• Land Use/ Land Cover Classification image (Figure 4): Level 3 Land Use / 

Land Cover image based on Spot and Landsat imagery. Image spatial 

resolution is 15 meters. (Lunetta, et al. 2003).  

• Digital Orthophoto Quarter Quadrangles: Based on color infrared 

photography taken by Western Mapping Center, NC on January 21, 1998 (US 

EPA - Landcover Characterization Branch). Image projection is State-Plane, 

North American Datum 1983 and scale is 1:40,000. These orthophotos are 

centered on a one-quarter section of a 7.5-minute USGS quadrangle and are 

on National Aerial Photography Program (NAPP) standards. These 8-bit images 
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have 1-meter spatial resolution and a spectral window of 0.5-0.9 µm. These 

images were used for visual land cover and riparian analysis. 

2.2 Alternate Data Sources:  

This section includes information about some alternate data sources that could 

be used for this study. When we started the study these data were not available. 

However by the time that the study was over some new data sources emerged. 

Therefore we decided to add this section here to acknowledge the existence of 

these data and also as a reference for future research.  

• LIDAR: LIDAR is an acronym for “LIght Detection And Ranging” and it uses 

the same principle as RADAR. The LIDAR instrument transmits light out to a 

target. Some of this light is scattered and reflected back to the instrument. 

The return is saved in the instrument in digital format. The change in the 

properties of the light enables some property of the target to be determined. 

The time for the light to travel out to the target and back to the LIDAR is used 

to determine the range to the target. (LIDAR Tutorial, NASA). Analysis using 

these data would be a great addition to this project. It could be used for 

vegetation height measurements as well as measuring vegetation extent 

around streams.  

• QuickBird: QuickBird is the first high resolution commercial satellite that 

offers sub-meter imagery (DigitalGlobe). QuickBird imagery has spatial 

resolution of 2 feet (panchromatic) and 8 feet (multi spectral).  QuickBird 

offers imagery with dynamic range of 11 bits. Usage of QuickBird imagery can 

be a great addition to this study. Automated classification techniques can be 

applied to the imagery to obtain highly accurate vegetation and land cover 

type information. 
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Figure 4 - Land Use / Land Cover map of the Neuse River Basin
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2.3 Editing the stream coverage 

Visual examination of the stream network indicated that it might not be complete 

in first and second order streams. If some first and second order streams are 

missing, then the order of streams in the dataset might be misclassified.  

Therefore, we decided to manually add the missing branches. Next we added 

missing stream sections and performed a stream ordering process based on 

Strahler method (1957, 1964) 

To add the first and second order streams, we overlaid the stream network 

coverage with DOQQs of the area and traced any missing stream arcs into the 

stream network coverage. The criteria that we used to add arcs for streams were 

the existence of water in the channel or definite existence of stream banks.  

Stream orders are commonly used to designate stream network components 

(Osmond, et. al. 2002). A first order stream is a stream that has no tributaries. 

Two first order streams connect to make a second order stream. Similarly, two 

second order stream connect to make a third order stream (Dingman, et. al. 

1994). 

As we added new arcs to the stream network, stream ordering for new and 

existing arcs were determined manually using the Strahler method (1957, 1964) 

and recorded in the attribute table. We applied the stream ordering not only to 

the stream branches inside the study area, but also to the streams going into the 

study area, to ensure complete coverage and correct information.  

2.3.1 Creating GIS layers 

After overlaying the study site boundary with the complete stream network, the 

Land Use / Land Cover image, and the DOQQ mosaic in ArcGIS, we clipped a 

study site to be used for the analyses. We also converted all of the data layers to 
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the same projection. While processing the LU/LC Image in ArcGIS, the forest, 

urban, and agriculture classes were exported as three separate shapefiles.  

We then selected the first and second order streams in the study area and saved 

them as two separate shapefiles. We overlaid the three LU/LC shapefiles with 

the first and second order streams to extract stream segments in each of these 

types of areas. A total of six shapefiles were created by this overlay and clip 

process: first order streams overlaying agricultural, forest, urban areas and 

second order streams overlaying agricultural, forest, urban areas.  

2.4 Stream network segmentation and random sample selection 

The next step of the process was to divide the streams into segments. Stream 

arcs were segmented based on stream width to length ratio using EPA standards 

(1:40). Average widths of first order and second order streams were assumed to 

be 1.25 and 2.5 meters respectively (US EPA-LCB). Hence, first order stream 

segment lengths were set to 50 meters and second order segment lengths were 

set to 100 meters.   

We used Arc/Info’s “Densify” function for the segmentation process, setting the 

“Grain” parameter to obtain the desired segment length. (Appendix 2). 

An Arc Macro Language (AML) procedure, (Appendix 3), was used to randomly 

select stream segments from each Land Use / Land Cover category. Since each 

first order segment is 50 meters long, and each second order segment is 100 

meters long, we need twice as many first-order segments to cover the same 

stream length. Running AML code in the Arc/Info environment resulted in six data 

layers. Three of those layers were first order stream segments in each of three 

main Land Use / Land Cover types; each layer contained 40 segments. The 

other three layers were second order stream segments in each of the three main 

Land Use / Land Cover types and each layer contained 20 segments.  
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Next we examined each segment to make sure it was overlaying the appropriate 

LU/LC. There were some segments that did not overlay the correct land cover 

class because of errors in the LU/LC data. Than we used the DOQQs as 

reference data to decide if they were on correct land cover class. After we 

removed incorrect segments, 30 first order segments and 15 second order 

segments in each land cover class remained. We than randomly removed some 

segments to make the total number of segments in each category equal so that 

later we could make easy comparisons in between each type.  

2.5 Riparian vegetation mapping and analysis  

The process for mapping and analyzing riparian vegetation had several steps.  

First, DOQQs were used to centerline the stream arcs and delineate riparian 

vegetation.  Next, a database was created for the measurement values. The 

measurements were than performed and recorded in the database. 

2.5.1 Analyzing streams and vegetation using DOQQs 

DOQQs were used as a base reference for editing the existing stream arcs and 

delineate riparian buffer vegetation. First, stream arcs were edited to follow 

centerlines of streams on the DOQQs. Most of the stream segments were edited 

to overlay with streams on the DOQQs. Next we established a buffer width of 100 

feet on each side of the streams and delineated the riparian vegetation within the 

buffer zone of each sample stream segment. The riparian vegetation included 

trees, shrubs, and grass but did not include agricultural crops. 

Figure 5 shows the DOQQ images of a second order stream segment in an 

agricultural area.  This figure shows the stream arc, and a polygon around 

riparian vegetation within 100 foot stream buffer. Figure 6  shows polygons 

delineating the riparian buffer vegetation in two second order stream segments. 

Similar polygons were drawn to delineate riparian vegetation in the buffer zone of 

each stream segment (see Appendix 4). The minimum mapping unit was 3 pixels 

by 3 pixels, or 3 meters by 3 meters, (each pixel represents 1 meter). 
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Figure 5 - Riparian vegetation on a second order stream neighboring agricultural area  

Figure 6 - Riparian vegetation on a second order stream segment neighboring urban area 
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2.5.2 Land cover and vegetation classification scheme 

It is important to carefully select and define each class for a successful land 

cover classification based on remotely sensed data (Gong and Howarth, 1992). 

For this study, we designed a classification scheme ( Figure 7) combining the 

widely used USGS Land Use / Land Cover (LU/LC) classification scheme 

(Anderson et al., 1976) and the hierarchical riparian mapping and classification 

system (U.S. Fish and Wildlife Service, 1997). 

This classification system separates the buffer zone system into two sub- 

systems: vegetated and non-vegetated. The vegetated subsystem is composed 

of three classes: Forest, Shrub, and Grass. The Forest class contains three 

subclasses: Deciduous, Evergreen and Mixed Forest. For classification 

purposes, the tallest life form occupying at least 30% of the cover in the area of 

interest defines the dominant vegetation type (U.S. Fish and Wildlife Service, 

1997). Vegetation less than three feet tall was classified as grass, vegetation 

over 14 feet tall was classified as forest, and all vegetation from 3-14 feet tall 

were classified as shrub. 

The non-vegetated subsystem is composed of four classes. Urban land cover 

includes all manmade structures including industrial sites, paved roads, and 

houses.  The Agricultural class is defined as land that visually indicates 

agricultural activity. (Note that some areas not containing crops can be classified 

as agricultural areas, if visual evidence of agriculture is clear). Here we use the 

term “non-vegetated” and “vegetated” to separate classes that cause water 

pollution and classes that prevent water pollution. Although some agricultural 

land may be “vegetated,” agricultural land is classified as non-vegetated, since 

vegetation of interest in this study is that which filters chemicals and other 

pollutants out before they reach water sources. Since many of these pollutants 

are produced in agricultural areas to promote crop growth, considering the crops 

as filtering vegetation, and therefore riparian, would be counter-productive. In the 
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Anderson classification scheme, the Transitional land class is considered a 

subclass of the Barren land class. In this study, these classes are separated. Any 

barren land that seemed to have some recent human activity was identified as 

Transitional. 

 
Figure 7 - Classification system for land cover and vegetation types 

2.5.3 Database attributes and measurements 

The measurements that were included in the database included: 

• Percent riparian vegetation within 100 feet of first and second order 

streams: This percentage is calculated based on the total area of vegetation 

patches within 100 ft (~30m) of each stream segment. Samples of these 

measurements are given in Table 1. The top section is the total vegetated 

area, obtained for each stream segment by adding up the areas of each 

vegetated patch. The second section lists the percent riparian vegetation, 
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obtained by dividing the vegetated area value by total area around each 

segment. 

• Non-vegetated land cover types in the buffer zones: Major and largest 

minor non-vegetated areas were recorded together with the approximate 

percent area that each covers. (Table 1)  

• Riparian vegetation width was measured and neighboring LU/LC types 
on both sides of the stream segments were estimated at 5 points along 
each stream segments: (1) most upstream point, (2) quarter way, (3) 

halfway, (4) three quarter way, and (5) most downstream point. In addition, 

the maximum and minimum vegetation widths along each segment were 

recorded together with adjacent LU/LC type. Table 1 shows an example from 

the database with all seven of these vegetation width measurements and 

adjacent LU/LC types. 

