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The main theme of this research is the application of geographic techniques in a 

study involving environmental monitoring and analysis of the associations between 

landscape and in-stream characteristics in the Pacific Northwest. The geographic 

techniques used in this study include (1) geographic information systems (GIS) coupled 

with statistical analysis and (2) geographic visualization. The study area comprised 44 

stream sampling sites and their respective watersheds in the Willamette River Basin of 

western Oregon. 

The first paper in this dissertation is a literature review of scientific visualization 

relative to the field of geography. Integrating more traditional techniques of cartographic 

lineage with new methods of geographic visualization, this chapter introduces 

terminology related to geographic visualization as well as a variety of methods for the 

visualization of multivariate spatial data. 



The second paper describes the use of scientific visualization to generate a 

composite indicator of landscape stress (i.e., a robust metric that represents multiple 

integrated characteristics of landscape disturbance). Through a unique approach, the 

power of the human visual system was used to synthesize multiple attributes of the 

landscape in mean ranks of watershed stress. Participants in this study were consistently 

able to distinguish between sites, and they were generally in agreement on how to rank 

sites. 

The final paper describes the more traditional "lumped landscape " approach to 

indicator development and examines inherent scale properties of spatial data that may 

affect the generation of landscape indicators as well as the outcomes of statistical and GIS 

analyses in which they are used. In this study, grain (the finest level of resolution), extent 

(the area under consideration), and level of generalization in classification were 

systematically manipulated to determine effects of varying spatial scale properties on the 

generation of landscape metrics. Resolution of the data sets and differences between sites 

accounted for most of the variation in the landscape indicators generated. 

Together these three papers describe and demonstrate the important role that 

geographic techniques, in particular GIS coupled with statistical analysis and 

visualization can play in better understanding our environment. 
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THE APPLICATION OF SPATIAL DATA ANALYSIS AND VISUALIZATION 
IN THE DEVELOPMENT OF LANDSCAPE INDICATORS 

TO ASSESS STREAM CONDITIONS 

CHAPTERl. INTRODUCTION 

INTRODUCTION 

Problem Definition 

1 

In his 1995 keynote address to the International Cartographic Association (ICA), 

Joel Morrison, Chief of the Geography Division of the U.S. Bureau of the Gensus, stated: 

"Cartography now has two main products: precise analyses of digital data residing in our 

databases, and visualizations of those data and the analyses" (Morrison 1995: 18). Those 

two products are precisely the focus of the research presented herein. 

Increased availability and capabilities of electronic technology dedicated to spatial 

information handling have enabled geographers, cartographers, and other spatial 

information specialists to make essential contributions to the development of the two 

products described by Morrison, namely spatial analysis and geographic visualization. 

This dissertation demonstrates how those two products can be applied in studies of our 

natural environment and human influences on it. The main theme of this research is the 

application of geographic techniques in an analysis of associations between human 

alterations of the landscape and water resources in those landscapes. The geographic 



techniques used include (1) geographic information systems (GIS) coupled with 

statistical analysis and (2) geographic visualization. 

2 

This study focused on 44 stream sampling sites and their respective watersheds in 

the Willamette River Basin in western Oregon (Figure 1.1 ). The Willamette River Basin 

is comprised of three ecoregions (Omernik 1987): the Coast Range on the west, the 

Cascade Mountains on the east, and the Willamette Valley in their midst. In this study, 

stream sampling sites were selected from locations within only the Cascade and the 

Willamette Valley ecoregions. 

Two methods were used to generate indicators or metrics describing landscape 

characteristics that could be correlated with in-stream indicators to identify associations 

between streams and the landscapes in which they lie. In this dissertation, I first present 

an approach using scientific visualization. As an introduction to this approach, I review 

literature on visualization in geography. Then I describe the more commonly used 

lumped landscape approach and discuss data characteristics that have the potential to 

influence landscape indicator development. 

Chapter 2: Visualization of Multivariate Geographic Data for Exploration 

Vision is the most powerful and efficient human information-processing 

mechanism. Visualization enhances the human visual system by using the computer to 

produce images that were previously difficult or impossible to generate. These images 

can provide the user with previously unimagined representations from previously 

unattainable perspectives of previously non visual phenomena (Friedhoff and Benzon 
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Figure 1.1. Stream sampling sites in the Willamette River Basin, western Oregon, U.S.A. 
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1989). This new technology is changing the way data are being viewed and interpreted in 

such diverse fields as medicine, art, mathematics, geosciences, communication, 

astrophysics, psychology, architecture, entertainment, and engineering (McCormick et al. 

1987; Friedhoff and Benzon 1989). Geographers, too, are using visualization, often 

coupling it with geographic information systems (GIS), to produce high-tech graphics for 

spatial problem solving in what is called "geographic visualization". Geographic 

visualization is a special type of scientific visualization in which visual representations 

are used to restructure a geographic problem so that more of it can be processed by the 

human visual system. 

One of the primary uses of visualization is to synthesize and explore large 

multivariate data sets. Development and description of methods for multivariate spatial 

data display have traditionally been presented in cartographic literature (see, for example, 

Elements of Cartography by Robinson et al. 1995); however, this topic is now being 

addressed in visualization literature as well. Synthesized presentations of traditional 

cartographic works with the recent developments in geographic visualization are limited. 

The first paper in this thesis fills this void, providing a literature review of methods for 

multivariate spatial data display that integrates the more traditional techniques of 

cartographic lineage with newly developed methods for geographic visualization. 

This paper reviews scientific visualization relative to the field of geography 

through the description of (I) terminology related to visualization in geographic and 

general scientific inquiry, (2) state-of-the-art methods for the visualization of complex 

geographic phenomena, and (3) contributions of the ancient art and science of 

cartography to modern developments in spatial data display. Primary emphasis is placed 



on the use of visualization for exploring rather than storing or presenting geographic 

information, which has been the traditional role of maps. This chapter presents a variety 

of methods to display multivariate spatial data, as well as the advantages and limitations 

of each. 

Chapter 3: Visualization for Generating Indicators of Landscape Stress 

5 

The next chapter describes the use of scientific visualization to generate a 

composite indicator (i.e., a robust metric that represents multiple integrated 

characteristics) of landscape stress. The indicator was developed as follows. Visual 

representations of landscape characteristics were generated for two sets of watersheds: 17 

in the Willamette Valley and 18 in the western Cascade Mountains. Information for the 

representations was compiled from various sources, including classified and unclassified 

satellite imagery, aerial photography, digital elevation models, and a variety of GIS data 

layers (e.g., geology, geomorphology, and land use/land cover). A multiple 

representation approach was used to provide viewers with multiple views of the same 

theme so that they could confirm suspicions about their interpretation of data from 

various sources. The two sets of representations were displayed separately on opposite 

sides of a large wall board such that all watersheds in a set could be viewed 

simultaneously. Forty experts ranked landscape stress in each set of watershed 

representations. Ranks were then averaged to produce a mean rank of landscape stress 

for each watershed in each set. 
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We evaluated consistency in distinguishing between sites by all experts, as well as 

variation in the mean ranks relative to experts' general fields of research and their prior 

knowledge of the streams. We then examined the agreement on ranks among experts. 

The mean ranks of landscape stress were correlated with selected in-stream indicators, 

and the results were compared to those obtained using indicators generated with the 

lumped landscape approach. Finally, we examined factors considered in ranking and 

reviewed anecdotal infonnation provided by the participants. 

Results suggested that participants in this study were consistently able to 

distinguish between sites, and they were generally in agreement on how to rank sites. 

Participants' general field of research and prior knowledge of the streams did not account 

for a significant amount of variation in the rankings. The ranks correlated well with 

selected indicators of in-stream conditions, particularly for the Valley streams; however, 

they did not perfonn significantly better than lumped landscape indicators. Factors 

relating to landscape stress identified by the participants included land use type and 

intensity, road density, channel modifications, mining activity, riparian condition, and 

others. These factors may be useful in generating a computational composite indicator of 

landscape stress if the individual factors can be summarized and combined quantitatively. 

Chapter 4: Sensitivity of Landscape Indicators to Extent, Grain, and Classification 
of Spatial Data 

The final paper describes the more traditional lumped landscape approach to 

indicator development and an analysis of the effects of spatial scale properties on the 

metrics generated with this approach. 
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The lumped landscape approach involves computation of a particular landscape 

characteristic (e.g., agricultural land use or roads) within a defined landscape unit (e.g., a 

watershed). This is a popular landscape characterization approach because of its 

computational and conceptual simplicity. Using a GIS, computation is fairly 

straightforward, involving overlay of the land cover data set with the landscape unit and 

summarizing the amount of area within the spatial unit (e.g., a watershed) with the 

characteristic of interest (e.g., roads). Additionally, landscape indicators standardized by 

the unit area (e.g., percent agricultural area or road density) are easy to compute and 

conceptualize. 

The integrity of the indicator developed using this method depends on the 

representation of real world characteristics in the spatial data set. That is, accurate and 

timely data with sufficient spatial resolution and the desired attribute classes must be used 

if accurate indicators are to be generated. Because of the cost and time involved in 

primary data collection, the lumped landscape approach is often used with data at hand 

rather than data compiled for the purpose of capturing particular characteristics. As a 

result, the landscape variables are often chosen for practical rather than theoretical 

reasons. Use of data that are available rather than data that are appropriate may result in 

insufficient or erroneous indicators of landscape condition. This paper investigates some 

of the spatial data properties that may affect landscape indicator generation using the 

lumped landscape approach. 

In this study, grain (the finest level ofresolution), extent (the area under 

consideration), and level of generalization in classification were systematically 

manipulated to determine the effects of varying spatial scale properties on the generation 
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of landscape metrics. Landscape data were compiled at four spatial resolutions, with four 

models for varying spatial extent, and with two levels of classification. These data were 

then used to compile landscape indicators for each of the 44 northwestern Oregon 

watersheds in this study. Variations in the indicators were examined and the contribution 

to variation by each of the factors was detennined. 

Results implied that the data sets used in this study were inappropriate for detailed 

classification and that two of the four methods for subdividing the watershed provided 

interesting patterns of variation in the landscape metric across distance. When scale 

variables were examined together, most of the variation in the landscape metrics was 

attributable to data resolution, individual watershed differences, and resolution-watershed 

interactions. Because scale properties of the spatial data altered the landscape indicators, 

the potential effects of scale properties of landscape indicators should be carefully 

considered. 

A Note on the Format of this Dissertation 

This dissertation is written in compliance with the regulations for the manuscript 

fonnat as approved by the Graduate School and the Department of Geosciences of 

Oregon State University. It consists of three manuscripts, each able to be submitted 

individually for publication in a professional journal. In addition to an introductory 

chapter, there is a concluding chapter with a complete list of citations in the fonnat of The 

Chicago Manual of Style (Turabian 1987). 
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Chapter 2, "Visualiz.ation of Multivariate Geographic Data for Exploration", has 

been accepted for publication in Geographic Information Research II: Bridging the 

Atlantic. Chapter 3, "Visualization for Generating Indicators of Landscape Stress", will 

be submitted to Cartography and Geographic Information Systems. Chapter 4; 

"Sensitivity of Landscape Indicators to Extent, Grain, and Classification of Spatial Data", 

is targeted for Landscape Ecology. 
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Visualization of Multivariate Geographic Data for Exploration 

Aileen R. Buckley 

Submitted to Geographic Information Research II: Bridging the Atlantic, 
Department of Geosciences, Oregon State University, 
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INTRODUCTION 

Vision is the most powerful and efficient human information-processing 

mechanism. Visualization enhances the human visual system by using the computer to 

produce images that were previously difficult or impossible to generate. These images 

can provide the user with previously unimagined displays from previously unattainable 

perspectives of previously nonvisual phenomena (Friedhoff and Benzon 1989). This new 

technology is revolutionizing the way data are being viewed and interpreted in such 

diverse fields as medicine, art, mathematics, geosciences, communication, astrophysics, 

psychology, architecture, entertainment, and engineering (Friedhoff and Benzon 1989; 

McCormick et al. 1987). Some geographers are also utilizing visualization, often 

coupling it with GIS (geographic information systems), to produce high-tech graphics for 

spatial problem solving in what is called "geographic visualization". 

Geographic or cartographic visualization is one tool that can be used to process, 

explore, and analyze the vast volumes of digital spatial data now available. The stores of 

digital spatial data have increased dramatically in the past few decades due largely to the 

collection of remotely-sensed imagery, conversion of maps from analogue (paper) to 

digital format, and creation of new data through the manipulation and analysis of existing 

data. Computerized methods for dealing with these data are constantly being introduced 

and updated, and exploration and analysis of these digital data would be impossible 

without computers. Visualization may well be "the second computer revolution" 

(Friedhoff and Benzon 1989), providing scientists with methods to recast data into 

displays from which hypotheses, ideas, theories, and confirmation can be derived. With 
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these methods, large volumes of mapped information can be compiled, manipulated, and 

displayed specific to the geographic problem of interest. The resulting visual 

representation can provide insight that would have been difficult or impossible to obtain 

without the use of computers. 

Certain characteristics of visual representations can be exploited to explore data in 

more depth. Solving complex spatial problems often requires that some or all of these 

characteristics be manipulated in geographic data representations. These characteristics 

include dimensionality (i.e., the number of data dimensions), abstraction (or conversely 

realism), and the number of variables (i.e., multivariate information). The last of these is 

addressed in this chapter. 

This chapter reviews progress on the visualization front within the field of 

geography. It describes (1) terminology related to visualization in geographic and 

general scientific inquiry, (2) state-of-the-art methods for the visualization of complex 

geographic phenomena, and (3) contributions of the ancient art and science of 

cartography to these modern developments in spatial data display. Primary emphasis is 

placed on the use of visualization for exploring rather than storing or presenting 

geographic information, which has been the traditional role of maps. Additionally, this 

chapter focuses on geographic visualization methods for displaying multiple variables, 

thereby allowing for more in-depth exploration of the data. Integrating the more 

traditional works of cartographic lineage with newly developed methods for geographic 

visualization, this chapter presents the reader with a variety of visualization methods to 

display multivariate spatial data. The advantages and limitations of each are also 

reviewed. 
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TERMINOLOGY 

Visualization 

Like a telescope or microscope, visualization is a tool, external to the brain, which 

can be used to enhance the extraordinary power of visual thinking. By combining 

technologies such as image processing, computer graphics, computer-aided design, 

animation, simulation, virtual reality, and holography, computers can restructure a 

problem so more of it can be processed by the human visual system. Some believe that 

the biggest contribution of visualization to the process of scientific thinking is liberating 

the brain from the fundamental activity of information retrieval and manipulation 

required to produce an image, thereby allowing the brain to devote its time and energy to 

higher levels of analysis and synthesis (Friedhoff and Benzon 1989; McCormick et al. 

1987). 

While most scientists would agree that "visualization" has become an acceptable 

scientific practice, they often disagree exactly what it is. Terms such as visualisation 

(with an "s"), visualization (with a "z"), ViSC (visualization in scientific computing), 

visual analysis, visual representation, and visual display are often confused and 

confusing. 

In its 1987 commissioned report to the United States National Science Foundation 

(U.S. NSF), the Panel on Graphics, Image Processing, and Workstations defined 

visualization as "a method of computing ... a tool both for interpreting image data fed into 

a computer, and for generating images from complex multi-dimensional data sets ... ", the 
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goal of which is " ... to leverage existing scientific methods by providing new insight 

through visual methods" (McCormick et al. 1987: 3). Some scientists counter that 

visualization is not only a method of computing. MacEachren et al. (1992: 101) argue 

that "visualization .. .is definitely not restricted to a method of computing .. .it is first and 

foremost an act of cognition, a human ability to develop mental representations that allow 

us to identify patterns and create or impose order." 

Visvalingham (1994) distinguishes visualisation (with an "s") as the mental 

process of prompting visual images from visualization (with a "z") as the sophisticated 

computing technology to create visual displays that facilitate thinking and problem 

solving. ViSC is the discipline concerned with both human and computer mechanisms to 

"perceive, use, and communicate visual information" (McCormick et al. 1987: 3). As 

Visvalingham (1994) suggests, it may be impossible to distinguish between the 

computing process, the cognitive process, and the created product, especially when the 

activity is highly interactive and exploration-oriented. Often, the image generated on the 

computer screen mirrors the imaginative thinking process and new mental images lead to 

new computer images. Once visualization is externalized as a visual representation (i.e., 

the visual depiction of data and/or mental images), the distinction between process and 

product is easier to make. Although visual representations can be expressed in any 

medium, visual displays are electronic and usually temporary and easily modifiable 

(Visvalingham 1994). 

Currently, electronic scientific visualization is limited to display on the computer 

screen. The visual displays of tomorrow, however, may be able to break the CRT bonds 

as technology continues to advance in holography and virtual reality. Additionally, large 
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format wall displays, akin to military "war boards", are under development (Keith Clarke, 

personal communication). Interactive wallboards, holographic projections, and virtual 

reality will help free visualization from limitations of the computer screen as the primary 

output device, and data will no longer need to be reduced or eliminated to fit into a 

confined display space. 

Geographic Visualization 

A subset of scientific visualization, geographic visualization is defined by 

MacEachren et al. (1992: 101) as "the use of concrete visual representations-- whether 

on paper or through computer displays or other media -- to make spatial contexts and 

problems visible, so as to engage the most powerful human information-processing 

abilities, those associated with vision." The format of visual representation most often 

used by geographers to display spatial information is the map. In terms of map use 

(Figure 2.1 ), visualization can be described as a highly interactive process involving one 

or few people to examine unknowns in the data (MacEachren 1994). 

Exploration 

Data exploration is a key part of the scientific endeavor. Exploratory data 

analysis was formalized by the statistician John Tukey, whose 1977 book describes 

arithmetic methods for "looking at data to see what it seems to say"(Tukey 1977: v). The 

methods are intended to make problem solving that involves large bodies of data easier 
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Figure 2.1. MacEachren's (1994) conceptual model of map use space. Map use, which 
can vary according to the characteristics along each of the three axes, involves both 
visualization and communication, to varying degrees. Visualization, or prompting visual 
thinking, involves highly interactive map use for revealing unknowns by one or few 
individuals. Communication is a less interactive form of map use for presenting knowns 
to a wider audience. 

by (I) making description simpler and (2) looking one layer deeper than the previously 

described surface. "The greatest value of a picture," he states, "is when it forces us to 

notice what we never expected to see" (Tukey 1977: vi; emphasis that of original 

author). Tukey's work pointed to the importance of exploratory data analysis as the 

precursor to confirmatory data analysis and has since been adopted by most fields of 

scientific inquiry, including geography. The value of visualization was reiterated to the 

scientific community in the 1987 NSF report, and scientists have since turned toward 

visual data exploration with renewed vigor. 
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Exploratory visualization is a creative process that leads to the construction of 

new ideas, hypotheses, and questions. DiBiase ( 1990) suggests that exploration is at one 

end in a continuum of visualization use (Figure 2.2). At this end, visualization is a 

private endeavor by an individual to investigate data relationships, formulate new ideas, 

generate new questions, develop new hypotheses, or find answers. At the other end of the 

continuum, visualization is used for public communication to convince a larger audience 

of already-formulated ideas or conclusions. 

Figure 2.2. DiBiase's (1990) conceptual model of visualization as a tool for scientific 
research. For data exploration, maps facilitate visual thinking. For data presentation, 
maps commwricate spatial information. 
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Whereas problem solving involves previous knowledge of a defined task, data 

exploration often involves multiple, changing, or ill-defined takes. In the process of data 

exploration, experiments are done for the sake of experimenting, not hypothesis testing. 

With computers, data can be arranged and rearranged, and data representations can be 

edited and updated immediately and interactively. Experimentation or exploration in 

visualization leads to more displays, more hypotheses, and eventually more technology. 

Simple curiosity rather than defined tasks (as in experimentation or modeling) can lead to 

scientific insight or discovery. 

Multivariate 

In general, multivariate data refers to a number of independent mathematical or 

statistical variables. In geography, multivariate mapping refers to the display of multiple 

themes or variables interest (e.g .. soil, slope, and aspect) over the framework of a 

locational basemap (Robinson et al. 1995). In addition to multiple themes, multivariate 

spatial data might be considered to include multiple data structures (e.g .. raster, vector), 

extents (i.e., areas ofinterest), and resolutions (i.e., finest levels of detail). In this 

chapter, multivariate geographic data refers to a spatial data set that has more than one 

theme, resolution, extent, and/or data structure. Most GIS databases would fit this 

description. Visualization of multivariate geographic data refers to the ability to see 

multiple views into the data set, either through multiple windows or multiple attributes 

(i.e., theme, resolution, extent, data structure). For example, under this definition, 

visualization of one theme at various resolutions for one extent or visualization of various 



themes at one resolution for various extents would both qualify as visualization of 

multivariate data. 

FRAMEWORK FOR VISUALIZING MULTIVARIATE GEOGRAPHIC DATA 
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Data visualization in general scientific inquiry can take many forms, including 

graphs, charts, tables, plots, figures, and images. The format most often used to visualize 

spatial data is the map, which, in addition to showing the type and/or quantity of data, 

also shows the spatial distribution of those data. Maps can show one or more types of 

data, but the more data shown, the more complex (and perhaps confusing) the map. 

Multivariate mapping is a challenging form of data display because the spatial 

distribution must be preserved (taking up two dimensions, x and y) and multiple variables 

must be depicted (in other dimensions or superimposed on the x,y space). At the same 

time, readability must be preserved and complexity must be held in check. 

Some methods for displaying ( often large amounts and different kinds of) 

geographic data clearly and concisely have been formalized in cartography. This 

formalization is based on graphic elements and the graphic variables used to symbolize 

them. Combinations of graphic elements and graphic variables are related to levels of 

measurement, and the effectiveness of graphic variables, given the graphic elements and 

levels of measurement, can be evaluated. 
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Graphic Elements 

Graphic elements "constitute the primitive building blocks of pictorial 

representation" (Robinson et al. 1995: 318). The basic graphic elements are points, 

lines, and areas. Points are x,y coordinate locations that depict position, lines are one

dimensional arrays of points that depict position and direction, and areas are two

dimensional arrays of points that depict position, direction, and extent. These three 

graphic elements can be used to symbolize both discrete geographic units (point features, 

line features, and homogeneous areas) and continuous surfaces. 

Continuous surfaces are generally represented in GIS with a raster data structure 

in which pixels (picture elements) are combined to create a matrix of the total areal 

extent. Each pixel can be thought of (and symbolized) as a small homogeneous area. 

When combined, these small areal elements represent the complete continuous surface. 

Graphic Variables 

To symbolize data, properties of the graphic elements are systematically adjusted. 

The properties that can be adjusted (or varied) for the graphic elements are called graphic 

variables. The list of graphic variables, which originally included only visual variables, 

has been expanded throughout the years to include aural and tactile variables, as well as 

dynamic variables (Table 2.1 ). 

Bertin ( 1981) first proposed the concept of graphic variables and identified seven 

classes of visual variables (position, size, value, texture, color, orientation, and shape). 

Robinson et al. (1995) modified Bertin's classification, categorizing visual variables as 
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Nominal Data Ordinal Data Interval/Ratio Data 

Position Effective Effective Effective 

Size Not Effective Effective Effective 

Value Not Effective Effective Marginally Effective 

Hue Effective Marginally Effective Not Effective 

Orientation Effective Marginally Effective Not Effective 

Shape Effective Not Effective Not Effective C/) 

Chroma Marginally Effective Not Effective Not Effective c5 
:x: 

Texture Effective Marginaiiy t:nective iviarginaiiy Eifecbve -i 

Orientation Effective Marginally Effective Marginally Effective 

Arrangement Marginally Effective Not Effective Not Effective 

Crispness Not Effective Marginally Effective Not Effective 

Resolution Not Effective Marginally Effective Not Effective 

Transparency Marginally Effective Marginally Effective Not Effective 

Location Possibly Effective Effective NOTE: 

Loudness Not Effective Effective There is no 

Pitch Not Effective Effective distinction ... 
en Register Not Effective Effective between C/) 

,_j w 0 
~ ,_j Timbre Effective Not Effective ordinal and C 
::) ~ Duration Not Effective Effective inteivaVratio 

z 
< 0:: 0 

~ Rate of Change Not Effective Effective data for 
Order Not Effective Effective the aural 

Attack/Decay Not Effective Effective variables. 

Volume Effective Effective Effective 

... Size Not Effective Effective Effective 
w en P. Texture (Value) Not Effective Effective Marginally Effective a ..J w 
- ..J Elevation (Hue) Effective I- CXl Not Effective Effective C 
U< 

Orientation Marginally Effective Not Effective 
0 

~ ii: Effective :x: 
~ Shape Effective Not Effective Not Effective 

P. Arrange. (Chroma) Effective Marginally Effective Marginally Effective 

Display Date Effective Marginally Effective Not Effective .. 
Duration Not Effective Effective Effective u en -w :E ..J Order Not Effective Effective Not Effective -i 

c(al ~ z c( Rate of Change Marginally Effective Effective Effective 
~a: m 
~ Frequency Marginally Effective Effective Marginally Effective 

Synchronization Effective Not Effective Not Effective 

I. After Robinson, et al. 1995. 3. After Vasconcellos 1992. 
2. After MacEachren 1995. 4. After DiBiase, et al. 1992 and MacEachren 1995. 

Table 2.1. Graphic variables used to symbolize data. The list of seven visual variables originally 
proposed by Bertin has since been expanded to include variables for other senses (sound and 
touch) and for dynamic displays. Whether variables in italics should be included is debatable. 
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either primary or secondary. The primary visual variables include shape, size, 

orientation, hue (color, such as red, green, or blue), value (lightness or darkness of color), 

and chroma (brightness or saturation of color). Repetitions of the basic graphic elements 

(i.e., combinations of points, lines, and areas) fonn patterns, and variations of the visual 

variables of the combined graphic elements fonn pattern visual variables. Derived from 

the primary visual variables and the basic graphic elements, pattern arrangement (shape 

of the elements), pattern texture (size of the elements), and pattern orientation (directional 

positioning of the elements) are considered secondary visual variables. 

A notable distinction between the taxonomy of Robinson et al. ( 1995) and that of 

Bertin (1981) is the omission by Robinson et al. of"position" as a visual variable (Table 

2.1 ). The position of a geographic feature cannot be altered or varied to show different 

types or quantities of data. However, properties of the graphic element representing the 

geographic feature at that position can be. For example, the position of a city on a map 

cannot be varied (without sacrificing the accuracy of the map), but infonnation about the 

city (e.g., the type of city, such as a capital, or the size of the city) can be symbolized 

using graphic elements (e.g., a point) and graphic variables (e.g., shape, such as a star, 

and size). Since the position isfrxed, it cannot be a visual variable. In other words, if the 

location of the graphic element in the visual display is detennined by its relative location 

in geographic space, then position is not a "graphic variable" (i.e., it cannot be "changed" 

to "symbolize" some value) and should not be included in the list of graphic variables. 

In the context of visualizing data uncertainty, MacEachren (1995: 276) proposed 

three additional visual variables that relate to clarity (Table 2.1 ). "Crispness" defocuses 

an element using selective spatial filtering of edges, fill, or both to adjust the visible detail 
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of a map. "Transparency" is depicted as a "fog" whose hue and value are proportional to 

the values of the attribute of interest. "Resolution" refers to the spatial precision of the 

base information and can be translated as the grid size for raster data or the level of 

simplification for vector data. Spatial resolution is a function of cartographic 

generalization, not symbolization; therefore, like position, it should be eliminated from 

the list of graphic variables. 

