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ABSTRACT 
 

     Road construction and maintenance throughout the country continues to be one of the largest 

contributors of sediment pollution to aquatic systems.  Though impacts of road networks on 

aquatic systems can be potentially severe, little work has been performed to evaluate the effect 

that road spatial location within a watershed has on water quality.  To address this issue from a 

quantitative perspective, a “Road Impact Factor” protocol was designed to identify potential 

erosion-prone segments of road networks based on road gradient, spatial location based on 

hydrologic flow length, surface composition, and water control installations.  The protocol was 

developed for two regions in Central Idaho and Eastern Oregon.  We then used the hydrologic 

travel time procedure, developed for use in the Hydrologic Engineering Center Hydrologic 

Modeling System (HEC-HMS) runoff and routing model, in order to characterize the spatial 

distribution of potential road runoff impacts within the study areas.  Ten macroinvertebrate 

metrics sensitive to sedimentation (i.e. % Intolerant Taxa, Hilsenhoff Biotic Index, etc.) were 

analyzed to test the significance of the spatial distribution of Road Impact Factors.  These 10 

metrics were analyzed under the hypothesis that values will be lower for those study areas that 

have a higher degree of road impact and a lower distance between the road segments and stream 

reaches.  Results of a quadrant analysis and hierarchical clustering analysis showed hypothesized 

trends for several metrics in Idaho, though the trends were not strong.  No trends were observed 

in Oregon.  The variability in results is likely due to limitations of the input datasets.  
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CHAPTER 1. INTRODUCTION 

     In recent decades, identification and remediation of water quality concerns throughout the 

country has developed into an issue of great importance.  With congressional legislation such as 

the Clean Water Act in place, awareness of pollution hazards to the nation’s waters has grown, 

and in turn, research on the impacts of various stressors has been pursued.  Water quality is not 

only essential for drinking water, but is also fundamental for applications such as agriculture, 

recreation, transportation, and commerce, though the nature of these activities, in turn, tends to 

contribute a substantial amount of pollution.   

     Vannote (1980) introduced an innovative way of understanding river dynamics, called the 

“River Continuum Concept”, which demonstrated that since physical conditions vary on a 

continuous gradient from headwater to mouth in river systems, aquatic biological attributes may 

be predicted along this same gradient.  This concept can be adapted to the study of riparian zones 

and the surrounding watershed landscape.  Biological characteristics within these areas can also 

change corresponding to variations along the streams longitudinal gradient, reflecting alterations 

in the hydrologic regime and geomorphology of the watershed.  The “River Continuum Concept” 

and its adaptations form the basis of many of the biomonitoring procedures currently utilized. 

     The sustainability of aquatic biota and ecosystem health is directly linked to levels of 

pollutants entering the water.  Due to these concerns, numerous rapid bioassessment protocols 

have been developed utilizing various media including periphyton, benthic macroinvertebrate 

communities, and fish assemblages (Barbour et al. 1999).  The key to the effectiveness of these 

methods is that they allow for data analysis that has the ability to separate anthropogenic 

influence from ecological processes that represent natural, background, and reference conditions 

(Skinner 2003).  These protocols offer a way to achieve subjective and repeatable measures of 



stream health impairment that can be compared consistently across regional and ecosystem 

gradients.   

     Due to the qualitative nature of current BLM land health assessment protocols, detailed 

knowledge of the significance of stressor effects, in combination with the ability to compare 

multiple effects on aquatic system impairment, is lacking.  Skinner (2003) stated, in regards to 

the limitations of qualitative assessments, that “obtaining visual observation data and relating it 

back to the accumulated experience of the observer, although appropriate at times, may not 

provide a record that supports policy, regulatory requirements, or public opinion about the 

watershed condition”.  Therefore, in order to establish credibility, more objective and accurate 

data collection and analysis methods are needed that can identify and distinguish aspects of 

watershed condition, such as background effects, user impacts, and climatic influences (Skinner 

2003).  

     Quantitative approaches are increasingly being promoted in order to accurately and 

consistently categorize the extent of stressor impacts.  The Bureau of Land Management’s 

(BLM) Aquatic Indicators of Land Conditions (AILC) program was created to investigate 

consistent monitoring approaches correlating stream macroinvertebrate community structure 

with land health across BLM lands (BLM 2003).  In conjunction with the multiple uses occurring 

simultaneously on BLM lands, including grazing, road construction, energy development, and 

timber production, a wide array of impacts on aquatic systems related to the intensity of these 

uses is possible.  The nature of these impacts also varies in relation to the spatial context of the 

uses on the landscape.  In order to fully characterize the impact that land use has on a watershed, 

aquatic macroinvertebrate assessment protocols must be paired with a characterization of the 
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stressor structure on the landscape, or little will be known except that one watershed appears to 

be more impaired than another based solely on comparative macroinvertebrate metrics.   

     The need for effective biomonitoring techniques that utilize biological organisms diverse 

enough in their response to stressors to indicate trends in land uses is crucial for the 

implementation of effective remediation and planning efforts by land managers.  Effective 

biomonitoring techniques must not only incorporate responses that are significantly sensitive to a 

range of stressor inputs, but must also be based on scientifically accepted, rigorous, and 

repeatable protocols that can be utilized across multiple scales of analysis.  This concept 

corresponds with the AILC mission of procedural development that can be applied across BLM 

lands.   

     Aquatic macroinvertebrates offer many advantages in biomonitoring that can be useful in 

understanding the impact of land use on aquatic systems.  First, the responses of many 

macroinvertebrate species to different types of pollutants are well established.  Second, many 

methods of data analysis, such as biotic and diversity indices, have been developed and are 

widely implemented in community-level biomonitoring (Rosenberg and Resh 1993).  Third, 

qualitative sampling can be performed with simple, inexpensive equipment and in circumstances 

when time and personnel training are a constraint.  Benthic macroinvertebrates have been 

utilized to achieve biomonitoring goals in a variety of ways, such as monitoring changes in 

genetic composition, bioaccumulation of toxicants, toxicological testing in the laboratory and 

field, and measurements of changes in population levels, community composition, and ecological 

functionality (Rosenberg and Resh 1993).   

     Road construction and maintenance throughout the country continues to be one of the largest 

contributors of pollution to aquatic systems.  Road systems often act as indicators for a variety of 
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anthropogenic impacts.  In other words, roads are more than just one of many impacting factors, 

because it is likely that an increase in road network density is accompanied by an increase in 

various other human impacts such as mining, urban development, timber harvesting and 

agriculture (Forman and Alexander 1998, Tinker et al. 1998).  Substances such as sediment, 

nutrients, petroleum-based products such as oil and gasoline, various engine fluids, and 

polycyclic aromatic hydrocarbons (PAH) leached from the asphalt on paved roads have adverse 

effects on many characteristics of water quality (Swift 1984, Beasley and Kneale 2002, Clinton 

and Vose 2003).  On federal lands, such as BLM, the majority of road pollutants are in the form 

of sediment originating from newly disturbed areas such as road cut and fill slopes, or from 

runoff caused by poorly designed, constructed, or maintained road segments.  Sediment influx 

can alter the biological and morphological characteristics of stream systems including turbidity, 

temperature, dissolved oxygen, substrate composition, habitat alteration, fluctuations in peak 

flow, and alterations in food source composition for aquatic biota (Bilby et al. 1989, Forman and 

Alexander 1998, Haggerty et al. 2004, Kaller and Hartman 2004).  The consequences of such 

alterations on aquatic macroinvertebrate habitats are potentially severe, and as such, protocols for 

assessing the degree of degradation and its correlation with road presence is of vital importance.   

     Though impacts of road networks on aquatic systems can be potentially severe, little work has 

been performed regarding the effect of entire road network spatial context within a watershed has 

on watershed outlet water quality.  An intuitive assessment would suggest that roads located 

closer to streams have a higher potential level of impact than those roads located farther from a 

stream channel.  But this concept is confounded by various watershed functions acting 

simultaneously.  These watershed attributes, including slope, aspect, land cover, land use, 

watershed size, soils, and geology, affect runoff parameters such as percolation rate, diffusion 
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rate, interception, chemical/nutrient content, and runoff velocity characteristics (Bilby et al. 

1989, Grace III et al. 1998, Liu et al. 2000).   

     This study addresses an area of research that is currently underdeveloped by incorporating 

recent capabilities of integrating spatial and biological characteristics.  Numerous government 

agencies and projects primarily oriented towards managing natural resources are using basic road 

density measurements as an attribute or preliminary screening tool for watersheds and other 

hydrologic management units that may be at risk (i.e. ICBEMP project).  This technique only 

considers the total amount of road distance within a specified management area, which lacks any 

integration of impacts from the roads spatial location, interactions with the surrounding land 

characteristics, and distances to potentially vulnerable aquatic features.   