• Percent stream length with adjacent vegetation: This is recorded for each 

segment for left and right sides.  See Table 2 for sample measurements.  

• Riparian vegetation composition: Primary vegetation type for each side of 

first order segments and primary and secondary vegetation type for each 

side of second order segments. See Table 2 for an example from the first 

order streams database. 

• Stream width: Maximum and minimum values for each segment are 

recorded and the average is calculated. For these measurements, the width 

is measured from stream bank to stream bank if possible. If the banks could 

not be determined, the water width is measured. See Table 2 for samples of 

these records for first order segments. 

• Stream shading characteristics: Some segments were totally shaded and 

some segments did not have any shading. These were recorded accordingly 

in the database. For the partially shaded segments, we recorded the distance 

from the beginning on shaded section to the beginning of the stream section 

itself. Also we recorded the distance from the ending point of shaded section 
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to the starting point of stream section. See Table 3 for examples from the 

database. The shading measurements are taken by marking the visual 

beginning and ending points of shaded segments and adding their lengths to 

get the total. The ratio of this number to the total segment length gives the 

shading percentage. We only had one set of DOQQs to be used for this 

study; therefore we did not have a chance to observe the shading on 

different times of the day.   

These attributes were recorded in the database for thirty first order streams and 

fifteen second order streams each of three general LU/LC types. A total of 90 first 

order segments and 45 second order segments were analyzed. Comments about 

each segment, its surroundings, and the stream flow direction were entered into 

the database as well.  
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Table 1 - Database sample: Buffer vegetation, land cover, and vegetation widths 

  Segment Name 1Agg26 1Agg27 1Agg28 1Agg29 1Urb0 1Urb1 1Urb2 1Urb3 1Urb4 

Vegetated Area (m2) 662 438 471 657 344 344 382 1351 436 % of buffer 
vegetated Vegetation Percent 22% 14.4% 15% 21.6% 11.3% 11.3% 12.5% 44.3% 14.3% 

% Area of Major LU 78% 45% 85% 75% 50% 50% 50% 40.00% 66% 

Major Land Use Type Agr Agr Agr Agr Urban Urban Agr Urban A 

% Area of Minor LU 0.0% 24.6% 0.0% 3.4% 38.7% 38.7% 37.5% 15.7% 19.7% 

Major & 
minor land 

use 
Minor Land Use Type  Urban  Bear Agr Agr Urban Agr Urban 

Upper most pt- (Left) 2.4 4.3 5.6 2.4 0 0 1.6 0 2.8 

Land Use Type (Left) Agr Bear Agr Agr Urban Urban Urban Urban Urban 

12m from start pt-Left 2.6 4.4 5.2 2 0 0 2.6 24.3 2.5 

Land Use Type (Left) Agr Bear Agr Agr Urban Urban Urban Agr Urban 

25m from start pt-(Left) 2.9 4.5 4.5 1 0 0 3.1 11.4 3.4 

Land Use Type (Left) Agr Bear Agr Agr Urban Urban Urban Agr Agr 

37m from start pt-(Left) 7.8 6.5 6.6 1.3 0 0 10.2 11.6 2.4 

Land Use Type (Left) Agr Bear Agr Bear Urban Urban Urban Agr Agr 

Lower most pt – (Left) 8 4.1 7.9 1.6 0 0 13.8 13.5 2.4 

Land Use Type (Left) Agr Bear Agr B Urban Urban Urban Agr Agr 

Maximum Width–(Left) 8 6.6 7.9 2.6 0 0 13.8 24.3 6 

Land Use Type (Left) Agr Bear Agr Agr Urban Urban Urban Agr Agr 

Minimum Width-(Left) 1.9 0 4.2 1 0 0 1.6 0 1.3 

Vegetation 
width & 
adjacent 

landcover 
type 

(meters) 

Land Use Type (Left) Agr Bear Agr Agr Urban Urban Urban Urban Urban 
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Table 2 - Database sample: linear amount of vegetation, dominant vegetation type, and stream widths 

  Segment Name 1Agg26 1Agg27 1Agg28 1Agg29 1Urb0 1Urb1 1Urb2 1Urb3 1Urb4
 Total Adj. Veg Length-Left(m) 50 0 50 50 0 0 50 36.1 50 Adjacent 

vegetation %Length with Adj. Veg-Left 100% 0% 100% 100% 0% 0% 100% 72% 100% 
Dominant Veg Type-Left Grass Shrub Shrub Grass None None Evergreen

Forest 
Grass Grass Dominant 

vegetation 
type Dominant Veg Type-Right Grass Grass Shrub Deciduous 

Forest 
Grass Grass Grass Evergreen 

Forest 
Grass 

Stream Width Max (m) 2 4 2 2.2 2.2 2.2 1.8 1.8 2.5 
Stream Width Min (m) 1 1.8 1.2 0.7 1.2 1.2 0.8 0.5 1.8 

Stream 
width 

Stream Width Average (m) 1.5 2.9 1.6 1.45 1.7 1.7 1.3 1.15 2.15 

 
Table 3 - Database sample: shade measurements 

Segment Name 1Agg27 1Agg28 1Agg29 1Urb0 1Urb1 1Urb2 1Urb3 
First Segment - Shading Start 0 0 2.3 0 0 0 0 
First Segment - Shading Finish 0 0 5 0 0 0 13.2 
Second Segment - Shading Start 0 0 9.6 0 0 0 22.2 
Second Segment - Shading Finish 0 0 15.4 0 0 0 50 
Third Segment - Shading Start 0 0 18.4 0 0 0  
Third Segment - Shading Finish 0 0 27.8 0 0 0  
Fourth Segment - Shading Start 0 0 45.3 0 0 0  
Fourth Segment - Shading Finish 0 0 50 0 0 0  
Total Length of Stream Shaded 0 0 23 0 0 0 41 
Percent Shading 0% 0% 45% 0% 0% 0% 82% 

 

 



 27

2.6 Accuracy Assessment   

To test the accuracy of data derived from DOQQs, field measurements were 

taken for a sample of 26 of the selected stream segments. Daily field trips were 

performed in early fall of the year 2002.  

Preparation for the fieldwork included: 

• Creating point coverage to mark the middle point of all the stream segments.  

• Creating a data dictionary containing the point coverage and transferring it 

into a GPS tool (Pro-XR) with real-time correction capability.  

• Creating a data sheet to fill out in the field. (Appendix 5)   

Road maps and image mosaic maps were used to navigate to stream segments 

approximately, and a Trimble ProXR GPS unit was used to navigate to the exact 

location of stream segments.  Many more sites were originally planned for field 

observations; however, most of the sites were not accessible or they were on 

private property.  This was the main reason for having more field sample sites in 

urban areas than agricultural or forested areas. Also, due to this, we only went to 

the sites that were visible in the Ikonos imagery taken only months before our 

field trip. Some streams that existed in the original imagery used did not exist in 

the newer imagery, particularly near the airport because of an airport expansion 

project.  However, we did not measure the accuracy of using the imagery to 

determine where streams are located.  Anecdotally, we found that every 

accessible stream we located using Ikonos imagery was actually present in the 

field. 

Field measurements taken included:  

• Primary and secondary vegetation type on each side,  

• Width of adjacent vegetation on each side,  

• Percent area and type of primary & secondary non-vegetated LC classes,  

• Stream width, 
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• Length of stream segment with adjacent vegetation for each side, and 

• Percent shading.  

The criteria and procedures we used to record the above measurements are 

described below:  

At each stream site, we used a GPS tool to find the middle point of each stream 

segment and entered the sample site number on the data sheet so we could link 

the GPS data to the data sheet. Next we decided on the primary and secondary 

vegetation type on each side of the stream, using the same classification scheme 

that we used for the data extraction from DOQQs.  This was visually estimated 

by walking through as much of the river as possible. Most of the time it was not 

possible to walk the whole perimeter due to dense vegetation, unsafe ground 

conditions or simply because part of the segment was in private property. Next, 

we measured the width of the vegetation on each side.  If the vegetation 

stretched continuously more than 100 ft, we entered 100 ft, as done when 

measuring from the DOQQs. We measured the minimum and maximum 

vegetation width, and took one more measurement of the vegetation width at the 

middle point of the segment if possible.  If the measurements were not possible 

due to natural or man-made blocks we used visual approximation to record these 

numbers.   

We also approximated the percentages of primary and secondary human-

impacted land cover types (non-vegetated as we called in previous sections) and 

recorded them for each segment. We also measured and recorded the minimum 

stream width and maximum stream width along with another stream width 

measurement taken at the middle point of each segment. We measured stream 

width between the stream banks. Most of the time the water level was very close 

to the stream bank.   
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Next, we measured and recorded the total length of stream with adjacent 

vegetation for each side of the stream. For example, one 50m first order stream 

segment is covered by trees except for a narrow asphalt road running across the 

stream at the middle of the segment.  If the width of the road is 5 m then the 

percent of segment length with adjacent vegetation would be (45/50) * 100 = 

90% for both right and left sides.   

We also recorded the approximate length of the segment that was shaded.  For 

the above example segment, this value would be 90% shading assuming that the 

adjacent vegetation is forest and trees are dense enough to cover the stream.  

After returning from the field, these measurements were entered into a 

spreadsheet and a database created including the field data and remote 

measurement data. This database was used to create the error matrices. While 

creating the matrices we created data ranges and tested to see if the 

measurements fell within the range. While creating the data ranges in the 

matrices, we used the classification schema if the data was discrete. For 

continuous data, we considered the sample size and data distribution as a 

guideline to create natural breaks. 
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3 RESULTS 
Results section is divided into two parts.  In the first part we present our results in 

analyzing the riparian map and database to understand the composition of land 

cover near first and second order streams in the Neuse River Basin. In the 

second part we present the findings of our accuracy assessment. 

3.1 Riparian map and database analysis 

The final product of this research was the map of riparian vegetation around first 

and second order streams along with the accuracy assessment calculations. In 

this section, we describe our findings using measurements of riparian vegetation 

polygon coverage on this map. 

3.1.1 Land cover types in first order stream buffer zones 

Overall, 46.8% of the area within 100 feet of first order streams is vegetated. 