Based on the idea that stimuli can be transposed from one sense to another (Smets 

and Overbeeke 1989), variables for senses other than sight have also been proposed 

(Table 2.1). These variables can be used to develop maps for the sensory impaired or to 

augment visual representations. Krygier (1994) proposed nine aural variables. These 

include location (position of sound in two- or three-dimensional space), loudness 

(magnitude of sound), pitch (frequency of sound expressed as highness or lowness), 

register (location of pitch within a range), timbre (general character of a sound), duration 

(length oftime a sound is heard), rate of change (variations between sound and silence 

over time), order ( sequence of sounds), and attack/decay (time required for a sound to 

reach maximum or minimum loudness). 

Vasconcellos (1992) proposed seven tactile variables, three of which are directly 

comparable to Bertin's original set of visual variables. Size, shape, and orientation are 

similar to their corresponding visual variables; elevation is substituted for hue, pattern 

texture is substituted for value, and pattern arrangement is substituted for chroma. 

Volume, the substitute for position, should, for the same reasons as position, not be 

included in the list. Although one could also imagine other tactile variables, such as 



temperature and moisture, the variables proposed to date are limited to those that can 

currently be used in map making. 
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MacEachren (1995) later expanded three dynamic variables originally suggested 

by Di Biase et al. ( 1992) to a total of six (Table 2.1 ). These variables are used to 

incorporate change in visualization allowing for animated or dynamic maps. The six 

dynamic variables include display date (time the display is initiated), duration (length of 

time each scene is displayed), order (the sequence of scenes), rate of change (magnitude 

of change between scenes), frequency (number of scenes per unit of time), and 

synchronization (correspondence between time series of different data sets). 

It should be noted that the graphic variables can sometimes be combined. For 

example, Peterson (1995) selects from the visual and aural variables in Table 2.1 to 

produce his own list of eight animation variables (position, size, shape, speed, viewpoint, 

distance, scene, and a combined variable called texture/pattern/shading/color). Whether 

used solely or in concert, all graphic variables should be related to the level of 

measurement of the data they symbolize. Inappropriate use of the variables with regard 

to the level of measurement will diminish or eliminate their effectiveness for 

symbolization. 

Levels of Measurement 

Cartographic literature generally accepts four basic levels of data measurement: 

nominal, ordinal, interval, and ratio. This classification is based on the work of Stevens 

(1946), who proposed four scales of measurement and described the statistics permissible 
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for each. Nominal data only use numbers for names of classes; no quantitative measure 

is implied. Permissible statistics include counts of the number of cases in each class, 

modes, and contingency correlation. Ordinal data are ranked or ordered according to 

some quantitative measure. In addition to the statistics applicable to nominal data, 

medians or percentiles can be computed. Interval data are quantitative data with a zero 

point determined by convention or convenience. As well as the statistics for ordinal data, 

means, standard deviations, rank-order correlation, and product-moment correlation can 

be calculated. Ratio data are also quantitative, but an absolute zero is always implied. 

Permissible statistics include the coefficient of variation, as well as the statistical 

measures for all other levels of measurement. 

Chrisman (1997) challenged Stevens' scales, noting: "To use measurement 

effectively, additional distinctions must be made." He describes ten levels of 

measurement derived from a larger framework with reference systems for space, time, 

and attributes. In addition to nominal, ordinal, and interval, he also includes the 

following levels of measurement: graded membership ( categories plus an indication of 

the degree of association), extensive ratio (unit of measure where the additive rule 

applies), cyclic ratio (unit of measure plus length of the cycle), derived ratio (ratios of 

units of measure), counts (number of objects), and absolute measurements (proportions, 

probabilities). 

For data encoding or construction of data models (as in GIS), these measurement 

distinctions are important. For symboliz.ation, however, most data can be displayed 

appropriately using methods developed for the nominal, ordinal, and interval/ratio levels 

of measurement only (Table 2.1 ). Although interval and ratio data are different in terms 
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of their level of measurement, they can be combined for symboliz.ation since techniques 

for one apply to the other. 

Effectiveness of Graphic Variables 

The effectiveness of a particular graphic variable for displaying data with a 

particular level of measurement (Table 2.1) can generally be evaluated empirically. 

Cartographers have amassed a large volume of literature on the effectiveness of some 

graphic variables; however, others have yet to be tested empirically. Current consensus 

on the effectiveness of the graphic variables based on empirical evidence or hypothesis is 

shown in Table 2.1 but will not be further elucidated in this chapter. 

MAP USE AND MAP USERS 

If geographic visualiz.ation is related to map use, as DiBiase ( 1990) and 

MacEachren (1994) suggest, then it is also related to the map user. The utility of visual 

representations for exploration is dependent not only on how well the representations are 

created but also on how well they are comprehended. 

Complexity 

Simple data representations may be useful in all the phases of map use suggested 

by DiBiase (1990), from exploration, through confirmation and synthesis, to 

communication (Figure 2.3). More complex representations may be particularly useful in 
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exploration, allowing users to ask more complex questions and see more complex 

patterns. Complexity can be increased with a corresponding increase in the nwnber of 

dimensions, the level of abstraction, and the number of variables (Figure 2.3). Increasing 

the complexity of the visual representation may compromise its readability; therefore, 

the two must be kept in balance. 
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Figure 2.3. Three characteristics of visualization. The level of abstraction, number of 
variables, and nwnber of dimensions in a visual display can be increased to allow for 
"deeper" exploration of the data. DiBiase's visualization continuwn may be overlaid in 
this space showing that increasing complexity may improve use of the visual display for 
data exploration; however, complexity may compromise readability if user expertise is 
not adequate. 
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Readability 

Readability of a map is related to both comparability and distinguishability 

(DiBiase et al. 1994). These are defined as the ease of identifying co"espondence 

between data sets (comparability) and the ease of detecting distinctions between data sets 

( distinguishability) (DiBiase et al. 1994). Readability can be compromised when 

symbols become too diverse in form or too densely distributed (Robinson et al. 1995). 

Complex representations (i.e., multivariate, multi-dimensional, abstract displays) are 

particularly prone to these drawbacks. Readability depends in part upon the appropriate 

use of symbol variables, but it also depends upon the expertise of the user. 

Expertise of Users 

Currently, evaluation of scientific visualization in relation to its users draws on 

the expert-novice paradigm in cognitive psychological studies. This paradigm places 

emphasis on "the amount of domain-specific prior knowledge which is brought to a task" 

(McGuinness 1994: 186). This information is used to determine the level of expertise of 

the users, ranging from expert (those who have an extensive amount of "domain-specific" 

prior knowledge) to novice (those who do not). 

Use of the term "domain-specific" is not always clear or consistent. In some 

studies, "domain-specific" refers to the level of understanding of the content of the 

information (i.e., the type of phenomena represented). In other studies, the term relates to 

the ability and aptitude of the user to understand maps and other spatial representations. 

In addition, "domain-specific" is sometimes used to describe the ability of the user to 
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interact with the visualization method (e.g., level of computer expertise) (McGuinness 

1994). I suggest that, for visualization, expertise should be evaluated based on four 

criteria that correspond to the ability and aptitude of the user to understand (I) the nature 

of data (e.g., measurement, sampling, distribution), (2) the content of the data (i.e., the 

subject matter, such as climate data, soils data, census data), (3) the visual format (e.g., 

maps, graphs, images), and (4) the media (e.g., computer hardware and software). 

Together, these will influence the ability of the user to understand and use visualization 

for exploration. For more complex visual representations to be used and to be useful, 

expertise in some or all of these areas is required. 

TECHNIQUES FOR MULTIVARIATE GEOGRAPIDC VISUALIZATION 

Cartographers were interested in developing methods for the display of 

multivariate data even before the advent of computers. Traditional cartographic methods 

for multivariate data representation have been seized and sometimes improved upon by 

the visualization community (e.g., Cleveland 1993; Tufte 1990), and new methods that 

are possible only through the use of the computer have recently been introduced. The 

techniques described below represent a synthesis of traditional cartographic methods, 

many of which are described in a chapter called "Multivariate Mapping and Modeling" in 

Elements of Cartography (Robinson et al. 1995), and recent advancements in computer 

mapping technology, such as those described by DiBiase et al. (1994). 

Some of the techniques can be combined, further increasing the number of 

variables that can be visualized, but there must be a balance between complexity and 
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readability. Although cartographers are trained to strive for this balance, visualization 

initiates with no mapping or graphic background may soon find themselves the creators 

of complex, unreadable, and therefore useless displays. Cautionary notes for each 

technique are included in the hopes that this cartographic knowledge will be transferred 

to the next generation of spatial data display artists. Although the following section 

includes only those methods that can be used to visualize geographic data, these 

techniques can be used for non-spatial data if the x and y axes are substituted with 

variables other than location. 

Superimposition of Features 

One method for displaying multivariate data is to superimpose themes using 

different graphic variables. Changes in the properties of the graphic variables relate to 

changes in the values of the attributes. For example, meteorological maps often show 

barometric pressure as thin isolines, different types of storm fronts as lines with different 

patterns, the jet stream as a thick isoline, and cloud masses as shaded areas. 

This technique is conceptually simple, and it is useful for displaying a few 

variables (two or three). However, readability decreases as the number of variables 

increases. Although useful for inspecting individual distributions (DiBiase et al. 1994), it 

is difficult to convey the relative importance of the various themes (Robinson et al. 

1995). 
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Segmented Symbols 

There are two methods for using segmented symbols. One method segments or 

divides symbols to map the variables of interest. Most often, point symbols, such as pie 

charts, are divided to show proportion then placed on a locational basemap. The other 

method displays multiple graphic variables in a single symbol, sometimes referred to as a 

"glyph". Chernoff faces, which were originally designed to portray up to eighteen 

variables and have since been expanded to show thirty-six, are a fascinating example of 

glyphs (Dorling 1994). The premise for Chernoff faces is that the human eye is able to 

distinguish, easily and simultaneously, many of the facial features that form a facial 

expression (Dorling 1994). Different features are used to represent different variables 

(e.g., a variable each for the eyes, ears, nose, mouth, eyebrows, and shape of the head) to 

create a cartoon face depicting multiple variables. 

These techniques are good for inspecting individual variables, but it may be 

difficult to estimate and compare proportions, especially if there are many different 

graphic variables (e.g., size, shape, orientation). In addition, the visual "field effect" of 

nearby symbols can alter the perception of a symbol (Robinson et al. 1995). To 

overcome these limitations, it is best to use symbols that the user is already able to 

interpret easily (e.g., pie charts and cartoon faces). 

Cross-variable Mapping 

Bivariate mapping is used to "simultaneously depict magnitude of variables 

within homogeneous area for two map themes" (Robinson et al. 1995: 390). Trivariate 
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mapping is used to show three variables in the same way. Although black-and-white 

schemes, such as Carstensen' s ( 1986) unclassed areal texture maps, have been proposed, 

most methods use components of color (i.e., hue, value, chroma) to depict variation in the 

value of variables. Brewer's (1994) color scheme typology identifies methods for 

selecting appropriate colors for both bivariate and trivariate maps with various levels of 

measurement. 

Because the number of classes the human eye can distinguish is limited, cross

variable mapping is generally restricted to combinations of either two or three variables. 

Appropriate color selection is important for map readability, and unusual combinations of 

variables may be challenging to interpret conceptually (Robinson et al. 1995). 

Composite Indices 

Also called cartographic modeling or composite variable mapping, composite 

indices are created when several data variables are combined into one. Multiple variables 

are generalized by statistically collapsing spatial data into fewer variables using 

combinations of links ( +, -, *, /) or multivariate techniques ( e.g., principal components 

analysis, cluster analysis, discriminant analysis, canonical correlation analysis). The 

variables can be weighted, as can the links between the variables. 

This technique is good for distinguishing patterns between variables (DiBiase et 

al. 1994). GIS can facilitate computation of the indices, although complex problems may 

require more sophisticated computing capabilities as more variables are added. This 

technique requires that some thought be given to: (1) the variables included, (2) the 
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importance of the variables (weighting), and (3) the combination of the variables (links). 

The final model can be tested using sensitivity analysis (to examine the model behavior 

relative to changes in input and to evaluate the importance of input values) and 

uncertainty analysis (to estimate the uncertainty in model output as a function of the 

propagation of uncertainty in model input). The model can also be tested for goodness

of-fit based on an objective of generality (similarity of the model behavior under different 

conditions). 

Multiple Displays 

Multiple displays can be generated in either constant or complementary formats. 

Constant formats, like Tufte's (1983) "small multiples", are a series of displays with the 

same graphic design structure depicting changes in variables from multiple to multiple 

(i.e., map to map). The consistency of design assmes that attention is directed toward 

changes in the data. Complementary formats can also be used, combining maps with 

graphs, plots, tables, text, images, photographs, and other formats for the display of data. 

lbis "multimedia" approach can be extended to "hypermedia" by transparently linking 

the multiple channels of information (Buttenfield 1996). An example of multiple 

displays in complementary formats is geographic brushing (Monmonier 1989) in which 

points in a scatterplot are linked to features on a locational basemap. When a point or set 

of points is selected, it is highlighted in both displays. 

Multiple displays may be better for comparing data sets rather than distinguishing 

between data sets, especially if complexity of the display is increased. For small 
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multiples to be useful, they should be comparable, multivariate, "shrunken, high-density 

graphics" that are based on a large data matrix and used to show shifts in relationships 

between variables (Tufte 1983: 175). The utility of multiple format displays is 

dependent to some degree on the ability and aptitude of the user to understand each 

format. 

Multi-dimensional Displays 

In multi-dimensional data displays, each dimension can be used to depict one (or 

more) variables. A distinction can be made between 2-D (two-dimensional) mapping (in 

which location is referenced to the x and y axes), 2.5-D mapping (in which the surface is 

elevated in relation to some variable), and 3-D mapping (in which volume is expressed), 

while 4-D mapping is generally considered as an extension of2.5-D or 3-D mapping that 

includes time. Often, 2.5-D visualization is used to display the topography of the earth's 

surface; however, the elevated dimension can be used to depict another variable of 

interest (e.g., population density). Examples of 3-D visualization include volumetric 

displays of geologic formations below the earth's surface, atmospheric distributions 

above the earth's surface, and oceanic distributions below the sea surface. 

One method for displaying multiple dimensions simultaneously is to show two 

2.5-D planes moving through one another (Gahegan 1996). This is achieved most easily 

with dynamic displays, but small multiples can also be used. Another method for 

displaying multiple dimensions is with the use of transparency indices, in which a 

variable is symbolized as a "fog" through which the underlying distributions can be seen. 
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The fog is symbolized with the visual variables for color (value, hue, and chroma). 

Because the fog is transparent, the map theme below it remains visible. Although the eye 

can discern variations in color, especially when it approximates a realistic representation 

(e.g., clouds, smog), the effectiveness of transparency indices breaks down when there are 

several transparent layers and when the layers are used to represent more abstract 

variables. 

There are a number of factors to keep in mind when using multi-dimensional 

displays. A common rule of thumb is that the dimensionality of the display should not 

exceed the dimensionality of the data (Tufte 1983). Because elevation of the surface in 

one location may obscure the visibility of another location, varying perspectives are often 

used when more than two dimensions are displayed. If change in perspective cannot be 

achieved using either multiple or dynamic displays, the utility of this technique may be 

limited. MacEachren (1995) cautions against inappropriate use of realism in multi

dimensional displays, reminding us that realistic representations tend to convince the user 

that the information on the map is "real", when, in fact, all maps are abstractions of 

reality. 

Dynamic Displays 

Dynamic displays introduce an element of change in time, space, or display 

parameters. These types of displays are described in terms of interaction and animation. 

In the context of computer technology, interaction relates to the flow of 

information between the user and the computer. Interactivity provides the user with the 
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capabilities of selection and transformation. Selection is the ability to select the data sets 

displayed, the graphic variables used to symbolize them, and/or individuals or groups of 

individuals in the data sets. Transformation is the ability to change coordinates or 

measurements of the visual displays. This allows the user to change the perspective 

(vantage point, orientation, illwnination), generalization parameters (classification, 

simplification, exaggeration), scale (extent, resolution), level of measurement, and 

nwnber of dimensions (Robinson et al. 1995). 

Animation is "a dynamic visual statement that evolves through movement or 

change in the display" (Peterson 1995: 48). Achieved through the sequential display of 

computed and ordered scenes, change between scenes is used to depict something that 

would not be evident otherwise. Animation is necessarily temporal (it requires change in 

time in order for it to be dynamic); however, not all animations are intended to display 

temporal change in the feature(s) of interest. Some focus instead on spatial change while 

time is assumed to remain constant. One example of such non-temporal animation is 

morphing, or the distortion of one image into another. However, the most common form 

of non-temporal animation is perhaps the "fly-though" in which flight (e.g., over a terrain 

or around an object) is simulated. In this case, the spatial viewpoint changes, but the 

terrain is fixed in time (much like flying over a snapshot). Sometimes, however, changes 

in both time and space are depicted (e.g., a fly-though of a volcano as it erupts). 

The most straightforward approach to animation is to produce and order scenes in 

advance. The ( often preferred) alternative is real-time animation in which the scenes and 

their order are computed in such rapid response to user controls that the change appears to 

be simultaneous. 



37 

Dynamic displays are associated with increased costs in terms of both time for 

development and software/hardware requirements, and few studies on the effectiveness of 

such mapping techniques have been completed. 

Auxiliary Senses 

According to the theory of direct perception, "our perceptual system is tuned to 

patterns in the stream of energy striking our senses rather than the energy as such. These 

patterns, specifying the behavioral meaning of objects, are not sensory-specific and so 

can be transposed from one perceptual modality to another" (Smets and Overbeeke 1989: 

227). If this is the true, then patterns that stimulate one sense can theoretically be 

transposed to another sense. By transposing the stimuli from one sense (e.g., sound) to 

another (e.g., sight), an additional variable can be symbolized or an existing variable can 

be amplified. For example, in a fly-through of a populous urban area, a coughing sound 

can increase as areas with higher levels of air pollution are approached. Due to a 

generalization effect, it is also possible to use stimuli that are approximate if not actual 

representations of the symbolized pattern (Smets and Overbeeke 1989). 

Computers, particularly those configured for mult~edia displays, now support 

visual and aural representations. Tactile representations are presently limited to those 

that can be handled manually; therefore, they cannot be generated for a computer 

medium. This may change, however, through further developmentc; in virtual reality. 

Current computer technology also prohibits the use of smell and taste as auxiliary senses 

in visualization, and developments in this area are likely to progress slowly. 
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CONCLUSION 

"In many fields [visualization] is already revolutionizing the way scientists do 

science" (McCormick et al. 1987: 3). Geography has already been dramatically 

impacted by computer advancements, particularly through GIS; the discipline may soon 

witness a second wave of the technological impact through visualization. Because 

geographers routinely deal with visual data, they have much to gain from the use of 

visualization as an analysis tool. Because they have formalized the presentation of 

complex information in visual (map) format, they have much to offer visualization in 

scientific computing. 

Geographic visualization provides the opportunity to go beyond static images, to 

view spatial data more realistically (or more abstractly), to group and regroup data, and to 

examine the detail of the parts as well as the synthesis of the whole. With visualization, 

design testing has the potential to be faster, easier, and more economical. Prototype 

scenarios and their outcomes can be generated without danger of adversely affecting the 

human or natural landscapes manipulated. Visualization can also be used for training and 

education, providing students the opportunity to test sophisticated spatial concepts and 

see the results "before their eyes". 

The increased use of maps (both in number and variety) and technological 

advancements (particularly in regard to computers) have dramatically changed the nature 

of map making and map use. Increased capabilities for multi- and hyper-media, 

interactivity and animation, multi-dimensional representation, multivariate representation, 
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and increased realism (as well as abstraction) have combined to increase the potential for 

visualization in geography. 

As Goodchild (I 992: 157) notes, "The geographer's view of the world has always 

been colored by the data available for analysis and the ways by which those data have 

been presented." Abler ( 1987: 515) echoes this, stating, "Geographers think in and 

through maps, and changes in mapping capabilities will affect the way we think about the 

world." Visualization will no doubt affect our mapping capabilities and the ways that 

data will be presented, thereby affecting our "view of the world" and "the way we think 

about the world." At the present time, "geographic visualization is still more overlooked 

than it is overused" (Denis White, personal communication); however, with increased 

use of visualization in geographic inquiry and demonstration of its utility, that may 

change. 
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INTRODUCTION 

This paper describes the use of scientific visualization for generating a composite 

indicator (i.e., a metric that represents multiple integrated characteristics) of landscape 

stress. It is applied in the context of an environmental monitoring and assessment project 

that involves analysis of the associations between landscape and in-stream conditions in 

the Pacific Northwest (Stevens 1994). 

Current methodology for landscape indicator development involves a lumped 

landscape approach in which robust measures of landscape characteristics, called 

indicators, are calculated for a defined spatial unit, such as a watershed (Hunsaker and 

Carpenter 1990). Each indicator represents one characteristic of the landscape within the 

spatial unit (e.g., percent forest in a watershed or road density within a defined riparian 

area). Indicators are also generated to describe characteristics of a resource of interest 

thought to be associated with the landscape conditions (e.g., surface waters such as 

streams, lakes, or wetlands). The landscape indicators can be thought of as "explanatory 

variables", while ecological indicators are the "response variables". 

In the lumped landscape approach, multiple landscape indicators are combined in 

(generally multivariate) statistical analyses to identify the correlation between conditions 

of the landscape and the resource of interest. The selection of significant landscape 

indicators (relative to variation in the responses) is determined by the statistical model, 

and the resulting combination of indicators and their interactions may sometimes be 

difficult to interpret. Nonetheless, the lumped landscape approach is conceptually and 

computationally simple and is therefore attractive to many modelers and analysts. 
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Conceptual limitations of the approach should be considered, however. These 

include its inability to capture ( 1) spatial properties of the landscape characteristics ( e.g., 

inclusion, adjacency, proximity, distance, and direction), (2) components of the landscape 

at multiple scales, as well as (3) integration of those components; and (4) spatial and 

temporal heterogeneity (i.e., changes over space and time). In short, this simplistic 

approach to describing diversity and complexity in our natural environment often falls 

short. Though often overlooked, these shortcomings are what motivated us to explore an 

alternative approach to understanding associations between streams and the landscapes in 

which they lie. 

The primary computational limitation of the lwnped landscape approach is its 

data-dependence. Availability of data in the right format, for the right location, of the 

right age, and with the right attributes is commonly the biggest obstacle in the generation 

of robust landscape indicators (Burch Johnson et al. in review). In the absence of 

appropriate data, alternative methods for indicator development should be explored. 

While others have focused on computational substitutes (see for example Levine 

et al. 1993, Maidment 1995, and Zhang and Montgomery 1994), we decided to explore a 

visual approach. As seen in the previous chapter, scientific visualization exploits the 

power of the human visual system to evaluate images for the purposes of data 

exploration, hypothesis generation, or idea formulation. Scientific visualization generally 

involves the use of computers to generate interactive, often animated, representations of 

multiple variables. The multivariate information is often displayed in multiple linked 

formats using a variety of methods. Depiction of multivariate information is often 

desired because a primary goal of visualization is greater understanding of interactions of 
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components of a system or distribution. Often this understanding comes from exploration 

of the data rather than through problem solving. The people involved are generally one 

or a few "expert, highly motivated viewers who are often engaged in ill-defined tasks 

such as hypothesis fonnulation" (DiBiase et al. 1992: 213). 

Landscape indicators are well suited for development using scientific 

visualization because of the need to synthesize information about an integrated system 

from disparate sources. Scientific visualization of geographic data ( called geographic or 

cartographic visualization) is used to process, explore, and analyze spatial distributions 

and interactions among them. Because visualization provides the ability to detect and 

integrate multiple variables over space (and time), it was targeted for further investigation 

in this research. 

The visualization indicator was developed as follows. Visual representations of 

landscape characteristics were generated for two sets of watersheds: 17 in the Willamette 

Valley and 18 in the western Cascade Mountains (Figure 3.1 ). Information for the 

representations was compiled from various sources, including classified and unclassified 

satellite imagery, aerial photography, digital elevation models, and a variety of GIS data 

layers (e.g., geology, geomorphology, land use/land cover). A multiple representation 

approach was used to provide viewers with many views of the same theme so that they 

could confirm suspicions about their interpretation from various sources. The two sets of 

representations were displayed separately on opposite sides of a large wall board such 

that all watersheds in a set could be viewed simultaneously. Forty experts ranked 

landscape stress in each set of watershed representations. Ranks were then averaged to 

produce a mean rank of landscape stress for each watershed in each set. 
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Figure 3.1. Stream sampling sites in the Willamette River Basin, western Oregon, U.S.A. 
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We evaluated consistency in distinguishing between sites by all experts, as well as 

variation in the mean ranks relative to experts' general fields of research and their prior 

knowledge of the streams. We then examined the agreement on ranks among experts. 

The mean ranks of landscape stress were correlated with selected in-stream indicators, 

and the results were compared to those obtained using indicators generated with the 

lumped landscape approach. Finally, we examined factors considered in ranking and 

reviewed anecdotal information provided by the participants. 

METHODS 

Study Area 

This study targeted landscape stress in 35 study watersheds in the Willamette 

River Basin of western Oregon, U.S.A. (Figure 3.1). The watersheds were stratified by 

Omernik (1987) ecoregions into the Willamette Valley and western Cascade Mountains, 

resulting in two nearly equal sets of watersheds (17 for the Valley and 18 for the 

Cascades). 

Approach and Constraints 

Since the goal of this study was to explore the potential for using visualization in 

the generation of landscape metrics, we incorporated in our approach the following 

characteristics of scientific visualization: use of computers, capability of interaction, 

exploration of data, depiction of multivariate data, use of multiple formats, and use by 
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experts. Within the context of this study, there were a number of constraints. The study 

was directed toward evaluation of stress at the watershed scale as opposed to other or 

multiple scales, such as site, sub-watershed, or regional scales. For comparability, we 

used the same type of data from which lumped landscape metrics are currently compiled. 

In addition, we attempted to represent landscape conditions that might constitute stress as 

well as those that might ameliorate stress (e.g., riparian areas) or exacerbate stress (e.g., 

steep slopes). 

The Watershed Representations 

Multiple Representation Approach 

For this study, we decided to use a multiple representation approach (DiBiase et 

al. 1994) in which several alternative views are presented in an attempt to minimize Type 

I and II errors: "seeing wrong" and "not seeing". This approach allows viewers to use 

various data sources to confirm suspicions about the content of a representation. The 

intent was to visually present quantitative and quantitative information about landscape 

characteristics, both natural and human, in a similar format for each watershed. An 

example of a watershed representation and a detailed explanation of the information 

shown in each representation are provided in Appendix A. 
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Content of the Representations 

Information in the representations came from various sources depicting both 

natural characteristics and human influences in the landscape (Table 3 .1 ). Images of 

general land cover were compiled from (I) black and white aerial photography and (2) 

false color infrared composites of Landsat Thematic Mapper (TM) imagery. Aerial 

photography (at a scale of either I :24,000 or 1 :31,000, depending on location) was only 

available for watersheds at mid- and lower-elevations. This included all of the 17 Valley 

watersheds and half of the 18 Cascade watersheds. Although TM imagery ( with 30m

pixel resolution) for August 1988 was available for the entire extent of the study area, two 

different scenes were required, and color variations between the two were visible in color 

infrared (CIR) composites (bands 4, 3, and 2). 