     When assessing potential impacts in this manner, the method(s) in which distance is measured 

becomes extremely important, given that distance is the primary factor utilized in assessing the 

impact extent for a particular road network.  Innovations and improvements in distance 

measures, relevant to disciplines such as watershed hydrology (i.e. flow length and travel time) 

and transportation (i.e. least-cost pathways), have enhanced the concept of distance beyond a 

purely “straight-line” assumption, to one in which multiple interactions along a given pathway 

can be identified and accounted for (Heatwole and Burcher 2003, Johnson 2005).  The result is a 

more realistic model of the process under investigation.   

     The prevalent use of straight-line distance buffers in riparian assessments and watershed 

studies identifies the need for further research aimed at identifying more appropriate methods for 

distance measurement (Richards et al. 1996, Pess et al. 2002).  Forman (2000) showed the utility 

of straight-line distance measures when assessing road impacts on a national scale, although this 

is most likely due to the large scale of analysis which would prohibit the use of other, more 
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scientifically based distance techniques.  Houlahan and Findlay (2004) found that different 

chemical and sediment stressors created by deforestation significantly affected wetlands at 

varying distances up to 4 km.  Additionally, there is scientific evidence that not all methods of 

calculating distance are equally relevant (Yuan 2004).   

     Since these goals are in accordance with the mission of the AILC to develop a consistent 

monitoring program correlating stream macroinvertebrate community structure with land health 

across BLM lands, the objectives of this study have been defined as follows: 

1. Develop a “Road Impact Factor” protocol designed to identify potential erosion-prone 

segments of road networks based on factors including road gradient, surface composition, 

and water control installations.   

● Many of these factors will be determined from ancillary data sources, as the road 

network data used in this study does not contain this information.  This road network 

characterization is a crucial step, when coupled with various distance-to-watershed 

outlet measures, in relating road impacts to water quality concerns.   

2. Determine if Road Impact Factor can be utilized to correctly categorize watershed water 

quality impacts by determining the spatial arrangement of road network impacts 

throughout the watershed. 

● Once a Road Impact Factor has been calculated for each road segment, factors 

relating runoff transport across the land surface from the road to the watershed outlet 

must be quantified.  The surface flow modeling technique used in this study is 

hydrologic travel time to determine the effects observed in the macroinvertebrate 

sample points located at the outlet point of each study watershed.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 ROAD PARAMETERS EFFECTING EROSION AND STREAM HEALTH          

     Human-made landscape features, such as roads, effect watershed ecological characteristics 

including increased forest fragmentation, changes in terrestrial ecosystem species composition 

and population size (Forman and Alexander 1998), alterations in hydrologic and geomorphic 

processes within aquatic ecosystems (Jones et al. 2000), and the capability to cause adverse 

effects on stream aquatic macroinvertebrate communities (Forman 2000, Trombulak and Frissell 

2000).  Effects of road construction, maintenance, and use alter the physical habitat, hydrological 

regime, chemical environment, trophic resources, and biotic interactions of stream 

macroinvertebrates (Trombulak and Frissell 2000). 

 

2.1.1 Geologic 

     Due to the fact that the majority of sedimentation problems associated with forest roads occur 

through the process of surface runoff and mass failure, identification of road geologic factors 

such as parent material and soil characteristics is very important.  These factors represent the 

underlying natural conditions from which all creation, maintenance, and closure procedures 

throughout the life of a road system are developed and implemented.  

     Geologic parent material has been found to have a strong correlation with soil erosion 

susceptibility and is an important characteristic to consider when developing a road placement 

plan.  McCashion and Rice (1983) stated that hard sedimentary formations were the most erosive 

of all rock types within their study areas in Northwestern California, while granitic parent 

materials were less erosive due to the higher resistance to weathering.  Other studies, however, 

have shown that granitic soils in the intermediate stages of weathering are the most erosive and 
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become increasingly more stable as clay minerals develop (Durgin 1977).  Most natural 

processes are interrelated and the high correlation between hard sedimentary parent material and 

high erosion rates may be a result of the location of many of these geologic types on steep 

slopes, such as valley side slopes.  

     Many studies focusing on soil characteristics and erosion rates (Elliot et al. 1999, Luce and 

Black 1999, Clinton and Vose 2003) have identified the strong correlation between soil type, 

texture, and sediment production within road networks.  The general theory regulating  

sedimentation states that soils with coarse texture (i.e. sands) will have less sedimentation 

potential than soils with fine texture (i.e. silt, clay) for a given climatic condition due to the ease 

of transport of smaller soil particles.  The increase in pore space within coarse textured soils also 

provides an increase in infiltration and percolation rates, which decreases the potential for 

surface erosion.  This theory, however, is confounded by site-specific landscape characteristics 

such as soil structure, organic matter composition, root locations, along with many other 

variables.  

 

2.1.2 Geomorphic 

     The landscape position of roads within a watershed represents a simple way to assess 

potential effects of road segments on stream health within a watershed.  Ridges and mid-slope 

areas of a watershed are typically associated with steep slopes and shallow soils, while lower 

valley areas are typically associated with lower slopes and deeper soils.  All other factors 

constant, it would be expected that areas of high slope, typically characterized as slopes >30% 

(Liu et al. 2000), would have higher erosion and longer sediment transport lengths than areas 

within a watershed that had a lower slope, due to the obvious slope variation and the additional 
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quantity of available soil to be eroded (McCashion and Rice 1983).   The down-slope cumulative 

nature of runoff also supports this theory.  Lower areas (i.e. side-slopes, toe-slopes, valley floor) 

are affected by a larger cumulative watershed area than higher areas (i.e. ridge, shoulder), 

therefore making the impact of a given precipitation event on soil erosion and transport higher on 

areas of lower elevation in the watershed.  Depending on the specific topographic characteristics 

of a region, the increase in the quantity of runoff at a given area of lower elevation can be 

exponential.   

     The topographic orientation of roads within a watershed can also provide insight into direct 

physical relationships and interactions between roads and streams.  Roads located on ridges 

typically have little direct interaction with streams (Montgomery 1994), while roads located on 

mid-slopes typically cross small tributaries at perpendicular angles, and run parallel to 

established stream channels when located on the valley floor.  Stream crossing such as those on 

mid-slopes and on the valley floor are of particular concern since they represent direct physical 

interactions between roads and streams, and characterize an area of direct input of sediment 

runoff into stream systems (Jones et al. 2000).  

     Possibly more important than the effect of soil characteristics on sediment transport is the 

surface condition (i.e. vegetative cover) on which the sediment will be transported.  Many 

studies (Grace III et al. 1998, Elliot et al. 1999, Grace III 2002) have demonstrated that in 

regards to soil erosion, soil properties are often overshadowed by surface conditions.  

Disturbance in forest surface condition can be attributed to such activities as forest harvesting, 

road construction and maintenance, and site preparation, which alter the litter layer, debris, and 

surface roughness of an area.  Increases in these surface factors are associated with increased 

infiltration, increased sediment trapping, and an overall decrease in sedimentation transport 
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length, which is vital for protecting stream health.  Differences in forest surface conditions can 

also be attributed to effects unrelated to disturbance, such as changes in vegetation type due to 

factors such as slope, topographic position, aspect, elevation, and climate.   

     Based on a study of various vegetative erosion control techniques, Grace III (2002) states that 

both native and exotic species vegetation offer similar erosion control benefits when compared to 

control areas without vegetative cover.  Side-slopes, sampled several times over a 4-year period 

after road construction, displayed a significant decrease in sediment yield when the study plot 

was vegetated (0.05 t ha-1 yr-1 after 4 years) versus the control (bare) study plots (4 t ha-1 yr-1 

after 4 years).  Many managers are selecting exotic species revegetation due to its reduced cost 

and quick establishment compared to native species, however new studies are showing that 

although native species vegetation is more expensive, the ecological benefit and lower 

maintenance cost in the future may make it a more preferable choice for the ecologically 

conscious manager (Grace III 2002).  It may, however, be more effective to use native species in 

areas where erosion is currently managed and under control, and use exotic species in areas 

where high erosion is apparent due to the proliferation of non-native species.   

     It is possible, in a GIS, to tie all of these factors together and create a framework to better 

understand how they individually and jointly influence the erosion potential of roaded areas. 

These parameters will be studied to determine the extent to which each can affect erosivity in 

regards to existing road networks and the ability for sediment-laden runoff to reach stream 

channels.   
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2.1.3 Effects of Construction Practices 

     Road surface material has long been identified as an important aspect in road construction due 

to its direct contact with road traffic, precipitation, surface runoff, and road maintenance.  One of 

the primary factors governing the magnitude of erosion that occurs throughout a road segment is 

the availability of erodable material, which is highly dependent on the choice of surface material 

(Swift 1984), such as dirt, various gravel sizes, or paved.  Clinton and Vose (2003) studied road 

segments comprising four different surfacing types, and concluded that roads with a dirt or 

unmaintained gravel surface produce the largest quantity of erosion from forest roads. This was 

due to the increased amount of erodable material when compared to paved or routinely 

maintained gravel roads. Paved surfaces introduce an entirely new component of pollution in the 

form of polycyclic aromatic hydrocarbons (Beasley and Kneale 2002). These aspects, however, 

will not be addressed in this study.  