Figure 8 shows this percentage for the streams overlaying each land cover type. 

Note that streams in agricultural areas had the least non-agricultural vegetation 

in the buffer zones, while forested areas provide the most.  

The database also includes the types and percentages of primary and secondary 

non-vegetated land cover in the buffer zone. We used these data to determine 

the composition of buffer zones of first order streams. We first analyzed the 

number of segments according to the primary non-vegetated land cover class.    

Figure 9 shows the distribution of the segments according to their primary land 

cover type.  In this figure, we can see that agriculture was the primary land cover 

class in 58% of the segments. 

For each primary non-vegetated land cover type found in the buffer zones we 

determined the percentage of the buffer zone they occupy. Figure 10 shows the 

percent of the land area in the buffer zone that is covered by each of these land 

cover classes when they are the primary non-vegetated land cover class in the 
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buffer zone. For example, when agriculture is the primary land cover in a first 

order stream buffer zone, it composes an average of 56.9% of the total land area 

of first order stream buffer zones.    

The following points demonstrate the combination of primary land cover type with 

the area these land cover types occupy in each segment: 

• Agriculture was the primary non-vegetated land cover class on 58% 

(52/90) of the segments.  In these segments they cover 56.9% of the 

buffer zone.  

• Urban was the primary non-vegetated land cover class on 21% (19/90) of 

the segments. In these segments they cover 43.3% of the buffer zone. 

• Buffer zones around 14% of the segments were fully vegetated. Most of 

this vegetation was forest.     

• Transitional was the primary non-vegetated land cover class on 6% (6/90) 

of the segments. In these segments, they cover 37.6% of the buffer zone.  

• Bare earth was the primary non-vegetated land cover class on 1% (1/90) 

of the segments. In these segments, they cover 18% of the buffer zone.  

These analyses of first order stream segments are important because they 

provide crucial information about the land characteristics around stream 

segments that might be highly vulnerable to pollution. Human activities such 

as urbanization and industrialization affects water quality of first and second 

order streams. For instance, our results show that Urban land cover was the 

primary non-vegetated land cover type around 21% of the first order stream 

segments. This is important since industrial sites, some of the main 

contributors to water pollution, are included in this urban land cover class. 

Similarly, the percentage of agricultural areas around these segments is 
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important since chemicals from agricultural areas contribute extensively to 

water pollution.  

3.1.2 Land cover types in second order stream buffer zones 

The analyses mentioned above were applied to second order stream segments. 

Results analogous to those above are shown in Figure 11, Figure 12 and Figure 

13 . For example: 

• Overall, average vegetation percent is 56.4% on second order stream 

buffer zones. 18 % of the segments are fully vegetated. 

• Agriculture was the primary non-vegetated land cover class on 47 % of the 

second order stream segments. In these segments, they cover 58.9% of 

the buffer zone. 
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Figure 12 - Second order segments 
classified by primary Land Cover type 

 

34.1%

58.9%

40.0%

20.0%

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

Land Cover Classes Occupying Buffer Zone

Urban Agriculture Transitional Bare
 

Figure 13 -  Average percent area of the 
primary non-veg. LC  in 2nd order buffer 

zones 

 



 34

3.1.3 Riparian vegetation width 

The average vegetation buffer reach on the left and right sides of the first order 

stream segments are shown in Table 4 and plotted in Figure 14.  The “All” 

category for each side is the average over all three land cover types.  The 

average maximum and minimum vegetation widths for each side of the first order 

stream segments are shown in Figure 15. More detailed figures are presented on 

Appendix 6. Appendix 7 includes similar graphics for the second order segments. 
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Table 4 – Avg. vegetation reach (m) on left (L) and right (R) sides of first order segments  

 Starting 

Point 

Quarter-way Half-way Three-quarter way Ending point

All primary LC 
types (Left) 

12.9 13.0 12.9 13.6 13.3 

Forest (Left) 26.1 26.2 26.8 26.9 26.5 
Agriculture (Left) 4.7 4.0 4.3 6.4 5.2 
Urban (Left) 7.9 8.8 7.5 7.5 8.0 
All primary LC 
types (Right) 

14.7 14.8 15.6 15.8 14.6 

Forest (Right) 26.5 25.9 26.8 26.5 25.8 
Agriculture (Right) 4.4 4.5 4.9 4.9 5.6 
Urban (Right) 13.1 14.1 15.1 16.1 12.4 
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Figure 15 - Riparian vegetation width around first order stream segments (meters) 

3.1.4 Riparian vegetation types 

The percentage of first order stream segments according to their primary 

vegetation type is shown in Figure 16. 38.3% of the streams (right and left side) 
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have grassland as primary vegetation in the buffer zone. Similarly 22.8% of all 

the stream segments have Deciduous Forest as the primary vegetation type in 

the buffer zone, and 8.9 % of the segments did not have any kind of vegetation in 

the buffer zone. Since we are displaying the percentages of numbers of 

segments, segments with no visible vegetation around them are included. (While 

calculating these percentages, we considered right side and left side vegetation 

of all of the first order stream segments). 

Primary vegetation types of second order segments are shown in Figure 17. As 

shown in the graph, 38.9% of all the streams (right and left side) have grassland 

as the primary vegetation in the buffer zone.  18.9 % of all the stream segments 

have deciduous forest and 16.7% of all have evergreen forest as the primary 

vegetation types in the buffer zone. 5.6% of the segments had no vegetation in 

the buffer zone. This “No Vegetation” percentage of second order streams is 

significantly smaller than the occurrence of no vegetation in first order streams.  

Tables created separately for left and right side of first order streams and primary 

and secondary vegetation types of second order streams can be seen in 

Appendix 8. These analyses were suggested by colleagues working at the EPA, 

who were curious to see if vegetation types differed on each bank. 
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buffer zone 
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Figure 17 - Second order stream segments according to primary vegetation types in buffer 
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We clearly see that the percentage of segments with no vegetation around the 

second order streams is less than the first order ones (5.6% to 8.9%).  The 

percentage of segments with primary vegetation of forest is 46.7% on second 

order streams. This shows that second order streams have more forest around 

them than first order streams.  Around second order segments evergreen forest 

and deciduous forest percentages seem to be even. 

3.1.5 Stream width characteristics 

Using images, the maximum and minimum widths of the first and second order 

streams was measured, and these two were also used to find an approximate 

average stream width. The average minimum and maximum stream widths for 

first-order streams are 1.1 and 2.3 m respectively, while these measurements for 

second order streams are 1.8 and 3.1 m.  Also Figure 18 and 19 below show the 

average minimum and maximum stream width values for streams that are on 

three different land covers. 
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Figure 18 - First order stream width (overlaying specific land covers)(meters) 
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Figure 19 - Second order stream width (overlaying specific land covers)(meters)  
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3.1.6 Stream shading characteristics 
Figure 20 and Figure 21 show the percent, by length, of each stream segment 

that is shaded.  This percentage was determined by visual inspection of DOQQs 

and delineating shaded areas, summing the length of these areas, and dividing 

by the segment length. 
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Figure 20 - Shading of first order stream segments 
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Figure 21 - Shading of second order stream segments 

 

3.1.7 Vegetation as a percent of stream length 

Vegetation along the length of each stream segment was also measured using 

DOQQs. The percent lengths of first order stream segments that have adjacent 

vegetation along the left side are shown in Figure 22. The graph for the right side 

is very similar to this one and is presented in Appendix 9, along with graphs for 

second order segments. 
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Figure 22 - Length of first order stream segments with adjacent vegetation (Left) 

33..11..88    RReessuullttss  ooff  AAccccuurraaccyy  AAsssseessssmmeenntt  

Accuracy assessment required an extensive amount of fieldwork. It was 

necessary to limit the number of segments visited for two main reasons. The 

fieldwork was expensive and time consuming. Funding provided by EPA was 

limited hence we had to limit the number of the segments. Second main reason 

for keeping the number of segments limited was more of a practical reason. Most 

of the stream segments we planned to visit were located on private property; 

therefore collecting data was a challenging task. Actual data collected from both 

DOQQs and the fields are listed in Appendix 14. 

Error matrices are commonly used to calculate overall accuracy, omission error, 

commission error, producer’s accuracy and user’s accuracy (Story et al.,1986). 

For this study, error matrices were created based on the data collected from 

remotely sensed data (classification data, presented in rows) and data collected 

in the field (reference data, in columns). Diagonal values in an error matrix are 

the samples where both classification and reference data agree. Overall 

accuracy is generally the most commonly reported statistic in accuracy 

assessment reports. It is obtained by dividing the total number of sites where 

reference and classification data agree by the total number of samples. 
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Producer’s and user’s accuracy come into play when we want to evaluate 

individual category accuracies (Congalton, 1999).  

Error matrices for several measurements are given in Table 5, Table 6, Table 7, 

and Table 8. Table 5 shows that the overall accuracy of “Vegetation Percent” 

was 84.6 %, and that accuracy values are higher at the lowest and highest 

vegetation levels. 
Table 5 - Error Matrix for Vegetation Percent Measurements 

Reference Data
Vegetation%  0%-

20% 
21%-
40%

41%-
60%

61%-
80%

81%-
100%

Tot
al 

Total 
CE 

User's 
Accurac

0%- 20% 5 2    7 2 71.4% 
21% - 40%   1   1 1 0.0% 
41% - 60%   3 1  4 1 75.0% 
61% - 80%    9  9 0 100.0% 
81% - 100%     5 5 0 100.0% 

Total REF. 5 2 4 10 5 26   C
la

ss
ifi

ca
tio

n 
D

at
a 

Total OE 0 2 1 1 0    
Producer's 
Accuracy 

100.0
% 0.0% 75.0% 90.0% 100.0%   84.6% 

As presented in Table 6, the percent accuracy of maximum vegetation reach on 

the right side is 88.5 %.  For these measurements, the most confusion appears in 

the intermediate class where the measurements are likely to be in an adjacent 

distance bracket. User’s accuracy is 66.7% and producer’s accuracy is 50% for 

the bracket that represents an 11 m to 20 m reach.  