S~tistics for natural characteristics of the landscape depicted in the 

representations included the following information (relative to all other watersheds): 

watershed area, watershed gradient, study reach gradient, and elevation at the outlet point 

of the watershed. Topography of the watershed was displayed as a hillshaded surface 

generated from digital elevation models (DEMs). Maps of geology and geomorphology 

were also provided. In addition to land use evident in the images and classified on maps, 

human influences in the landscape were reflected in maps of mining activity and roads 

that were overlain on the TM image. 
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lnforma Format In the 
represQ repre$entation 
General Multi le GIS data layers Map 
General land cover for the Landsat Thematic Mapper (TM) Band composite image 
watershed unclassified satellite imagery 
General land cover near the Black and white aerial Photograph 
outlet point photogra h 
Watershed boundary GIS data layer digitized from Map overlain on 

1 :24,000-scale U.S. Geological composite satellite image 
Survey (USGS) topographic ma s and aerial photography 

Streams Digitized from 1 :24,000-scale Map overlain on 
USGS topographic maps composite satellite image 

and aerial photography 
Roads U.S. Bureau of Census Map overlain on 

Topologically Integrated composite satellite image 
Geographic Encoding and 
Reference TIGER files 

Mining activity Mineral Information Layer for Map overlain on 
Oregon by County (MILOC93) composite satellite image 
Database 

watershed area ASCII data file derived from Bar graph 
digitized GIS data layer 

Elevation 1 :24,000-scale USGS topographic Bar graph 
maps 

Watershed gradient 1:24,000-scale USGS topographic Bar graph 
maps 

Reach gradient Field measurements with an Bar graph 
inclinometer 

Physiogra h Digital elevation models (DEMs) Hillshaded surface 
Classified land cover near the Interpretation of low altitude aerial Map 
outlet point photography 
Classified land cover for the USGS digital Land use/land cover Map 
watershed maps 
Classified land cover for the Classified Landsat TM satellite Map 
watershed imagery 
Classified land cover for the Classified Landsat Multispectral Map 
watershed Scanner (MSS satellite ima ery 
Classified land cover for the Classified Advanced Very High Map 
watershed Resolution Radiometer (AVHRR) 

satellite imagery 
Geology Digitized map Map 
Geomorphology Digitized map Map 

Table 3 .1. Sources and fonnats of infonnation in the watershed representations. 
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Format of the Representations 

Several of the formats described in the previous chapter were used to display 

information in the representations. We designed the representations as a set of multiple 

displays using both constant and complementary formats. Constant formats use the same 

graphic design structure to depict changes in variables from representation to 

representation. The consistency of design assures that attention is directed toward 

variations in the data. thereby allowing for comparison among representations. They also 

allow for distinction between representations if the displays are not too complex. In 

addition, we used complementary formats, combining maps with graphs, text, images, 

and photographs, and we used superimposition of features, in which themes are 

superimposed using different graphic variables (i.e., hue, value, chroma, size, shape, 

orientation). 

Since all the information could not be shown in the space available (11" x 17"), 

additional representations were provided in separate sleeves attached to the back of the 

main representation. These representations included a page with four maps of land cover 

from various sources ( on one page), a page with a combined map of geology and 

geomorphology, and a page with the black and white aerial photography (Appendix A). 

Participants were encouraged to lift up the front page to refer to these supplementary 

representations. 



The Wall Display 

For participants to arrive at their respective ranks, it was necessary to view all 

representations for each set of watersheds simultaneously; therefore, we decided that 

confining the graphics to a computer screen would have been too limiting. Instead, we 

decided to use a wall display with the following requirements: 
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1. the format had to allow for manipulation of the representations (i.e., the 

representations could be taken down, rearranged, and put back) because we 

assumed that the ability to interact with the watershed representations would 

facilitate ranking (e.g., each participant would be able to group and regroup 

the watersheds as desired), and 

2. although watershed representations could be closely scrutinized for detail, 

they had to be readable from a distance of approximately five to six feet so 

that all representations within a set could be viewed simultaneously. 

Participants and Expertise 

Whereas data exploration in scientific visualization often involves one or a few 

individuals, our research plan involved participation by many experts from a variety of 

disciplines. This approach was taken in order to increase the chance that as many 

components, patterns, and processes of landscape stress (and their interactions) were 

considered as possible (Monrnonier and Johnson 1991). It also increased the sample size 

for statistical analyses. Although the use of multiple participants is justified, it 
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complicated the study because special and continual attention to the various backgrounds 

and levels of expertise of the participants was required. 

Participant selection was based on three criteria: 

l. expertise in understanding landscape-stream interactions, 

2. familiarity with analyzing processes and patterns at the landscape or 

watershed scale, and 

3. general knowledge of the study area in which the watersheds were located. 

Invitations were sent out via e-mail to 80 faculty and research staff at Oregon 

State University, the U.S. Environmental Protection Agency (EPA) National Health and 

Environmental Effects Research Laboratory, the U.S. Department of Agriculture Forestry 

Sciences Laboratory, the Oregon Department of Fisheries and Wildlife, and two private 

environmental consulting firms in Corvallis, Oregon. Participants were selected from the 

following disciplines: biogeochemistry, entomology, fisheries and wildlife, forestry, 

geography, geomorphology, hydrology, and statistics. The e-mail invitation to 

prospective participants contained a fairly detailed description of the project and a 

calendar on which participants were asked to indicate their willingness or ability to 

participate. During the course of the two-week study, this invitation was sent out two 

more times to those who had not yet responded. On the day before respondents had 

indicated they would likely participate in the survey, we sent an e-mail message 

reminding them of their intent to participate. 

The wall display was set up in two locations convenient to the participants, first in 

a large conference room at the EPA lab which is adjacent to the Oregon State University 

campus and Forestry Sciences Lab, and later in a central conference room at the 
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Department of Fisheries and Wildlife which is on campus near the Geosciences 

Department. The watershed representations remained in each location for about a week. 

Our intent in making the representations available in central locations for fairly long 

periods of time was to allow plenty of access to busy academicians, research scientists, 

and field workers. 

The Display Area 

Upon entering the display area, participants found a table on which materials 

necessary for the survey were laid out. Instructions were posted throughout the display 

area, eliminating the need for constant maintenance or supervision. Representations were 

tacked to A-frame bulletin boards set up on the long conference tables. These portable 

bulletin boards are often used for poster presentations and can be accessed from either 

side facilitating separation of the Cascade and Valley representations. Also within the 

display area, wall maps, example maps, and practice watershed representations were 

posted. Display areas were within easy access of a mailbox in which completed surveys 

were to be dropped. 

Content of the Survey 

Survey booklets guided participants through the exercise (Appendix B). These 

booklets were identified with a code number that was used to maintain participant 

anonymity. 
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Participants were asked to sign an informed consent document. Then they were 

asked to complete a short biographical questionnaire describing their field(s) of expertise 

and their level of activity in field work and map use. They were asked to review one of 

the detailed explanations of the content of the representations. To ameliorate any 

potential "learning" effects, participants practiced ranking five watersheds that were not 

part of the study set. In addition, participants tossed a coin to determine which set of 

watersheds they would rank first: Cascades if they flipped "heads", Valley if they flipped 

"tails". 

Participants were asked to rank watersheds from lowest (least amount of 

landscape disturbance) to highest (most disturbance). Ranking provides more detailed 

information than classifying; however, it becomes more difficult as the number of 

objects to rank increases. After consulting with statistics experts, we decided that ranking 

17 to 18 objects, albeit somewhat difficult, might be possible in this study for a number 

of reasons. First, participants were not required to memorize the information; that is, it 

was not necessary for participants to retrieve all information from memory in order to 

rank the watersheds. Second, participants could revisit the information as often as they 

liked by repeatedly referring back to the representations, and participants could change 

their ranks at any time. Third, participants were under no time limit; therefore, they did 

not have to make immediate decisions about the ranks. Ties were discouraged and 

limited to two-way ties with no more than two tied watersheds per set. 

Although participants were asked to rank "stress", we decided not to define what 

the term meant. This allowed participants to decide for themselves what constituted 

landscape stress. The intent of this open-ended approach was similar to the multiple 
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representation approach in the presentation of data: it allowed us to increase the chance 

of getting a more complete representation of multiple components of landscape stress. 

Participants first ranked the five practice watersheds. These watersheds were 

created from sub-basins of larger watersheds (both Cascade and Valley) within the extent 

of the study area thereby ensuring that they depicted actual landscape characteristics 

found within the region. Use of sub-basins also ensured that those participants familiar 

with watersheds in the study were able to practice with watersheds they had not seen 

before. Although these practice watersheds were given fictitious names, their 

representations were similar to those of the other watersheds in all other respects. 

Participants then ranked the set of watersheds (determined by the coin toss). After 

ranking the watersheds, participants were asked to list three to five primary factors they 

considered in ranking and indicate any additional information they would have liked to 

help make their decisions. Then they ranked the other set of watersheds, listed the 

primary factors considered, and indicated additional information desired. General 

comments, suggestions, and observations were solicited on empty pages at the end of the 

survey booklet. Participants were also encouraged to send comments anonymously, if 

they preferred. Some participants provided written observations while others engaged in 

post-survey discussions with us. Notes on these discussions were taken and filed along 

with the ranks for the participant. 
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Analysis of Results 

We evaluated consistency in distinguishing between sites by all experts, as well as 

variation in the mean ranks relative to experts' general fields of research and their prior 

knowledge of the streams. We then examined the agreement on ranks among experts. 

The mean ranks of landscape stress were correlated with selected in-stream indicators, 

and the results were compared to those obtained using indicators generated with the 

lumped landscape approach. Finally, we examined factors considered in ranking and 

reviewed anecdotal information provided by the participants. 

The ranking results were analyzed both visually and statistically. Visual analyses 

involved the used of cross-tabulation summary tables, bar graphs, box and whisker plots, 

and scatterplots. Cross-tabulation summary tables were used to examine summary 

statistics about the mean ranks as well as the variation between all possible pairs of ranks. 

Bar graphs depicted the difference between all pairs of ranks for each watershed in each 

ecoregion. Mean ranks and spread were examined with box and whisker plots, and 

scatterplots were used to display the correlation between mean ranks and selected stream 

responses. 

Statistical analyses of the difference between the means of ranks were performed 

using analysis of variance (Conover and Iman 1983) . Simple linear regressions of all 

combinations of variables were used to statistically examine the associations between 

mean ranks and in-stream indicators. These results were then compared to regression 

results using selected lumped landscape indicators generated from four different land 

cover data sets. 
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RESULTS 

Of the 80 people invited to participate, 40 people completed the survey. 1bis 

relatively high response can perhaps be attributed to a number of factors: easy and 

prolonged access to the displays, persistent reminders about the study, and interest in or 

curiosity about the approach. Due to time constraints, a number of people were only able 

to rank one set of watersheds: four participants did not have enough time to rank the 

Cascade watersheds, and three participants did not rank the Valley watersheds. All but 

two of the participants indicated factors they had considered in ranking, and 22 

participants offered additional observations. Only three pairs of watersheds were tied. 

Results of this study can be discussed in terms of either product (i.e., ranks) or 

process (i.e., ranking). Although the ranks were our primary object of interest, anecdotal 

information by some participants provided insight into the process of ranking. DiBiase et 

al. (1992: 213) point out that "there will be no substitute for observing and anecdotally 

reporting how scientists actually interact with complex displays in uncontrolled 

settings ... " For this reason, we present a brief summary of the anecdotal information after 

discussing the ranks. 

Evaluation of the Ranks 

First, summary statistics for the Cascade and Valley ranks were compiled 

(Tables 3.2 and 3.3, respectively). Box and whisker plots (Figures 3.2 and 3.3) were used 

to graphically display the center and spread of the distributions. 



Stan® 
ID dev.lallon 

ORC01 9.1842 3.8334 1.2188 14. 

ORC02 7.7368 2.3445 0.7454 10.0 

ORC03 2.3421 1.2363 0.3931 4.0 

ORC04 11.6842 3.7855 1.2036 17.0 

ORC05 14.1842 2.9852 0.9491 14.0 

ORC06 4.8026 1.9085 0.6068 9.0 

ORC07 13.5658 3.5263 1.1212 14.0 

ORC08 11.7368 2.7281 0.8674 14.0 

ORC09 13.4737 2.6887 0.8549 10.0 

ORC10 3.0000 1.4887 0.4733 5.0 

ORC20 4.7632 3.9622 1.2598 17.0 

ORC28 12.4737 2.2749 0.7233 9.0 

ORC32 7.4211 2.5536 0.8119 11.0 

ORC36 16.3947 2.7067 0.8606 13.0 

ORC40 13.3026 4.5464 1.4456 16.0 

ORC43 10.8553 3.2360 1.0289 11.5 

ORC46A 11.0263 3.3891 1.0776 12.0 

ORC48 3.0526 2.7108 0.8619 13.0 

Table 3.2. Summary statistics for ranks of Cascade watersheds. Higher ranks indicate 
more watershed stress. 

VALLEvw·· 
Standa 

Stream I ,,, 
idQ !Jiitlo erval 

ORV01 10.7179 1.9324 0.6065 11 

ORV02 6.6667 1.4749 0.4629 7 

ORV03 5.4103 2.1364 0.6705 8 

ORV04 7.5385 3.0074 0.9439 13 
ORV05 14.8462 1.6147 0.5068 7 
ORV06 5.6795 2.5866 0.8118 11 

ORV08 1.3077 0.6941 0.2179 3 
ORV20 10.6667 3.5860 1.1255 15 

ORV21 6.4103 2.7883 0.8751 12 

ORV22 13.2051 2.1297 0.6684 10 
ORV23 11.8077 2.1387 0.6712 10 

ORV24 12.1026 2.4257 0.7613 11 
ORV25 16.2821 1.3367 0.4195 6 
ORV26 14.8462 1.7850 0.5602 8 
ORV27 2.5641 1.4289 0.4485 8 
ORV28 3.9231 1.9110 0.5998 7 

ORV29 9.0256 2.7672 0.8685 13 

Table 3.3. Summary statistics for ranks of Valley watersheds. Higher ranks indicate 
more watershed stress. 
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Box and whisker plot of mean ranks for Cascade watersheds. 
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Figure 3.3. Box and whisker plot of mean ranks for Valley watersheds. 
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Because ranks are distribution-free, they can be analyzed using non-parametric 

statistical methods. Parametric methods can also be used by taking a rank transfonn 

approach (replacing non-normal data with their ranks) (Conover and Iman 1983). With 

this approach, the usual parametric tests, such as the t test and the F test, are applied to 

the ranks. These types of analyses (specifically the F test) were used in our analysis of 

the ranks. 

Consistent Distinction between Watersheds 
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To detennine whether participants could consistently distinguish between 

watersheds, we used analysis of variance of the mean ranks (Conover and Iman 1983) 

(Tables 3.4 and 3.5). The analysis of variance tested for evidence against the null 

hypothesis: participants could not distinguish between watersheds. Significant 

differences between the mean ranks for the watersheds meant the ranking process 

provided evidence that participants could consistently distinguish between watersheds. 

There is strong evidence that the mean rank oflandscape stress differed between 

watersheds for the Cascades (F-statistic = 76.21 with 17 and 54 degrees of freedom; p

value < 0.0001. There is overwhelming evidence that means differed significantly for the 

Valley watersheds (F-statistic = 153.13 with 16 and 54 degrees of freedom; p-value < 

0.0001). 

Because participants were not randomly selected, this is an observational study; 

therefore, there are no grounds for statistical inference to any population other than the 

participants in this study. However, it is possible to suggest that the results would be 
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similar for other people with the same qualifications as our participants. That is, other 

experts with an understanding of landscape-stream interactions in northwestern Oregon 

would be likely to distinguish between watersheds as well as the participants in this 

study. 

So Sum of 
'fl •6i::fuar:es 
Watershed 12392.9737 17 728.9985 0.0001 
Participant 0.0000 37 0.0000 1.0000 
Error 6017.0263 629 
Total 18410.0000 683 

Table 3.4. Analysis of variance results for difference between mean ranks oflandscape 
stress for Cascade watersheds. 

Sou 
vari~tJ 
Watershed 
Participant 
Error 
Total 

12748.0128 16 
0.0000 38 

3136.4872 608 
15911.5000 662 

0.0001 
1.0000 

Table 3.5. Analysis of variance results for difference between mean ranks of landscape 
stress for Valley watersheds. 

Differences between Groups of Participants 

We also tested whether participants' field of study or research and prior 

knowledge of the streams (through field visits, analysis of site data, or examination of 

maps) affected ranking, again using analysis of variance of the mean ranks (Tables 3.6 
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and 3. 7). The analysis of variance tested for evidence against the null hypotheses: (1) 

there was no difference in consistent distinction between watersheds if participants were 

from different general fields of study or research, and (2) there was no difference in the 

ability to consistently distinguish between watersheds whether or not participants were 

already familiar with some of the streams. 

Significant differences between the mean ranks for participants from different 

fields of study or research would provide evidence that the ability to consistently 

distinguish between watersheds varied by general field of study or research. To test this, 

we classified participants into four broad categories: (1) fields related to physical 

sciences (e.g., biogeochemistry, geology, geomorphology, hydrology, limnology), (2) 

fields related to biological sciences (e.g., biology, fish ecology, entomology), (3) fields 

related to landscape analysis (e.g., geography, landscape ecology), and (4) statistics. 

Analysis of variance was used to determine if the mean ranks of these four groups 

of participants were different (Tables 3.6 and 3.7). 

Watershed 
General field 
Watershed / general 
field interactions 
Error 
Total 

ATERSHacs 

12392.9737 
0.0000 

323.0763 

df 
17 
3 

51 

5693.9500 612 
18410.0000 683 

Mean 
square 

728.9985 
0.0000 
6.3348 

Table 3.6. Analysis of variance results for difference between mean ranks oflandscape 
stress for Cascade watersheds for people from different general fields of study or 
research. 



Watershed 
General field 
Watershed / general 
field interactions 
Error 
Total 

SlJtn of'. 
.squares 

12748.0128 
0.0000 

163.2705 

16 
3 

48 

3000.2167 595 
15911.5000 662 

0.0001 
1.0000 
0.9547 
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Table 3.7. Analysis of variance results for difference between mean ranks of landscape 
stress for Valley watersheds for people from different general fields of study or research. 

There is no evidence that the mean ranks differed between groups of people from 

different general fields of study for the Cascade watersheds (F-statistic = 0.68 with 51 

and 71 degrees of freedom; p-value = 0.9561). There is also no evidence that means 

differed significantly for the Valley watersheds (F-statistic = 0.67 with 48 and 67 degrees 

of freedom; p-value = 0.9547). These results indicate that consistency in the distinction 

between watersheds was no different for people from different fields of study for either 

set of watersheds. 

Our test of participants' prior knowledge of the streams was relevant because 

eight of the 40 participants (20%) had visited or were familiar with biological indicators 

for some of the streams. This analysis was conducted to determine if consistent 

distinction between watersheds was different for people who knew something about some 

of the streams (Tables 3.8 and 3.9). To test this, we classified participants into two 

groups based on their prior knowledge of at least some of the streams, and we used 

analysis of variance to compared the mean ranks. 
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Sum of 
squ-res 

Watershed 12392.9737 17 81.60 0.0001 
Prior knowledge of 0.0000 1 0.00 1.0000 
stream 
Watershed / prior 227.9096 17 13.4064 1.50 0.0880 
knowledge interaction 
Error 5789.1167 648 
Total 18410.0000 683 

Table 3.8. Analysis of variance results for differences between mean ranks oflandscape 
stress for Cascade watersheds for participants who had some prior knowledge of some of 
the streams. 

Watershed 
Prior knowledge of 
stream 
Watershed I prior 
knowledge interaction 
Error 
Total 

12748.0128 
0.0000 

77.4549 16 

3086.0323 29 
15911.5000 662 

4.8409 0.99 0.4695 

Table 3. 9. Analysis of variance results for differences between mean ranks of landscape 
stress for Valley watersheds for participants who had some prior knowledge of some of 
the streams. 

There is suggestive evidence that, for the Cascade watersheds, the mean ranks of 

participants who had some prior knowledge of some of the streams differed from those 

who did not (F-statistic = 1.50 with 1 and 35 degrees of freedom; p-value = 0.0880). 

There is no evidence that means differed significantly for the Valley watersheds (F

statistic = 0.99 with 1 and 33 degrees of freedom; p-value = 0.4695). These results 
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suggest that consistent distinction between the Cascades watersheds was slightly different 

between participants who had some prior knowledge of some of the streams and those 

who did not; however, there was no evidence of a difference for Valley watersheds. 

Agreement between Ranks 

The analysis of variance provides no evidence of whether a particular watershed 

was consistently ranked higher or lower relative to the other watersheds. To examine 

how participants agreed to rank watersheds (i.e., higher or lower watershed stress), the 

agreement between all pairs of ranks for all participants for each watershed was computed 

(Tables 3.10 and 3.11). Pairwise agreements of0 indicate complete agreement on the 

watershed ranks (i.e., both participants ranked the watershed the same, so there was no 

difference in ranks). The greater the difference, the less similar the pair of ranks. Non

integral differences related to ties were recorded at the next lowest integer (0 is a 

difference of<= 0.5, 1 is a difference of<= 1.5, 2 is a difference of<= 2.5, etc.) 

For Cascade watersheds, over half (54%) of all pairs of ranks were within two of 

each other; for Valley watersheds, nearly half (46%) were within one. For Cascade 

watersheds, two-thirds (76%) of the ranks were within three of each other. Agreement 

was even higher for the Valley, as three-fourths (76%) of the ranks were within three. 

These results are evident in graphic displays of the distributions (Figures 3.4 and 3.5). 
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Table 3.10. Agreement between all pairs of ran.ks for each Cascade watershed. 

Table 3 .11. Agreement between all pairs of ranks for each Valley watershed. 
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Figure 3.4. Bar graph of the distribution of pairwise agreements for Cascade watersheds. 
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Figure 3.5. Bar graph of the distribution of pairwise agreements for Valley watersheds. 



Associations between Mean Ranks and Selected In-stream Indicators 

To evaluate associations between mean ranks of watershed stress and selected 

indicators of in-stream characteristics, we correlated the mean ranks with the following 

in-stream indicators: 

For the Cascade stream reaches only: 

1. Native fish species richness - the number of native fish species 

For the Valley stream reaches only: 
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2. Index of Biotic Integrity (IBI) -- a composite indicator of the condition of fish 

assemblages (after Hughes et al. in review) 

For both Cascade and Valley stream reaches: 

3. Proportion of Plecoptera (stonefly)-the number of Plecoptera individuals 

divided by the total number of macroinvertebrate individuals 

4. Proportion of EPT- the number ofEphmeroptera (mayfly), Plecoptera, and 

Trichoptera (cadis fly) individuals divided by the total number of 

macroinvertebrate individuals 

5. Proportion of shredders - the number of individuals in this functional feeding 

group divided by the total number of macroinvertebrate individuals 

Mean ranks were regressed on each of the above in-stream indicators. Simple 

linear regression provided a measure (R2
) of the percent of the total variance in the 

response associated with the variations in the landscape metric (i.e., mean ranks) (Tables 

3.12 and 3.13). 



Native species richness 
Proportion Plecoptera 
Proportion EPT 
Proportion shredders 

EWATERSHEDS 
df 

1, 17 
1, 17 
1, 17 
1, 17 

0.0295 
0.1190 
0.0362 
0.0940 

0.4955 
0.1610 
0.4496 
0.2160 
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Table 3.12. Results of mean ranks for the Cascade watersheds regressed on selected in
stream indicators. 

Index of biotic integrity (IBI) 
Proportion Plecoptera 
Proportion EPT 
Proportion shredders 

iTJ:RSHEl)S 
df 

1, 16 
1, 16 
1, 16 
1, 16 

0.2462 
0.3075 
0.1640 
0.5637 

0.0428 
0.0209 
0.1068 
0.0005 

Table 3.13. Results of mean ranks for the Valley watersheds regressed on selected in
stream indicators. 

Scatterplots of the regression analyses were used to visually inspect variation in 

the ranks and correlation with the in-stream indicators (Figures 3.6 and 3.7). As 

expected, the scatterplots displayed a negative correlation between mean ranks and biotic 

conditions for all indicators in both set'i of watersheds. 

These results indicate that the association between mean ranks and in-stream 

indicators was strongest for the Valley (at the 0.05 level, mean ranks were significantly 

associated with three of the four indicators tested). Mean ranks explained over 56% of 

the variation in proportion of shredders, nearly 31 % of the variation in proportion of 

Plecoptera, and nearly 25% of the variation in the IBI. Although no associations were 

significant at the 0.05 level for the Cascades, nearly 12% of the variation in proportion of 
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Figure 3.6. Scatterplots for Cascade watersheds of mean ranks regressed on selected in
stream responses with regression lines and 95% confidence bands. 
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Figure 3.7. Scatterplots for Valley watersheds of mean ranks regressed on selected in-
stream responses with regression lines and 95% confidence bands. 



Plecoptera was associated with variation in mean ranks. Because this was an 

observational study, these associations should not be taken to imply causation. 
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We also evaluated the regression results after adding selected indicators of natural 

landscape characteristics to the model. These natural landscape indicators included 

watershed area, elevation at the outlet point of the watershed (i.e., where measurements 

for the in-stream indicators were collected), gradient of the watershed, and gradient of the 

study reach ( equivalent to forty times the width of the stream at the selected sampling 

site). Using stepwise regression, all possible combinations of the mean ranks and the 

four landscape metrics were regressed on the four in-stream responses. Only the results 

for the first three most statistically significant combinations were compiled in Tables 3.14 

and 3.15. 

These results indicate that the best single-variable models for the Cac;cades did not 

include the mean ranks, while the best single-variable models for the Valley watersheds 

did. For the Cascade watersheds, including mean ranks as an explanatory variable in 

multiple linear regression models does not significantly improve the correlation; 

however, mean rank was included in the best multiple variable models for the Valley 

watersheds. Mean ranks were therefore the best explanatory variable for variation in the 

stream responses in the Valley, but they did little to explain variation in the stream 

responses in the Cascades. even after accounting for natural variation in the landscape. 
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0.8200 Elevation, 
watershed 
gradient 
Watershed area, 
elevation, 
watershed 
gradient 

0.2194 

0.2524 Watershed area, 
elevation 

0.1938 Watershed area, 0.2643 
area, elevation 

Watershed 0.8898 
area, elevation, 
watershed 

radient 

0.2947 Mean rank, 
watershed area, 
elevation 

elevation 

0.2181 Watershed area, 0.2880 
elevation. 
watershed 

adient 

Table 3.14. Results of combinations of mean ranks and selected indicators of natural 
landscape characteristics regressed on selected in-stream indicators for the Cascade 
watersheds. 

~ALLEY WATERSfilEBS 
RZ Propoalcm EPT 

\i lb 
Mean rank 0.2462 Mean rank 0.3075 Mean rank Mean rank 0.5637 
Mean rank, 0.2955 Mean rank, 0.3615 Mean rank, Mean rank, 0.6424 

study reach watershed watershed watershed 
gradient gradient gradient gradient 
Mean rank, 0.3147 Mean rank, 0.3882 Mean rank, 0.2537 Mean rank, 0.6451 

watershed elevation, elevation, watershed area, 

area, study watershed watershed watershed 
reach gradient radient gradient gradient 

Table 3.15. Results of combinations of mean ranks and selected indicators of natural 
landscape characteristics regressed on selected in-stream indicators for the Valley 
watersheds. 