     Road gradient has also been shown to be a determinant of sediment production from forest 

roads.  McCashion and Rice (1983) showed that as both road slope and terrain slope increased, 

an increase in road-related erosion occurred.  Many other studies, however, have found that road 

slope alone is not a significant predictor of road surface sedimentation and must be assessed in 

combination with additional road attributes.  Luce and Black (1999) stated that when studying 

the effects of road segment length and gradient, increasing length has little effect if the gradient 

is low but has a large effect when the gradient is high.  The interaction between these two 

attributes has been found to be more statistically significant then either length or road slope alone 

(Luce and Black 1999).  Bilby and others (1989) found that roads having a steep gradient and 

high traffic have the highest potential to produce and deliver sediment to streams.  Quantifying 
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road gradient over large road networks is typically a very time-consuming task, but GIS offers a 

way to calculate this attribute for large regions relatively quickly and accurately.  

     Age, or time since construction, is a very significant attribute to consider when attempting to 

understand and quantify the magnitude of sediment production from a road segment.  The four 

major phases of road development, building, operating, maintaining, and closure, each possess a 

different susceptibility to sedimentation.  Road building and maintaining, however, are often the 

most environmentally traumatic to adjacent ecosystems and can ultimately effect entire 

watersheds (Lugo and Gucinski 2000).  When studying the effects of multiple forest harvesting 

techniques and one road improvement study site (no harvesting was performed in this watershed) 

on fine sediment loads in streams, Kreutweiser and Capell (2001) found that the road 

improvement site had the largest increase in fine sediment production after management 

activities, exhibiting a 780% increase. These results are not unique given that numerous studies 

have shown that the largest producer of sediment in forestry operations is associated with road 

construction and stream crossings (Davies and Nelson 1994, Croke et al. 1999, Kreutweiser and 

Capell 2001).  With time, however, road segments begin to adjust to conditions, blend with the 

landscape, and reach an ecologically stable state (Lugo and Gucinski 2000).  This transition, 

however, tends to occur only when the road surface becomes revegetated or erodes to bedrock 

conditions.   

     Forman (2000) defined a “road effect zone” as the area in which roads significantly effect the 

surrounding ecology. The size of this zone is determined by multiple factors, two of which are 

the road type and traffic level. The classification of secondary roads in this study, the strata that 

most forest roads fall under, were associated with a “road effect zone” roughly 200 m wide, 

which in itself is variable in size depending on the intensity of trafficking (Forman 2000).  On 
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secondary road networks in Southwestern Washington, traffic intensity proved to be the most 

significant factor determining sediment generation (Bilby et al. 1989).  The effects of use level 

has also been shown to be dependent on its temporal relation to precipitation events (Bilby et al. 

1989), though this concept has not been thoroughly studied.  

     Road spatial location and distribution pattern within a watershed has an impact on how the 

network interacts with sediment production and transport.  Road location, specifically hillslope 

position, has direct influences on the type and frequency of interactions between roads and 

streams (Jones et al. 2000).  Due to the fact that many road-stream crossing are concentrated on 

middle and lower hillslopes (Montgomery 1994), the number and density of stream crossings 

offers a simple way to evaluate the effect of road construction location on stream biotic 

resources.  Elliot and Tysdal (1999) showed that the distance between a road and the nearest 

stream is one of the most important variables governing sediment production that can be 

controlled through proper road planning.  Very long distances may be the best at reducing 

sediment input, whereas moderate distances may be the worst, due to the lack of overall length 

needed to dissipate the runoff energy and an increase in amount of potential erodable substrate 

(Elliot and Tysdal 1999).   

     GIS is useful at enabling this form of spatial analysis, and is especially good at quantifying 

various forms of distance measures within a watershed environment.  These types of distance 

measures, and how they relate to watershed analysis within a GIS setting, will be discussed 

further.  
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2.2 AQUATIC MACROINVERTEBRATE MONITORING AND RESPONSE 

2.2.1 Stream biomonitoring and the use of macroinvertebrates 

     Stream biomonitoring is based on the concept that stream organisms will vary by stream 

chemical and physical condition.  Karr (1999) stated that “when human disturbances within a 

watershed are minimal, the biota are determined by the natural interaction of biogeographic and 

evolutionary processes in the regional climate and geologic context”.  These interactions are 

what define natural conditions.   

     The key to macroinvertebrate biomonitoring is in quantifying the divergence from these 

natural (reference) conditions as a surrogate for varying levels of degradation in stream health.  

By stratifying the sampling design according to biogeochemical attributes (Hughes and Larson 

1987, Omernik 1987), regions of similar communities can be determined.  Within these 

homogenous regions, it is possible to select reference sites that contain similar flora and fauna 

composition that directly relate to potential species abundance and composition.  If it is possible 

to identify the potential “clean-water” flora and fauna, a standard can be determined against 

which study sites predicted to be adversely effected by human disturbance can be compared 

(Rosenberg and Resh 1993).   

     Understanding the interactions between aquatic macroinvertebrates and environmental 

stressors is in the forefront of research regarding the creation of rigorous, scientifically-based, 

repeatable protocols for assessing watershed health and screening.  Aquatic macroinvertebrate 

monitoring has long been used as an indicator of stream health for many reasons.  First, the 

ubiquitous nature of macroinvertebrates allows for the measurement of stressor responses in 

many different habitats types and aquatic systems (Rosenberg and Resh 1993).  This 

geographically widespread nature of macroinvertebrates is ideal for nested levels of sampling 
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design utilizing local, catchment, basin, and regional metrics.  Second, the inherent taxonomic 

richness within individual aquatic systems facilitates the identification of a wide range of 

responses to various environmental stressors (Rosenberg and Resh 1993).  The response of many 

species to different categories of pollutants has already been established, therefore creating base 

of knowledge from which to draw inference.  Third, due to their ease of collection and the need 

for little specialized sampling equipment, aquatic macroinvertebrate sampling is a relatively 

quick and easily repeatable protocol that requires minimal training.  Fourth, the relatively 

stationary nature of stream biota facilitates powerful spatial analysis of disturbance effects 

facilitates an understanding of the longitudinal effect of pollutants on stream health (Weber 

1973, Plafkin et al. 1989).  As a result, stream aquatic macroinvertebrates are continuous 

indicators of the aquatic systems they inhabit, enabling long-term analysis of varying levels and 

types of pollutants (Rosenberg and Resh 1993). 

     A multitude of macroinvertebrate metrics and indices have been developed over the years, all 

possessing their own specific efficiency and sensitivity to various environmental stressors and 

pollutants.  The effectiveness of metrics is measured by their ability to assess biological and 

chemical fluctuation within habitats by utilizing hierarchical organizational levels.  These levels 

represent individuals (physiological health, growth), populations (abundance, dominance), and 

communities (diversity, taxonomic richness, tolerant/intolerant taxa) (Johnson et al. 1993, Norris 

and Georges 1993).  Johnson and others (1993) state that there are three basic types of 

macroinvertebrate indices: diversity , similarity, and biotic.  

     Diversity indices, commonly a proportion of the total count of a specific taxa divided by the 

total individual count, often follow the trend that as index values decrease, a simultaneous 

decrease in water quality is occurring (Norris and Georges 1993).  Diversity indices are based on 
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various assumptions regarding ecological theories and probabilities.  Simpson’s index (Simpson 

1949) is based on the theory that as diversity increases, the probability of repeatedly selecting a 

individual of the same species decreases.  Species per 1,000 individuals (Odum et al. 1960) is 

based on the concept that the number of species is directly related to the sample size, which 

hinders site-to-site comparison when differing sample sizes are taken.  One of the most 

frequently used diversity indices, Shannon diversity (Shannon 1948), is represented as a 

proportion that reaches its maximum when all species present are evenly distributed.  

     Similarity indices are used to compare the similarity in macroinvertebrate populations 

between two sample locations, and require the use of a reference sample location.  Common 

similarity indices are the Jaccard’s and Sorenson’s coefficients, which can measure the percent 

or degree of taxa similarity between locations (Ravera 2001).  When sample sites are located at 

multiple points along a stream, these indices are often used to quantify the effect of pollution 

along a longitudinal gradient, thereby enabling the location of significant population differences 

between sites to be located (Ravera 2001).  