Table 6 -Error Matrix of Maximum Vegetation Reach Measurements on the Right side of the 
samples 

Reference Data
Maximum 

vegetation reach 
0m-
10m

11m-
20m

21m-
30.5m Total Total CE User's 

Accuracy 
0m-10m 7 1  8 1 87.5% 

11m-20m 1 2  3 1 66.6% 

21m-30.5m  1 14 15 1 93.3% 

Total 8 4 14 26   

C
la

ss
ifi

ca
tio

n 
D

at
a 

Total OE 1 2 0    

Producer's 
Accuracy 87.5% 50.0% 100.0%   88.5% 
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As shown in Table 7, non-vegetated land cover type measurements were 86.4% 

accurate. Agriculture and Urban land cover type accuracy values are 

considerably higher than that for Transitional land cover.   

 
Table 7 - Error Matrix of Non-vegetated LC Types Observed in the Buffer Zone 

  Reference Data    
Non-Vegetated LC 

Type Agriculture Urban Transitional Total Total CE User's Accuracy 

Agriculture 7   7 0 100.0% 

Urban 2 11  13 2 84.6% 

Transitional  1 1 2 1 50.0% 

Total 9 12 1 22   

Total OE 2 1 0    C
la

ss
ifi

ca
tio

n 
D

at
a 

 Producer's 
Accuracy 77.8% 91.7% 100.0%   86.4% 

 

Table 8 shows the error matrix for vegetation type observations on the left side of 

samples. 

 
Table 8 - Error Matrix for Vegetation Type Observations on the Left Side of Samples 

  Reference Data    

 Vegetation 
Type (Left) Grass Shrub Evergreen 

Forest 
Deciduous 

Forest 
Mixed 
Forest None Total Total 

CE 
User's 

Accuracy 

Grass 12   1   13 1 92.3% 

Shrub 2 1     3 2 33.3% 

Evergreen 
Forest   2 1   3 1 66.7% 

Deciduous 
Forest    4   4 0 100.0% 

Mixed 
Forest     1  1 0 100.0% 

None 2      2 2 0.0% 

C
la

ss
ifi

ca
tio

n 
D

at
a 

Total 16 1 2 6 1 0 26   

 Total OE 4 0 0 2 0 0    

 Producer's 
Accuracy 75.0% 100.0

% 100.0% 66.7% 100.0
% N/A   76.9% 
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Table 9 lists the overall accuracy for each of the error matrices and provides 

an overview of the project accuracy.  
Table 9 - Overall Accuracy Summary 

Vegetation Percent 84.6% 

Major Non-Vegetated Land Cover 92.3% 

(R)Maximum vegetation reach on right side 88.5% 

(R)Minimum vegetation reach on right side 92.3% 

(L)Maximum vegetation reach on left side 88.5% 

(L)Minimum vegetation reach on left side 88.5% 

Non-Veg LC Type 86.4% 

(L) Percent Adjacent Vegetation 88.5% 

(R) Percent Adjacent Vegetation 88.5% 

Percent Shading 73.1% 

Vegetation Type (Left) 76.9% 

Vegetation Type (Right) 88.5% 

Average of All 82.7% 

Additional data are included in the Appendices, and are summarized here: 

• The overall accuracy of Major Non-Vegetated Land Cover was 92.3 % and 

percent accuracy of maximum vegetation reach on the left side and the 

minimum reach are 88.5 %.  (Appendix 10) 

• Overall accuracy for Percent Adjacent Vegetation and vegetation type on 

the left side are 88.5 % (Appendix 11). 

• The overall accuracy for Percent Shading measurements is 73.1 %. 

(Appendix 12).  
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4 DISCUSSION of RESULTS & CONCLUSION 
The Division of Water Quality’s (DWQ) Neuse River Basin (NRB) Riparian Buffer 

Rules, established in December 1997, designate a 50 foot buffer width on each 

side of intermittent or perennial streams (DWQ - 15 A NCAC 02B.0233). It is 

common practice to accept first order streams as intermittent or perennial and 

higher order ones as perennial.  These guidelines motivated our research into 

using digital orthophotos in the study of the characteristics of the riparian buffer 

zones in the Neuse River Basin. 

The percentage of agricultural areas around streams is important since 

chemicals from agricultural areas contribute extensively to water pollution and 

filtering effect of vegetation is desired the most. We found that first order streams 

passing through agricultural areas have the lowest amount of riparian vegetation 

in the study area.  Next lowest in riparian vegetation are first order streams in 

urban areas.  Forested areas show greater riparian vegetation percentages. Our 

results show that streams passing through agricultural areas are more vulnerable 

to pollution due to insufficient amount of vegetation around them and therefore 

must be better protected. Best management procedures should be applied at 

local level to ensure the existence of sufficient vegetation around first and second 

order streams.  

Our results indicate that more agricultural activity exists around first order than 

second order streams. Therefore, agricultural activity may affect water quality 

around first order streams more than second order streams. This result implies 

that first order streams should be better protected and the areas around them 

should be more carefully managed.   

Our results also show that urban areas are more frequently found around second 

order streams than first order streams and they cover a greater percentage of the 

area around the second order streams in this study area.  These results are 
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important since industrial sites, some of the main contributors to water pollution, 

are included in the urban land cover class. Our results suggest that it may be 

important to regulate second-order streams more carefully since they may have 

significant effects on water quality.  

This implication contrasts with the slight difference we found in the amount of 

vegetation in the buffer zones between first and second order streams (46.8 

versus 56.4 % respectively). This difference suggests that there may be slightly 

better protected second order streams than first order ones in the study area.  

Vegetation width around the streams is another parameter that is important in 

riparian zone characterization. This study showed that the average width of 

vegetation on each side of the streams is 14.1 meters in the study area, but the 

vegetation width varied widely across land cover types. Measurements of 

vegetation surrounding streams included grass, shrubs, and forest.  However, 

almost forty percent of all the vegetation around the stream segments is grass, 

which has very limited filtering effects. In water quality studies it may be 

important to differentiate these types of vegetation in land cover classification, to 

determine the filtering effects of the vegetation.  We believe that these further 

classifications can also be made using digital imagery. Automated classification 

techniques, supervised and unsupervised classification could be performed on 

digital imagery such as QuickBird, IKONOS or even DOQQs. Narumalani et al., 

(1997) indicates the need of high resolution imagery for performing detailed and 

temporally frequent studies of the impact of non-point source pollution on water 

resources. High spatial, spectral and temporal resolution of QuickBird and 

IKONOS makes them good candidates for automated classification.  

Stream shading is another important measurement because it affects the water 

temperature and water temperature is an important factor for water quality as 

well as habitat (Verry, 1996). In both first and second order streams, the 

segments in forest areas have over 85% shading. The overall average shading of 
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all the first order segments is 36.5% and the figure for second order ones is 

53.9%. This shows that second order stream segments have significantly better 

shading than first order ones, particularly in urban and agricultural areas. 

Considering the fact that the streams on urban and agricultural areas are most 

vulnerable to pollution, they should have the most vegetation around to filter out 

the pollution and sediments. Shading provided by this vegetation would help 

reduce the water temperature and increase the water quality simply by 

supporting a healthy ecosystem. Our study results showed that first order 

streams are especially in danger and does not have as much shading as higher 

order streams.   

Streams are also affected from agricultural affects due to artificial widening. In 

this study we found that average maximum and minimum stream width values 

are 1.1 m and 2.3 m for the first order streams and 1.8 m and 3.1 m for second 

order streams. These values are little larger than general expected average 

values of 1 and 2 meters and this is partly due to agricultural activity. This result 

is expected since it is a common practice to widen the nearby creeks or drainage 

ditches for better drainage. This study provides insight for law makers in North 

Carolina to look into this issue from water quality perspective. It also presents the 

need for more research on this, therefore, encourage federal agencies, state 

government and private stake holders to fund more extensive research for bigger 

areas.   

This study suggests that many streams exist in eastern North Carolina that do 

not comply with DWQ Neuse River Basin Buffer Rules requirements. The level of 

protection does not seem to be sufficient around first and second order streams. 

Enforcing rules more strictly and educating public on this issue would benefit 

stakeholders, government agencies, local and state governments and private 

citizens. Therefore they should work together to ensure the high water quality by 

maintaining and improving the riparian vegetation in the buffer zone. They also 
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should work together and not allow urban and industrial developments and 

agricultural areas in the buffer zone around first and second order streams. 

Accuracy assessment portion of this study was performed under difficult 

conditions. The number of sample sites used was limited. Twenty six out of  

hundred and thirty five sites used to asses the accuracy of this study. Most of the 

study segments were located on private property. We only could get permission 

from the local airport as well as some homes to have access to their property to 

perform field measurements. Also funding provided by EPA only allowed us to 

have limited resources and time to perform the field study. Nevertheless we 

believe that our accuracy assessment process and results are valid and provides 

proof of concept.  

Both DOQQs and IKONOS imagery have their advantages and disadvantages. 

Throughout the study, we had a chance to compare DOQQs and IKONOS 

imagery in general and in respect to Land Use / Land Cover classification of 

riparian zones. DOQQs are considerably cheaper than IKONOS imagery. It is 

possible to find an orthophotograph created based on aerial photography from a 

government agency or a private vendor for a very reasonable price. IKONOS 

imagery are acquired and marketed by a single vendor and its cost is significantly 

higher.  

Another advantage that DOQQs have over IKONOS is the quality of the images. 

The IKONOS images used in this study were occluded by a considerable amount 

of clouds. Although the vendor suggests that the percentage of cloud cover of 

their products would be less than 10%, cloud effects cover more than that if you 

consider the shadow of each cloud as well as the cloud body. DOQQs are also 

easy to mosaic and do not need any special processing before you can use 

them.  In contrast, a user would need to geo-register the IKONOS stereo images 

and create orthorectified images before processing. Both data types can be 

acquired as false color composites.  
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The IKONOS images are acquired in 11-bit format and therefore have very rich 

information content whereas DOQQs created based on aerial photography have 

only 8-bit data. (An 11-bit image is displayed in 2048 grey values instead of 256 

grey values for an 8-bit image). Although the cost is high, the high temporal 

resolution of IKONOS enables users to obtain frequent images of the same area.  

Another very important advantage of IKONOS imagery is stereo vision. Through 

this capability it is possible to extract height measurements.  