Comparison of Mean Ranks with Lumped Landscape Indicators 

We were also interested in evaluating the performance of the ranks as indicators 

of landscape stress against the more commonly used lumped landscape metrics ( described 

in detail in the next chapter). Our final analysis allowed us to compare how much 

variation in the response variables (i.e., in-stream indicators) was explained by mean 
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ranks and lumped landscape indicators. The lumped landscape indicators were generated 

by calculating the percent forested area within the Cascade watersheds and the percent 

urban and agricultural area within the Valley watersheds. The following four land cover 

data sets were used to generate four different lumped landscape metrics: Advanced Very 

High Resolution Radiometer (AVHRR) satellite imagery, U.S. Geological Survey digital 

Land Use/ Land Cover (LULC) data, Landsat Multispectral Scanner (MSS) satellite 

imagery, and Landsat Thematic Mapper (TM) satellite imagery. Simple linear regression 

was used to determine associations between the two types of landscape indicators and the 

four in-stream responses (Tables 3.16 and 3.17). 

resppnsc, iodicators 
Native species richness 
Proportion Plecoptera 
Proportion EPT 
Proportion Shredders 

0.0888 
0.3345 
0.0730 
0.1871 

~TERSHEDS 

forest an.d$J'l'le,an 
S TM 

0.0819 0.0429 0.0000 0.0295 
0.3838 0.0218 0.0055 0.1190 
0.0972 0.0164 0.0154 0.0362 
0.2409 0.0207 0.0112 0.0940 

Table 3.16. Regression results for Cascade streams comparing mean ran.ks with lumped 
landscape metrics for percent forest from other land use data sets. 

Native species richness 
Proportion Plecoptera 
Proportion EPT 
Proportion Shredders 

0.0383 
0.1273 
0.0433 
0.2247 

0.2556 0.1585 0.3298 0.2462 
0.3048 0.1906 0.4706 0.3075 
0.2307 0.1282 0.3337 0.1640 
0.4301 0.1966 0.4321 0.5637 

Table 3.17. Regression results for Valley streams comparing mean ranks with lumped 
landscape metrics for percent urban and agriculture from other land use data sets. 
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These analyses do not provide any conclusive evidence that the mean ranks 

consistently explain more variation in the response variables than the lumped landscape 

indicators. Further investigation is required to determine what factors might account for 

differences between these two types of landscape indicators. Since the mean ranks of 

watershed stress are composite indicators, it is desirable to substitute them with simple, 

easily comprehended combinations of metrics that capture the landscape characteristics 

they represent (Ramsey and Schafer 1997). An indication of what those factors might be 

was provided by the participants in this study and is discussed in the next section. 

Factors Considered in Ranking Landscape Stress 

The above analyses provide no insight into which factors were considered in the 

ranking process. However, since participants were asked to list three to five factors after 

ranking each of the two sets of watersheds, we have some information about 

characteristics of the landscape that the experts used to evaluate landscape stress. We 

summarized participant responses in a cross-tabulation summary table (Table 3.18). 

Most participants indicated that for both the Cascade and the Valley watersheds, 

general land use/land cover was a primary factor of consideration. For the Cascade 

watersheds, over half the participants listed percent forest ( or conversely forest clearing 

or "barren" land) as the first factor considered in ranking, and nearly half listed road 

density second. Mining activity and to a lesser extent natural features of the landscape 

(including gradient, hill slopes, and geology) were also considered by many participants. 
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Percent urban 2 
Percent agriculture 1 1 
Percent urban and agriculture 1 1 
Percent rangeland 1 
Percent forest (or barren) 21 3 2 5 4 3 
Percent wetlands/lakes 1 
Type of agriculture 1 

Road density 6 19 6 3 12 3 
Mining activity 1 

- -

7 2 3 1 
Channelization 2 1 1 
Riparian condition 1 2 1 3 5 
Landscape patch size/pattern 1 1 2 
Leaf stress 1 
Protected status 1 

Gradient 1 
Geology 

Geomorphology 
Hill slopes 1 
Elevation 0 
Watershed area/size 1 1 2 3 
Watershed location/position 1 1 1 1 1 
Topography 1 1 
Mass wasting 1 1 
Stream network complexity 1 

Table 3.18. Factors considered in ranking landscape stress. This table indicates the 
number of times each factor was listed first, second, or third. Factors listed after the first 
three are tallied in the "4+" column. For example, seven participants listed general land 
use/land cover first, and one participant listed it after three other factors. The factors 
listed most often (regardless of the order in which they were listed) are highlighted in the 
"Total" column. 
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For the Valley watersheds, the variation in factors considered was greater. Most 

participants listed General land use/land cover and urban land use first. Road density was 

again most often listed second. The majority of participants listed riparian condition and 

percent forest third. The natural feature of the landscape considered most often in 

ranking landscape stress in the Valley was watershed size. 

These results suggest that land cover was the predominant feature considered, 

followed by evidence of human activity in the form of roads and mines. Natural 

characteristics of the landscape were also considered, though these types of factors varied 

between the two sets of watersheds and were more often considered for the Cascades. 

Additional Information Desired for Ranking Landscape Stress 

The final question we asked participants was to list any additional information 

they would have liked for ranking. Thirty-five of the 40 participants provided responses 

to this question (Table 3.19). 

By a wide margin, the information requested most often was a complete set of air 

photos. Aerial photography was available for all the Valley watersheds but only half of 

the Cascade watersheds. Air photos were not available for the higher elevation 

watersheds, as these watersheds are primarily located in wilderness areas or other areas 

that do not regularly require imagery for management purposes. 

Maps of roads at higher resolution and maps of forest stands showing the age of 

cuts were also requested by some participants. More than one person requested pollution, 

population density, and stream discharge information. Some participants requested 
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biological information relating to stream conditions; however, such data would have 

invalidated the analysis since biotic response indicators were the response variables in the 

correlation analyses. All other information listed in the table was requested by no more 

than one person. 

C>THER;INEORMATION ~ESIREO FOR 
RANKING LANDSCAPE STRESS 
Air photos for all watersheds 
Higher resolution road coverage 
Stand age 
Road density 
Definition of "barren" 
Metadata on image classification 
Historic air photos 
Topographic maps 
Biological information for streams 
Pollution (point/non-point) 
Population density 
Stream discharge 
Land use change over time 
Agricultural intensity 
Percent drain tiles 
Political boundaries 
Presence of watershed interest groups 
Water quality information 
Intermittent channels 
Length of stream in forest 
Irrigated/non-irrigated agriculture 

24 
5 
4 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

VALLEY 
WATERSHED 

0 
1 
1 
1 
0 
0 
0 
0 
3 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Table 3.19. Other information requested by participants to facilitate ranking. 

Anecdotal Information 

Over half the participants (22 out of 40) offered anecdotal information, either in 

informal discussion or as written comments in the survey booklet, about the approach 

taken in this study. Their observations are summarized below. 



None of the people who offered feedback on the process suggested that this 

exercise was easy. Indications of why participants found this to be a difficult task 

included a number of factors, such as the amount of time required, the number of 

watersheds to rank, variations in the type and amount of information presented, and a 

definition (or lack thereof) for "stress". 
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While a few participants were able to rank the watersheds fairly quickly, many 

noted that it was difficult to complete the survey in an hour, the amount of time we 

suggested it should take. As noted earlier, some participants were unable to complete the 

entire survey due to lack of time. Most of the people who spoke with us about the 

ranking process indicated that to rank 17 or 18 watersheds required first classifying the 

watersheds then ranking within the classes. Boundaries between the classes were often 

re-evaluated before producing the final list of ranks. A number of people noted 

characteristics of each watershed in the margins of the survey booklet indicating that 

these were the criteria they used in ranking. 

Imbalance in the amount of information available was noted by many of the 

participants. This observation was primarily related to the aerial photography. One 

participant noted that watersheds with photographs may have been ranked higher (more 

landscape stress) because the evidence of disturbance from land use practices such as 

forest harvesting was more obvious. Another participant noted that, unlike the other 

information in the representations, air photos provided evidence of landscape 

fragmentation due to roads, clearcutting, and other human alterations to the landscape. 

The majority of participants who offered observations suggested that ranking the 

Valley watersheds was easier, but a few indicated that they found ranking the Cascades 
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easter. Differences in opinion about which set of watershed was easier to rank may have 

been related to the amount of information available. There were fewer air photos 

available for the Cascades watersheds, and lack of this information may have made it 

more difficult for some to rank the Cascades. One participant noted that it more difficult 

to rank the Cascades watersheds because only three general classes of disturbance could 

be distinguished. However, another indicated that it was easier to rank the Cascades 

because there was a greater range of variability and there was no need to evaluate relative 

stress from different land uses, as in the Valley (e.g., agriculture versus urban). This 

person also noted that, for the Cascades, it was easier to factor in natural characteristics of 

the landscape (e.g., elevation, and gradient). Although it is highly likely that other factors 

are also responsible for differences in opinion about which set of watershed was easier to 

rank, it is not possible to determine what they are from this study. 

A few people suggested that we should have provided a definition of"landscape 

stress". One participant noted that landscape disturbance could be attributed to 

deleterious human influences (generally regarded as "bad"), but disturbance can also be a 

natural part of the ecological system (usually regarded as" good"). As explained earlier, 

we decided not to define stress in an attempt to capture the most complete representation 

of stress possible. Indeed, some people did indicate that they ranked stress based on 

natural disturbance factors (such as mass wasting in the Cascades), while others noted 

that they defined" stress" in terms of human activity for this exercise. 

Of the forty participants in this study, thirteen noted which data sets they used for 

ran.king. Twelve indicated that they used both the aerial photography and the TM color

infrared composite. The majority preferred air photos were preferred because their 
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familiar format, the ability to detect individual features, and the realistic representation of 

the landscape. A number of people indicated they used the air photos to "calibrate" their 

interpretation of the false color-infrared satellite images. One person noted that it was 

only possible to distinguish between "natural and unnatural" forest clearing in the aerial 

photography. This was likely related to resolution of the photos, but it may also have 

been related to how features appeared in the photos. Although the satellite composites 

were more abstract (by virtue of the resolution and the bands selected for display), they 

provided complete coverage of the watershed (unlike the air photos). 

The process of mapping requires transformation of the data (through 

simplification, generaliz.ation, classification, and symboliz.ation) resulting in a more 

abstract representation of the landscape. Participants in this study indicated that they 

preferred to rank the representations using the least abstract information available (first 

aerial photography, then the composite image). Although they also indicated a desire for 

additional information in map format (e.g., higher resolution roads), this type of 

information is more realistic than abstract. 

Although two participants indicated that they used the MSS imagery to evaluate 

some of the forest clearing in the air photos and the composite image, none of the 

participants suggested that the maps of land use /land cover from any of the five sources 

were especially useful. A number of people did, however, use the 

geology/geomorphology maps. 
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DISCUSSION 

The goal of this study was to explore the potential of visualization for generating 

indicators of landscape stress. We attempted to incorporate many of the characteristics of 

scientific visualization in our approach; some were easily accommodated, while others 

were difficult or impossible to integrate. We were able to display multiple variables in 

multiple formats. We also assured that experts were involved in the analysis, although 

the study design called for many participants rather than few. The size and number of 

study areas dictated use of a large display area. Since a computer screen was insufficient, 

it was not possible incorporate the use of computers except for management and output of 

the data. Interaction was somewhat limited because of the format used, although 

manipulation of the representations was encouraged and facilitated. Despite limitations, 

this method for generating indicators of landscape stress produced promising results. 

Participants in this study were able to consistently distinguish between watersheds 

for both sets of representations. Despite observations by participants that the ranking 

process was difficult, participants could nonetheless detect variations between watersheds 

and compile unique ranks for each. That participants were also in general agreement on 

how to rank the watersheds was also encouraging. This indicates that, although a 

definition of"stress" was not provided, there appear to be some characteristics of the 

landscape that are seen as disturbance by most experts. What those characteristics are 

should be further examined. Participants provided some indication in their list of factors 

considered. The next step should be computation of indicators for those factors that, 

when combined correctly, can approximate the mean ranks obtained in this study. 
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Further discussion with participants might help to accurately identify the factors 

related to landscape stress. These discussions might best be conducted in focus groups. 

Focus groups consist of five to ten individuals engaged in one- to two-hour discussions 

focusing on a small, specific set of issues (Monmonier and Gluck 1994). A moderator or 

facilitator uses a precise protocol to prompt participants into free exchange of ideas on the 

topic of interest. Generally, several sessions are conducted with different participants. 

Research indicates that participation by all individuals is more likely if there is an 

atmosphere of equality among members of the group (Monmonier and Gluck 1994). This 

low cost, efficient approach may be useful for determining exactly how participants in 

this study ranked watershed stress, thereby providing insight into the factors underlying 

the mean rank indicator. 

Participants also provided insight into what types of information might be useful 

for the compilation of landscape indicators. High resolution, realistic representations 

may be required to capture the types of characteristics seen by these experts. Generalized 

maps may not provide sufficient detail to represent individual features or patterns in the 

landscape related to landscape stress. 

CONCLUSION 

In this study, we used scientific visualization to compare watersheds with respect 

to landscape conditions and their influences on streams. Participants in our study used 

visualization materials displaying various landscape features to evaluate stream 

conditions and rank watersheds by apparent "landscape stress". This study was applied in 



the context of an environmental monitoring and assessment project that involves the 

analysis of associations between landscape and in-stream conditions in the Pacific 

Northwest. 
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We determined that participants were consistently able to distinguish between 

sites and agreement on the order of ranks was very high. General field of study or 

research and prior knowledge of the streams had little influence on ability to distinguish 

between sites. These results indicate that knowledgeable people can order the degree of 

"landscape stress" using diverse visual representations of watershed characteristics. 
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INTRODUCTION 

To detect and characterize the effects of anthropogenic disturbances on natural 

ecosystems, land and resource managers are considering larger spatial scales and longer 

time periods in their assessment of environmental resources (Franklin 1992, Naiman 

1992, Stanford and Ward 1992). Often, watersheds, or topographically-constrained areas 

drained by a stream system, are used as " ... a physical-biological unit and a socio

economic-political unit for the planning and management of natural resources" (Brooks et 

al. 1991: x). Effective watershed management relies in part on the ability to understand 

the interrelationships between components of the watershed, including soils, vegetation, 

land use, and water, and the linkages between upland and downland areas. Methods for 

the analysis of properties and processes within watersheds commonly use models that are 

deterministic (assume no probabilistic variables or processes), lumped (assume processes 

to be uniform over space), and steady flow (assume no variation in time). 

These models involve a two-step approach. First, a geographic information 

system (GIS) is used to summarize landscape variables as numerical descriptions of the 

watershed; then, associations are examined between these numerical summaries and 

environmental variables using (generally) multivariate statistical analyses. In the first 

step, watersheds are commonly treated as lumped systems, such that characteristics of the 

landscape are averaged without regard to spatial pattern or position. The various 

landscape characteristics are often expressed as a percentage of total area in the watershed 

or sub-watershed. For example, the watershed can be characterized by the percentage 

forested area (Richards and Host 1994), or the riparian area can be characterized by the 
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percentage of area in agricultural land use (Johnston et al. 1988). Because of its 

computational simplicity, this lumped method of landscape characterization is preferred 

to either linked-lumped systems, which divide the landscape into sub-units described as 

lumped systems and connected by linkages through the stream network (Maidment 

1995), or distributed systems, which consider the terrain as an array of connected x,y,z 

points (Levine et al. 1993, Maidment 1995, Zhang and Montgomery 1994). 

In the second step of the analysis, empirical relationships are examined between 

GIS-derived numerical summaries of various watershed land covers and on-site 

measurements of environmental characteristics, such as stream habitat, chemistry, and 

biota. These associations link landscape and site level data to characterize conditions, 

evaluate trends, and extrapolate sample data to regional and larger-scale descriptions. 

Several types of statistical analyses have been used to correlate the two sets of 

indicators, including principal components analysis (Detenbeck et al. 1993, Johnston et 

al. 1988, Richards and Host 1994), canonical correlation (Hunsaker and Carpenter 1990), 

Spearman correlation (Richards and Host 1994), discriminant function analysis 

(Hunsaker and Carpenter 1990), and multivariate analysis of variance (Bak.er and 

Weisberg 1995). In addition, multiple linear regression has been used in which the 

landscape indicators reflect explanatory variables, and the environmental indicators 

reflect ecological responses (Baker and Weisberg 1995, Detenbeck et al. 1993, Johnston 

et al. 1988, Osborne and Wiley 1988). 

Because most landscape studies do not involve experimental treatment in which 

study units are randomly assigned to treatment groups, they do not prove cause-and-effect 



(Ramsey and Schafer 1997). However, statistical association or correlation may imply 

cause"and"effect relationships. 
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Data used for landscape characterization have inherent scale properties, including 

level of generalization in the classification of the data, the area over which data are 

summarized (extent), and the finest resolution of the data (grain). Scale properties of the 

data used in watershed studies are determined by the availability of data, by empirical 

relations described in other studies, by theoretical or conceptual models, or by a 

combination of these methods. The integrity of the landscape indicator depends on the 

representation of real world characteristics in the spatial data set. That is, accurate and 

timely data with sufficient spatial resolution and the desired attribute classes must be used 

if accurate indicators are to be generated. Because of the cost and time involved in 

primary data collection, the lumped landscape approach is often used with data at hand 

rather than data compiled for the purpose of capturing particular characteristics. As a 

result, the landscape variables are often chosen for practical rather than theoretical 

reasons. Use of data that are available rather than data that are appropriate may result in 

insufficient or erroneous indicators of landscape condition. This paper investigates some 

of the spatial data properties that may affect landscape indicator generation using the 

lumped landscape approach. 

In this study, we systematically analyzed variations in landscape indicators with 

respect to extent, grain, and generalization in classification, thereby distinguishing this 

study from previous research and filling a gap in the current understanding of spatial data 

analysis. Landscape data were compiled at four spatial resolutions, with four models for 

varying spatial extent, and with two levels of classification. These data were then used to 
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compile landscape indicators for each of the 44 northwestern Oregon watersheds in this 

study. Variance in the indicators were examined and the contribution to variance by each 

of the scale factors was determined. 

METHODS 

This study was conducted in the context of an environmental monitoring and 

assessment project that involves analysis of associations between landscape and in-stream 

conditions in the Pacific Northwest (Paulsen et al. 1991). It targeted 44 study watersheds 

in the Willamette River Basin of western Oregon, U.S.A. (Figure 4.1 ). 

Indicators, or robust measures of landscape characteristics of interest, were 

computed for each study watershed from various land use/land cover sources using the 

lumped landscape approach. The four land use/land cover data sets used in this study 

represented four different resolutions (i.e., grains). Land use/land cover classes within 

these data sets were reclassified using a hierarchical classification system that allowed for 

examination of generalization in classification. Metrics for each watershed were 

calculated, as were metrics for subdivisions of the watershed. To represent various 

extents, the watersheds were subdivided using four methods. 

In this study, scale properties (i.e., classification, grain, and extent) were first 

examined individually. Generalization in classification was analyzed using cross

tabulation summary tables. Results were used to reduce the size of the data set in 

subsequent analyses. Variation in grain was analyzed with cross-tabulation summary 
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Figure 4.1. Stream sampling sites in the Willamette River Basin, western Oregon, U.S.A. 
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tables, and cumulative distribution functions (CDFs) were graphed to provide further 

insight. CDFs were also used to examine variation in extent. Using analysis of variance, 

combinations of scale properties were examined. A detailed description of the analysis 

approach is shown in Figure 4.2. 

Study Area 

The watersheds in this study are located in two ecoregions in western Oregon: the 

Western Cascade Mountains and the Willamette Valley (Omernik 1987). The western 

Cascades, composed of older volcanic rocks, have high relief and dissected valleys. The 

primary land use is forestry with some mining and some rural human settlements. The 

Willamette Valley is a series of broad alluvial basins filled with gravelly sediment and 

separated by tracts of low hills. It is primarily agricultural, and many settlement areas, 

ranging from small rural communities to the state's largest cities, are located here. The 

disturbance gradient for the study watersheds ranges from relatively pristine (e.g., 

wilderness areas) to highly disturbed (e.g., high intensity agriculture or dense urban 

development). 

As seen in the last chapter, disturbance can be attributed to a variety of deleterious 

human practices and natural processes. In the Cascades, anthropogenic fragmentation of 

the landscape is primarily a result of forest harvesting, road construction, and, to a lesser 

extent, mining activity and human settlement. Natural disturbances in this ecoregion are 

primarily mass wasting, and to a lesser extent, fire. In the Willamette Valley, urban and 
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Figure 4.2. Flowchart of the analysis of classificatio~ grain, and extent. 



agricultural land uses account for the majority of anthropogenic landscape disturbance, 

while flooding is the primary natural disturbance. 

Stream Sampling Points 
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A probability sample of 44 streams sampling points was selected from a sampling 

frame of the blue line streams shown on 1:100,000 scale U.S. Geological Survey (USGS) 

topographic maps (Herlihy et al. 1997). Two hand-picked streams (Lookout and Mack 

Creeks in the H.J. Andrews Experimental Forest) were also included to allow comparison 

with a long-term data base. Small streams were defined as first order (sensu Strahler 

1957); larger streams were defined as second or third order. Streams of greater order 

were not considered wadeable and were therefore not included in this study. All streams 

were located between 44 and 45 degrees north latitude for logistical reasons (time and 

labor). 

Forty-four wadeable streams were selected using the probability sample method 

of the National Stream Survey (Kaufmann et al. 1991) wherein a systematic grid pattern 

was placed randomly over a map of stream traces in the region of interest; the 

randomization establishes the systematic grid sample as a probability sample. lbis 

sampling technique led to the identification of sampling points along the stream network. 

Probability sampling allows us to make inferences from this study to a larger population 

of similar streams (i.e., wadeable streams in the Western Cascades and Willamette 

Valley). 
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Watersheds 

The watershed for each stream was delineated on I :24,000 scale USGS 

topographic maps, then digitized to create a GIS data layer. These watersheds ranged in 

size from 0.2 krn2 to 160 km2
. The sampling methodology allows for inclusion of stream 

reaches with nested watersheds, and four were included in this study. Streams and their 

watersheds are identified by a code that designates the state (OR), the ecoregion (C for 

Western Cascades or V for Willamette Valley), and a two-digit number (e.g., ORC0l). 

Landscape Data 

Landscape data were compiled from four land cover data sets. Resolution and 

classification of the data sets varied. Each data set was reclassified using a hierarchical 

land cover system (after Anderson et al. 1976) resulting in two levels of generalization in 

classification. Watersheds were subdivided into ten nested or hierarchical extents using 

four different methods. The resulting data set contained 16 lumped landscape metrics for 

each land cover class for each watershed. The data matrix is shown in Table 4.1. 

Grain 

Resolution of the data sets in this study was a function of the sources from which 

the data were compiled. The data sources we used included USGS Land Use/Land Cover 

(LULC) digital data files, Landsat Thematic Mapper (TM) satellite imagery, Landsat 

Multispectral Scanner (MSS) imagery, and Advanced Very High Resolution Radiometer 



a 
data 
s~((~& 
AVHRR 
LULC 
MSS 
TM 

L, / Lu 
l 1 f Lu 
L, f Lu 
l 1 / Lu 

L, / l 11 

L1 / Lu 
L1 / Lu 
l 1 / Lu 

l 1 I Lu 
L, I Lu 
L, / Lu 
L1 / L11 

l 1/ Lu 
l 1/ Lu 
L, / Lu 
L,/ Lu 

Table 4.1. Data matrix for examining grain, extent, and classification of the landscape 
data. L, and L0 refer to Anderson Levels I and II. 

(A VHRR) imagery (Figures 4.3 and 4.4). 
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Resolution of the LULC data varies by category: the minimum polygon size for 

urban, water, confined-feeding operations, other agriculture, barren land with strip mines, 

quarries and gravel pits, and transitional areas is 0.04 km2, while the minimwn size of 

polygons in all other classes is 0.16 km2
• For raster data, resolution is defined by the 

pixel size. Pixel sizes for TM, MSS, and A VHRR data are 30x30 meters, ~80x80 meters, 

and ~ I x 1 km, respectively. 

These four data sets were selected for their comprehensive regional coverage and 

digital format. In addition to resolution, they vary in many respects, including source, 

intended use, compilation method, format, age, and classification. These important 

factors are described in greater detail below. 

Land Use/Land Cover Data 

The LULC data set was developed by the USGS as a comprehensive land cover 

data base for use by land use planners and resource managers (USGS 1990). Compiled 
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on a base map of either 1: 100,000 or 1 :250,000, land cover was delineated from high 

altitude aerial photography (generally 1 :60,000 or smaller) augmented by secondary 

sources such as field surveys and earlier land use maps. The data were ultimately 

published as 1 :250,000 scale paper maps that were later converted to digital format. The 

minimum mapping unit varies by category, with higher resolution for urban, water, 

mines/quarries/gravel pits, and certain agricultural areas, as described above. LULC 

maps of the study area date from the mid- to late-1970s. 

Multispec1ral Scanner Data 

Kagan and Caicco (1992) used Landsat MSS satellite imagery, dating mostly 

from July 1988, to create a map of actual vegetation in Oregon for use in biodiversity 

studies. The extent of various vegetation cover types was identified and interpreted 

primarily from false-color infrared positive prints of the imagery at a scale of 1 :250,000. 

Ancillary maps of varying scales and dates were also used, so map resolution and 

accuracy varies among regions. The minimum mapping unit was ~ 13 km2 although most 

polygons are larger (average polygon size is ~33 km2
). 

Advanced Very High Resolution Radiometer Data 

The USGS used A VHRR satellite imagery to develop a 1 km2 resolution land 

cover data set for use in global environmental research (Loveland et al. 1991, Loveland 

and Scholz 1993). Time-series imagery from 1990 was first classified then refined using 

other digital environmental data sets, including climate, soils, topography, and 
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ecoregions. Eight four-week normalized difference vegetation index (NDVI) composites 

from March to October were stratified into vegetated and non-vegetated classes, then 

classified into 70 spectral-temporal (seasonally distinct) classes using digital image 

processing. Class labels were assigned using a combination of visual, graphical, and 

statistical techniques to produce 70 land cover classes. The data set contains a table that 

associates the 70 classes with the USGS LULC data set by providing a description of the 

frequency and percentages of general LULC types composed in each class. 

Thematic Mapper Data 

The TM data set used in this study was obtained from the U.S. Department of 

Agriculture (USDA) Pacific Northwest Research Station, Forest Sciences Laboratory 

(Cohen et al. 1995). Extent of the single 1988 classified image was 123,748.2 km2 on the 

west side of the Cascades. Cohen employed an empirical classification strategy, along 

with ancillary information from TM imagery, air photos, digital elevation models, and 

ground reference data, to identify 12 land cover classes. The data set was developed for 

use in estimating forest age and structure, particularly in the closed canopy forests of the 

western Cascades. Because elevations below 315 m are predominantly agricultural or 

urban, the forest classification methods were not appropriate; therefore, elevations below 

315 m were mapped using 1: 100,000 scale maps of county land use zoning representing 

1983 zoning classes and delineation. 
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Classification 

To study generalization in the classification, all data sets were reclassified using 

the Anderson classification system (Anderson et al. 1976). This system was developed 

by the USGS in the mid-1970s for use with remote sensing data to provide an overview 

of the status of land use and land cover throughout the United States. This system 

contains three hierarchically-structured levels, two of which were used in this study 

(Table 4.2). The nine Level I classes include: urban or built-up land, agriculture, 

rangeland, forest, water, wetland, barren, tundra, and perennial snow or ice. Level II 

contains 37 classes that describe variation within the Level I classes (e.g., Level I forest is 

classified as either broadleaf, evergreen, or mixed forest in Level II). Each of the four 

data sets used in this study were first reclassified to Level II, then aggregated to Level I. 