     Biotic indices differ from diversity and similarity indices in that they are usually designed for 

a specific pollutant or a specific species response to a pollutant.  By ranking the tolerance of a 

particular macroinvertebrate to a given pollutant, these indices, representing a composite of all 

species tolerance rankings, are able to classify the degree of pollution in the aquatic system 

(Johnson et al. 1993).  The premise behind most biotic indices is that as pollutants enter an 

aquatic system, species response to the pollutant will vary according to its particular 

susceptibility to that pollutant.  Knowledge regarding an individual species response to certain 

pollutants provides a technique to understand the cumulative effect of the stressor on the 

macroinvertebrate community at a certain sample location.   
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     One common biotic index is the count of Ephemeroptera, Trichoptera, and Plecoptera (EPT) 

orders. Sensitive to many types of pollution, individual abundance in these orders are good 

indicators of water quality.  Typically, the number of EPT will decrease as water quality 

decreases (Norris and Georges 1993).  Taxa richness is a second common biotic index that 

requires species-specific knowledge of pollution tolerances.  Similarly to EPT, the taxa richness 

generally decreases as water quality decreases, though the exact relationship depends on the taxa 

and its associated pollution resistance (Norris and Georges 1993).  Functional feeding groups are 

also commonly used as biotic indicators of aquatic stressors, and are defined as groups of 

macroinvertebrates that exhibit similar feeding behaviors.  Since pollutants have a direct effect 

on macroinvertebrate food sources, certain taxa will be able to adapt more than others.  

Generalists, such as gatherers and filterers, are fairly tolerant of pollutants, whereas specialized 

feeders, such as scrapers and shredders, are typically more sensitive to alterations in food sources 

(Rawer-Jost et al. 2000).  In recent years, functional feeding groups have been used in many 

biomonitoring protocols such as the “Rapid Bioassessment Protocols” (Barbour et al. 1996) and 

the “Benthic Index of Biotic Integrity” (Kerans and Karr 1994).   

      

2.2.2 Assessing Natural Variability 

     When interpreting variation in macroinvertebrate response to environmental stressors due to 

land use, it is essential to recognize whether the variation is due to an actual response from 

anthropogenic influences or whether it is due to the natural variation within the stream system.  

The ability to detect stream impairment is directly related to how effective the classification 

method partitions the variation between sites (Hawkins and Vinson 2000).  Classification of this 

variation and stratification of the macroinvertebrate communities can be performed in many 
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ways.  Various spatial scales (local, regional) are typical considerations for the partitioning of 

sampling design in order to account for the inherent variation in the biotic communities (Poff and 

Ward 1990).  Understanding and accounting for the natural variation within communities will be 

important in this study due to its regional scale.  

     Spatial scale is the most common classification level for benthic macroinvertebrates and can 

be implemented at large spatial scales (ecoregions, basins, latitudinal gradients) or small spatial 

scales (stream reach, riparian zones, and subwatersheds).  Large scale stratification, such as 

ecoregionalization, is based on the assumption that the natural variation of macroinvertebrate 

communities will be sufficiently minimized by stratifying utilizing a combination of the 

following factors: climate, geology, land surface form, land use, potential natural vegetation, 

soils, elevation, and physiography (Omernik 1987, Corkum 1990).  Many studies, however, have 

found that the use of ecoregion alone is insufficient in accounting for the biological 

heterogeneity of stream assemblages and cannot accurately predict biotic conditions expected to 

occur in the absence of anthropogenic disturbance (Hawkins and Vinson 2000).   

     Hawkins and Vinson (2000) studied the effect of partitioning variation in stream assemblages 

based on ecoregions and found this classification method poorly captured the diverse nature of 

stream biota, beyond the inherent complications associated with discretizing a continuously 

varying phenomena. They recommended a procedure that circumvents the a priori technique 

based on landscape classification in favor of a posteriori approaches that directly predicts the 

biotic composition based on a site specific combination of environmental factors (Hawkins and 

Vinson 2000).  Ecoregions, however, can initially be used as a rough stratification method, but 

should be later supported by factors that further decompose the natural variability within the 

biotic system.   
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     Catchment level analysis has been shown to account for much of the response observed in 

stream macroinvertebrate communities (Richards et al. 1996, Allan and Johnson 1997). 

Catchment geology and land use were found to strongly influence stream morphology and were 

the best predictors of macroinvertebrate community structures (Richards et al. 1996).  Therefore, 

a hierarchical combination of stratification variables, including ecoregions, catchments, and 

watersheds, is often best suited for partitioning this variation.  This hierarchical stratification 

approach will be utilized in this study.  

     Much of the recent research has focused on small scale stratification and assessing natural 

variability at the local scale.  Richards and others (1997) found that macroinvertebrate 

communities were more highly correlated with local (reach-scale) features.  Sponseller and 

others (2001) studied the relationship between land use, spatial scale, and macroinvertebrate 

communities and found that local factors within a 200-meter corridor were responsible for the 

largest degree of change within stream community structure, overshadowing the effects of land 

uses found further upstream.  Results from this study showed that community structure was 

highly correlated with local land use disturbances, whereas phenomena encompassing both biotic 

and abiotic features were best predicted at broader scales (Sponseller et al. 2001). 

     The predictive accuracy of a stratification method is dependent on the community attribute of 

interest and the spatial scale used. Many ecological systems are hierarchically structured and 

therefore have ecological processes that are scale dependent. Making inferences regarding a 

macroinvertebrate response at only one spatial scale or one organizational level, may lead to 

misrepresentations of the true behaviors driving the system (Cushman and McGarigal 2002).  

Therefore, utilizing an analysis scale appropriate to the community attribute of interest is 

essential when determining causality. 
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     Quantification of spatial variability across multiple scales is difficult to perform; however, 

with the use of GIS this task can be accomplished and potential relationships can be understood. 

 

2.2.3 Macroinvertebrate Response to Road Development 

     The primary byproduct of road construction and presence that affects stream aquatic 

macroinvertebrates is an increased rate and amount of sedimentation.  Often, increases in 

watershed road networks temporarily or permanently alter physical habitat and hydrologic 

regimes within streams through several processes including mass inputs from bank failure, acute 

sedimentation from road construction, and long-term effects of road surface runoff.  Due to 

macroinvertebrate’s close physical relationship on and within sediment, they represent prime 

indicators of the pollutants that sediments carry and inherently represent (Reice and Wohlenberg 

1993).   

     Sediment can alter many aspects of stream water quality that are vital for the survival of 

various macroinvertebrate species, often having an acute effect on the species physiologic 

requirements.  Fine sediments are often suspended within the stream, affecting characteristics 

such as turbidity and dissolved oxygen contents.  Increased turbidity is capable of raising stream 

temperature, which has been correlated with decreases in certain macroinvertebrate taxa 

(Haggerty et al. 2004).  Decreases in dissolved oxygen content have obvious effects on 

macroinvertebrate physiology and survival rates.  Increased sedimentation also changes stream 

channel morphology, increasing discharge rates and peak flow volumes. These processes are 

somewhat cyclic in nature in that as peak discharge increases, this increased energy then 

restructures riparian habitats by rearranging channels, woody debris, and fine sediment deposits 

(Forman and Alexander 1998).   
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     A significant correlation has been found between the size of the sediment particles and the 

specific effect it has on stream macroinvertebrates.  During construction, roads may input large 

particles and continue to deliver smaller particles for the duration of their existence and use 

depending on the soil texture (Bilby et al. 1989).  Though inputs of large particles have dramatic 

physical effects on stream habitat, most sedimentation from roads is related to inputs of fine 

sediment from established road surfaces.  Sediment size and type has been the focus of many 

recent studies (Trombulak and Frissell 2000, Kaller and Hartman 2004) due to the dramatically 

different effect that large and small particles have on stream macroinvertebrate habitat.   

     In a study assessing the effect of sedimentation on benthic communities, Chou and others  

(2004) found that larger grain-sized sediment has a primarily physical effect on benthic animals. 

Rapid inputs of heavy sediments either directly kill them or make the environment so unstable 

that few species can survive.  Substrate material is a vital component of macroinvertebrate 

habitat which, combined with other attributes, delineates the areas in which specific 

macroinvertebrate species will survive. Stream substrate is directly related to grain size of 

embedded sedimentation which, if large, ultimately settles on the streambed and changes the 

characteristics of that particular habitat.  Density and diversity of benthic macroinvertebrates 

communities have been found to be higher in pebble and cobble substrates while sand and silt 

dominated substrates display lower diversity and density measures (Kaller and Hartman 2004).  

This association is related to the water energy in the system which affects the oxygen levels in 

the stream.   

     Conversely, accumulation of fine sediment affects macroinvertebrate physiological and 

chemical requirements within stream habitats.  It has been shown that excessive inputs of fine 

sediment affects macroinvertebrate physiological process such as breathing, feeding, and 
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reproduction, thereby reducing certain sensitive invertebrate populations (Wood and Armitage 

1997).  The result is a stream community with low diversity that is dominated by silt-tolerant 

species (Angermeier et al. 2004).   