QuickBird imagery is new generation high resolution imagery that is superior to 

IKONOS with respect to image resolution and data quality.  It would be 

appropriate to use QuickBird instead of IKONOS since it provides higher spatial 

resolution which is crucial in riparian vegetation mapping. We also would 

recommend using LIDAR for vegetation height and extent measurements.  

The hypotheses that we listed at the beginning of this document were:  

• It will be possible to use high resolution imagery to determine land cover 

classes and important riparian buffer zone characteristics. 

• Aerial photos will be acceptably accurate when compared with field data. 

• The database will be useful in evaluating riparian vegetation around first and 

second order streams. 

We can conclude that above hypotheses are confirmed. DOQQs are found to be 

sufficient enough to perform land cover classification. The accuracies of all the 

measurements turned out relatively high. The conclusion of the comparison is 

that if a user needs quick and easy access to data, DOQQs are a good choice. If 

a researcher needs vegetation height measurements and would also like to 

perform more efficient automated classification processes then IKONOS would 

be a good choice.   Also we can conclude that aerial photos are acceptably 

accurate to map riparian areas. We confirmed this by comparing those with field 

data. All the above results shows that a database similar to the one used in this 
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study would be a useful tool to evaluate riparian vegetation buffers and their 

management guidelines.  

This study was a pilot study on Neuse River Basin and it served its purpose by 

providing a method that could be applied to whole Neuse River Basin. Results of 

this study suggest that better protection and management of vegetation around 

first and second order streams is necessary in Eastern North Carolina. The study 

should be repeated for whole Neuse River Basin to better understand the land 

cover composition around streams. Performing this study for a bigger area would 

be easier since we laid out the workflow and documented the procedures. 

5 FUTURE STUDIES 
This project was composed of several different elements; however some of those 

elements could not be analyzed as much as was desired. One of the main 

elements of this project was to obtain height measurements of the riparian 

vegetation. Due to a lack of appropriate data and some technical difficulties, this 

task could not be completed. This task can be completed in the future by 

collecting multi-spectral aerial imagery or using IKONOS images. Successful 

implementation of these data sources into the proper software could give reliable 

results.  

The North Carolina Flood Mapping Program collected LIDAR data and plan to 

provide Digital Elevation Models (DEM) of all of North Carolina. Data for most of 

eastern North Carolina are currently available. The model that they promise is 

bare earth DEM. Acquisition of LIDAR opens another option to get very accurate 

tree height measurements. This can be done by obtaining the first return LIDAR 

data together with a bare earth DEM and simply comparing the elevation values 

of two different data sources. Usage of LIDAR would help make the process that 

we used in this study more robust and efficient by providing accurate vegetation 

extent and height measurements.  
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Another possible future work is the accuracy assessment. Lack of funding and 

time postponed the accuracy assessment and needs to be addressed in the 

future. Some ground truth data can be collected by manual measurement 

techniques on the field and these can be supported and/or compared to IKONOS 

measurements or LIDAR values. At this point equal spacing the sample 

measurements would be important as well as random sampling. 

In recent years, eastern North Carolina has become a dynamic, constantly 

changing environment due to industrialization and urbanization. Therefore it is 

important to work with recent imagery for studies that concern the environment.  

An addition to this study could be a study that analyzes the accuracy of stream 

existence and location by comparing satellite imagery with field data. Because of 

time and cost, as well as the difficulty of accessing some streams, we did not 

perform this analysis. However, this data would be very valuable in determining 

the accuracy of using imagery for analyzing streams and riparian areas. 

Throughout the study, the classification of buffer zones is done manually. 

However, automated classification techniques can be used to have efficient 

classification for larger areas. For automated classification, we would suggest 

supervised classification. Selecting training areas through field work would 

produce the best results. As we mentioned before, QuickBird data would be a 

good image choice for this task for it’s very high spatial resolution. Also Spot 5 

images would be helpful and affordable to complete this task.  

An important future application of this work could use the types of data gathered 

in this work to study the effects of riparian zone characteristics on water quality.  
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Appendix 1 
STUDY SITE on Digital Elevation Model 
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Appendix 2  
 Segmentation procedure 

- Launch Arc (command line) and set your workspace (&workspace 
<your directory consisting of your coverages>)  

- Launch Arc Edit (Arc: ae) 
- Make your coverage editable (Arc: editcoverage <cover name>) 
- Arc: editfeature arc 
- Arc: select all 
- Arc: Grain # (here 0.2 is used to obtain 100m segments and 0.1 for 

50m segments. This number might change depending on different 
criteria, such as area size.  This number can be determined through 
trial and error. Don’t forget to take back up your originals before 
making these changes). 

- Arc: Densify 
- Repeat the same for each stream coverage for desired stream 

segment lengths by changing the grain number. 

DENSIFY 
Available at: ARCEDIT 
adds vertices to selected arcs at a user-specified tolerance. 
DENSIFY {DEFAULT | * | distance} 

Arguments 
{DEFAULT | * | distance} - specifies the distance used to DENSIFY selected 
arcs. 

DEFAULT - specifies that the current GRAIN tolerance setting will be used to 
determine at what spacing to place added vertices.  This is the default when you 
enter DENSIFY without any arguments. 

* - specifies that the DENSIFY distance will be entered using the current 
COORDINATE input device.  DENSIFY will prompt you for the distance. 

distance - the spacing between added vertices in coverage units.  The distance 
must be a positive integer or real number. 

DENSIFY will use the current GRAIN tolerance as a default if neither * nor an 
explicit distance is entered. 
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 DENSIFY can be used to add vertices to selected arcs before they are snapped 
to features in the snap coverage.  Once the arcs are snapped, the GENERALIZE 
command can be used to remove unneeded vertices. 

 Selected arcs will not change shape when DENSIFY is used. 

 Existing vertices are retained when DENSIFY is used. 

 Use the VERTEX command with the DRAW option to display the location of arc 
vertices for a single selected arc. 

 Two ARCEDIT commands that are often used in conjunction with DENSIFY are 
the GENERALIZE and SNAP commands.  Typically, you would select a number 
of edit coverage arcs that you wanted to coincide with existing arcs in a snap 
coverage.  The selected arcs are then densified with vertices so that when they 
are snapped they will be better able to follow the arc with which they should 
coincide.  The selected arcs are then snapped to arcs in the snap coverage with 
the SNAP command.   

 The OOPS command can be used to undo any mistakes made with DENSIFY. 

Examples 
This example shows the results of using DENSIFY on one arc. 

Arcedit: editfeature arc 
4 element(s) for edit feature ARC 
Coverage has node attributes 
Arcedit: select one 
Arcedit: densify 
Arcedit: vertex draw 

This example demonstrates the use of the DENSIFY command to snap selected 
arcs to arcs in the snap coverage.  First arcs are added with SNAPPING set such 
that arc vertices will be snapped to the closest snap coverage arc within 20 
coverage units. 

Arcedit: edit landuse arc 
The edit coverage is now LANDUSE 
125 element(s) for edit feature ARC 
Arcedit: drawenvironment arc 
Arcedit: snapenvironment roads arc add 20 
Arcedit: backcoverage roads 2 
ROADS is now background coverage 1 with draw symbol 2 
Arcedit: backenvironment arc 
Arcedit: draw 
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Arcedit: new 
Arcedit: calculate $id = 126 
Updating the initial attribute buffer only 
Arcedit: add 

-------------------------Options------------------------- 
1) Vertex         2) Node                3) Curve 
4) Delete vertex  5) Delete arc          6) Spline on/off 
7) Square on/off  8) Digitizing Options  9) Quit 

(Line) User-ID: 126 Points 0 

The vertices of the added arcs will snap to arcs in the snap coverage.  Snapping 
will take place if a vertex of the added arc is within 20 coverage units of a node, 
vertex, or segment of an arc in the snap coverage.   
Arcs that are not completely coincident because they have fewer vertices than 
the arc to which they snapped can then be selected and densified with more 
vertices.  The selected arcs are then snapped to the snap coverage arcs with the 
SNAP command. 

Arcedit: select many 
1 = Select     2 = Next     3 = Who    9 = Quit 
Arc 135 User-ID: 135 with 10 points selected 
1 = Select     2 = Next     3 = Who    9 = Quit 
Arc 127 User-ID: 127 with 8 points selected 
1 = Select     2 = Next     3 = Who    9 = Quit 
2 element(s) now selected 
Arcedit: densify * 

Digitize two points to define the spacing between vertices to be added to the 
selected arcs. 

Enter 2 points defining the distance 
2 arc(S) densified by 3.555 

Use the VERTEX command with the DRAW option to display the location of the 
added vertices for the selected arc. 

Arcedit: select $id = 126 
1 element(s) now selected 
Arcedit: vertex draw 
Use the SNAP command to snap the selected arcs to the closest arc in the snap 
coverage. 
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Arcedit: snap 
1 arc(s) snapped 

Use the GENERALIZE command to remove unneeded vertices.   The OOPS 
command can be used to undo any SNAP, DENSIFY, or GENERALIZE. 
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Appendix 3 
Random Site Selection 

This aml is designed to generate new coverage by selecting certain number of 
random line segments out of the original coverage. In this study it is used for 
selecting 40 random stream segments out of each specific stream network theme 
to be focused on for detailed analyses. It basically runs in Arc Edit and runs a do 
loop with a random selection function to be able to select segments. Then it 
builds a new cover and places these line segments into the new cover that you 
named before.   

- Go to Arc and run the AML for random selection (&r <name of the 
aml>).  