This reclassification allowed for comparison of lumped landscape metrics generated at 

two levels of generalization in classification. 

Extent 

We geometrically divided the watershed space into ten hierarchical sub-regions using 

four methods. These methods combined various hydrologic/landscape conceptual models 

with Tobler's First Law of Geography: all things are related, but nearer things are more 

related. The four methods for dividing watershed space included: outlet point buffers, 

stream buffers, slope classes, and elevation classes. 
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Level·( Classification Ci, 

'
7J!evel II Cl(tiiiificition'' '4' -· F'"Iili: % ¥J~,1.r, 

1 Urban or built-up land 
11 Residential 
12 Commercial 
13 Industrial 
14 Transportation, communications, and utilities 
15 Industrial and commercial complexes 
16 Mixed urban or built-up land 
17 Other urban or built-up land 

2 Agriculture 
21 Cropland and pastures 
22 Orchards, groves, vineyards, nurseries, and ornamental 

horticultural areas 
23 Confined feeding operations 
24 Other agricultural land 

3 Rangeland 31 Herbaceous rangeland 
32 Shrub and brush rangeland 
33 Mixed rangeland 

4 Forest 41 Deciduous forest land 
42 Evergreen forest land 
43 Mixed forest land 

5 Water 51 Streams and canals 
52 Lakes 
53 Reservoirs 
54 Bays and estuaries 

6 Wetlands 61 Forested wetlands 
62 Non-forested wetlands 

7 Barren land 
71 Dry salt flats 
72 Beaches 
73 Sandy areas other than beaches 
74 Bare exposed rock 
75 Strip mines, quarries, and gravel pits 
76 Transitional areas 
77 Mixed barren land 

8 Tundra 
81 Shrub and Brush Tundra 
82 Herbaceous Tundra 
83 Bare Ground Tundra 
84 Wet Tundra 
85 Mixed Tundra 

9 Perennial snow or ice 
91 Perennial Snowfields 
92 Glaciers 

Table 4.2. Anderson Level I and Il land use and land cover classes. 
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Outlet Point Buffers 

If nearer things are more related, landscape influences near the outlet point of the 

watershed should be more related to conditions at that point. To test this, a simple set of 

point buffers, or areas of defined distance around a specified point feature, were 

generated around the stream sampling point (i.e., the sampling point selected in the 

probability sample scheme described above; Figure 4.3). The maximum buffer width 

was equivalent to the maximum length of the watershed (from the outlet point to the 

farthest point along the watershed boundary). Logarithmically decreasing buffer widths 

were generated by dividing by half the width of the next larger buffer to account for 

hypothesized proportional declines in influence over distance. This method does not take 

watershed physiography into account, nor does it consider the stream as a network within 

the landscape to transport material, energy, nutrients, and water to the outlet point. 

Stream Buffers 

1bis method places emphasis on proximity to the stream network. Using GIS, we 

buffered the stream network delineated on 7.5' USGS topographic maps with variable 

width bands that were proportional to multiples of stream width (Figure 4.4). Because 

stream widths are not known for the entire stream network, we estimated them by an 

empirical relationship between width derived from our own field data and Strahler stream 

order on the 7.5' topographic maps. Logarithmically increasing buffer widths were 

generated by doubling the width of the next smaller buffer (Table 4.3). This approach 
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Figure 4.5. Watershed space subdivided using the outlet point buffer method. 
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Figure 4.6. Watershed space subdivided using the stream buffer method. 
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does not take upstream-downstream distance from the sampling point into account, nor 

does it consider watershed physiography. 

Stream for each the 10 olnt: buffers ers 
ordft 3 4 5 7 9 10 

1 4 8 16 32 64 128 256 512 1024 
2 8 16 32 64 128 256 512 1024 2048 
3 12 24 48 96 192 384 768 1536 3072 
4 16 32 64 128 256 512 1024 2048 4096 
5 20 40 80 160 32- 640 1280 2560 5120 

Table 4.3. Widths of the stream buffers for each of the ten distance zones. Buffers varied 
by Strahler stream order. 

Slope Classes 

Basin topography was reflected in stream buffers generated using 30 m resolution 

digital elevation models"(DEMs) to render a surface in which stream channels have an 

arbitrary value of 0 and ridges have an arbitrary value of 100 (Figure 4.7). A flow 

accumulation model was used and limits were specified to define valleys and ridgelines 

(ESRJ 1992). Slope position was calculated as the elevation of each cell relative to the 

elevation of the valley below it and the ridge above it. To producing stream buffers that 

reflect the physiography of the watershed, this surface was then classified into 10 equal 

interval classes (0-10, I 0-20, etc.). Distance from the outlet point is not considered in 

this model. 
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Figure 4.7. Watershed space subdivided using the slope class method. 
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Elevation Classes 

The fourth method of subdividing the watershed incorporates distances from both 

the outlet point and the stream network. These subdivisions were generated by 

logarithmically classifying the DEM into ten classes using the difference between the 

highest and lowest elevations as the range (Figure 4.8). 

Data Analysis 

A combination of visual and statistical techniques was used to determine variation 

in the scale properties of the land cover data and to examine associations between 

landscape and in-stream characteristics (see Figure 4.2). Statistical methods involved 

analysis of variance, and visual analysis was performed using cross-tabulation summary 

tables and cumulative distribution functions (CDFs). 

In this study, scale properties (i.e., classification, grain, and extent) were first 

examined individually. Generali:zation in classification was analyzed using cross

tabulation summary tables. Results were used to reduce the size of the data set in 

subsequent analyses. Variation in grain was analyzed with cross-tabulation summary 

tables, and CDFs were graphed to provide further insight. CDFs were also used to 

examine variation in extent. Finally, combinations of scale properties were examined 

with analysis of variance. 
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Figure 4.8. Watershed space subdivided using the elevation class method. 
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RESULTS 

Generalization in Land Cover Classification 

This part of the analysis addressed the issue of generalization ( or, conversely, 

detail) in the classification systems. For the data sources in this study (i.e., LULC, TM, 

MSS, and A VHRR), we were interested in determining the level of detail that could be 

used to describe land cover. All data sets were reclassified using the hierarchical 

Anderson classification system. If the data sets could provide land cover description with 

Level II detail, we would not need to use the more generalized Level I for the rest of the 

analyses. 

For each study watershed, we summarized the number of Level II land cover 

classes in each data set (Table 4.4). If a Level II class was missing, that class was either 

not used in the original classification of the source data (e.g., there was no tundra in the 

original TM data classification scheme) or none of our study watersheds had that class of 

land cover (e.g., no Cascade watersheds had urban land cover in any data set). 

The results indicated that not all Level II classes were represented in the source 

data. For example, there was no urban class and only one agriculture class in the 

A VHRR data set. The LULC data set was compiled using the Anderson Level II 

classification system; therefore, many of the Level II classes were represented in this 

data source for our study watersheds. The number of Level II classes was much lower for 

all other data sets: in most cases, there was only one Level II classes, or there were none. 



1 Urban 
2 Agriculture 
3 Rangeland 
4 Forest 
5 Water 
6 Wetland 
7 Barren 
8 Tundra 
9 Snow/Ice 
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Table 4.4. Cross-tabulation summary table of the number of Anderson Level II classes in 
each of the four spatial data sources. For each Level I class, data sources with two ore 
more Level II classes are highlighted. 

Had we been able to reclassify all data sources using the more detailed Level II 

classes, the land cover classes in our study would have been more descriptive. The above 

results indicated that Level II classification was inappropriate for the data sets in this 

study; therefore, we used the Level I classification in the rest of the analyses. 

Variance in Land Cover over Extent 

For each land cover data set, we examined the variance in land cover for each 

watershed over extent. Using cross-tabulation summary tables, we summarized the 

nwnber of watersheds with variance in land cover over increasing extents defined using 

outlet point buffers, stream buffers, slope slices, and elevation slices (Tables 4.5 and 4.6). 

The cross-tabulation summary table provided information on variance of land 

cover within subdivisions of the watershed. The variance was computed for land cover 

differences between the extents created using each of the four methods for subdividing 
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the watershed (outlet point buffers, stream buffers, slope classes, and elevation classes). 

If variance was zero, the landscape metric was the same for all extents. Tables 4.5 and 

4.6 indicate number of watersheds in which variance was not zero (i.e., the landscape 

metric changed over extent). 

e 
4 0 

2 5 1 
0 - -0 

Stream AVHRR 0 2 1 3 1 0 0 1 
buffers LULC 0 0 2 4 4 1 1 1 

MSS 0 0 0 - 1 0 - 3 
TM 0 1 0 5 0 0 

Slope AVHRR 0 2 2 4 1 0 0 2 
classes LULC 0 0 2 5 4 1 1 2 

MSS 0 0 0 - 1 0 - 4 
TM 0 1 0 4 0 0 

Elevation AVHRR 0 2 2 1 0 0 0 
classes LULC 0 0 1 4 1 1 2 

MSS 0 0 0 1 0 4 
TM 0 1 0 5 0 0 

Table 4.5. Cross-tabulation summary table of the number of Cascade watersheds with 
variance over extent for each of the nine Anderson Level I land use classes, each data 
source, and each method of subdividing the watershed. For each combination of land 
cover class and data source, proportions of more than 25% of the total watersheds are 
highlighted. 

The number of Cascade watersheds with variance over extent was highest for 

those with forested and barren land covers in the TM or MSS data, regardless of the 

method used to subdivide the watershed. For the Valley, variance over extent was 

primarily found in watersheds with agriculture or forest land covers in all data sets. 

0 
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0 
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0 
2 
0 
2 



Variance over extent was also found in at least 20% of the watersheds with urban land 

cover in all data sets except A VHRR, which had no urban land cover class. 

buffers 1 
0 

id. µ. 
Stream AVHRR 0 0 0 
buffers LULC 1 1 0 

MSS 0 0 0 
TM 0 0 

Slope AVHRR 0 0 0 
Classes LULC 1 1 0 

MSS 0 0 0 
TM 0 0 

Elevation AVHRR 0 0 
classes LULC 1 0 

MSS 0 0 
TM 0 0 

Table 4.6. Cross-tabulation summary table of the number of Valley watersheds with 
variance over extent for each of the nine Anderson Level I land use classes, each data 
source, and each method of subdividing the watershed. For each combination of land 
cover class and data source, proportions of more than 25% of the total watersheds are 
highlighted. 
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Visual analysis of the Cascade watersheds with variance over extent con.finned 

that most watersheds with variance in forest over extent also had variance in barren land 

over extent. For the Valley watersheds, watersheds in which the amount of urban and 

agricultw-al land varied over extent also had forest that varied over extent. We 

determined that, in most cases, the variance in land cover over extent was captured using 

the forested Cascade watersheds and the urban and agricultural Valley watersheds. 

Because there was little variance over extent in the other land cover classes, the 



remainder of the analysis was restricted to the forest classes for the Cascades and the 

urban and agricultural classes for the Valley. 
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We further examined variance in land cover over extent using Cumulative 

Distribution Function (CDF) plots. The CDFs graphically display the variance for a land 

cover class across the extent for each watershed. We used these plots to examine the land 

cover diversity among all watersheds and within the extents of each watershed. The 

CDFs using in this analysis are provided in Appendix C. 

Each of the four methods for subdividing the watershed produced ten 

hierarchically nested zones. The smallest zones were located near the outlet point of the 

watershed and/or along the stream, and the largest extents were, in most cases, the entire 

watershed. The percent of total area in each land cover class within each of the ten zones 

is shown in the CDF. Plots for each land cover data seta are overlain to facilitate 

comparison. For the Cascades watersheds, we used this method to examine forest land 

covers. For the Valley watersheds, we examined urban and agricultural land use 

combined. The forest cover in one Cascade watershed is shown in Figure 4.9. Distance 

zones in this CDF were created using the elevation class method. 

In this example, the smallest zone was completely forested in all data sets. The 

third and fourth zones of extent for the TM data set contained the least forested area, 

indicating that areas near the outlet point and along the stream had some other type of 

land cover. As the extent increase, the percent of forest area in the TM data set increased 

steadily. In contrast, the rate of increase was much slower in the MSS data set. The lack 

of forest in the zones oflarger extent indicate that upland regions within the watershed 

were less than 40% forested in this data set. 
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1 2 3 4 5 6 7 8 9 10 
Zones of extent created with the elevation class method 

Figure 4.9. CDF for percent forest land cover over the ten distance zones. CDFs for each 
of the four sources are overlain. In this example, both the A VHRR and LULC data sets 
are the same (100% forested) at all extents. 

Values in zone ten on the CDFs were used to detennine land cover classification 

differences between data sources. These differences are summarized in Table 4.7, which 

shows the number of watersheds with values different from the data set with the highest 

value in zone 10. The data sets or sets that differed were identified, tallied, and reported 

in Table 4.7. For this analysis, we examined forest land cover for the Cascade watersheds 

and urban and agriculture for the Valley watersheds. 

For the Cascades, the LULC data set showed the least variation in the landscape. 

In seven of the watersheds, only the TM data set had any variation, and for seven 

watersheds, all data sets showed the same land cover. For eight watersheds, both MSS 

and TM showed variation; further examination revealed that for six of these, the percent 
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forest land cover was less in the MSS than the TM data set. These results indicate that 

the TM and the MSS data sets showed the most variation in the Cascade watersheds. 

Datas 
U,atwi 
1 
AVHRR 
LULC 
MSS 
TM 
MSSandTM 
AVHRR and MSS 
LULC and TM 
All are different 
None are different 
Total (n) 27 17 

Table 4.7. Variance between data sets for Forest in the Cascade watersheds and Urban 
and Agriculture in the Valley watersheds. Data sets were "different" if there was less 
than 85% agreement. 

For the Valley watersheds, the AVHRR data set was different from all others for 

four watersheds. This might be expected since A VHRR does not have an urban class, 

and this analysis focuses on urban and agricultural land cover. For four watersheds, land 

cover for all data sets was the same, and for six, all was the same. For these six 

watersheds, CDFs revealed that the TM data set had the highest percent urban and 

agricultural land cover. This is not surprising since the Valley portion of the TM data set 

represents zoning, which reflects actual as well as potential land use. 

The CDFs were also used to determine which data sets produced landscape 

metrics with the least landscape variance. These results are summarized Tables 4.8 and 
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4.9. Watersheds with no variance in land cover were classified as 100% of the land cover 

studied (i.e., forest or urban and agriculture). Data sets that produced the fewest 

watersheds with variance in land cover would be less useful for landscape 

characterization. 

AVHRR 
LULC 
MSS 
TM 

88.8% 
96.3% 
33.3% 
11.1% 

Table 4.8. Cross-tabulation summary table of the variance in land cover within Cascade 
watersheds for each of the four data sources. 

3 
6 
7 
7 

1 . 0 

35.3% 
41.2% 
41.2% 

Table 4.9. Cross-tabulation summary table of the variance in land cover within Valley 
watersheds for each of the four data sources. 

For the Cascades, over 88% of the watersheds were classified as completely 

forested with the A VHRR and LULC data sets, and the 1M data set produced the fewest 

completely forested watersheds. Visual analysis of the mapped data, in comparison with 
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forest clearing. For the Valley, almost half the watersheds were classified as 100% urban 

and agriculture with the MSS and TM data sets. The small percentage of watersheds 

classified in the A VHRR data set as 100% urban and agriculture may be related to the 

absence of the urban class in this data set. The higher proportion of 100% urban and 

agricultural watersheds using the TM data set is likely related to the zoning data used in 

for the Valley. The coarse resolution of the MSS data set may have contributed to the 

high proportion of watersheds classified as urban and agriculture. 

Variance in Extent 

CDFs were also used to examine the variation across distance for each source at 

each site. For each watershed, the amount of area in the land cover of interest (e.g., 

forest) captured by each method could be examined visually. Plots for the four methods 

were overlain for comparison. For each watershed, four such plots were created, one for 

each data source. 

In these graphs, the shape of the line indicates area within each nested 

subdivision, and the slope of the line reflects the rate of gain in capturing watershed area. 

Convergence of the lines indicates equal gain between methods, and crossing of lines 

indicates that one method overtakes another in the ability to capture watershed area. In 

the example above, point buffers capture little watershed area until the last two or three 

subdivisions of the watershed. Because so little area is captured in the first few buffers, 

little variation in land cover can be captured. This type of pattern for point buffers was 

common across all watersheds in both the Cascades and the Valley. Slope classes capture 
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little variation in land cover can be captured. This type of pattern for point buffers was 

common across all watersheds in both the Cascades and the Valley. Slope classes capture 

a steadily increasing amount of watershed area. There is little variation in the slope of the 

CDF line for this method across all watersheds in both ecoregions. Since point buffers 

and slope classes produced patterns of little interest, the reminder of the discussion will 

focus on stream buffers and elevation classes. 
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Figure 4.10. CDF for percent land cover over distance with variation in methods. 

10 

We visually compared the ability of the stream buffer and elevation class methods 

to capture watershed area by examining their general shape when combined. The amount 

of correspondence could be classified as high (little area between the two lines), medium, 

or low (large area between the two lines). The results are listed in Table 4.10. 



High 
Medium 
Low 
No land use class 
Cross-overs 
Catch-ups 

10 
15 
2 
0 

3 (high) 
1 (high) 

2 
8 
5 
2 
0 

1 (high) 
1(medium) 

1 (low) 
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Table 4.10. Variation in the stream buffer and elevation class methods for subdividing 
the watersheds. 

These results implied that the two methods capture area at more similar rates for 

the Cascades (10 of the 27 watersheds had high correspondence). This is likely due to the 

ability of the elevation class method to perform better in watersheds with greater relief. 

In the Valley, there is less correspondence between the two methods (only 2 of 17 

watersheds). Here, the two methods resulted in differing amounts of area within nested 

subdivisions of the watershed. These results gave some suggestion of how area within 

subdivisions of the watershed varied between methods. 

Variance in All Scale Properties 

A four-factor analysis of variance, stratified by ecoregion, was used to test the 

effects of all scale properties on the generation of landscape metrics. The four factors 

were: 

1. Method - method used to subdivide the watershed into nested areas (point 

buffer, stream buffer, slope class, elevation class) 
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2. Source -- source of the data (A VHRR, LULC, MSS, TM) reflecting grain 

3. Site -- stream sampling sites (17 for the Valley, 27 for the Cascades) 

4. Distance -- subdivision of the watershed reflecting extent and ranging from 

one (near site and/or stream) to 10 (in most cases, the entire watershed) 

This analysis also identified interactions between scale properties in the landscape 

metrics generated. The results of the four-factor analysis of variance results for the forest 

and barren classes in the Cascade watersheds are summarized in Table 4.11. Table 4.12 

summarizes the results for a number of land use classes in the Valley watersheds. 

method 3 36.18 20.44 
source 3 3540.43 4985.91 
method * source 9 7.41 17.24 
distance 9 15.95 13.55 
distance * method 27 (0.59) (1.41) 
distance * source 27 5.n 10.75 
distance * method * source 81 (0.83) (1.12) 
site 26 240.34 319.73 --
site * method 78 14.03 7.99 
site * source 78 267.29 350.96 
site * distance 234 3.27 ----r.ae 
site * method * source 234 11.48 13.40 
site * method * distance 702 (.98) (0.59) 
site * source * distance 702 2.00 2.36 

not statistically significant (xx) 
highly significant xx 

very highly significant xx 

Table 4.11. Summary statistics from the four-factor analysis of variance for the forest 
and barren classes for the Cascade watersheds. 
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df F-st.a C 

3 102.68 774.84 217.19 
source 3 3531.55 247.79 2022.14 4649.90 
method * source 9 20.71 5.61 718.13 110.53 
distance 9 5.98 13.06 12.03 26.11 
distance • method 27 3.45 4.50 4.01 8.34 
distance • source 27 1.47 (0.62) 8.67 2.54 
distance • method * source 81 (0.89) 1.53 4.60 1.71 
site 26 2300.42 1810.75 380.17 2480.43 
site * method 78 66.66 50.12 132.28 49.95 
site • source 78 527.51 621.27 415.17 354.64 
site • distance 234 7.03 7.00 ~ 4.44 
site • method * source 234 21.37 13.65 133.90 25.41 
site • method • distance 702 3.17 2.74 (0.88) 1.55 
site • source • distance 702 1.83 1.98 1.91 1.51 

not statistically significant (xx) 
highly significant xx 

very highly significant xx 

Table 4.12. Summary statistics from the four-factor analysis of variance for selected land 
cover classes for the Valley watersheds. 

As expected, there is overwhelming evidence that the percent of land cover varied 

between sources for the forest and barren land cover classes (F-statistics = 3540.43 and 

4985.91 respectively; p-value < 0.0001). There is also strong evidence that percent land 

cover differed significantly among sites for these two land cover classes (F-statistics = 

240.34 and 319. 73 respectively; p-value < 0.0001 ). In addition, there is evidence for 

interaction between these two factor classes (F-statistics = 267.29 and 350.96 

respectively; p-value < 0.0001 ). Other factors were also significant, but to a much 

smaller degree than those described above. 

For the Valley watersheds, there is overwhelming evidence that the percent of 

land cover varied between sources for the urban, rangeland, and forest classes (F-statistics 
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= 3531.55, 2022.14, and 4649.90 respectively; p-value < 0.0001). There is 

overwhelming evidence that the percent of land cover for urban, agriculture, and forest 

differed between sites for the Valley (F-statistics = 2300.42, 1810.75, and 2480.43 

respectively; p-value < 0.0001). There is strong evidence that percent rangeland differed 

between sites (F-statistic = 380.17; p-value < 0.0001) There is also strong evidence for 

interaction between the source and site factors for the following land cover classes: 

urban, agriculture, rangeland, and forest (F-statistics = 527.51, 621.27, 415.17, 354.64 

respectively; p-value < 0.0001). Percent rangeland differed by method and method/ 

source interactions (F-statistics = 774.84 and 718.13 respectively; p-value < 0.0001). 

Other factors were also significant, but to a much smaller degree than those described 

above. 

These findings indicate that most of the variation in percent land cover in the data 

sets was attributable to the source of the data, as well as the watershed for which the 

metrics were compiled. One would expect and hope for variation between sites, as this 

variation may be used to account for some of the variance in stream responses. On the 

other hand, one would hope for little variation between sources, as that would indicate 

general agreement on the land cover type present. These findings indicate that the land 

cover metrics derived from the various sources could be radically different; therefore, 

they should be used with caution as indicators of landscape condition. 
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DISCUSSION 

In this study, we examined scale properties of spatial data and evaluated their 

effects on landscape metrics. We determined that, in addition to difference between sites, 

two scale properties, generalization in classification and variation in grain, accounted for 

most of the variation in landscape metrics. Extent had less influence on landscape 

metrics, although that could well be related to the models chosen for subdividing the 

watershed space. 

This study makes no implications about which data set is "right". Lack of 

variation between data sets might be taken to indicate that all of them accurately capture 

the actual land cover. However, if a data set reflects little or no variation in the 

landscape, metrics generated from that data set will be of little use in correlation and 

other analyses. Therefore, the best solution is to have minimum within-group variation 

(i.e., the data sets agree), and maximum between-group variation (i.e., the watersheds are 

different from one another). That does not seem to be the case with the data sets used in 

this study. 

Grain 

In most cases, resolution of the data bases used in this study was inadequate for 

capturing landscape components that represent, ameliorate, or exacerbate landscape 

stress. For example, stressors, such as mines, were not represented in any of the data sets. 

Buffering agents in the landscape, such as riparian areas and wetlands, were also not 
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captured. In addition, land covers that might intensify stress, such as impervious 

surfaces, were not detected. These landscape components would have been difficult or 

impossible to detect at the resolution of most of the data bases used in this study. 

Resolution of the TM data set should allow for detection of some of these features, 

depending on their size. 

This study was not directed toward determination of which data set was "right". 

Others have explored that question for data sets such as these (Burch Johnson et al. in 

review). However, accuracy in both the location of features and the classification of their 

attributes should be examined. 

Classification 

Definition of the Anderson Level I classes seemed to be inadequate for 

distinguishing between various landscape stresses. It may be appropriate to aggregate 

some of the classes, such as forest and perhaps water and wetland, because they represent 

primarily natural characteristics of the landscape that would seem to represent little stress. 

Other classes such as barren, urban, and agriculture, should be disaggregated in order to 

differentiate between human activities and natural processes. 

In the Cascades, A VHRR and LULC were unable to detect forest clearing 

practices and other factors contributing to patchiness in the landscape. The barren class in 

MSS and TM tended to capture some of the clearing activity, but it could also have been 

reflecting non-vegetated patches in the natural landscape, such as lava fields, rock 

outcroppings, and debris flow scars. These classes were not captured in any of the data 



sets, but their impacts on stream systems and correlation analyses with in-stream 

indicators could be very different from those of forest clearing. 
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Transitional areas are also problematic. Because the LULC data base was 

generated for general use over potentially long periods of time, many cleared areas were 

classified as forest because they would revert to that class over time. In an analysis of 

associations between landscape stress and stream conditions, it is exactly those 

transitional land uses that may provide the most promise as indicators. Ages of forest 

stands were classified in the TM data, although they were not used in this study due to 

inconsistency with the Anderson system. This potential level of detail in classification 

suggests that satellite imagery may be useful for compiling a descriptive land cover data 

set. 

In the Valley, land use classes did not capture the type or intensity of human 

activity. For example, agriculture could be classified into general types, such as row 

crops, orchards, nurseries, and others. Urban could distinguish between high and low 

density housing, industrial, and others. 

Extent 

Extent explained vary little of the variation in landscape metrics. This may be 

related to the models chosen for subdividing the watershed area. Because these methods 

were scaled to watershed properties, such as maximum length and difference in elevation, 

they would be adequate for determining the change in land cover over distance for a 

single watershed. The challenge is in combining the methods to incorporate the variation 
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between watersheds. For example, some watersheds areas were less than a square 

kilometer, while the largest is over 158 square kilometers. Comparing subdivisions for 

watersheds with such disparity is inappropriate. 1bis became evident in the analyses of 

correlations between landscape and in-stream indicators. Not only was interpretation of 

the results extremely difficult, but it is likely that the lack of correspondence was related 

to the methods used. Nonetheless, the methods could be promising if scaled to landscape 

patterns and processes or in-stream responses rather than watershed characteristics. 

CONCLUSION 

In this study, grain (the finest level of resolution), extent (the area under 

consideration), and level of generalization in classification were systematically 

manipulated to determine the effects of varying spatial scale properties on the generation 

of landscape metrics. Landscape data were compiled at four spatial resolutions, with four 

models for varying spatial extent, and with two levels of classification. These data were 

then used to compile landscape indicators for each of the 44 northwestern Oregon 

watersheds in this study. Variations in the indicators were examined and the contribution 

to variation by each of the factors was determined. 

Results implied that the data sets used in this study were inappropriate for detailed 

classification and that data sources are related to variance in the landscape metric over 

extent. When scale variables were examined together, most of the variation in the 

landscape metrics was attributable to data resolution (grain), individual watershed 

differences, and resolution-watershed interactions. Because scale properties of the spatial 
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data altered the landscape indicators, the potential effects of scale properties of landscape 

indicators should be carefully considered. 

1bis study identifies a need for serious consideration of these scale properties in 

the selection or generation of the land cover data sets for analyses that use a lumped 

landscape approach. Grain in particular seems to play an important role. This should not 

be surprising as Joel Morrison, Chief of the Geography Division of the U.S. Bureau of 

the Census, warned us in 1995 that: "Resolution is now more important than (paper map) 

scale." (Morrison 1995: 18). This study clearly illustrates his point and encourages 

future research. 