     Numerous metrics and indices have been studied and their ability to detect changes in regards 

to increased sedimentation has been assessed.  EPT has been shown in many studies to be 

particularly sensitive to fine sediment accumulation.  Kaller and Hartman (2004) showed that 

EPT taxa richness was negatively correlated with accumulation of sediments particles less than 

0.125 and 0.25 mm in size.  The mean number of EPT genera was also affected negatively when 

fine sediment comprised greater than 0.9% of the substrate composition.  Chou and others (2004) 

demonstrated that levels of taxa abundance and family number is significantly correlated with 

sedimentation rate and the percent of substrate comprised of silt and clay.  Functional feeding 

groups have also been shown to be indicators of increased sediment loads in streams.  In a study 

assessing macroinvertebrate community structure in streams after various silvicultural 

treatments, Haggerty and others (2004) found that shredder and collector functional groups 

increased in response to increasing sedimentation from clear-cut conditions.  These findings are 

contradictory, however, to the typical response of functional feeding groups to sedimentation, 

which involves a shift towards scraper-based communities (Haggerty et al. 2004).   

 

2.3 WATERSHED ASSESSMENT AND MODELING USING GIS      

     With the widespread availability of spatial data and the immense diversity of disciplines 

represented by this data, computer-aided analytical tools are needed in order to facilitate the 

extraction of meaningful information for land managers.  Geographic Information Systems (GIS) 

and remote sensing software are powerful technologies that offer a solution to these needs.  GIS 
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are able to store, manipulate, display, integrate, and analyze spatial data in relation to positions 

on the Earth’s surface, and offer a way to geographically link tabular data (i.e. databases) and 

spatial features (i.e. forest polygons, road segments).  Angermeier and Bailey (1992) found GIS 

to be a useful tool to quickly and effectively analyze stream fish communities, due to its 

effectiveness at depicting the spatial and temporal variation commonly found in many biological 

attributes.  Utilizing the capability of a GIS to display and analyze multiple layers and types of 

data simultaneously at various spatial scales will be crucial to the effectiveness of this study.  

     Due to the availability of more accurate and finer resolution data, GIS has more recently been 

used as a tool for manipulation and creation of spatial data regarding complex hydrologic 

processes.  The extent to which the user can model these processes relies heavily on various 

factors including data availability, the framework of processes being identified, and the spatial 

scale in which the analysis will be performed (Heatwole 2003).  Recent studies have shown the 

increased effectiveness of using continuous data such as Digital Elevation Models (DEMs) to 

calculate hydrologic watershed characteristics such as flow direction, flow accumulation, 

delineation of flow networks, and watershed zones of influence (Garbrecht et al. 2001, Heatwole 

and Burcher 2003, Heatwole and Lohani 2004).  Spatial data relating directly to analyses of 

watershed hydrologic conditions, such as land use, land cover, road density, slope, aspect, soils, 

geology, and climate, is also widely available from various federal, state, and local agencies 

along with many private organizations.   

     The inherent ability of GIS to represent distances makes it a useful tool for understanding the 

non-linear relationships between stream integrity and its surrounding land uses.  A watershed can 

be thought of as an influence gradient beginning at those land uses closest to the stream and 

extending out to the boundary of the watershed.  The most rapid influence occurs immediately 
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adjacent to the stream and diminishes with distance from the stream (Basnyat et al. 2000).  This 

theory holds true for most land use scenarios, and will be the basis of this study.  

     The effectiveness, however, of utilizing these tools to quantify effects of anthropogenic 

influences on stream biota is likely scale-dependent.  Previous studies (Laurent et al. 1998, 

Carleur and Marsily 2004) have shown that modeling processes at the watershed and basin scale, 

which corresponds to ecosystem and landscape scales for riverine systems, is likely to account 

for greater variation in stream biotic patterns when compared to local scales (i.e. stream reach, 

riparian areas).  Roth and others (1996) supported this theory, finding that stream biotic integrity 

was more strongly influenced by land use and riparian vegetation assessed at the landscape level.  

Historically, researchers (Hynes 1975) have stressed the linkage between a stream and its valley.  

With the introduction of GIS and the widespread availability of spatial data, quantitative analysis 

of these relationships at regional and landscape-scales is now feasible (Johnson and Gage 1997).  

GIS offers a unique way of compiling and interpreting the multi-faceted nature of landscape 

analysis, while allowing the user to decompose and analyze the causes of variation within stream 

biotic systems.  The use of GIS will be integral to the correlation between stream biotic metrics 

and road impact in this study.  

 

CHAPTER 3. MATERIALS AND METHODS 

     The purpose of this study is to determine the spatial characteristics of road networks that have 

a direct effect on stream water quality using a deterministic approach.  Since much of the 

analysis will be performed using GIS, many forms of spatial data from various sources, 

encompassing both spatially and temporally explicit information, will be utilized.  Study sites are 
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watersheds created from chosen macroinvertebrate sample points (acting as watershed outlets) 

using hydrologic modeling algorithms for watershed delineation.  

 

3.1 STUDY SITES 

     With the expanding nature of road networks on BLM lands due to timber production, grazing 

intensities, and energy development, study site selection is of utmost importance.  Initial site 

location extent was within Wyoming, Idaho and Oregon where BLM owns approximately 18.6 

million hectares of land.   

 

3.1.1 Reference Site Selection 

     Reference sites must represent those areas that exhibit minimal anthropogenic impacts 

occurring as a result of road networks.  These sites will act as a macroinvertebrate metric 

baseline for areas assumed to have minimal to no impact from road networks.  National 

Wilderness Preservation Areas and U.S. Forest Service Roadless Areas were used as a template 

to identify reference points from the macroinvertebrate database (Figure 1).  This seemed logical 

since these areas inherently contain very few roads and this template can be applied at the 

regional scale of this study.  Through preliminary statistical analysis of the entire 

macroinvertebrate database, it was found that several commonly used metrics (i.e. abundance, 

EPT) had higher values at these designated reference sites when compared with non-reference 

sites. 

     Preliminary analysis of designated reference sites showed that 84.9% (85 sample points) of 

these reference sites were located within 8-Digit Hydrologic Units Codes (HUCs) that 

represented the lower 15% of road growth between the 1992 and 2000.  This lends further 
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credence to the utility of these macroinvertebrate sample points as reference sites for this study 

of road impacts.  Once the reference sites were determined, analysis was performed with non-

reference sites that were within the same ecoregion, thereby eliminating variance that may be 

due to spatial location and extraneous ecological factors.   

 
Figure 1. Map of reference site designations.  Study sites are designated as  

“reference” using USFS Roadless Areas as well as Wilderness Areas. 
 

     As shown in Figure 1, this approach has potential when an adequate number of reference sites 

within the specific ecoregion and subsequent 8-digit HUC study area are available for 

comparison with non-reference sites.  When the quantity of reference sites decreases within an 

individual 8-digit HUC, however, a problem may be encountered wherein the number of 
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reference points may not be enough to properly characterize the baseline conditions of the study 

area.  This problem can be seen in the Eastern Oregon and Central Idaho study areas (Figure 2).  

To address this concern, an examination of elevational and climactic variability between the 8-

digit HUCs within Omernik Aquatic Ecoregion 11 (Blue Mountains) and Omernik Aquatic 

Ecoregion 15 (Northern Rockies) was performed in an effort to estimate the extent of variability 

across the 8-digit HUCs.   

     As shown in Appendix A - Oregon, mean elevation, precipitation and temperature were 

calculated for each of the 8-digit HUCS and no significant differences or outliers were found.  

There were, however, certain 8-digit HUCs that were consistently among the extreme values for 

the three variables examined.  These HUCs included 17060104, 17060105 and 17060106 and 

were eliminated from the potential study areas (Appendix A).  Since an adequate level of 

homogeneity in regards to the variability of these variables was found between the remaining 

management units, it is possible to aggregate the 8-digit HUCs into a larger study area that is 

characterized by similar variability and will incorporate an increased number of reference points.  

Variability across the three Idaho 8-digit HUCs (Appendix A – Idaho) was also assessed with 

similar findings.  All three 8-digit HUCs in Idaho were used.   

 

3.1.2 Study Site Selection 

     Identification of study sites was conducted using the Tiger/Line road data from 2000 and 

macroinvertebrate sample plots from 1999-2001.  Selection of study sites was performed with 

respect to incorporating an adequate number of reference points in the respective 8-digit-HUCs 

and eliminating temporally redundant sample points. By implementing these criteria, 101 areas 
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were selected as study sites for this project (Figure 2).  Table 1 provides a summary of the total 

reference and non-reference points for the Oregon and Idaho study areas.  

     Reference sites and the associated study sites being compared to them will be located entirely 

within a particular Omernik Level III Ecoregion in order to reduce variation due to extraneous 

ecological factors.  Selection of final macroinvertebrate study plots was conducted such that sites  

 
Table 1. Summary of total reference and non-reference study sites. 