- The AML program will ask you to enter the input cover and the name of 
the output cover (tmp). Later it will ask you to enter the number of lines 
that you want to generate. 

clear 
&s cover = [response 'Enter name of cover to process ' XXX] 
&s cover1 = [response 'Enter name of TMP cover ' XXX] 
&s numlines = [response 'How many lines to generate?' XXX] 
&s count = 0 
ae 
  createcov %cover1% %cover% 
q 
build %cover1% line 
ae 
  edit %cover% 
  mape %cover% 
  ef arc 
&do &until %count% eq %numlines%  
  &describe %cover%  
    &s count = %count% + 1 
    &s ranarc = [random 1 %DSC$ARCS%] 
    sel %cover%# = %ranarc% 
    put %cover1% 
    y 
&end 
q 
 build %cover1% line 
 ungenerate line %cover1% %cover1%.ugen  
&return 
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Appendix 4 
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Appendix 5 
Accuracy Assessment Form 

EPA – NCSU Riparian Vegetation Mapping Project 

1-) Segment Number ______________                                2-) Date _____________                      

3-) Data Dictionary Number _________        4-) Flow Direction _______________ 

5-) Easting (dd):___________________      Northing (dd)______________________ 

6-) Elevation (m): ____________   7-) % Vegetation: (50ft buffer): _________ 

8-) Non-Vegetated LC:           Percent                            Type 

                                     a-)       _________                 _________ 

                            b-)       _________                _____________ 

9-) Vegetation Type:          Right                                                  Left 

                             Primary              Secondary             Primary           Secondary 

10-) Vegetation:                          Right                                                   Left  

                                       Max       Min      Middle Pt               Max       Min      Middle Pt  

Width:___________________/_______/____________I__________/______/________ 

LC Type End Pt: __________/_______/____________I__________/______/________ 

% Adj. Veg:______________/_______/____________I__________/______/_________ 

% Shading: ______________/_______/____________I__________/______/_________ 

Tree Ht:      ______________/_______/_____________I_________/______/_________ 

Stream Width: ___________/_______/_____________I_________/______/_________ 

11-) % Canopy Closure : _________     Major Species:_________________________ 

12-) Comments:__________________________________________________________ 
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Appendix 6 
First Order Stream's Riparian Vegetation Width (Left)
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First Order Stream's Riparian Vegetation Width (Right)
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Appendix 7 
Second Order Stream's Riparian Vegetation Width 

(Left)
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 Starting Point Quarter-way Half-way Three-quarter way Ending point 

All (L) 15.9 15.4 16.8 16.4 17.1 

Forest (L) 25.8 25.5 28.7 28.1 28.7 

Agriculture (L) 7.9 5.6 6.7 6.6 8.0 

Urban (L) 14.1 15.1 15.0 14.5 14.6 

All (R) 16.8 17.8 18.8 19.7 20.4 

Forest (R) 25.9 24.0 25.6 24.9 24.2 

Agriculture (R) 7.2 8.6 8.0 10.7 13.2 

Urban (R) 17.3 20.7 22.6 23.5 23.9 
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 Max Min 

All (L) 20.2 12.7 

Forest (L) 29.3 24.2 

Agriculture (L) 11.7 4.1 

Urban (L) 19.7 9.7 

All (R) 22.2 15.5 

Forest (R) 27.0 22.2 

Agriculture (R) 14.2 6.4 

Urban (R) 25.4 18.0 
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Appendix 8 

Total (All)-Left 
Side 

% of First Order 
Segments having 
different 
vegetation types 
on as primary 
vegetation 

# of 
Segments 

Total (All)-
Right Side 

% of First Order 
Segments having 
different 
vegetation types 
on as primary 
vegetation 

# of 
Segments 

Total (All)-Both 
Sides 

% of First Order 
Segments having 
different vegetation 
types on as primary 
vegetation 

Evergreen 
Forest 13.3% 12.0 

Evergreen 
Forest 11.1% 10.0 Evergreen Forest 12.2% 

Deciduous 
Forest 20.0% 18.0 

Deciduous 
Forest 25.6% 23.0 Deciduous Forest 22.8% 

Mixed Forest 8.9% 8.0 Mixed Forest 5.6% 5.0 Mixed Forest 7.2% 

Shrubland  10.0% 9.0 Shrub Land  11.1% 10.0 Shrub Land  10.6% 

Grassland 37.8% 34.0 Grass Land 38.9% 35.0 Grass Land 38.3% 

No Vegetation 10.0% 9.0 
No 
Vegetation 7.8% 7.0 No Vegetation 8.9% 

Total  100.0% 90.0 Total  100.0% 90.0 Total  100.0% 
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% Vegetation around the first order segments overlaying 
Urban Areas-(Right & Left) 

% of First Order Segments 
(overlaying urban areas) # of Segments 

Evergreen Forest 16.7% 10.0 
Deciduous Forest 6.7% 4.0 
Mixed Forest 0.0% 0.0 
Shrubland  21.7% 13.0 
Grassland 46.7% 28.0 
No Vegetation 8.3% 5.0 
Total  100.0% 60.0 

 
% Vegetation around the first order segments overlaying 
Forest Areas-(Right & Left) 

% of First Order Segments 
(overlaying forest areas) # of Segments 

Evergreen Forest 16.7% 10.0 
Deciduous Forest 60.0% 36.0 
Mixed Forest 18.3% 11.0 
Shrubland  0.0% 0.0 
Grassland 1.7% 1.0 
No Vegetation 3.3% 2.0 
Total  100.0% 60.0 

 
% Vegetation around the first order segments overlaying 
Agricultural Areas-(Right & Left) 

% of First Order Segments 
(overlaying agricultural areas) # of Segments 

Evergreen Forest 3.3% 2.0 

Deciduous Forest 1.7% 1.0 
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Mixed Forest 3.3% 2.0 

Shrubland  10.0% 6.0 
Grassland 66.7% 40.0 

No Vegetation 15.0% 9.0 
Total  100.0% 60.0 
   
Total % of Secondary Vegetation around the second order 
segments (all second order segments) % of Second Order Segments # of Segments 

Evergreen Forest 0.0% 0.0 

Deciduous Forest 7.8% 7.0 
Mixed Forest 2.2% 2.0 

Shrubland  21.1% 19.0 
Grassland 15.6% 14.0 

No Vegetation 53.3% 48.0 
Total  100.0% 90.0 

 
Total Vegetation around the second order 
segments overlaying Forest Areas-(Primary) 

Primary 
Vegetation

# of 
Segments 

Total Vegetation around the segments 
overlaying Forest Areas-(Secondary) 

# of 
Segments 

Evergreen Forest 40.0% 12.0 0.0% 0.0 

Deciduous Forest 20.0% 6.0 6.7% 2.0 
Mixed Forest 26.7% 8.0 6.7% 2.0 

Shrubland  0.0% 0.0 16.7% 5.0 
Grassland 10.0% 3.0 6.7% 2.0 

No Vegetation 3.3% 1.0 63.3% 19.0 
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Total  100.0% 30.0 100.0% 30.0 
 
 
Total Vegetation around the second order 
segments overlaying Agricultural Areas-
(Primary) 

Primary 
Vegetation

# of 
Segments Total Vegetation around the segments 

overlaying Agricultural Areas-(Secondary) 
# of 
Segments 

Evergreen Forest 6.7% 2.0 0.0% 0.0 
Deciduous Forest 23.3% 7.0 16.7% 5.0 
Mixed Forest 3.3% 1.0 0.0% 0.0 
Shrubland  6.7% 2.0 13.3% 4.0 
Grassland 53.3% 16.0 13.3% 4.0 
No Vegetation 6.7% 2.0 56.7% 17.0 
Total  100.0% 30.0 100.0% 30.0 

 

Total Vegetation around the second order 
segments overlaying Urban Areas-(Primary) 

Primary 
Vegetation

# of 
Segments 

Total Vegetation around the segments 
overlaying Urban Areas-(Secondary) 

# of 
Segments 

Evergreen Forest 3.3% 1.0 0.0% 0.0 
Deciduous Forest 13.3% 4.0 0.0% 0.0 
Mixed Forest 3.3% 1.0 0.0% 0.0 
Shrubland  20.0% 6.0 33.3% 10.0 
Grassland 53.3% 16.0 26.7% 8.0 
No Vegetation 6.7% 2.0 40.0% 12.0 
Total  100.0% 30.0 100.0% 30.0 
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Appendix 9  
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Appendix 10 
 

Error Matrices 
 Reference Data   

Major Non-
Vegetated 

Land Cover 

0%-
20% 21%-40% 41%-60% 61%-80% 81%-

100% Total Total 
CE % CE  

0%- 20% 5 1    6 1 16.7% 
21% - 40%  11    11 0 0.0% 
41% - 60%   7   7 0 0.0% 
61% - 80%   1 0  1 1 100.0% 
81% -100%     1 1 0 0.0% 

Total 5 12 8 0 1 26   C
la

ss
ifi

ca
tio

n 
D

at
a 

Total OE 0 1 1 0 0    

 % OE 0.0% 8.3% 12.5% No 
Sample 0.0%   92.3% 

 
 

(R)Minimum vegetation 
reach on right side 0m-10m 11m-20m 21m-30.5m Total Total 

CE % CE  

0m-10m 12   12 0 0.0% 
11m-20m 1   1 1 100.0% 

21m-30.5m  1 12 13 1 7.7% 
Total 13 1 12 26   

Total OE 1 1 0    
% OE  7.7% 100.0% 0.0%   92.3% 

 
(L)Maximum vegetation 

reach on left side 0m-10m 11m-
20m 

21m-
30.5m Total Total CE % CE  

0m-10m 11   11 0 0.0% 
11m-20m 1 5  6 1 16.7% 

21m-30.5m 2  7 9 2 22.2% 
Total 14 5 7 26   

Total OE 3 0 0    
% OE  21.4% 0.0% 0.0%   88.5% 

 
(L)Minimum vegetation 

reach on left side 0m-10m 11m-20m 21m-
30.5m Total Total 

CE % CE  

0m-10m 17 1  18 1 5.6% 
11m-20m 1   1 1 100.0% 

21m-30.5m 1  6 7 1 14.3% 
Total 19 1 6 26   

Total OE 2 1 0    
% OE  10.5% 100.0% 0.0%   88.5% 
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Appendix 11  

 Error Matrices 
  Reference Data    

Percent Adjacent 
Vegetation on Right 

Side 
0%-40% 41%-80% 81%-

100% Total Total 
CE % CE  

0%-40%   1 1 1 100.0% 
41%-80%   1 1 1 100.0% 
81%-100% 1  23 24 1 4.2% 

Total 1 0 25 26   
Total OE 1 0 2    C

la
ss

ifi
ca

tio
n 

D
at

a 

% OE  100.0% N/A 8.0%   88.5% 
 
 