For example, classification of the features in the spatial data base should perhaps 

include a temporal component. In the Cascades, one of the major land uses is forestry. 

Spatial data bases, such as the TM data set used in this study, often classify forest stands 

by age class. The ability to encode temporal attributes of the landscape would allow us to 

classify stands not by age classes, but by a relative date of harvest. This would 

ameliorate the problem of "transitional areas". Another example could be given with 

roads. Roads in this landscape are often created to access harvest units, used intensively 

for relatively short periods of time, then used minimally or abandoned. Capturing when 

landscape stresses occurred might allow us to better understand how they are associated 

with stream responses. 

This study also confirms the need to develop a classification system that is 

adequate across different ecosystems. For example, a classification system for the Valley 

may need to be merged with a classification system for the Cascades. "Barren" in the 

Cascades might better be classified as various land cover types that would be irrelevant in 



the Valley (e.g., clearcuts and lava flows). Conversely, intensity and type of urban or 

agricultural development in the Valley would be moot for the Cascades. If the 

classification system were hierarchically structured, it would be possible to aggregate 

classes if desired. 
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Closer attention and formal analysis of the accuracy of spatial data bases should 

also be a concern. Many researchers have been focusing in recent years on accuracy and 

error in spatial data. Although this study was not directed at determination of which data 

base was the "right" one, the amount of variation related to the various data sources 

clearly indicates that this issue must ultimately be addressed. This study therefore 

supports the need for continued advancement in this area. 

The importance of grain and classification in the landscape data base points to a 

need for thoughtful investment in development of high spatial resolution land cover data 

bases with detailed classification systems. It appears that existing data bases originally 

generated with a broader set of objectives in mind fall short when used in studies with 

their own particular questions and objectives. Their inadequacy relates to both the 

resolution at which they were compiled and the generalization of the classification system 

with which they were compiled. Higher resolution data bases that capture the features, 

processes, and patterns germane to the study at hand may provide the explanatory power 

that is missing in data bases developed for more general or widespread use. 

There is a tradeoff: higher resolution means higher cost. Therefore, in the 

development of a data base for environmental monitoring and assessment, the most 

critical question to consider should be "What are the landscape components, processes, 

and patterns most likely to account for variation in the stream conditions?" 
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Determination of what those components are should probably include a combination of 

empirical analyses, conceptual models, expert judgment, and visual analyses. Of these, 

visual analysis is probably the least used and understood, but it carries the potential to 

provide insight that the other methods do not. Clearly, the wisest approach would be to 

use them all. 
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CHAPTER 5. SUMMARY 

SUMMARY STATEMENT 

This dissertation examined the development oflandscape indicators using two 

different approaches. Both were applied in the context of an environmental monitoring 

and assessment project that involves analysis of the associations between landscape and 

in-stream conditions in the Pacific Northwest. A scientific visualiz.ation approach was 

introduced that employed the use of the human system to develop composite landscape 

indicators. The more commonly-used lumped landscape approach was also examined, 

with regard to sensitivity of indictors to variations in scale properties of spatial data. The 

novelty of the visualization approach in this type of application warranted a review of 

appropriate methods for displaying multivariate geographic information; these methods 

were described in the second chapter. 

VISUALIZATION OF MULTIVARIATE GEOGRAPHIC INFORMATION FOR 

EXPLORATION 

This chapter reviewed progress on the visualiz.ation front within the field of 

geography. It described ( 1) terminology related to visualization in geographic and 

general scientific inquiry, (2) state-ofthe-art methods for the visualization of complex 

geographic phenomena, and (3) contributions of the ancient art and science of 
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cartography to these modern developments in spatial data display. Primary emphasis 

was placed on the use of visualization for exploring rather than storing or presenting 

geographic information which has been the traditional role of maps. Additionally, this 

chapter focused on methods for displaying multiple variables in geographic visualization, 

thereby allowing for more in-depth exploration of the data. Deliberately integrating the 

more traditional works of cartographic lineage with the most advanced computer 

technology, this chapter presented the reader with a variety of visualization methods to 

display multivariate spatial data. Some of these methods were appropriate for use in the 

development of landscape indicators, a described in the next chapter. 

VISUALIZATION FOR GENERATING INDICATORS OF LANDSCAPE 

STRESS 

The goal of this study was to explore the potential of visualization for generating 

indicators of landscape stress. We attempted to incorporate as many of the 

characteristics of scientific visualization as possible. The approach we took could easily 

accommodate some of the characteristics, whereas others were difficult or impossible to 

incorporate. We were able to display multiple variables in multiple formats. We also 

assured that experts were involved in the analysis, although the study design called for 

many participants rather than few. The size and number of study areas dictated use of a 

large display area. Since a computer screen was insufficient, it was not possible 

incorporate the use of computers except for management and output of the data. 
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Interaction was somewhat limited because of the format used, although manipulation of 

the representations was encouraged and facilitated. Despite the limitations, this method 

produced some surprising and promising results. 

The methods used in this study were adequate to produce a potentially useful 

landscape indicator based on mean ranks of landscape stress and to provide some 

indication of what went into those ranks. Although considerable effort was required to 

(1) compile the information used in the representations, (2) generate the representations, 

and (3) rank the representations, computation of the indicator from the ranks was simple 

and straightforward. Preliminary analyses indicate that the mean ranks explain some of 

the variance in the response indicators, and information provided by the participants gives 

some indication of what went into the ranks. 

Future applications of this approach should consider limiting the scope of the 

study in a number of ways. First, the number of things to be ranked (e.g., watersheds) 

should be reduced. The amount of information displayed should also be reduced. Some 

of the information proved useless, and some of the most important information was 

missing. Inclusion of the most important information should be the first objective, and 

exclusion of the useless information should come next. The exercise should take 

probably no more than an hour in order to assure the largest possible number of 

participants. 

The results obtained in this study implied that the mean ranks generated through 

visualization are promising indicators of landscape stress. However, it is important to 

remember that these are composite indicators, and it is desirable to know what underlying 

factors they represent. Although we have some indication of what some of those factors 
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might be from the participants' responses, further investigation in needed. The next step 

should probably be to bring the experts back in small groups to discuss the process and 

the products ofthis study, perhaps using a focus group approach. 

SENSITMTY OF LANDSCAPE INDICTORS TO EXTENT, GRAIN, AND 

CLASSIFICATION OF SPATIAL DAT A 

In this study, we examined the individual and combined effects of classification, 

grain, and extent on the generation of landscape metrics. A variety of analyses, both 

statistical and visual, were used to explore these three scale properties from a number of 

angles. These analyses revealed the potential for classification and grain in particular to 

alter, sometimes radically, simple metrics oflandscape condition, such as percent of 

watershed area with a particular land cover. 

Our results implied that the data used in this study were inappropriate for detailed 

clas;,ification. Two of the four methods for subdividing the watershed, elevation classes 

and stream buffers, provided interesting patterns of variation in the landscape metric 

across distance. In an analysis of all the scale variables combined, most of the variation 

in the landscape metrics was attributable to data source, watershed, and source / 

watershed interactions. Pairwise correlations between landscape and in-stream indicators 

tended to vary with changes in resolution and extent Increase or decrease in the strength 

of correlation over distance varied by response variable. Because scale properties of the 
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spatial data altered the landscape metrics and the statistical analyses, the potential effects 

of scale properties of landscape indicators should be carefully considered. 

This study points to a need for serious consideration of these scale properties in 

the selection or generation of the land cover data sets for analyses that use a lwnped 

landscape approach. Grain in particular seems to play an important role. This should not 

be surprising as Joel Morrison, Chief of the Geography Division of the U.S. Bureau of 

the Census, warned us in 1995 that: "Resolution is now more important than (paper map) 

scale." (Morrison 1995: 18). This study clearly illustrates his point and encourages 

future research. 

The importance of grain and classification in the landscape data base requires 

thoughtful investment in development of high spatial resolution land cover data bases 

with detailed classification systems. It appears that existing data bases originally 

generated with a broader set of objectives in mind fall short when used in studies with 

their own particular questions and objectives. Their inadequacy relates to both the 

resolution at which they were compiled and the generalization of the classification system 

with which they were compiled. Higher resolution data bases that capture the features, 

processes, and patterns germane to the study at hand may provide the explanatory power 

that is missing in data bases developed for more general or widespread use. 

There is a tradeoff: higher resolution means higher cost. Therefore, in the 

development of a data base for projects such as this environmental and assessment 

project, the most critical question to consider should be "What are the landscape 

components, processes, and patterns most likely to account for variation in the stream 

conditions?" Determination of what those components are should probably include a 
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combination of empirical analyses, conceptual models, expert judgment, and visual 

analyses. Of these, visual analysis is probably the least used and understood, but it 

carries the potential to provide insight that the other methods do not. Clearly, the wisest 

approach would be to use them all. 
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APPENDIX A 

Example of a watershed representation and 
detailed explanation of the information shown in each representation 

(In envelope) 
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Survey booklet used in the visualization study, 
"Visualization for Generating Indicators of Landscape Stress" 
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Indicators of Landscape Stress 

Research survey oonducted by 

Aileen R. Buckley 
Department of Geosciences 

Oregon State University 
Corvallis, Oregon 

August 1997 
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RE: INSTRUCTIONS 
Landscape Visualization Study 

Dear Participant: 

Thank you for agreeing to participate in this study. Please conduct the test individually. 
If others happen to be taking the test at the same time as you, please refrain from 
commenting aloud until all have completed the test and sealed the results in the 
envelope provided. 

Below is a checklist you can use to make sure you have completed all parts of the study. 
Detailed instructions for each part are provided. 

______ Read and signed informed consent form 

______ Completed biographical questionnaire 

______ Read description of content of the visual displays 

______ Completed practice survey 

______ Completed landscape visualization survey 

______ Enclosed all materials in sealed envelope 

______ Returned envelope to Aileen 

First, please read and sign the informed consent form that follows this page. 

Thank you for helping with this study. I hope you will find it interesting and perhaps even 
fun! 

Sincerely, 

Aileen R. Buckley 
Graduate Research Assistant 
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INFORMED CONSENT DOCUMENT 

A Title of the Research Project 
"Visualization for Generating Indicators of Landscape Stress" 

B. Investigator 
Aileen Buckley, Graduate Research Assistant 

C. Purpose of the Research Project 
Measures of landscape stress can be useful in monitoring and analyzing human 

impacts on ecological resources. Such measures, or indicators, are often used in studies 
that correlate the proportion of different land uses in a landscape unit, such as a 
watershed, with certain ecological responses. This approach, sometimes called the 
"lumped landscape approach•, is particularly helpful in studies of water resources 
because streams act to integrate landscape characteristics within a watershed. 

In many of the lumped landscape studies, indicators of the water resources, 
particularly streams, are generated from data collected in the field at a selected point 
along a stream network. The landscape indicators are generated for the watershed for 
that point from large spatial data sets using geographic information systems (GIS). There 
are many advantages to this method, including the ability to integrate data for large areas, 
the ability to merge various types of data, and the ability to replicate the indicator
generation process for multiple landscape units. However, this method does not take into 
account the spatial arrangement of the landscape stress in relation to the stream network 
or the outlet point of the watershed. 

In this study, I am exploring the power of the human visual system to perform 
some of the same tasks as a GIS, namely the·ability to integrate data for large areas and 
the ability to merge various types of data. But the human eye may also be able to 
integrate the spatial arrangement of landscape characteristics into the landscape stress 
indicators generated. You will be helping me to test this by visually examining a set of 
graphic displays for a number of watersheds, then generating metrics of landscape stress 
for each. 

The purpose of this research is to determine whether visualization of landscape 
data can be used to generate surrogate indicators of landscape stress. The reason for 
conducting this research is two-fold: ( 1) to explore the power of the human visual system 
to generate landscape stress metrics that encompasses multiple landscape features at 
multiple spatial extents, and (2) to determine if a "rapid" method of indicator compilation 
using visualization is feasible. The information obtained in this study will help to develop 
protocols for generating landscape stress indicators for a large-scale ecological 
monitoring and assessment program. 

D. Procedures 
As a participant in this study, you will receive a complete explanation of 

procedures in written format. In general, however, the following things will happen: 
1. Pre-study Screening 

You were selected for participation in this study based on your expertise in 
understanding landscape level patterns and processes and how they relate to in
stream responses. To participate in this study, you must also have the ability to 
visualize (external) information. 

2. What participants will do during the study 
1) You will receive an instructional packet describing the content and format 
of the graphic displays. 



2) You will receive a survey containing detailed instructions for compiling 
the landscape stress metrics. 
3) You should be able to complete the survey within an hour. 
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4) You will then return the survey to me at the completion of the exercise. 
3. Foreseeable risks or discomforts 

There are no foreseeable risks or discomforts involved with this study. 
4. Benefits to be expected from this research 

Indirect, long-term benefits include the fact that the results gained will improve 
understanding of visualization as a research tool as well as provide further insight 
into the associations between landscape and stream characteristics. You may 
feel proud of participating in a study that could increase our understanding of 
human impacts on the environment. Aside from that, you will receive no payment 
for your participation in this study, nor should you expect to receive any other 
direct benefits as a result of your participation in this study. 

E. ConfldentJallty 
Any information obtained from you will be kept confidential. A code number will be used 
to identify any exercise results or other information you provide. The only person who will 
have access to this information will be the investigator, and no names will be used in any 
data summaries or publications. 

F. Compensation for Injury 
Please understand that the University will not provide a participant with compensation or 
medical treatment in the event that the participant is injured as a result of participation in 
this research project 

G. If You Have Questions 
Any questions you have about the research study and/or specific procedures should be 
directed to Aileen Buckley, OSU Department of Geosciences, (541) 754-4784. Any other 
questions that should be directed to Mary Nunn, Sponsored Programs Officer, OSU 
Research Office, (541) 737-0670. 

Voluntary Participation Statement 
I understand that my participation in this study Is completely voluntary and that I may 
either refuse to participate or withdraw at any time without penalty or loss of benefits to 
which I am otherwise entitled. 

Understanding and Compliance 
My signature below indicates that I have read and that I understand the procedures 
described above and give my informed and voluntary consent to participate in this study. 
I understand that I will receive a signed copy of this consent form. 

Signature of Subject Name of Subject 

Date Signed 

Subject's Present Address Subject's Phone Number 
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BIOGRAPHICAL QUESTIONNAIRE 
Landscape Visualization Study 

Code Number ____ _ 

Please respond to the following questions about yourself. All responses will be kept 
confidential. Please make sure you have read and signed the informed consent form 
before proceeding with this questionnaire. 

What is your gender? Female ___ _ Male ___ _ 

What is your year of birth? ________________ _ 

What is the highest level of education you have completed? 

______ High school degree or equivalent 
______ Undergraduate degree or equivalent 
______ Masters degree or equivalent 
______ Doctoral degree or equivalent 
______ Post-doctorate 
______ Professional school 

What is your major field of study or research? 

______ Biogeochemistry 
______ Biology 
______ Entomology 
______ Fisheries and Wildlife 
______ Forestry 
______ Geography 
______ Statistics 
______ Other (please specify) 

In general, how much do you enjoy your field of study or research? 

Not very much 

1 __ _ 2 __ _ 3 __ _ 4 __ _ 

(Continued on other side) 

Quite a lot 

5 __ _ 
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On average, how many days per year do you spend in the field (no need to exaggerate)? 

On average, how many hours per week do you spend working with maps? 

Please indicate your experience with or knowledge of the following: 

Landscape ecology 
Not very much Quite a lot 

1 2 3 4 5 

Riparian ecology 
Not very much Quite a lot 

1 2 3 4 5 

Hydrology 
Not very much Quite a lot 

1 2 3 4 5 

Geomorphology 
Not very much Quite a lot 

1 2 3 4 5 

Fish Ecology 
Not very much Quite a lot 

1 2 3 4 5 

Macroinvertebrates 
Not very much Quite a lot 

1 2 3 4 5 

Stream water chemistry 
Not very much Quite a lot 

1 2 3 4 5 
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Landscape Visualization Study 
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Please take a moment to review the type of information presented in the visual displays. 
A detailed description of the information can be found in the large sheet protectors and 
their attached sleeves. Feel free to refer back to the description of the information 
whenever you like. 

THESE DISPLAYS WERE CREATED SO YOU CAN INTERACT WITH THEM! 

PLEASE FEEL FREE TO RE-ARRANGE THEM ANY WAY YOU WANT -- GROUP AND 
RE-GROUP THEM IN ANY WAY THAT HELPS YOU RANK THEM! 

YOU CAN ALSO LIFT UP THE PAGES TO SEE THE INFORMATION BELOW, SLIDE 
AROUND THE AIR PHOTO OVERLA VS, ETC. 

THEY SHOULD BE ABLE TO STAND UP TO YOUR ABUSE, SO DON'T BE AFRAID 
TO INTERACT WITH THEMI 

Also take a moment to familiarize yourself with the scale of the displays by examining the 
examples of three common types of maps: 

1 :24,000 scale USGS quadrangle 
1 :62,500 scale USGS quadrangle 
1:100,000 scale USGS quadrangle 

Finally, notice that there are two maps showing the location of all 44 stream sampling 
sites 

One shows the sites in relation to topography, ecoregions, and the 
Willamette River Basin. 

The other shows the sites in relation to landmarks such as cities, roads, 
and streams. 

Feel free to refer to these maps at any time. 
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PRACTICE SURVEY 
Landscape Visualization Study 

Code Number ____ _ 

This practice survey will allow you to become familiar with the displays before you 
complete the real survey. 

Rank the sites from lowest (least disturbed) to highest (most disturbed or stressed). Try 
not to come up with any ties, but if you must, please indicate no more than two ties per 
page. And please restrict yourself to two-way ties at the most. Feel free to change your 
rankings at any time. 

WATERSHED STRESS 

Please rank the general level of landscape stress within the watershed, ranking the sites 
from lowest (least disturbed) to highest (most disturbed or stressed): 

Practice Sites List of all possible sites 

Least disturbed 
1. ORX ORX01 Alpha Cr 

2. ORX ORX02 Beta Cr 

3. ORX ORX03 Gamma Cr 

4. ORX ORX04 Delta Cr 

5. ORX ORX05 Epsilon Cr 

Most disturbed 
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VISUALIZATION SURVEY 
Landscape Visualization Study 

Code Number ____ _ 

Please complete the following survey. All responses will be kept confidential . 

• 
Before you begin, please detach the penny and flip it noting whether it turns up heads or 
tails. If it's heads, please mark ucascade" below. If it's tails, mark uvalley". 

Cascade ___ _ Valley ___ _ 

The result of the coin toss determines which set of displays you will rank first: Cascade 
or Valley. For each of the two sets, you will need to rank the level of watershed stress. 
So there will be two rankings to perform: 

Cascade sites -- rank 18 watersheds 
Valley sites -- rank 17 watersheds 

Rank the sites from lowest (least disturbed) to highest (most disturbed or stressed). 

Try not to come up with any ties, but if you must, please indicate no more than two ties 
per page. And please restrict yourself to two-way ties at the most. 

Please be sure to answer all questions related to your coin-tossed set first. 

Feel free to change your rankings at any time. 

Don't forget.. . 

... THESE DISPLAYS WERE CREATED SO YOU CAN INTERACT WITH THEM! 
THEY SHOULD BE ABLE TO STAND UP TO YOUR ABUSE, SO DON'T BE AFRAID 
TO GROUP AND RE-GROUP THEM ANY WAY YOU WANT, LIFT UP THE PAGES TO 
SEE THE INFORMATION BELOW, SLIDE AROUND THE AIR PHOTO OVERLAYS, 
ETC. 
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WATERSHED STRESS - CASCADE SITES Code Number ____ _ 

Please rank the general level of landscape stress within the watershed, ranking the sites 
from lowest (least disturbed) to highest (most disturbed or stressed): 

Cascade Sites List of all possible sites 
Least disturbed 
1. ORC ORC01 Lookout Cr 

2. ORC ORC02 Ennis Cr 

3. ORC ORC03 Horse Cr 

4. ORC ORC04 S Fork Crabtree Cr 

5. ORC ORC05 N Fork Gate Cr 

6. ORC ORC06 Mack Cr 
7. ORC ORC07 NNT Potts Cr 
8. ORC ORC08 Black Cr 

9. ORC ORC09 NNT Calapooia R 

10. ORC ORC10 Walker Cr 

11. ORC ORC20 Mesa Cr 

12. ORC ORC28 Boulder Cr 
13. ORC ORC32 N Santiam R 

14. ORC ORC36 NNT Green Peter L 

15. ORC ORC40 NNTWiley Cr 

16. ORC ORC43 Hackleman Cr 

17. ORC ORC46A S Fork Mohawk R 

18. ORC ORC48 Obsidian Cr 
Most disturbed 

What were the primary factors you considered for ranking (please indicate 3-5}? 

Is there any additional information you would have liked in order to make your decisions? 
If so, what? 
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WATERSHED STRESS -VALLEY SITES Code Number ____ _ 

Please rank the general level of landscape stress within the watershed, ranking the sites 
from lowest (least disturbed) to highest (most disturbed or stressed): 

Valley Sites List of all possible sites 

Least disturbed 
1. ORV ORV01 Camous Cr 

2. ORV ORV02 Beaver Cr - Scio 

3. ORV ORV03 Muddy Cr - Finley 

4. ORV ORV04 Muddy Cr - Coburg 

5. ORV ORV05 Pringle Cr 

6. ORV ORV06 Smallman Cr 

7. ORV ORV08 Reese Cr 

8. ORV ORV20 NNT Bear Br 

9. ORV ORV21 M Fork Ash Cr 

10. ORV ORV22 Creamery Cr 

11. ORV ORV23 Cox Cr 

12. ORV ORV24 Flat Cr 

13. ORV ORV25 Amazon Cr 

14. ORV ORV26 Dixon Cr 

15. ORV ORV27 Soap Cr 

16. ORV ORV28 Beaver Cr - Tyee 

17. ORV ORV29 Mission Cr 

Most disturbed 

What were the primary factors you considered for ranking (please indicate 3-5)? 

Is there any additional information you would have liked in order to make your decisions? 
If so, what? 
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Congratulations! You're done! 

Please take a moment to shuffle the displays before the next person begins. 

Please seal this booklet in the envelope provided. 

If you are in the EPA Jefferson Street Building, please put the envelope in 
my mailbox. It's in the hallway near the front door. It's marked "Buckley". 

If you're in Nash Hall, please send it to me via campus mail. You'll find a 
campus mailbox in the main office of Nash Hall. 

Once again, thank you for your participation. I hope that you found this an interesting 
and worthwhile experience. Your contribution to this study in greatly appreciated. 

If you have any comments, please feel free to write them below or on the back of this 
page and send them to me. You may send me comments anonymously if you wish. 
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APPENDIXC 

Cumulative Distribution FW1ction Plots 



--- --- _ .. __ .,. 
llm:•0110a! 8111!- 8111!- Im!•-

• • • • • • • • • • .,, • • • • • • • • • • 10II • • • • • • • • • • i ; ;7i3n:--,n 
l I J I • • • 11 " 

.,. .. 
I ., I ., I IO I ,, 'II 'II ,, 
J .. J • J • I • 

• 0 
0 2 • • 10 0 2 • • • 10 0 a • • • .. 0 a • • • 10 - - - -IIEll-!00 ---- .... -- - ----.... -- - ---· -· -- NE!ltCD ---· -· ---- --- ,,.... .. __ ,.. --- arrl•Of'IOD't tffl!•- tffl!•OIIDIII ... • • • • • • • • • • "" • • • • • • • • • • 'KIi • • • • • • • • • • • • • ~ ~,, )I •• u u ,._ If 

J If u I II 
,. K K J ,. N If u ,. u II .. N " I )f JI II K I .,. " .. .. 

I IO I ., I ., I 
'II 'II .. 11 

J • J • J • I • 
" 0 • 2 • • I 10 0 t • • • 10 

0 
0 a • • • 10 0 a • • • 10 - - - -80UACI! ------ -.. 80UflCI ---.. -- -.. l0Ull0I ---.. ---.. l0Ull0I ------- _.., 

-..cia•..., --- - ...... t,i 

tfft•OflOOI --- lffll- tml•-

• • • . . . • • • • .,, 9 • • I I I • I • • 'KIi • • • • • • • • • • 

~ . J "' J ,. J "' I n 

I I I I • 90 Ill IO ,, 'II .. .. 
I .. I .. J .. I 

0 0 0 • 
0 t • • 10 0 a • • • 10 • a • • • 10 0 • • • • 10 - - - -uen«)I) ----.... -- - -- ...... ...... -- ~ --..... .... -- MEnl00 -----· ---- .......... __ .., ---am!• OflCOO --- --- lfft•0110111t 

• • • • • • • I • II 100 • • • I ' ' ' ' ' II 100 " • • ' • • ' : I • • • -~ J " ~: " x.....,.___,, I ,. ~; I " u .. ., It " I 
'II 

IIO 
'II 

., ,, ., 
i 
.. 

J • J ll!S J • • 
0 0 0 

0 2 • • • 10 0 • • • • 10 0 t • • • IO 0 • .. • • 10 - - - -80UACE -- -- -- -.. acu,ca -- -- -- _.., - --- -- _.., - -- -- -- _.., 

-0\ 
VI 



... 
I ,. 
! IO ,. 
I 

------• • • • • • • • • • 

0''-0---2---,---.---,---10 -~ eee ......... ,..... ------

------ _ ... .,. __ 
··-··-··-··-··-··-··-··-··---· IOQ • I I I I I • • ■ 

I ,. 
f ., ,. 
J • 

.... ---2---.---.---.---10 -UUHOD Ne• .......... ,...... ---8ITl!•-

0 • -mn«:JD eett• ...... ,. .... ,..,...,._ --· ---
.. 

I 
t "' .. 
J • 

• • • -ICn'10D eee • ......... .....,.._ __ .,.. --
.. 

... ····-----·· - I I = = = : = : : : ,aa :!:::: • 
5 

• ■ ■ ■ ■ ■ ■ ■ ■ C 

~ J ,.. 
I ., ,. 
J • . ,_ _______________ _ 

0 • 4 a I ~ 
·--.---.---.----,.,----,.,---10-- -ICJUIIC:a e,ee...,., ... _,. ....... ,.... .. l0UG' eee .... .... .,. ..,.,... )if,tff(.,, --- ----11111-- 11111--

,ao •·-•·-••-•·-··-··-··-··-··-·· ... ..... 

.,_ ______________ _ 
0 2 4 e I ~ -Ml!J!t00 -- - ........ -------IOQ • • • • 

I ,. 
I ., ,. 
I • 

·~.---.---.---.---.---,0- -MEnt01>IKl9• - ..... .., __ 

,00 : 

t ,. 
5 ., ,. 
J • 

·~.---.---.---.---.---.. -90IJICa ................ ,,. ,......,_ ------• ■ • • • • • • • • 

·--.---.----,.---.---.---'° -lilE1ltOD 
__ ... .,.. ...... ----· a'Tl:•·OflOOe 

~ .. 
J 

.. . - • 
9CJUICII" Dtttl ..... -Mt .... INI WMWffi __ .,. 

I 
t .. 
I 

..,._""""' 

0 

..-nm liHie• .... ,. .... ....... ---111'1•-

• • 

.. 

• 

..__ :::::::.: 
II 1-J t:f U M I- I( t 

... 00 

•••••• :::t::::::::::: 
~I ... 