 
 OREGON IDAHO 

# HUCs 6 3 
Reference 8 26 

Non-Reference 41 26 
Total 49 52 

 

representing varying ecoregions, elevations, and impact levels were used so that inferences can 

be made regarding differences between ecologically varying regions of BLM lands. 

     Though stratification by ecoregions has had mixed reviews in the literature (Omernik 1987, 

Corkum 1990, Hawkins and Vinson 2000), after preliminary statistical analysis of the entire 

macroinvertebrate database, utilizing Monte Carlo simulation of the sampling effort needed to 

minimize the standard deviation of the mean (sm), it was found that the variance decomposition 

rate of macroinvertebrate metrics varied significantly among four well-sampled Ecoregions 

(Roberts 2005). This suggests that stratification by ecoregion can account for natural variability 

within this dataset.   

 

 28



 1 
Figure 2. Map of study site locations in Eastern Oregon (top left) and Centra ho (bottom left).  
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3.2 SPATIAL/ATTRIBUTE DATA 

     By performing much of the analysis for this project in a GIS environment, a great deal of 

spatial and attribute data was needed to model the pathways under investigation. Table 2 

provides a summary of the major datasets to be used and is followed by descriptions 

of the individual datasets including their use, accuracy level, and source data characteristics.   

Due to the regional nature of this project, the scales and resolutions of these datasets are 

appropriate.  

 

3.2.1 Road Data 

Tiger/Line Files 

     Road network data from 2000 was derived from U.S. Census Bureau Tiger/Line Files.  The 

108th CD Census 2000 Tiger/Line files are the latest version of the Census 2000 Tiger/Line files 

and were the version used in this study.  The Tiger/Line files are extracts of the larger, Census 

Tiger (Topologically Integrated Geographic Encoding and Referencing) database, containing 

select geographic and cartographic features (Bureau 2003).  The Census Tiger database uses 

spatial objects (points, line, and polygons) along with spatial node topology, which explains the 

relationships and connectivity between these spatial objects, to model dynamic networks.   

     Since the purpose of this study was to identify the effects of roads on stream health as related 

to sedimentation, only unpaved classes of roads were used.  Selection of appropriate road 

segments was performed using the Census Feature Class Code (CFCC) field in the dataset, and 

allowed for the elimination of segments, such as US, State, and County highways, that did not 

align with study goals.   
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Table 2.  Summary of geospatial datasets used in analysis. 
 

Name Source Data Description Scale/ 
Resolution Project Use 

Tiger/Line Files U.S. Census 
Bureau 

Transportation networks, 
county boundaries, voting 

districts, population data, etc.
1:100,000 

Road data used in 
Road Impact 

Analysis in Oregon 

Idaho Road Dataset 
Idaho 

Department 
of Lands 

Detailed transportation 
network include roads, trails, 

and pathways 
1:24,000 

Road data used in 
Road Impact 

Analysis in Idaho 

National Elevation 
Dataset (NED) USGS Continuous, hydrologically 

conditioned elevation data 10m 
Watersheds, flow 

length, travel time, 
road gradient 

National 
Hydrography Dataset 

(NHD) 
USGS 

Hydrologic feature data such 
as stream reaches, hydrologic 
units, man-made hydrologic 

features 

1:100,000 
8-digit HUC 

boundaries, stream 
locations 

Macroinvertebrate 
Sample Database NAMC >15,000 macroinvertebrate 

sample points across West  Reference sites, study 
sites, biotic metrics 

Omernik Level III 
Aquatic Ecoregions EPA 

Regions of similar land use, 
potential vegetation, soils, 

and land surface form 
1:250,000 Preliminary study site 

stratification 

Gap Analysis 
Program (GAP) 

University of 
Idaho 

Land cover classification 
dataset derived from satellite 

imagery 
1:100,000 

Watershed roughness 
coefficients, land use 

characteristics 

Digital Raster 
Graphics (DRG) USGS Scanned digital topographic 

maps 1:24,000 
Validation of GIS 

derived flow 
networks 

 

     Most Tiger/Line files are created by digitization and vectorization of USGS 1:100,000-scale 

scanned topographic quadrangles.  Though the original scanned quadrangles were in Universal 

Transverse Mercator, the final Tiger/Line files have projectionless geographic coordinates of 

latitude and longitude due to its national scale and to aid in the ability to integrate this data into 

varying applications (Bureau 2003).  Tiger/Line data meets National Map Accuracy Standards 

for positional accuracy when 1:100,000-scale base maps were used in data creation 

(approximately ± 167 feet).   
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     Although the positional accuracy of the Tiger/Line dataset meets National Map Accuracy 

Standards, the potential ability for a road segment to be digitized 167 feet from its actual ground 

location is a significant problem for this study.  To address this issue and identify whether future 

problems may arise form the use of this dataset, an accuracy assessment was performed utilizing 

two USDA Forest Service 1-meter color negative digital orthographic quarter quads (DOQQ’s) 

from 2000 per 8-Digit HUC.  Within each of the 12 DOQQs used, 50 random points were 

created along the Tiger road segments and the distance from the random point to its associated 

point on the “ground” (DOQQ) was calculated.  A mean positional error in meters along with the 

standard deviation of that error was calculated for each DOQQ (Table 3).  The highest mean 

error was 15.670 meters in HUC 17120002, which is well within the accuracy requirements for 

this study.  Though the positional and attribute accuracy of this dataset is likely adequate, road 

datasets digitized at a larger scale (i.e. 1:24,000) are more desirable but were not available for 

this study area. 

Table 3.  Accuracy assessment results for Tiger/Line road  
data within Oregon study HUCs. 

 
Positional Error (m)8-Digit 

HUC DOQQ 
Mean Std Dev 

43118h3 7.404 6.345 17050116 
44118b4 7.366 12.795 
44118d3 7.786 7.818 17050202 
44118e3 11.624 12.066 
44118d5 14.040 17.643 17070201 
44119d6 8.760 9.371 
44119f3 15.138 18.471 17070202 
44118h7 10.232 9.904 
44118e4 10.665 8.448 17070203 
44118f7 14.030 13.329 
44119a1 15.670 13.070 17120002 
44118b8 13.976 17.649 
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Idaho Roads Dataset 

     Although Tiger/Line files incorporate the type of data that is needed in the Road Impact 

Factor portion of this study, a dataset with higher overall attribute and positional accuracy is 

desirable.  The spatial location of roads within the study watersheds is crucial to the proper 

characterization of the degree of stress they impose on the aquatic ecosystem.  Therefore, a more 

accurately derived road network dataset is preferred in order to perform analysis that is more 

meaningful, reliable, and repeatable. 

     The Idaho Roads Dataset is a product produced by the Idaho Department of Lands (IDL).  

The source data used to derive this road data was standard USGS 7.5 minute topographic 

quadrangles at 1:24,000 scale. Because of the larger scale utilized in this data creation, compared 

to the Tiger/Line files (1:100,000), the horizontal positional accuracy is ± 40 feet, which is 

within the National Map Accuracy Standards for a dataset of this scale.   

     The attribute structure of this dataset is also more suited to the objectives of this study.  Each 

road segment has the following attributes associated with it: length, ID, road class, use category, 

and surfacing material.  This increased level of attribute detail allows for a more precise model 

of the potential sedimentation impacts from individual road segments and the road network as a 

whole.   

     A positional accuracy assessment was also performed on this dataset to evaluate its level of 

conformity with actual road network positions.  Forest Service 1-meter color negative digital 

orthographic quarter quads (DOQQ’s) from 2000 were used as the baseline for comparison with 

the IDL road dataset.  Two DOQQ’s within the Idaho study HUC 17060201, along with the 

associated road data for the same area, were used in this assessment.  At each photo location, 50 

random points were created along the IDL road networks. At each point, the distance to the road 
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segment present on the DOQQ was recorded.  Of the 100 points created across two DOQQ’s, 

only 5% of the points were greater than 10 meters from true road segments, while 85% of the 

points were within 5 meters of the true road segments.  This outcome supports the increased map 

accuracy standards defined for data created at the 1:24,000 scale.  

 

3.2.2 Elevation Data 

     The National Elevation Dataset (NED) is a USGS raster product that integrates existing 

national Digital Elevation Models (DEM) into a seamlessly distributed geospatial elevation 

source that incorporates a consistent, projection, datum, and elevation units.  1 arc-second 

(≈30m) data is available for the conterminous U.S., while 1/3 arc-second (≈10m) is currently not 

available on a national scale.  All study sites, however, are located in areas that currently have 

1/3 arc-second NED data.  In an effort to address problems with products derived from elevation 

data such as accuracy, DEM “striping”, artifacts, and data gaps, the NED is updated every 2 

months using newly acquired finer resolution source data, filtering technologies to remove 

artifacts and “striping”, and interpolation techniques to address data gaps.  These updates 

improve the quality of slope, shaded-relief, and synthetic drainage information, which will be a 

primary concern in this study (USGS 2004).    