  Reference Data    
Percent Adjacent 
Vegetation on Left 

Side 
0%-40% 41%-80% 81%-100% Total Total 

CE % CE  

0%-40% 2  2 4 2 50.0% 
41%-80%   1 1 1 100.0% 
81%-100%   21 21 0 0.0% 

Total 2 0 24 26   
Total OE 0 N/A 3    C

la
ss

ifi
ca

tio
n 

D
at

a 

% OE  0.0% N/A 12.5%   88.5% 
 
 

  Reference Data    

 Vegetation 
Type (Right) Grass Shrub Evergreen 

Forest 
Deciduous 

Forest 
Mixed 
Forest None Total Total 

CE % CE  

Grass 13   1   14 1 7.1% 
Shrub  2     2 0 0.0% 

Evergreen 
Forest   2 2   4 2 50.0% 

Deciduous 
Forest    5   5 0 0.0% 

Mixed 
Forest     1  1 0 0.0% 

None       0 0 N/A C
la

ss
ifi

ca
tio

n 
D

at
a 

Total 13 2 2 8 1 0 26   
 Total OE 0 0 0 3 0 0    
 % OE  0.0% 0.0% 0.0% 37.5% 0.0% N/A   88.5% 
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Appendix 12  

 Error Matrices 
 

  Reference Data   
Min 

Vegetation 
Height 

0.0 - 1.5 1.6 - 6.0 6.1 - 15.0 15.1 - 25.0 25.0 - 30.5 Total Total 
CE % CE 

0.0 - 1.5 17 1 2   20 3 15.0% 
1.6 - 6.0 1     1 1 100.0% 

6.1 - 15.0      0 0 N/A 
15.1 - 25.0  1 3 1  5 4 80.0% 
25.0 - 30.5      0 0 N/A 

Total 18 2 5 1 0 26   C
la

ss
ifi

ca
tio

n 
D

at
a 

Total OE 1 2 5 0 0    
 % OE  5.6% 100.0% 100.0% 0.0% N/A   69.2% 

 
 

  Reference Data   

Percent Shading 0%- 
20% 

21% - 
40% 

41% - 
60% 

61% - 
80% 

81% - 
100% Total Total 

CE % CE 

0%- 20% 14  1   15 1 6.7% 
21% - 40%     1 1 1 100.0% 
41% - 60%   1   1 0 0.0% 
61% - 80% 1 1   1 3 3 100.0% 

81% - 100% 1  1  4 6 2 33.3% 

C
la

ss
ifi

ca
tio

n 
D

at
a 

Total 16 1 3 0 6 26   
 Total OE 2 1 2 0 2    
 % OE  12.5% 100.0% 66.7% N/A 33.3%   73.1% 
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Appendix 13  

Creation of image mosaic using IKONOS data 

In this section, we describe the procedure used to create a large map of the 

study area using IKONOS imagery.  This procedure can be used in future studies 

to augment a similar database with more features, such as vegetation heights. 

IKONOS imagery used in this study was stereo capable. Stereo products consist 

of two IKONOS satellite images of the same location on earth, taken from two 

different perspectives during one orbital pass. The pair of images is collected in-

track, or on the same ground path just moments apart, to maintain the tonal 

consistency between each image, enabling better interpretability. One of the two 

images is taken at a high elevation angle of greater than 72 degrees, which 

enables users to make highly accurate orthorectified imagery.  The images have 

one panchromatic and four multi-spectral bands: 

• Spectral Bands 

o Panchromatic: (1 meter) - 450 - 900 nanometers 

o Multi-spectral: (4 meters) 

Band 1: Visible Blue 445 - 516 nanometers 

Band 2: Visible Green 506 – 595 nanometers 

Band 3: Visible Red 632 - 698 nanometers 

Band 4: Near IR 757 - 853 nanometers 

The data are 11 bit and the spatial resolution of the images is 1 meter. The swath 

width of the images is 11km. The stereo capable images are basically pan 

sharpened multi-spectral imagery that were acquired as False Color Composite 
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(Bands: 4, 3, 2). These images have a 15m horizontal accuracy – (Circular Error 

(CE) at 90% confidence level), and 22m vertical accuracy – (linear error (LE) 

90%). 

IKONOS images of the area, available through the EPA, were used to create 

digital orthographic imagery of the area for fieldwork.  The steps used were:  

• Erdas OrthoBase Pro software automatically reads the metadata included 

with the image files in the product CD. 

• A block file was created by selecting the “IKONOS” option and projection was 

set to Geographic Coordinates (Lat/Lon, WGS 84) to let the software know 

what the image projection is. 

• Horizontal units were set to “Degrees” and vertical units were set to “meters”. 

• In OrthoBase Pro, 22 images were added to the block. Each pair of images 

covers the same area on the earth, captured from two different angles. This 

enables the software to display the ground in stereo. An overlay of all 

available IKONOS images and study site boundaries is shown below. 

• Text files containing rational polynomial coefficients (RPC) values are 

attached to each image file. This helps software to figure out the spatial 

location of each image. The Graphic Status display of OrthoBase Pro helps 

visualize the image locations and image overlap.  

• The horizontal reference source was pointed to the mosaic of DOQQs that 

were used for the previous analyses. The vertical reference source was 

pointed to a DEM of the area. Both of these reference sources were re-

projected to geographic coordinates before they were referenced, so that 

they match the original IKONOS imagery. The OrthoBase Pro Point 

Measurement Tool was used to assign vertical and horizontal reference 
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points. Forty-nine tie points were used to reference the block to the DOQQ 

and 23 ground control points were used to reference the block to the DEM.  

The Point Measurement Tool window is shown below. 

 

 

 

 

 

 

Boundaries of IKONOS images  & study site 

 

OrthoBASE Graphic Status display 
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• At this stage the block was viewed in 3D in the Erdas Imagine Stereo 

Analyst, to obtain a better idea of tree heights and the topography of the 

area. Shown below. (Use Anaglyph glasses to see in stereo). 

• The last step was to create digital orthophotos of the area based on IKONOS 

imagery. To create a mosaic, the “Ortho rectification - Resampling” option is 

chosen under the “Process” menu. On the Ortho Resampling window all the 

non-oblique images were added (one image from each pair) and the DEM of 

the area was assigned as the DTM source. The resampling method selected 

was “Bilinear Interpolation”. 

• Next, the Erdas Imagine Mosaic tool was used to create a mosaic of these 

digital orthophotos. Attempts using the automatic cut line option were not 

satisfying. Therefore an area of interest (AOI) polygon was created for each 

image to allow a little overlap area and minimize cloud cover. AOI polygons 

are shown BelowThe resulting image is overlaid with the DEM and shown 

below as well.  
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OrthoBASE Pro Point Measurement Tool screen capture 
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Erdas Imagine Stereo Analyst screen capture 
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Area of Interest polygons overlaying images and shown in the Mosaic Tool   
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Image mosaic created using IKONOS Imagery and overlaid with DEM 
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Appendix 14  
Field & DOQQ Raw Data  
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Overall DOQQ and Field Measurement Data for Accuracy Assessment 

 DOQQ FIELD FIELD DOQQ 

Segment % 
Vegetated

% 
Vegetated

% non-vegetated Non-
vegetated

% non-
vegetated

Non-
vegetated

1Agg27 14.4% 20.0% 45.0% A 45.0% A 

1Agg3 6.4% 5.0% 95.0% A 94.0% A 

1For17 100.0% 100.0% 0.0%  0.0%  

1For18 98.5% 100.0% 0.0% A 2.0% A 

1For19 100.0% 100.0% 0.0%  0.0%  

1For25 48.5% 58.0% 42.0% A 45.0% A 

1For26 67.9% 70.0% 30.0% T 32.0% T 

1Urb11 63.3% 65.0% 35.0% U 37.0% U 

1Urb14 74.1% 65.0% 35.0% U 26.0% U 

1Urb2 12.5% 30.0% 45.0% A 49.0% A 

1Urb24 21.8% 45.0% 55.0% U 78.0% U 

1Urb28 53.4% 65.0% 35.0% U 30.0% T 

1Urb29 13.6% 20.0% 45.0% A 45.0% A 

1Urb3 44.3% 45.0% 30.0% U 40.0% U 

1Urb5 16.4% 25.0% 45.0% A 44.0% A 

1Urb8 78.5% 80.0% 20.0% U 21.0% U 

2For26 100.0% 100.0% 0.0%  0%  

2Urb0 100.0% 100.0% 0.0%  0%  

2Urb10 11.8% 20.0% 45.0% A 49% U 

2Urb12 9.1% 15.0% 45.0% A 49% U 

2Urb16 66.7% 75.0% 25.0% U 33% U 

2Urb18 70.3% 70.0% 30.0% U 30% U 

2Urb20 66.5% 70.0% 30.0% U 34% U 

2Urb22 73.2% 80.0% 20.0% U 27% U 

2Urb24 64.0% 70.0% 28.0% U 36% U 

2Urb26 41.0% 40.0% 30.0% U 27% U 
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DOQQ and Field Measurements for Segment Left Sides 
 FIELD DOQQ FIELD DOQQ FIELD DOQQ 

Segme
nt 

Max. 
veg. 

reach 

Land 
Cover 
adj. to 
veg. at 

max 
reach 

Max. 
veg. 

reach 

Land 
cover 
adj. to 
veg. at 

max 
reach 

Min.  
Veg. 

Reach 

Land 
cover 
adj. to 
veg. at 

min 
reach 

Min. 
veg. 

reach 

Land Cover 
adj. to Veg. 

at min 
reach 

% Length 
adj. to veg. 

% Length 
adj. to 
veg. 