J • J ..... _______________ ,,._ ______________ _ 
0 10 0 a 4 I I 10 0 I • I • ,0 0 • 10 -- --80UfltCI: eee....,. ...,.,_ e-eeaa -... 80UIICa -- -u. --

-... ___ ........ _ 
Nttteh ICIJll.:E 998....... ..... ...,,.. 

-°' °' 



--- --- _.., CIUP'Dl•ft 

emt-OAC::OI --- ..,,. __ 
--°"°" 

• • • • • • • • • • 100 

:s:\ 
100 • • • • • • • • • • 100 

~ I ,. J ,. J ,. I ,. 
I I t I • 
11 

IO 
11 
.. ,, .. 'II 

.. 
J j • J I ,.. • • • 

0 0 0 
0 • • • ,0 0 • • • .. • • • • • ., 0 • • • ,0 - - - -METHOO -- ..... &e-eflb -- ~ ---...... -- Ml!!HCO --........... -- - """• ----.... ----- --- --· __ ,.. 

l!rlE•CIICGI l!rlE•CIICGI --- ---~: : : : 100 • • • • • • • • • • ,00 • • • • • • • • • • 

~ 
,. ,. ··~ .. J 711 I ,. ---,..__ ~, 

I " ,. .. •• " I ,.. I 
I I "s ,. u t( 

I ,, "" ,, • ,, .. • ao 

i :Ill I • I JII I .. 
0 0 0 

0 • • • • ,0 0 • • • • ,0 • • • • • ., 0 • • • • 10 - - - -l0IJRClE ---... ...... -... ~ - -... ... _ _ .., - ---... --- - ---... ... _ _.., --- -- --uo 
__ .,. 

IIIT'E•0ft008 
.,.. __ 

ars-- em.--
l00 • • • • • • • • • • 100 • • • • • • • • • • ,00 • • • • • • • • • • CE ~ J J J I .. ,. ,.. ,.. 

I I .. I .. I 
11 .. 11 • 
I "' J • I I • 

• 0 0 0 
0 2 • • 10 0 • • • • 1) • • • • • "' • • • • • 10 - - - ---MEn«)0 --__ ,.. -· -- - --.......... -- - --............ -- ~ -- .... ,:,I> ..... ----- ......... --· __ ,.. 

&m!•CACOe 
.,. __ .,.. __ 

ll'l"e•OftlODI 

100 • II " ~ 
,m • • • • • • • • • • 100 • • • • • • • • • • • • • • • • • ~ -..._ )I " " •• ,._______,, I ,. f ,. II " I( u If u " I .,. II .. I 

I ,0 I IO ! eo I 
'II 11 11 11 

I :15 J .. I • I • 
0 0 0 

0 .a • • .. • ◄ I ,. • a • • 10 • • . • • 10 - - - ---CIOUACE eee....., ....... ---... IOUIICE ---u. ---... eaB::I ---... --_ _, 
■ol.llCI! -- -.... -- _.., 



--- --- _.., --Im!•- --- --- aTa--

• • • • • • • • • • ... 

~! 
100 • • • • • • • • • • ~ ~$~-I I .. .. I 

I t I 
11 

IO .. • .. .. ., 
J • J • I • I -

♦ • 0 
0 2 • • • ,0 0 t • .. • • • • • 10 0 I • • • 10 ....... - - -METHCXl ---...... -- MllltOO --_,. .... -- MflM0D eea ........... -- - -- ........ --........... --- --· __ ,,., 

IIT'l!-CIIICIIJ --- --- .,.. __ 
100 

==:sci 
• • • • • • • • • • ! I I D = 

~l 
• • • 

~ t ,. ~l .. 
I IO • ,. 
J • J J • I . 

• 0 • • • • ,0 0 • • • 10 0 • • .. 0 • • • 10 - - - -80Ulla --_ ..,. ... _ -.. ■0UICI ---... ... _ -... ■01...ca ---... -- _,,, _....,. -- -... - -.. --- --- -- __ .. --- "'1•- --- --100 • • • • • • • • • • "" 100 • • • • • • • • • • I E £&: ; :5-::>. t IS J " I .. J 
I I .. I - I ,. .. .. .. 
I - I • J I 

• 
0 I • • • 10 0 I • • • 10 0 I • • .. • • • .. - - - -Ml!Tl«lO --......... -- - ---...... -- - ---.. -. -- OEH00 ..... .... ,. .... ----- --- --· --,o 

IITE•ClllCCI ■lft. 0IICOI 
.,.. __ 

llff'8•0ft00il ~= : : : : J - -=-==-::: : : : : ::J 
• • • • • ~ • • -~ ~--l:~ 

t 1'I 111 11 J ,,. 
! j 

IO t • ! 
" .. . ,. 

~j I ... J • --- j • • 
0 • • 0 • • • 10 0 I • • • 10 0 • • • • .. • • - - - -80Ull0I ---... -- -.. ■0UICI --..... ----... l0U'ICII ---.. ... _ _ .., 

80UICE ---.... ...... MMKt,n 

°' 00 

I 
I 
I 
I 
I 
I 
I 



--- -- -u. ........ --- ST'I! - °"°" SM•OIICllt Mn!•-

• • • • • • • • • • - 1011 • • • • • • • • • • I I I I • • • • • • 
• ,. • • I .,. J ,. 
j 

IO I IO I IO I IO ,. 'II 'II .. 
J • I • J • I • 

0 • • 0 • • • 10 0 • 0 • • • • tO 0 • • • • ,0 - - -_,_ ...... " ........ -- um400 -----· -- - ---· -· -- Ml!1HCD ----.... ----- --- --· ------ --- SM•- ---100 • • • • • • • • • • - " • • • • • • • • " IOO " R R n " "' • • • " • • • • • • • • " " 
f ,. f ,. • ,. • I IO I ., I ., --...I ,. 'II 'II ,. 
J • J • J • I 

0 • 0 
0 • • • • 10 0 2 • • • 10 0 • • • • tO 0 • ' • - - - -l0U00I -- _.,. -- -.. 90Ull0I ---- -- -.. l0U00I -- -u. -- -... 8011112 -- -- ... ... _.., --- --- _ ... __ .,, 

emJ•OIICIO lml•OftCII 81T1!•01'01t erra-aa:no ... • • • • • • • • • • • • • • • • • • • • IOO • • • • • • • • • • 
f ,. I ,. I .,. I ,. 

~ ~ I I I I ,. ., .. • ,. IO ,. 
J • I • J • I 

• • 0 • • • I 10 0 I • • I 10 0 I • • I 10 • • • • 10 - - - -111!11100 -----· -- ~ --... ,. .... -- - --..... .... -- IEIHOD -- -Sib-· ----- --- --· ---llff•CflC10 IITS•OIICIO lrT'l•Oll010 llll!•OIIC!t 
100 • • • • • • • • • • ... • • • • • • • • • • ,.. • • • • • • • • • • • • • • • • • • • 

J II IC J ,. ,, 
" II II II " ti .. I( • .,. ------------. ~ .-""--,, J( II I .. 

t u II 5 I I ,. ,. .. .. .. .. 
J "" J • J • I 

• • 0 • • • I to 0 I • I • 10 0 • • • • 10 I • • I 10 - - - -8CUNll -- _.., ----- -- ... UI -- -.. t0I.Nll: ---u. -- -- l0U00I --..... -- --



1(1) 

I "' 
I 
'II 

J ,. 
~-- ! ~~ i: 

J • J. 
;5:;;: ::~;: 

.. 
I • 

0 2 • • • ----· -----lm!•MC211 ... 

0 t • • -eou,a: see....,..,...,. ..,.,,. ......,.1m -·-
J 
I .. 
j 

J 
5 
11 

J 

81\"E•OACZ:t 

• . . -- • • • 

" ., 

• 
0 • • • -ME™00 9G6a ............... . ---■ml•ClllCZI 

,co • ■ • • -.::::: : : I 
"'-.. IC If ,.._ 

lf .. 
"' 

.. 
Ill .. 
0 

0 2 • • -aoullCE --_. .... --_,..,. 

I) 

I) 

• 

.. 

I! 

" 

I) 

0 2 • • • '° -- -----· -------... 
l ,. 
I ., ,. 
J • 

0'----------------
0 • • • -80UIC:. r,ee.....,, .............. ,........,. ------IOQ . " n " ◄ A 8 2 I 

J 
I ., ,. 
I • 

• 
0 t 4 I a -IIETH00 SHiNIM ......... ~----■m1•01C12 . ' ' 1111 • • ,._ u 

J ,. 
II 11 ' ' ' • I " )( ' 

I IO ,. 
I 

0 
0 2 

~ --

10 

• 

.. 
w 

-I( 

01---------------
0 • • • - • 

llalMOO-•---·--
,.,. 

10 •·~---------------0 2 • I I 10 -
METll00 -- -- -· -----IW!t•OIICIO - • • • • • ... 

l J I •::~!: \ 
. ._ ______________ _ 
0 • • • • ,0 --- -- -.. -----100 111111 • • • • • • • • • 

J 1'I 

I ., .. 
J • 

I 
I ,. 
I 

0'--------------
0 • • 10 

Mrn40D -- --
100 • • • • • • • I I ------------.,. ,. 

• 
• 
•'---------------0 I • • - • 10 

IIOIR::I! -- -.. -- -... 

J • 
0 

l0UIICS 

t 
I., 
11 

J 

• -- • • • ,0 --- -- -.. __ .. ---
8 

■ 

.._ ______________ _ 

I 
I ,. 
J 

0 • • • -Mm«:10 IHNI• ......... MMM• 
___ 
.... _ 

• • • • 
,. 

• 

10 

01----------------
G • • • - • 10 

10.11C:e Bee...,_ ..,_UICI e,.e,e,,-

..... 
-..,l 
0 



--- --- --- __ ... 
8ITl!•OIIC::IM 8ITl!•OIICNA em-~ 

__ _,_ 
-■ • • • • • • • • .., 100 • • • • • • • • • • '".2:r i i ;>,._,. 

! J I I 41- • 
711 ,. ,. ,. 

! ., I I I 
'II " 

., 
11 

., 
11 

j .,, J • J - I -
• • • 0 2 • I • 10 0 I • • • 10 0 • • • 10 0 l • • • 10 - - - -MmtOO ---... -· -- - ---... ...... -- ...,,_ ----...... -- Ml!!HOI) -- -... .... --""'10d-- --· -- __ .,,., ... _ _. tM-OIIC:N,A. --- IITC•CIAC:MA 

• • • • • • • • • • 1011 • • • • • • • • • • ,co • • • • • • • • • • ::;>- n • ~ If M --11( ~ u u u .. .. " H u I u .._,. 
" .. .. JC 

J --.,. n 1 u " I u II ,. 
I I ,. ,. 

I ~I I I 
11 

.. 
II 
.. 

11 

I "' • I • J 
0 0 

0 2 • • • 10 0 • • • • 10 0 t • • • 10 0 • • I 10 - - - -~ -- -... ... _ ,._.,. .,__ ---... -- -... - --- -- -... - ---.... -- _.., 
---•MW -- .......... --IWTI!•- lfflt•- --- ---• • • • • • • • • • tGO tGO • • • • • • • • • • ·<:> l!i ; t-~ • 

J f ,. I ,. f 711 

! I .. I ., I .. 
'II ,. 

" 11 

l J • I • I 
0 0 

0 a • • I 10 0 a • I I 10 0 t • I I 10 • t • • • .. - - - -METHOD ----- -- -------.... -- - ----.... -- IEIHOO ---- .... ----· --- - ------ --- -·- IIITII!•--

~ :: " " e ~ = = 
tGO II n • I II II I " II :: 100 " I I I I I = = ~ :: • • • • • ~ I "' I .,. J ,. I 

I I .. t ., ! ,, .. " 
_________ .. 

j j 
.____ 

' • ... I I z • • • 
0 0 I • 0 2 • • • 10 0 a • • I 10 0 I • • I 10 0 a • I 10 - - - -90UAOE -- _.., -- ,._.,. l0U!ICII ---... --_,..,, ---_..., -- ,._.,, ICIUICI ---u. ...... -... 

.... 
-1 ..... 



--- --- --- -----9111!•<lllC2M Im!•~ IIITl!•OIICIIM -----• • • • • • • • • • 100 I I I = A *ii .... 4'->'. 
100 • • • • • • • • • • ►t::.!>' •<!:-= .... a • 

J 18 I ,. I "' J ,. 
I I ., I • I 
'II ,. ,. 11 

J 211 J • J • J • 
0 a 

0 2 • • ,, 
10 0 I • • • 0 

10 0 I • • • 10 0 • • • • ,. 

°""""" - - -IIE'T\000 --......... -- - ---... ---- MRTH00 --_,. __ -- - --_,. .... ----- -- -- ------- --- 1111! • 0IICIM ll!'l!•OAOIIA ... !l- I " " =st--: : : : ... I I : : : : : : : : - 9 I ' ' ' I = : : : ~ J 711 I ,. I n I 
! IO 

j 
IO I ., I 

'II 'II 'II 'II 

J 211 I • J • I 
• • 0 0 

0 2 • to 0 • • I IO 0 I • • 10 0 I • • • 10 - - - ----- -... ... _ -... ~ ---... -- ---80UNCII ---... -- _.., ----------... --- -- _ .... __ .., 
.,. _ _, --- 111"1•- IITS•OIIOII 

1CO µ: iz::_:µ I •<1::>• taO µ "¢i--· • .. ... . ;:: :z:y; ' -~· ~v J J J I 
7---!,:-A 

"' 11 
,,, 7S 

I "' 
I .. I ., I ., 

'II 'II 11 .. 
I .. j 15 I • I 

• .. 0 D 

0 • .. • I I • 10 0 I • • • 10 0 I • • • 10 - - - -ME'l>IOO .....,_ ......... -- l«TH00 -- .... pt, .... -- - --......... -- ,,l!IHOO -- ..... ,..o,.e. ---- .,.... .. --· --• 0 

81TI!!•OIIC31 elTl•OftCal 
.,.. __ 

111"1!•011011 

!QI ~. 100 ~· e a : : : = 
100 

I : : I J • I IS = i • • -~ 
J ,. ,. J ,. I ,. 
I IO 

I Ill I ., I IO .. ,. ,. .. 
I :Ill I • I - I • 

• 0 • 0 

0 2 • • IO • t • IO • • • • 10 0 a • • • 10 - - - -80UACI! ---... ---... ll0UICI! --_.., -- _.,, IIOIJat ---... -- -... - -- _..,._ -- --



........... ------ _.., ---IIT'I!•- 11\"1!•- -- ---
"'" I!= !I l! "' • • • 7 • • !00 1¥CJi-i ' ~t:!---- J 

tea " • • • • 7 • • • • h~ 8 I • '!>"'d 

J .,. I "' "' t 
I I .. I .. I • 
'II .. 'II 11 

J • J • I • I • 
0 0 0 

0 I • 10 0 a • • • 10 0 • • • • 10 • 2 • • • ,0 - - - -Ml'll«XI -----· -- -- ---· -- NBnl0D -----· -- - ---------- --· - ,....,_;_ 

ar!W•CIAOIIII --- --- 8111!•-

~ = ; ; ; ~ I 
... ta-Iii , • • • • • • 1CII ' ' I I ' a a ; ; =. • • • -41 I = ~ • V • • • II • ~ J 11 I .,. ,. 

I .. I .. I .. I 
11 .. 11 

,. 

I • I I • I • 
• 0 0 

• a • 10 • • • • 10 0 • • • • ,0 • • • • • ,0 - - - -eouAQE --_...., -- -... l0UIICI! -- _...., ..... -... 9CUICII ---... ---,._.,, - -- -... ..._ ......... ............ ....... ,.. _..., ---•lift 

a,n.cn::,e 11111!•- IITll•ClftCN ---
""' • • • • • • • • • • 100 100 • • • • • • • • • • ~◄ • .,. J 111 J .,. I 

! I I I ,, 11 
.. 'II 

.. 11 
Ill 

1 "" I llS J • I 
• • 0 

0 .. • • 10 a t • • ,. 0 • • • • 10 • • • • 10 - - - -N;:nfCIO ----jib _.lb -- ~ -- -pl, -· -- Ml!n«lD --.... .... ., -- ICTH00 -- ..... pb ..... ........ --- fflllllOd•• -- __ ,. 
l!ln•ORC31 lffl!•OACN arn!•OftC311 

.,., _ _,. 
,.. • . • • • • • • • • 100 • • • • • • • • • • IOO • • • • • • • 

~ -J 
,. II II M .. " u H " )( 

J I J .,. 11 n 

! I I I 
• .. IO .. ,, ,, ,. ,. 

l • J Ill I • I • 
• 0 

0 2 • • • IO 0 .. • • 10 0 • • , . 0 a • • • 10 - - - -eouia -- ...... Un -- _.,, 80Ulla: --_...., -- -... IQIR:E -- .... Uo ---... 80UIOi -- _,.. -- -.. 



--- --- ..... uo 
__ .., 

lll'Tlt-ORC:17A lffll•OIICl7A lffl!•c,Q'IA IWl'l!•OftCl?A 

100 ■ ■ ■ • • ■ • ■ ■ • ... ■ • • • • • • • • • .... • • • • • • • • • • 

' n I n· J " J ~ 
t IIO I • t 10 I 
11 11 11 11 

J :a I :a J • J 
• • 0 

0 • • • • .. 0 I • • • 10 0 I • • • 10 0 ' • • 10 
.....,_ ,__ - -Mm<CO --_,.. ...... -- - --_,.. ...... -- - ---... ---- aa,Kll) --......... ---- .. ,...,. __ --· --• 91Tll•OOO,,,A 81'1'E•Olllff'A lrTE•OlflC:J/DA 1111:•CIICa'tA 

100 ■ ■ • • • • ■ ■ • ■ 1CID ■ • • • • • • ■ • ■ 100 • • • • • • ■ • • • -~ J ~..___________ I --.. u u u JI I ---------- J n ,. ,. 
It H I( l'I 

I eo I .. I .. I ,, 11 .. 11 

I • I • I • I 
• • 

0 2 • • 10 0 • • • • IO 
0 

0 I • • • 10 0 • • • • 10 
,_,_ ,__ - -ao.lllCI! -----.... _ _ .., 

ecu,,ca -----... _ _.., e0I.IQ -----... _ -.. --------- -.. --- --- -- ...... .,. 
lm!MOIICl,WI, 

.,. _ _,. 
lffl!•--

__ _,_ 
too • • • • • • • • • • ICII : : : : ~ J 

100 • ■ ■ ■ • • • • • • 
l 71 I 71 'II J ,. 
! .. ! IIO t ., t II) 

" 
,. ,, 11 

I • I .. J • I 
0 • • • 

0 • • • 10 0 • • • • 10 • • • I • ,0 0 • • • • 10 
,_,_ - - -M£n<00 -- •-pt, .... -- - -----· -- llll!ntCO -- ...... .... -- ----... ...... ----- --- ,.,.._.•lb ---8"1! • 0AC341A llll!•OIICMA 8ffl!•OIICNA IIT1!•CIRC:a\ 

1(1) :: : : 
=~ 

: I 
m • • • • • • • • • • 100 • • • • • • • • • • 

I ~~ J i: = = :: = :::.; J ,.. "' = • tt ' ,.-i "' ~ "'Ill w -! IIO ! 10 
I IO ! 

11 11 11 
,, 

I • J • J • J 
0 0 0 

0 2 • • • tO 0 t ' • • IO 0 I ' • • 10 0 • 4 • • to - - - -ll0Ufll0ll ---..... -- ,._.,, 80Uldi ---u. -- _.., ll0lllClr ---Uo 
... _ -.. 80lMCE ---... ---.. 



--- --- _.., _....,. 
IIT1!•0!0C40 11'11!•-

..., __ 
lffl!•OIICIO 

,00 • • • • • • • • • • ,00 -00 • • • • • • • • • • ~-J "' I ,. J 1'I I 
t IO I IO f IO I ,. ,. .. .. 
J J • J • I • 

• 0 
• • .. 0 a • • • .. 0 • • • • tO 0 • • • • 10 - - - -M!nlOO --_,. ...... -- - ....... ..... ,. .... -- ..,,_ -- ......... -- - --.......... ----- ffllllV>d•• --· ---IIT1! - 0IOC40 emt•OIIOOO --- --• • • • • • • • • • toll • • • • • • • • • • e = =~. ~ J ~! ,. I 

I IO f .. I 
11 11 .. 
J • I - J • I 

• 0 • • .. • • • • • ,. • • • • ,. 0 • • • • 10 - - - -blll0I ---... ... _ -... 90IMCI -- -... -- -... ----- - ... -- ,..... .. .,._ -- -... - ----- --- _.., _.,. 
llffll•Oll04ll IITE•Clll0"1 erre-- ---• • • • • • • • • • ,00 :s: ~ ,00 • • • • • • • • • • 

J I J J '4- ; n • ISi:=s I • .. 
I ! • I I IO .., 
'IS 11 11 11 

I • J ll5 J - I 
0 0 • I • • ., • • • • ,. • • • • 10 • • • • • .. - - - -MffltOO ---....... -- loClttCD --... ,. ..... -- - -.. ........ pb ..... -.. """""° --........... ----- --- --· __ ,. 

lln•OA0<2 IIT1!•0f!Ola 11'11!•- .... ...,... 
""' ~1~ : : : : 100 • • • • • • • • • • toll e ~ = ~ ::.:::.::: : : : J :;:=::.:::: t I I 

,._ 
I If " II II " " "I .,. ,. "" 

t I I t IO ., 
11 11 .. .. 
I .. I .Ill I .Ill I • 

• 0 a 
0 • • • • 10 0 I • ' 

,. 0 • . • . 10 • • • • • 10 - - - -IOUIIC1I! ---... ---... 8CUICE ---.... ----- 8CUICE --- ----... ....... -- --.... - ---
--.J 
V, 



--- --- __ .., __ .,. --- --- --- lffl!•OIIC-. ... • • • • • • • • • • 11111 i-i i ii ~\:71 
,co • • • • • • • • • • C • ;:::::. ! 8 I • • I • I • ,. I 

I to I ., .. I 
11 11 11 II 

J • J • I • I • 
0 • 0 • • • ., 0 " 4 • • 10 0 • • • ., 0 • .. • • • - - - -- -----· -- -- ......... -- - -- ......... -- - ---... ,. .... -.. -- -- -- --lffl!•- lffl!•- -- -... • • • • • • • • • • 100 • • • • • • • • • • ,co • • • • • • • • • • :.....:> • • V _.c u II If ,. N N .. IC II • " • • • u =:::: I ': ': ': H = • • ' 

II 

: I I I • ,. ,. ,. 
! t ., I ., I 
'II 

., 
11 ti 11 

J J • J • I 
0 • 0 

0 • • • • • 0 • .. • • 10 0 • .. • • .. 0 • .. • • • - - - -«MIC■ -- -uo -- -.. - - _.., ---.. ----.. ... _ -.. ■cual - _,.. -- ----- _,._,.. - --lffll•CIIIOOC --- an-- lffll-. • • • • • • • • • 100 

~v : • • • • • • • • • • 
J J Jl'I ... J • • 
I IO ! • I ., .. 11 .. .. 
J • J • J • I • 

• • • D 

• • • • • to 0 • • • I 10 0 • 4 • • .. 0 • • • • • - - - -llltll0II -----· -- Me1ll0D ---...... -- lll!'IMCID -----· -- - -----· ---- --- -- ---lffll•-
.,.. __ --- ---s: :: ~ : : J 

1GO • • • • • • • • • • - ~ ~ ~ =;;: :._; ~ ~ : I ~ J .... J ,. ,. .. h " .. " N " u IC 
.,. 

I I • t • I .. .. .. .. 
I .. I • J • I • 

0 • • • • • • • to • • .. • • 10 0 • .. • • 10 0 I • • • .. - - - -- ---.. - ------... -- -.. - --- ... _ - ----- ..... u, - ~XIR 

--.J 
0\ 



--- --- - ..,. .... 
'"1!•~ -- -- 11'1'1!•-

• • • • • • • • • • IOO 100 ■ • • • ■ • ■ ■ • ■ :=;~ 1 J " • " I 
! ! I I .. IO .. 
'II ,, .. 'II 

J J • I • J • 
0 0 0 

0 • • • • 10 0 • I • ,0 • I • • • 10 0 • • • • 10 - - - -Nlmt00 ---- ~. -- ---- ..... pb .... -- l■IIH00 --.... ,. .... -- ------- --MlftOd•• --· --· --,i, 

""'-"""""' lffll-.,_,_ lffl!-~ ---=-
""' • • • • • • • • • ■ ""' • • • • • • • ■ • ■ 

I I ---------- I 
,___. 

I ,. ,. 
! "" 

I t IO ~! .. ,, 'II 
,.__,, 

I II.......,.., S 
'II 

1 J IF II " J • " • J .. 
0 • 0 

• • • "' 0 • ' I • "' • • ' • • 10 0 I ' • • "' - - - -IIOJ"CE ------- -... 80Jl'IQ! -- -.... -- -... 8CIU'l0I ---.... ... _ -.. ---=----... -- -.. --- --- - ---IIIT11•CIACAe tsnl•011041 --- ---100 

~j 
: : : : : s:~. IOO Ef-! =~~ J I l'JS 

,. ,. 
I .. IO I .. I !ID .. ,, ,, 
I J • I I .. 

0 • 0 0 
0 " ' • • "' 0 • ' • • 10 • I ' • • "' 0 I • • • .. - - - -Ul!'llt00 ---..--· -- - ---...... -- - IMNil• ......... -- - EHHI• .......... ---- --- --· --... 

■Tl•- --- --- ---
~

I 
""' 100 • 1111 • • • :~. ' 

a .. " .. .. " " J "' 
,. 

B---9 
I • I 9 ~:::: J ,. ,. 
e 

! '- 5 
B a 9-.g t I IQ • IQ ,, 'II 

,, ,, 
J J • I • I • 

0 0 0 

• • • • • .. 0 • • • • ,0 • • • • 10 • • ' • • 10 - - - -aouAC£ ---Uo ---... l0UICI[ - -u. -- -" ll0UICII ---... ---"" IOUICa ---.. ---.. 
--.J 
-.J 



--- ....,.._,,. ---- __ .,. 
IITl!•OACoe -•°"°'8 --- Im!•-• • • • • • • • • • l00 :::: :SZ:_::71 

1ClO • • • • • • • • • • l00 E! $..> If i I J J 
; ;>., • ,. ,. ,. ,. 

! I IO ., I 
'II 'II • • 
J • J • I • J • 

0 0 • 0 • • • .. 0 t • • .. 0 • • • • .. 0 • • • • .. - - - -N£'llt00 ------- MEnQ) --........ -- -------· -- - -----· ---- --- -- ----11'1!•- 9111!•- --- ---IGO 
~ : : ;; : ; : I 

100 • • • • • • I I ' : .., • • • • • • :I.::: : ::: • 

~ 
,. 

" II .. .. --,. .. I --., .. u u II .. .. .. 
I( t ,. k J ,. ,. ,. ,. 

! ! ! ! IO 1111 'II ,, 'II 'II 

J • J • J • I • 
0 0 0 

0 • • .. 0 • • • • 10 0 I • • • IO 0 I • • • 10 - - - -nJIU! --_..., -- -... l0UIW:a - -... -- -.. IQJIIC:a ---... ... _ -... .,__ ---... ... _ -... 