     The 1/3 arc-second data that will be used in this project covers approximately 80% of the 

continental U.S. Only 53% of this area, however, was created using 10m source DEMs, while 

27% was created by interpolating 30m DEMs in order to fill the remaining areas in USGS 1°x1° 

NED processing units.  Idaho and Oregon 1/3 arc-second NED data has been derived from 10m 

source data.  Nonetheless, particular attention will be given to selecting study sites that lie within 
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areas that were derived directly from 10m source data to increase the accuracy and reliability of 

analysis results.   

     The vertical accuracy of all DEM source data is classified as Level 1, 2, or 3 by the USGS 

(Table 4).  The accuracy threshold standards in Table 5 are published by USGS (USGS 1998).  

As shown below, Level 3 DEMs incorporate the highest accuracy, due to the use of hypsography 

(contours and spot elevations) and hydrography (lakes, shorelines, and drainages) elements in 

data creation. 

Table 4. USGS DEM accuracy standards. 
 

Classification Level Maximum RMSE Maximum Absolute Error 
Level 1 15 meters 50 meters 
Level 2 ½ contour interval 1 contour interval 
Level 3 1/3 contour interval 2/3 contour interval 

 
 

3.2.3 Hydrography Data 

     The National Hydrography Dataset (NHD) is a comprehensive dataset that incorporates 

hydrologic surface features such as stream, rivers, lakes, ponds, springs, and wells.  Within the 

NHD, surface water features are further subset into reach-level attributes, offering a platform to 

join existing local or regional stream data directly to the NHD database while performing 

upstream and downstream analysis (USGS 2000).  In addition, the NHD reach information is 

topologically enhanced, allowing for directional analysis to be performed.  Hydrologic Units 

Codes, a hierarchical, numeric code that denotes boundaries of hydrologic units, are included in 

this dataset and were used as part of the macroinvertebrate stratification process and study site 

selection in this project.  Though the source data used to create the NHD datasets was produced 

at a scale of 1:100,000 (Table 3), the hierarchical nature of this dataset was designed to allow 
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users to integrate data for smaller scale, regional level studies or for larger scale, local, reach 

level studies.   

     The two main forms of source data used in the creation of NHD data is Digital Line Graphs 

(DLG) acquired from USGS topographic quadrangles for the delineation and position of aquatic 

features, and Reach Version 3 (RF3) data developed by the EPA and used for reach delineation, 

reach codes, water flow direction, and geographic names of streams and rivers (USGS 2000).  

All source materials complied with National Map Accuracy Standards.  

     NHD Attribute accuracy is reported at 98.5% and was tested utilizing several methods 

including manual comparison with hardcopy datasets, symbolized displays of reaches compared 

to hydrography standards digital data, and interactive query and verification of features that 

could not be verified using the previous two techniques.  Horizontal positional accuracy was 

reported, corresponding to the accuracy of the USGS source data, as 90% of points tested were 

within 0.02 inches (map scale) of their true positions.  The vertical accuracy of the NHD dataset, 

associated with reach elevation features, is stated as 90% of the tested point lie within ½ contour 

interval of the correct value (USGS 2000).   

     The NHD dataset is available in three scales: Medium, High, and Local.  NHD data at 

Medium resolution is available for all 8-digit HUCs (subbasin level) within Idaho and Oregon. 

This resolution is best utilized at the 1:100,000 scale, which is perfectly suited for this studies 

regional nature. If higher resolution hydrography data is needed, however, high resolution NHD 

data is available for all of Central Idaho and Eastern Oregon.   
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3.2.4 Macroinvertebrate Data 

     The macroinvertebrate sample database, used as the basis of the project study sites, was  

provided by Dr. Mark Vinson and the National Aquatic Monitoring Center at Utah State 

University.  This database contains 15,567 sample points located in 12 Western states. The 

spatially widespread nature of this database offers a unique opportunity to study the effects of 

stressors on macroinvertebrate communities across ecological boundaries.    

     At each of these sample points, 85 separate metrics representing diversity and biotic indices 

were calculated, offering a wide range of macroinvertebrate community dynamics in which to 

model.  Several of the metrics, such as taxa count, abundance, percent dominant taxa, and 

functional feeding group counts are widely used in stream integrity research, while other metrics 

such as Hill evenness, Hilsenhoff Biotic Index, and Menhinick Diversity are more specialized 

methods of macroinvertebrate community characterization.  Additional characteristics such as 

Lat/Long coordinates, station ID, reach ID, county, state, elevation, habitat type (riffle, run, pool, 

etc.), macroinvertebrate collection method, and ecoregion have been determined for each of the 

sample points.   

 

3.2.5 Land Cover Data 

     The land cover dataset utilized in this study for watershed roughness coefficients and various 

watershed land cover characterizations is produced by the Gap Analysis Program (GAP).  This 

dataset was used in place of the National Land Cover Dataset (NLCD) due to the fact that it is a 

more recent classification (performed in 1998-Oregon and 1999-Idaho) and has a finer attribute 

resolution, particularly in regards to forest and grassland surfaces.  The dataset is created by 

using an array of LandSAT Thematic Mapper scenes tiled to cover the entire state.  Once an 
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image is captured, with no more than 10% cloud cover, for every portion of the state, a set of 

classification are run to derive the final land cover output grid (Kiilsgaard 1999). 

     Though GAP is a national program, the responsibility for updating and compiling the 

statewide datasets fall on individual state agencies.  As such, an update interval of 10 years is 

cited by the national GAP program, but actual update intervals vary from state to state 

(Kiilsgaard 1999).  According to the Oregon Gap Analysis Final Report, no formal accuracy 

assessment has been performed on this dataset (Kagan et al. 1999).   

 

3.3 METHOD DEVELOPMENT 

     The inherent distributed nature of raster datasets aids in modeling and understanding 

continuous variables and is also a powerful tool for calculating distance measures.  The utility of 

distance measures based on hydrologic principles, such as flow length and hydrologic travel 

time, is particularly strengthened by the distributed nature of raster data models due to their 

ability to account for spatial variability of physical properties across surfaces, which is vital for 

the spatial assessment of modeled hydrological variables (Turcotte et al. 2001).  The approaches 

used in this study to assess distance will be discussed in further detail.   

 

3.3.1 Road Impact Factor Protocol 

     Many factors of road construction and maintenance are closely related to sedimentation 

problems in watersheds.  These issues can be categorized into three groups consisting of surface 

flow, subsurface flow, and road/stream crossing.  Though road/stream crossing is a form of 

surface flow, it is typically considered a distinct interaction due to the direct contact between 

road segments and stream reaches (Jones et al. 2000).  The difficulty of modeling subsurface 
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flow in relation to road networks precludes it from this study, however, both surface flow and 

road/stream crossings will be addressed.   

     Five central concepts that are typically associated with problematic road segments, in regards 

to sedimentation potential, were identified and incorporated in this protocol.  The following five 

parameters were assessed and modeled in a GIS environment in order to facilitate the 

comparison of multiple stressors and potential impacts across multiple ecological regions.   

1. Road spatial location in relation to stream reaches 
2. Road gradient 
3. Road surface type 
4. Road water control features 
5. Road-stream crossings 

Weighting factors based on the literature were utilized for each factor in order to develop a 

cumulative road impact factor for each road segment that corresponds to its sedimentation 

potential (Staff 1985, Wiest 1998, Clinton and Vose 2003, Aruga et al. 2005).   

     The first parameter is the spatial location of road segments in relation to stream reaches in the 

study watersheds.  A basin hillslope technique developed by Wemple and others (1996), shown 

in Figure 3, was modified for use this study due to its underlying hydrologically relevant nature.  

Three hillslope positions were derived: valley bottoms are defined as the area within a 100-meter 

flow length distance around third, fourth, and fifth-order streams; ridgetops represent the area 

within a 100-meter flow length distance around ridges (flow accumulation values of 0); 

midslopes are located in the remaining area (Wemple et al. 1996).  Geographic Information 

Systems are specifically designed for this type of application and allow for interactions between 

the road network and stream reaches to be quantified at multiple scales.   
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Figure 3. Third, Fourth, and Fifth order streams in blue (left) used to derive  

the road spatial location parameter (right). 
 

     The flow length algorithm in ArcGIS calculates the accumulated flow length following a flow 

path that is determined using a flow direction raster grid.  The flow length from one individual 

cell to another can be one of only two distance values depending on the direction in which it is 

flowing.  If the flow path follows an orthogonal direction, the distance traveled from an 

individual cell a neighboring cell is the cell resolution (i.e. 10 meters).  If the flow path follows a 

diagonal direction, the distance is the cell resolution multiplied by the square root of two (i.e. 10 

x √2 = 14.142 meters).  There are also two overall directional options to choose from when 

running the flow length algorithm.  Downstream flow length calculates the down-slope distance 

along the flow path, from each cell to an outlet on the edge of the raster or the nearest NoData 

cell.  Upstream flow length calculates the longest upslope distance along the flow path, from 

each cell to the top of the drainage divide represented by a flow accumulation value of 0.   