1Agg27 7.0 U 6.6 B 7.0 A 0.0 B 100.00% 0.0% 

1Agg3 3.0 A 2.9 A 1.0 A 1.8 A 100.00% 100.0% 

1For17 30.5 F 30.5 F 30.5 F 30.5 F 100.00% 100.0% 

1For18 30.5 A 30.5 A 30.5 A 24.7 A 100.00% 100.0% 

1For19 30.5 F 30.5 F 30.5 F 30.5 F 100.00% 100.0% 

1For25 20.0 A 13.8 A 17.0 A 0.0 B 100.00% 28.4% 

1For26 20.0 F 20.4 T 4.0 T 18.0 T 100.00% 100.0% 

1Urb11 11.0 U 13.9 U 8.0 U 7.5 U 100.00% 100.0% 

1Urb14 12.0 U 12.8 U 9.0 U 8.3 U 100.00% 100.0% 

1Urb2 11.0 U 13.8 U 2.5 U 1.6 U 100.00% 100.0% 

1Urb24 6.0 U 9.8 U 4.0 U 8.3 U 100.00% 100.0% 

1Urb28 22.0 U 24.9 U 3.0 U 1.6 T 100.00% 100.0% 

1Urb29 4.0 U 4.3 U 3.0 A 2.8 U 100.00% 100.0% 

1Urb3 2.0 A 24.3 A 1.5 A 0.0 U 100.00% 72.3% 

1Urb5 7.0 U 8.3 U 7.0 A 1.2 U 100.00% 100.0% 

1Urb8 30.5 F 30.5 F 30.5 F 30.5 F 100.00% 100.0% 

2For26 30.5 G 30.5 G 30.5 G 30.5 G 100.00% 100.0% 

2Urb0 30.5 U 30.5 U 30.5 G 30.5 U 100.00% 100.0% 

2Urb10 1.0 U 0.0 U 0.5 U 0.0 U 0.00% 0.0% 

2Urb12 1.0 U 0.0 U 0.5 U 0.0 U 0.00% 0.0% 

2Urb16 19.0 U 19.3 U 0.0 U 9.0 U 95.00% 96.0% 

2Urb18 30.5 U 30.5 U 0.0 U 30.5 U 100.00% 100.0% 

2Urb20 15.0 U 13.1 U 0.0 U 0.0 U 90.00% 92.3% 

2Urb22 17.0 U 22.3 U 5.0 U 5.6 U 100.00% 100.0% 

2Urb24 10.0 U 10.4 U 5.0 U 4.8 U 100.00% 100.0% 

2Urb26 10.0 A 30.5 A 2.0 U 3.5 U 100.00% 100.0% 
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DOQQ and Field Measurements for Segment Right Sides 

 FIELD DOQQ FIELD DOQQ 

Segment 

Max. 
veg. 

reach 

Land 
Cover 
adj. to 
veg. at 

max 
reach 

Max. 
veg. 

reach 

Land 
cover 
adj. to 
veg. at 

max 
reach 

Min.  
Veg. 

Reach 

Land 
cover 
adj. to 
veg. at 

min 
reach 

Min. 
veg. 

reach 

Land Cover 
adj. to Veg. at 

min reach 

1Agg27 2.5 A 6.0 A 1.5 A 2.8 A 

1Agg3 2.5 A 2.3 A 1.0 A 1.7 A 

1For17 30.5 F 30.5 F 30.5 F 30.5 F 

1For18 30.5 U 30.5 U 30.5 U 30.5 U 

1For19 30.5 F 30.5 F 30.5 F 30.5 F 

1For25 30.5 F 30.5 F 18.0 A 30.5 F 

1For26 20.0 F 22.8 T 4.0 T 18.6 T 

1Urb11 30.5 T 30.5 T 30.5 T 30.5 T 

1Urb14 30.5 T 30.5 T 30.5 T 30.5 T 

1Urb2 1.5 A 2.0 A 1.0 A 1.3 A 

1Urb24 18.0 U 6.0 U 5.0 U 2.8 U 

1Urb28 24.0 U 24.5 U 3.0 U 0.7 U 

1Urb29 5.0 A 6.0 A 4.0 A 3.9 A 

1Urb3 30.5 U 30.5 U 6.0 U 0.0 U 

1Urb5 2.5 A 5.1 A 1.5 A 4.2 A 

1Urb8 22.0 F 23.3 U 0.0 A 0.0 U 

2For26 30.5 F 30.5 F 30.5 G 30.5 F 

2Urb0 30.5 R 30.5 G 30.5 R 30.5 G 

2Urb10 6.0 A 10.5 A 2.0 A 0.0 U 

2Urb12 5.0 A 6.7 A 2.0 A 3.3 A 

2Urb16 30.5 U 30.5 U 30.5 T 30.5 T 

2Urb18 30.5 U 30.5 U 30.5 U 30.5 U 

2Urb20 30.5 T 30.5 T 30.5 T 30.5 T 

2Urb22 30.5 T 30.5 T 30.5 T 30.5 T 

2Urb24 30.5 T 30.5 T 30.5 T 30.5 T 

2Urb26 9.0 A 16.3 A 5.0 A 4.0 U 
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DOQQ and Field Measurements for Segment Right Sides 

 FIELD DOQQ FIELD DOQQ 

Segment 
% Length 

adj. to veg. 
% Length 

adj. to veg. % Shading % Shading 

1Agg27 100.00% 100.00% 0.00% 0.00% 

1Agg3 100.00% 100.00% 100.00% 0.00% 

1For17 100.00% 100.00% 25.00% 63.00% 

1For18 100.00% 100.00% 100.00% 100.00% 

1For19 100.00% 100.00% 100.00% 33.40% 

1For25 100.00% 100.00% 100.00% 100.00% 

1For26 100.00% 100.00% 0.00% 0.00% 

1Urb11 100.00% 100.00% 0.00% 0.00% 

1Urb14 100.00% 100.00% 0.00% 0.00% 

1Urb2 100.00% 100.00% 0.00% 0.00% 

1Urb24 100.00% 100.00% 0.00% 0.00% 

1Urb28 100.00% 100.00% 60.00% 100.00% 

1Urb29 100.00% 100.00% 0.00% 0.00% 

1Urb3 100.00% 72.20% 0.00% 82.00% 

1Urb5 100.00% 100.00% 0.00% 0.00% 

1Urb8 100.00% 0.00% 100.00% 100.00% 

2For26 100.00% 100.00% 0.00% 8.30% 

2Urb0 100.00% 100.00% 100.00% 100.00% 

2Urb10 100.00% 96.00% 0.00% 0.00% 

2Urb12 100.00% 100.00% 0.00% 0.00% 

2Urb16 95.00% 100.00% 5.00% 61.00% 

2Urb18 40.00% 100.00% 40.00% 48.00% 

2Urb20 90.00% 100.00% 10.00% 8.10% 

2Urb22 100.00% 100.00% 10.00% 0.00% 

2Urb24 100.00% 100.00% 0.00% 0.00% 

2Urb26 100.00% 100.00% 50.00% 0.00% 
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Dominant Vegetation Type for Left and Right Sides of Segments 

 DOQQ FIELD DOQQ FIELD 

Segment Dominant Veg Type –
Left side 

Dominant Veg Type – 
Left side 

Dominant Veg Type – 
Right side 

Dominant Veg Type  - 
Right side 

1Agg27 Shrub Grass Grass Grass 

1Agg3 Grass Grass Grass Grass 

1For17 Evergreen Evergreen Mixed F. MixedForest 

1For18 Evergreen Deciduous Evergreen Deciduous 

1For19 Deciduous Deciduous Deciduous Deciduous 

1For25 Deciduous Deciduous Deciduous Deciduous 

1For26 Deciduous Deciduous Deciduous Deciduous 

1Urb11 Grass Grass Shrub Shrub 

1Urb14 Shrub Grass Shrub Shrub 

1Urb2 Grass Grass Grass Grass 

1Urb24 Grass Grass Grass Grass 

1Urb28 Evergreen Evergreen Deciduous Deciduous 

1Urb29 Grass Grass Grass Grass 

1Urb3 Grass Grass Evergreen Evergreen 

1Urb5 Grass Grass Grass Grass 

1Urb8 Deciduous Deciduous Evergreen Evergreen 

2For26 Grass Grass Evergreen Deciduous 

2Urb0 Deciduous Deciduous Deciduous Deciduous 

2Urb10 None Grass Grass Grass 

2Urb12 None Grass Grass Grass 

2Urb16 Shrub Grass Shrub Grass 

2Urb18 Grass Grass Grass Grass 

2Urb20 Grass Grass Grass Grass 

2Urb22 Grass Grass Grass Grass 

2Urb24 Grass Grass Grass Grass 

2Urb26 Grass Deciduous Grass Deciduous 
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Stream width measurements 

 DOQQ FIELD 

Segment 

Stream 
Width Max 

Stream 
Width 

Min 

Stream 
Width 

Average 

Stream 
Width Max 

Stream 
Width 

Min 

Stream 
Width 

Average 

1Agg27 4.00 1.80 2.90 1.50 1.00 1.25 

1Agg3 2.90 1.00 1.95 1.00 1.00 1.00 

1For17 2.00 1.00 1.50 1.20 1.00 1.10 

1For18 N/A N/A N/A NA NA NA 

1For19 2.60 1.10 1.85 1.50 0.80 1.15 

1For25 N/A N/A N/A NA NA NA 

1For26 2.70 1.40 2.05 1.50 1.30 1.40 

1Urb11 2.10 0.70 1.40 1.50 1.30 1.40 

1Urb14 2.96 1.00 1.98 1.50 1.30 1.40 

1Urb2 1.80 0.80 1.30 1.40 1.00 1.20 

1Urb24 2.50 1.70 2.10 1.00 0.80 0.90 

1Urb28 N/A N/A N/A 1.50 1.10 1.30 

1Urb29 3.60 1.60 2.60 1.50 1.00 1.25 

1Urb3 1.80 0.50 1.15 1.20 0.80 1.00 

1Urb5 3.50 1.90 2.70 1.50 1.00 1.25 

1Urb8 1.95 1.00 1.48 1.00 0.50 0.75 

2For26 3.30 1.80 2.55 1.70 1.50 1.60 

2Urb0 N/A N/A N/A 2.00 2.00 2.00 

2Urb10 2.80 1.80 2.30 1.50 0.70 1.10 

2Urb12 3.20 2.00 2.60 1.20 0.80 1.00 

2Urb16 3.50 1.00 2.25 2.50 2.00 2.25 

2Urb18 3.50 1.00 2.25 3.50 2.50 3.00 

2Urb20 3.30 1.70 2.50 3.00 2.00 2.50 

2Urb22 4.00 3.14 3.57 2.50 2.50 2.50 

2Urb24 4.00 2.20 3.10 3.00 2.00 2.50 

2Urb26 3.20 1.96 2.58 4.00 1.00 2.50 
 