--..J 
00 



--- --- ~--- __ .,. 
lm!•OIMII lm!•OIMII lm!•OIWOI ---,oo H ; 

= 
; fi;;; .::>., I 

100 • • • • • • • • • • 100 • • • • • • • • • • • • • • • • • • • • 
I ,. ,. t ,. I ,. 
I ., I "' I ., j 

IO ,. .. ,. ,. 
J .. J • J • J 

• 0 0 
0 • • • • ,. 0 ll • • • 10 0 • • • • ,0 0 • • • • ,0 - - - -METllOO -----.. -- Ml1H00 -----· -- lliE1ll00 -----· -- - ---------- --- --· ---alTt•ORWI IFl'E•- --- 1111!•-

,ex, • • • • • ~ : : t 1CII • • • • • • • • • • 100 • • • • • • • • • • • • • • • • • • '--; Iii 19 e " e e " I!! El 
C, B B B B 8 g B 

J !l 
I " !) 

I "' 711 11 "' 
I ., I .. I ., I .. ,. ,. 'II 11 

J a J • J • I 
0 0 0 • 0 2 • • • ,. 0 I • • • ,0 0 • • • • 10 0 2 • • • 10 - - - -IIOl!IICI! ---... -- -.. -----.... -- -... - --------... -------- -... --- --- __ .., .......... 

tllff•OIMII --- 11111•- ---1GO m l0C 

~! :::s;:~ : :~ J 711 J t 711 "' 
! .. I 80 I 80 ID ,. ,. 11 

J :15 J • J .. I 
• 0 0 • 0 2 • • • ,0 0 2 • • • ,0 0 • • • • 10 0 ll • • • ,0 - - - -M£THOO ----...... -- - --......... -- - -----· -- - -- ..... pl> .... ----- --- --- ---arn!•OIMII lffl!•OMII 11111•- ---
~l 

- .., 
J J H u .. u ~ I ,. ,. .,. II ---... 
! I 

II " 
IO "' ,. ,. ,. ,. 

J :15 I • I .. I • 
0 " 0 0 

0 • • • • ,. 0 • .. • • 10 0 • • • • 10 0 • .. • • 10 - - - -e0IJll0E ---... -- -'" IIClUl0I ------- -'" - -- -.. -- - IIClUl0I ---... ---... 

--..J 

'° 



o a 4 • -Nl!1li00 -- -- .... -----
0 2 • • -80UflOI! eee.,.., ......,.,. ... .,. ,...,... ... 

t 7'5 

! Ill) 
11 

1 "' 
0 

0 • • -MmtCX> aee ......... )lf,fffr(• ---
J 7'5 

t Ill) 
'II 

j 25 

IITl!•CIIMM 

10 

• 

• 

£3--..e:--s e e e e e B El 

0 2 • • 10 -

!OIi 

J .,. 
I '° 'II 

J • 

--llffl!•OIMII 

...... ______________ _ 
0 • I 10 -Mll!1M0D '""'· ..... .... ...... 

o,~---------------
0 • • • -tclUllllCil ... ...., ............ ,..,... ... ------... 

10 

.,._ ______________ _ 
0 I 4 I I .. -MPmt0D SEMiit- .... .... IIHiHC• 

100 

I .,. 
t ., 
'II 

J • 
• 0 

------....__ 
~Ul Slll,e 

o-eeeeeee 

2 4 I - e o 
10 

80UACI eee.,. ... Uo e+e,,. ,......"" 

__ ..., 
lffl!•OfNtll 

OOL---"---,---.---.---10--
-

QI 

J .. 
I ., 
'II 

J • 

J ,. 
t 

• • - --

: : : j . 
Baeeea B a e a ., ..... _____________ _ 

0 t 4 I I 10 -eoua: ...... ..... ...,,. Nttt(ft ....... .. ---
• • -1101...:a l!H!!H!!t_.... ......... ..._ NMMtfl 

----"-
___ • 

""---------------- .,.... _____________ _ 
• • • • -

M!TH0D -- -- -· -· --· ..... _ 
100 

• • • • • -lil!THOD see • ..,.,_ .... ,...... ---lffl!•-

~ ! .,. 
c,eaeeaeea-ElJ• ., ..... ______________ _ 

0 • • 10 -tlCX.ll0I e,ee...., ..,...,. e+ena ,....."" IOlllCI 999...., ..,.Ue &&,e,,_ MMM"' 

10 

-00 
0 



--- -- _ ... 
111"1!•- --- .,.. __ 

im " • ;ii .,,__,ca i~J 
100 ;: : s~. ,00 • • • I • • • 

J ,. ,. ,. 
I .. I .. • ! .. 
11 'II 11 

j • I 21 J a 

0 0 0 
0 • • ,. • • 10 0 t • • - - -Mfm«Xl --.......... -- - -- .......... -- ,-y)t(JO --......... --- --- --· --- 811'1!•- ---100 • • • ~<::_:. 100 II ff ==I:: : : : : : : : . 100 I.! II II II ti II II 

t .,. .. . . ,. 
I ! / I -0 ! 
11 
.. 

11 
., .. ., 

I • J • J a 

0 0 
0 2 • • ,. 0 • • • • ,. 0 t • • - - -80UtlOE ---.... ... _ -... 80Ul'Cli ---.... -- -.. - ---.... ----- --- ----- lll'IE•- ---• • • • • • • • • • 100 • • • • • • • • • • 100 

J ,. J ,. f ,. 
I .. 5 ! .. .. .. .. 
I • J J 

0 ~ 0 
0 t • • ,. 0 t • • • 10 0 t • • - - -METHOD ----..... -- Mm«)0 --......... -- Ml!!H0D --------- --- --8111!•- --- ---100 • • • • • • • • • • 100 • • • • • • • • • • 100 • • • • • • • 

I ,. J 711 J .. 
I ! 1111 ! IO .. .. 11 

j 2S I Ill j • 
0 0 0 

0 • • ,. 0 • • 10 0 • • • - - -tl0UIICII ---.... -- -... -----.. ....... -.. - ....... ... .... --

----'" ----• • • 100 • • • • • • • • • • 
J .. 
t .. 
'II 

J • 
0 • IO 0 t • • • .. --- IIEHOO --......... ----llff•--= • • • • • • 

~ .. --. ! .. ., 
I • 

0 • ,. 0 t • • • 10 -- - ---- -- ------IITI•-

• • • • . ■ • • • • • 
I ,. 
! .. 
j 

0 • ,. 0 I • • • ,. --- Ml!!H0D --------------• • • • • • ·■ • • • • • 
J 
! 
11 

J 
• ,. 0 I • • • IO --.. - --....... - -.. 

00 
,-



--- ......... ---•UD "'-·"" IITl<•OMI --- are-- ---l00 l00 

J I ... • ... f ... 
! ao I ao I ., I ,, 11 11 11 

J • J J • J • 
0 0 

0 • • • • 10 0 I • • • 10 0 • • • • 10 • • • • • 10 - - - --------· -- - -----· -- - -----· -- - ----· ---- --- -- --ll!'l!•CIIWI --- --- 1111!•-,.,. ,.,. -
1 I 71 f I 
! I ., j ., j ,, 11 11 11 

J • J • I • J • 
0 0 

0 • • • • 10 0 • • • • 10 0 • • • • 10 • • • • • 10 - - - -t0UIIOt ---... -- -- t0UIIOt ---... ---... -----... - -- ------ ---... -- -- -- ------ lffll•OIMIO --- ---""' • • • • • • • • • • ""' • • • • • • • • • • ... • • • • • • • • • • 
1 ,s I 11 I n f 
j 

00 I ao I ., j ,, 11 11 11 

j J 2S I JII I 
• • 0 I • • • 10 0 • • • • 10 • • • • 10 • I • • • .. - - - -Ml!1M00 -----· -- - ---........ -- - ---........ -- - -----· ---- --- .......... ----ll'l'll•ORYIO .,..OfWJD --- ---100 ""' 

J "' J ,s J n f 
! ,0 I ■I I ., ! 1111 
11 11 11 11 

J 2S J • I • I 
• • • • 0 ll • • • 10 0 • • • • 10 • • • • • • • • • I) - - - -ll0URCII! ---... ---... toJIIOI ---... - -... ----... ---- e0UIICII --_.,. - -... 

.... 
00 
N 



-- -- .......... --anl!•Oll'nl IITE__, -·- --100 ,00 

~I 
100 • • • • I A ii ii ---.. • 

t J " I ,. ,. 
I I ., I ., 
11 .. 11 

J I • J • 
0 0 

0 2 • • • 10 0 I • • • 10 • • • • 10 • I • • • 10 - - - -ME'llt00 ---·-· - - -----· -- NEllt00 ------- ----......... ---- --- -- __ ,. 
111'1!•011'1111 --- llTw:•CIW'II --
~ 

""' ""' 
,. Ill Ill Ill Ill • 

\ 
u 1t 

: I "' I 711 f n • ,. I ., I ., ! ., I ., 
'II .. 

------j 
.. 

J '"' J • • -------· • 
0 0 

0 2 • • • 10 0 I • • • 10 0 I • • • 10 • I • • • .. - - - -- --_..., - -.. IOUIICII --- ---.. ICUl0I ---.... --- IOUIICII --------.. --- -- -- -lfflt- --- --- .,,._ 0IIY.II 

,,,.. • • • • • • • • • • 100 • • • • • • • • • • 100 • • • • • • • • • • • • • • • • • • • • 
i "' J " I n J ,. 
! I ., I ., I ., .. .. .. 11 

I ZI I ZI I • J 
• 0 0 

0 • • • • 10 0 • • • • 10 0 I • • • 10 0 I • • • 1Q - - - -NEnt00 ---...... -- - ----...... -- - ---·-· - - -----· ---- --- -- --• 
lffl!•Ol'M:t --- - 11'1'1•-. • • • • . . . • e - . • • • • • • • • e - • • • • • • • • • l!I • • • • • • • I!! 

i ,. i I .,. I n 

! ! t ., I 
'II 'II 'II 11 

I "' J • J • J • 
• • 0 

0 I • • 10 0 t .. • • iO 0 I • • • to 0 I • • • 10 - - - -~ ---Uo -- -... 8CUIICE ---Uo ....... _.., 
8CUIICE ---... -- _.., 

IIOl-'IC& -- ...... - --
-00 
w 



--- --.,.. __ 
STS•-

• • • • • • • • • • ... • • • • • • • • • 
I ,. I ,. 
j J ., .. II 

J Ill I • 
0 • 0 2 • • • 10 0 2 • • • - -METKlO ---- ...... -- - ---- ...... ---- ------ ---.., 1---!! ,, • • • • • • ... I 7 • 7 • • • • • 

I ,. I ,. 
I ., I ., ,, .. 
I • I • 

• 0 2 • • • ,0 0 2 • • - 0.----- .... ..,. .... _ ,._.., 80UIIC8 -- ...... -- ,._.., --- ---9TS•Ol'l'n4 --~ 
"" • • • • • • • • • 

J "' J ,. 
! ., ! ., ,. 'II 

J - I • 
• 0 I • a ,0 0 I • • • - -118110D ---- ...... -- lllm40D -----..... ----- ---llnl•CRY:I< ---• • " " • " JI II " " 

.., 
J 711 J ,. 
I 

~l 
., ,, 

I ~ e 19 l!I e e a II B - • 
0 • 

0 • • • • tO 0 • • • • - -8CIJIICE ---.... ---.. IICUICS -- ....... ... _ ........ 

_ ... ---• !CIC I • A I I • a ..__ 
J ,. 
t IO .. 
J • 

• 10 0 • • -a.antCII ----.... ---·· ..,. __ 
• "" ■ • • • • • • • • 

I ,. 
t • .. 
J a 

• ,0 0 I • • -101.ft:E --_.,. ... _ -... ---lA:11 
lm•Ollll:M 

• - • ■ ■ • • • • • • 
I 11 

I ., 
11 

I • 
• ,0 0 I • • I -IEnl0D --..... .... --..._,.. ... ---"" 

J ,. 
I • • 

G I • 0 II ., ., ., ., ., ., ., 

• ,0 0 • • • • -~ --..... ... _ _.., 

---------

..,... __ ---a ►• 
a • a • • • • 

I ,. 
I 
II 

J • 
"' • • • • -- ---· .... ----• em!•OfflD 

• a a • a a a ~ 

J 
j .. 
J • 

"' -90UICII ---.... ..... ,._.., __ .,. 
.... a,n, 

• • • a • a a • • • 
J .. 
! 
II 

J 
tO 0 • I -- ---· .... -----lffl!•OIWS< 

J ,. 
i .. 

E I 
• tO 0 • • • -90UICII ---- ---... 

• 

,0 

• 

.. 

• 

.. 

,0 

.... 
00 
~ 



--- -- ..... uo --lffl!•OMII 
..,.. __ --- ---,00 

; ; a ;~. 100 ~:: : ~ - !:-1::Fi,; ; ;.; ~. • • • • " • • A A • 
l 711 ~ • J .. J ,. .. 
I I I I 
'II 

., .. ., .. • .. 
I • I • I • J 

0 0 
0 2 • • • 10 0 2 • • • 10 

0 
0 • • • • ,0 0 t • • • 10 - - - -Nmf00 -----· -- - ---...... -- -----· -- MmlCD eett• .,...,. .... ---- --- --· --• 

IIT't•OIWII --- --- --,00 ~: : : : - ~: ~ ~ : :I - 100 • • • • • 

~ t 711 I 1"f 
;; ; ; ; ; l!I ~ "f, I 

! I I --. I 
'II 

IO 'II 
IQ ,, ., 'II 

J :II I • I • I • 
0 

0 I • • • 10 0 2 • • • 10 
0 

0 I • • • ,0 0 I • • • 10 - - - -IICllMC8 ---.... -- -.. 80UMll ---.... 
... _ _.,, IIOUIOCa -- ----- -.. 80UIICIE -- -... -- -.. 

11111.#iDa•.Mft' ...,..,,. _._. __ .., 
BIT'E•ORV:le 1111!•0!WJI IITW•ORYa lffll•-

~I 
100 s: :~; 

;::~;; ; ~I 
• • • • • l!I i!!J 0 • • 

I 711 7'I ,. 
! !IO 

., 
'II 'II 

,, 
J • J • I • I 

0 0 
0 • • • • 10 0 • • • • 10 

0 
0 I • • I 10 0 I • I • 10 - - - -- ....... .......... -- Mm«)II ....... -...... -- - ---........ -- - -----· ----- --- --· __ ,. 

IIT'll•ORY>t --- amt•- ---
~ '. ! ~ 

100 100 100 • • • • • 

~ J ,.. I 711 ~I ~~ "' I 10 
! IO eo ., 

'II 'II ,, 
--------- 'II I ... J ll5 J llli 1 • 

0 0 0 
0 • e I lO 0 J • I 10 0 I • • • ,0 0 I • • • 10 - .-.. - -80UIICII ---.... -- -.. 80Ul0l ---.... -- _.., -----.... ... _ -... ---- -.... ... _ -... 

-00 
V\ 



,ao 

J "' 
I IO ,, 
J • 

• a 

--erf'l•OIMff 

• -Nrn«XI e&B• ..... .... )!Htt(• ,,,..,... __ 

9Tl!•Ol'N71 

' I ., • J • 

ICUQ eet!N'l't' ...... ...,,. ....... ---
J 
I .. 
J 

• 

lll'l•OIIY.lt 

• • • -Ml!Tl«)09&8•-.,_._lb_• ---lll'l•OIIY.lt 
IOO 

J ,. 
I ,. 
I· 

0 

., 

IO 

IO 

0 • • • • 10 -~---... -

1GD 

' ,. I ., • J • O\...a __________ _._. 

0 t 10 -Ml™00 -• -- ... lb -• ------' ,. I • ,. 
J - -------------

·~ ..... - ... 2---.-- .... ---.--- .. -8CUIICI IMH!I..... ...Ml ... ,,_ ,......._ -----OIIY.lt 
IOO 

t ,. 
I • 
'II 

I • 
...... ______________ _ 

0 t • • 10 -MElll00 --
- ..... lb -----lffll•OAWI 

J ,. 
I ., 
• 

I ,. 
I • ,. 
J • 

• • • • • -Mlr'H0D eee. ...,. .... ....... -----,. 

' I • 'II 

I. 
• 0 • • • -IOl.llll::II -~ ...... ...,,_ MMNlffl ......... ---

10 

10 

.,,.__ ______________ _ 
• • • -IEnCX) -- ............ --

I ,. 
I • • 

-----
10 

J A IC 1t t( I . 
oL~:::!!:::i!:::llt:::!!:::~::11::::91:::::111=11 • 0 I 4 t a 10 ----- .. ---- 0 • • • - • 10 --

' I • 
I 

0 

__ .,, 
erf'l•OIWff 

• • -- ----.... ----.. llll!•OIN27 

IO.KX '""'-- ...... ...... JfM,t( .. -----

• .__ 
IEH0D -- -,e, .... __ ,. 

.,.._OfW21 
--

10 

• 

0 • • • • 10 -.....,. ............... ... -... 

-00 

°' 



--- --- .._.. .... ....... --- .-re-OIMII SIi!-- ---1111 • • • • • • • • • • 1111 I I • • • • • • • • 
I ,. I ,. J .. J ,. 
I .. I .. I .. I Ill ,, 'II .. .. 
J .. J - J • J 

• 0 0 • • • .. 0 t • • 10 0 • • • ,0 • a • I • IO - -- - -- --......... -- wrnt00 ........ ------ MrTll00 -----· -- W1M:lll -----· ---- --· --- ---.,. __ 
811'11-a.va --- ---100 

7 
w......: ' • • 1111 !00 

J I ,. I "' I 
I .. I .. t Ill I 
'II 'II 'II .. 
J • I • .,_,-II J - ~ l!I e e a 8 l!I e-&-c J -0---- • .. .. • D D D 

• 0 a • • 10 0 2 • • • "' 0 • • I • ,0 0 • • • • .. - - - -l0UflCI! ---... -- -.. aalO! ---.... -- -- 1011101 ---.... -- - 1011101 -- -... -- --

-00 
~ 



ORC01 Lookout Cr 

Legend 

Urban 

D Agriculture 

t~;-f•~~. Rangeland 

D Forest 

TM MSS CZ] . Water 

- Wetland 

Barren 

~ . Tundra 

D Snow/Ice 

- Unmapped 

LUDA AVHRR 

Scale 1: 163937 
t 

North 

0 1 MILES 
1----,l 
0 1 KILOMETERS 



ORC01 Lookout Cr 

Scale 1 : 163937 
t 

North 

Legend 

~ 

D 

Resistant 
rocks
Sedimentary 

Resistant 
rocks-
Other 

Intermediate 
rocks -
Sedimentary 

Intermediate 
rocks
Sedimentary 
Peridotite 

Weak rocks -
Pyroclastics, 
Schists 

Unconsolidated 
deposits
Landslides, 
Glacial 



ORC01 Lookout Cr 

Noni! 

18 

1 ~! 
]' 16 

14 
13=!--....ll..l.1.!U:.L..U!..!!.LJ..il.~!.l.!!...E'...ll..!.~Ll..U.IUCUilULlioUIUlLU..J.:<-=.!..ULUt=.!.et.a..L.R.l!J!..1111...1:<'-HE~ 
20 

16 

l 10 

6 

,8 

1& 

l 10 

5 

soo8 
4000 

! 3000 
2000 

1000 

0 

Watershed gradient 

Study reach gradient 

Digital elevation model (DEM) hillshading Legend streams stream I Valley I CMCaM 

Legend 
• s.~.• 
-~ 
-lloldt 

□ lMlln 

0'9wlunl 

~R1"911nd 

Dr-t 
~WIits 

.Wlllaftf 

•a.
Orum 
0,......1 -nllce -~. cloud.or 

Nonlt lladDw 

• 'ts~•,1::r: .. . . , . .. . . 
·:·~· •:-!,.'· J:,~ 

t 
Site location 1990-94 Air photo landuse 1988 TM landuse and landuse zoning 

122'>7'30" 

122"07'30· 

1992 Thematic Mapper (TM} Imagery 

Lsgend 
1T Sampling site 
-x Mining prospect 
~ Mnlng operation 

- Watershed boundary 
- Streams 
- Roads 

Railroads 
- Other transportation 

or communication 
- Air photo data 

Scale 1:62500 



ORCOO Noname Cr 

This sleeve contains maps of landuse / landcover data from four sources. 
These data differ in many respects: source, age, resolution, and classifi
cation. For this display, all have been reclassified to the classes at the right. 

LANDSAT Thematic Mapper imagery was recorded 
in August 1988. It was classified using digital image 
processing to identify areas of varying forest age 
and structure. The pixel resolution of this data set is 
. 03km. 

TM 

USGS Landuse / landcover was derived from high 
altitude aerial photography and compiled on basemaps 
at a scale of 1 :250,000. The dates of the air photos 
vary although most photography was taken in the 
mid-1980' s. The minimum mapping unit of this 
data set varies by category between .04 and .16 km. 

LUDA 

Scale 1 :62500 

Landcover / landuse 
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LANDSAT Multispectal scanner imagery was 
recorded in July 1988. 1:250,000 CIR prints were 
visually photo-interpreted to identify boundaries of 
various vegetation types. The minimum mapping 
unit of this data set is 1.33 sq km . 

MSS 

Advanced Very High Resolution Radiometer imag
ery was recorded for several time periods in 1990. 
Digital image processing was used to classify the 
imagery to develop data sets for global environmental 
research. The pixel resolution of this data set is 1 km. 
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ORCOO Noname Cr 

This sleeve contains a map of geomorphology overlaid with the codes 
for geology. 

The source for the geology data is Walker, G.W., and MacLeod, N.S., 
1991, Geologic Map of Oregon, USGS, scale 1:500,000, 2 sheets. 
The complete list of geologic types can be found on the reverse side of 
this sleeve. 

Geomorphology was derived from geology by combining classes into 
those at the right. These classes represent the generalized codes for 
geomorphic groups and rock types identified by the Aquatics Assess
ment Team for 1993 Forest Conference Analysis. 
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Log of the drainage area as delineated on 1 :24,000 scale USGS 
quadrangles. 
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15 Watershed gradient 
This map shows the physiographic nature of the watershed. ~ 10 ··! Ratio of highest to lowest elevation in the watershed divided by the j 

s -·i distance between the points of those elevations. ! 
The hillshading is derived from digital elevation models (DEMs). 
The pixel resolution of the DEMs is 30m. Some striping may be 
evident in the display. This is a relic of how the elevation data 
were converted to digital format. 
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I All 44 sites are shown in these graphs. 
Valley sites are shown in pink, and 
Cascade sites are shown in light blue. 

The site in this display is shown in 
either a darker pink (for Valley sites) 
or darker blue (for Cascade sites). 

This map shows the 
location of the sampling 
site relative to all other 
sites. 

This map shows landcover derived 
from 1:31,680 scale aerial photography 
tak~n between 1990 and 1994. 
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For a more information 
about the location, refer 
to the large wall map in 
the display area. 

Landco.ver was compiled for an area 
500m wide by 3 times the length of 

This map shows landcover from two different sources. 

the study reach long (one reach length 
downstream and two reach lenglhs 
upstream.) rr:u:I Wal&r tl~i;j 

For elevations above approximately 300m, landcover was derived from 
Thematic Mapper (1M) sai.ellite imagery recorded in August 1988. 
Note that the imagery in the large display below is more recent. The 
pixel resolution of the 1M imagery is 30m. 

That map shows all stream 
sites and their watersheds. 
It also shows topography, 
ecoregions, major streams 
and roads, and other geo
graphic features. 

Landcover was reclassified to the 
classes at the right. 

.WatltlUI 

• Barren For elevations below approximately 300m, county landuse zoning is 
shown. Remember that zoning may not reflect actual landuse. 

This information is available for eight 
Cascade and seven Valley streams. 

a Tunlta 

f"~.l :e:;;nial Landcover was reclassified to the classes at the lefi. 

I ! . ____________ _, 

Md~ 

■ Llruna~pod., 
.:loud, or ! 
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Site location 1 990-94 Air photo landuse 1 988 TM landuse and landuse zoning 

Color infrared (CIR) imagery 

The large display shows landcover for the watershed 
area from a color infrared (CIR) image. CIR imagery 
is useful in vegetation studies because of its ability to 
det.ect variations in vegetation. It also has the ability to 
penetrate haze, making it a valuable tool for mapping 
urban areas as well. 

Whereas true color imagery combines red, green and 
blue reflectance, CIR combines green, red, and near
infrared. This causes a color shift for most natural 
features. 

Compare the CIR image above with the true color image 
(right) to acquaint yourself with the color shifts. 

_ ______ ~ Where the stream data 
Legend ! werecollected 

Sampling site --1 ~ Mineral occurance or prospect 

Mining prospect ~ r Past or present producing mine 
Mining operation _lJ 
Watershed boundary +-Watershed as delineated on 
St 

I :24,000 scale USGS quads 
reams ; 

Roads ! L Streams shown on 1:24,000 
Railroads scale USGS quads 

Other transportation Features from a I :100,000 
or communication scale digital database 

,__ ___ A_ir_p_h_o_t_o_d_a_ta_==:::..::--If available, the extent of the 
aerial photograiily (above) 

t----.--°J~..,........ ---:~ --,-- ~I~ _____ .J MILES 

0 0,25 0.5 0. 75 1 KILOMETERS 

Every map in the display has an accompanying bar scale. 

True color (conventional) imagery 

Color shifts in CIR imagery for vegetation relate to 
the high near-infrared reflectance from the meso
phyllic tissue of leaves, so: 

0 Healthy broadleaf vegetation appears red 
0 Healthy needle-leaf vegetation appears reddish-brown 
0 Trees stressed from disea.se or insect attacks or those 

with loss of plant vigor appear pinkish 
□ Advanced plant stress shows up in green-blue, cyan 

and black indicating that the vegetation bas lost its 
ability to reflect near-infrared radiation 

Color is also shifted for other features, so: 
0 Clear water appears black because it absorbs nearly 

all the near-infrared radiation making land-water 
boundaries more distinguishable 

□ Turbid or silty water appears bluish or greenish 
□ Damp ground appears darker than dry ground be

cause near-infrared radiation is absorbed by soil 
moisture 

□ Shadows appear dark because blue light is scattered 
with a yellow filter 

□ Distincitve color differences help distinguish between 
natural vegetation and human features in more ur
banized areas 

0 Clouds lighten the color of the features below them 

This map shows Thematic Mapper (1M) satellite imagery 
recorded in August 1992. Bands 4,3,2 are shown to 
render a color-infrared image. 

CIR imagery overlain with 
other geographic features 
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The large display shows the CIR imagery overlain 
with other geographic features described in the legend 
(below left). 

The graticule (i.e., network of parallels and meridians) 
is also shown for scale and orientation. Graticules 
correspond to the extent of 1 :24,000 scale USGS 
quadrangles. 

It is important to note that scale may vary between the 
displays. The scale of the large display is shown as a 
representative fraction (i.e., ratio of distance on the map 
to distance on the earth) at the lower right comer of the 
page. Three common scales have been used to accom
modat.e the large variation in watershed sizes. 

You can acquaint yourself with these three scales by 
examining the example maps in the display area. 

Three displays (one Cascade and two Valley) have unique 
scales because the watershed extent is larger lhan the area 
that can be 'shown at a scale of 1: 100,000. 

One mile equals 
approximately: 

2 1/2 inches 

1inch 

The pixel resolution of this imagery is 30m. 112 inch 

Scale 1 :24000 
Scale 1 :62500 
Scale 1 : 100000 
Scale 1 : 1 28730 1 992 Thematic Mapper (TM) Imagery 