     When calculating flow lengths for this portion of the road impact protocol, the third, fourth, 

and fifth order stream reaches were set to NoData so that the flow length algorithm calculated the 

flow length of every cell in the study watershed to the nearest stream reach of interest.  This 
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resulting flow length grid was then reclassified to conform to the valley spatial location category 

discussed above. 

    The second parameter, road segment gradient, affects many of the sediment transport 

properties within road networks.  Gradient selection during the road construction process will 

determine the type and quantity of water control structures needed, the velocity and travel 

distance of surface runoff, and in turn the erosive potential of that runoff (Haupt 1959, Grace III 

et al. 1998, Grace III 2002).  Road segment gradient, however, is more difficult to model in a 

GIS environment due to the physical nature and size of most rural roads.  There are numerous 

algorithms available to calculate land surface slope, typically calculated in percent or degrees.  

These algorithms, such as the average-minimum technique utilized by ArcGIS, fit a plane to an 

8-cell neighborhood around the center cell being analyzed in order to calculate slope (Burrough 

1986).  The fundamental problem with calculating road gradient from these surface slope grids is 

that many road segments travel at a perpendicular angle to the surface slope, thereby possessing 

a significantly lower slope than the surrounding land surface.  

     Road segment gradient in this study was calculated utilizing the systematic distribution of 

points along each road segment.  By using the Build function in ArcInfo, nodes were created at 

each road segment junction, symbolizing the start and end point for each segment.  An elevation 

at each node was derived from DEM data and a generalization of the road network slope and 

slope length was calculated through the use of the Pythagorean Theorem.  This technique, 

however, may not adequately characterize the true shape of the road segment, especially if the 

segment is long or highly variable in regards to elevation (Figure 4).  Because of this, a 

sensitivity analysis was performed by positioning points at increasingly finer intervals (i.e. 

1000m, 500m, 250m, and 100m) along road segments in an 8600 hectare subwatershed.  Within 

 41



this subwatershed there were nine distinct road segments.  For every interval spacing, the mean 

slope of each road segment was calculated and intercompared to identify which spacing accounts 

for a significant degree of variability while at the same time not representing spacing so fine that 

it adds undue man-hours into the project (Table 5).  The assumption is that as the spacing 

interval decreases, the ability to accurately derive road gradient increases.  

 
 

Figure 4. Diagram displaying the utility of using between-intersection nodes to characterize the 
gradient of road segments along the road profile. Roads are shown in profile view. 

 
Table 5. Summary table of road gradient point interval sensitivity analysis.  

Road Segment Slope given in percent. 
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     The mean gradient values for the 1000 meter spacing were not included in Table 5 as they 

grossly underestimated the gradient variability along the road segments.  The very high mean 

difference of 25.50% between the 250 meter and 500 meter spacing showed that there is a 

substantial difference in the predicted mean gradient values.  The 500 meter spacing is not 

adequate to predict road slope.  The mean difference between the 100 meter and 250 meter 

spacing, however, was much lower at 4.63%.  This low percent difference shows that by 

decreasing the spacing from 250 meters to 100 meters, the increase in the predictive value is 

minimal, while the increase in the computing time is substantial.  For this reason, the 250 meter 

spacing was chosen for this study.  Once road gradient was calculated it was stratified into three 

slope classes as shown in Table 6 corresponding to United States Forest Service Road Standards 

(Staff 1985).   

 
Table 6.  Road slope stratification classes. 

Road Class Description Slope Cutoff 
Class I Primary < 8 % 
Class II Secondary 8-12 % 
Class III Branch >12% 

 

   The third and fourth parameters, road surfacing type and water control features, will be 

attributed to the road dataset due to the direct relationship with road traffic, precipitation, surface 

runoff, and road maintenance (Swift 1984, Clinton and Vose 2003).  Due to regional nature of 

study, however, specific locations of all water control features and highly detailed information 

on surface type were not available or feasible for the road datasets.  Therefore, certain 

assumptions were made based on road class data.  The Idaho Department of Lands Road 

Inventory Database incorporates information about both water control features and road 

surfacing material (Table 7).  The improved and unimproved designations within the 
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“maintenance description” field denote the degree of water control features present, as well as 

the levels of maintenance for each road segment.  Road Class Code was used as a surrogate for 

both the water control features and the road surfacing parameters, and will be referred to as the 

Road Class for the remainder of the study for both Oregon and Idaho.  In the future, road datasets  

 
Table 7. Road classes present within Idaho study watersheds. 

Road Code Maintenance Description Road Class Surfacing Description
5180 Improved* 3B Gravel/Aggregate 
1050 Improved 3 Surfacing unknown 
5150 Improved 3C Dirt, Gravel spot treatments
960 Unimproved 4 Aggregate, Applied locally 
1060 Unimproved 4 Dirt 
890 Unimproved 4 4WD path 

* Improved and Unimproved designations denote the degree of water control features present, as well as 
the level of maintenance such as reapplication of surfacing materials, surface grading, and turnout 
maintenance. 
 

with a higher degree of associated attribute data may provide a more refined way of 

understanding the interactions of both road surfacing and water controls features.   

     The Tiger/Line road classes (Table 8) used in the Oregon study sites correspond closely to 

U.S. Forest Service specifications for road standards.  Road standards usually include 

specifications regarding the class or type of road, gradient, ditch width, and curvature of the road 

segment, which can in turn be associated with typical surfacing materials used on various road 

classes (Staff 1985, Walbridge 1997).   

     Primary or Class I and Secondary or Class II roads typically incorporate surface materials 

comprised of aggregates of various gradations depending on factors such as traffic volume, type 

of use, and expected maintenance practices.  Branch or Class III roads are generally built to 

facilitate temporary activities such as forest harvesting and energy development, and as such are 

less frequently utilized than either Class I or Class II roads.  Due to this decrease in traffic 
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intensity, surface material requirements are less stringent and may consist of either an aggregate 

material or compacted dirt surface (Staff 1985, Walbridge 1997).  Aggregate may typically be 

added to problem areas within Class III road segments, rather than across the entire surface of 

the segment.  Table 8 describes the three road classes utilized in the Oregon study sites. 

 
Table 8. Tiger CFCC codes and descriptions of road classes used. 

 
CFCC Description 

A41 Local, rural roads, scenic park roads, unimproved roads, unseparated 
A51 Vehicular trail, road passable only by 4WD vehicle, unseparated 

A74 
Driveway or service road, usually privately owned and unnamed, used 
as access to residences, trailer parks, and apartment complexes, or as access to 
logging areas, oil rigs, ranches, farms, and park lands 

 

     A road-stream crossing parameter was also considered in this study.  Though specific 

information regarding exact road-stream crossing would have been desirable, the regional scale 

of the data used did not offer the spatial accuracy that would be required to identify individual 

crossings.  For example, if the road dataset has a horizontal accuracy of 100m, than a calculated 

road-stream crossing location could be up to 100-meters from the true location.  The road spatial 

location parameter, however, includes the information regarding road proximity to stream.  The 

lack of a road-stream crossing parameter is an obvious shortcoming of this Road Impact Factor 

model and will be discussed in further detail later.    

     For each of the aforementioned road impact parameters, a separate road impact network will 

be created.  Segmentation for each road network will be performed according to the particular  

parameter being modeled.  Each segment will also have an associated length attribute.  A final 

road impact network will be created by intersecting the three individual parameter road impact  
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Table 9.  Soil sediment erosion factors for road impact parameters. 
 

Parameter Subelement Factor 
Road Slope < 8% 0.2 
 8-12 % 1 
 > 12 % 2.5 

Spatial Location < 100 m from stream 1 
 Between stream and ridge 0.35 
 > 100 m from ridge 0.1 

Road Class Code   
Idaho (IDL) 5180 0.4 

 1050 1 
 5150 2 
 960 0.5 
 1060 1 
 890 1 

Oregon (TIGER) Class I (A41) 0.4 
 Class II (A51) 1 
 Class III (A74) 1 

 
 
     This process will output one final road impact network, where the segmentation is based on 

unique combinations of the 3 input parameters, and the degree of impact for each unique 

segment will be calculated based on a weighting corresponding to the lengths of the parameters 

and the associated weighting factor for the specific parameters shown in Table 9 (Aruga et al. 

2005).  Although discrete class breaks were used for the parameters in this study, as in many 

other studies, further research should be performed to address the feasibility of utilizing linear 

impact gradients to identify and account for small changes in impacts throughout the watershed.  

     The weighted summation technique, used in the final RIF step of Figure 5, was used in order 

to preserve the road length weighting factor in the analysis.  A simple average of all segment 

Final Impact Factors (FIF) within a study watershed (essentially ignoring road segment length) 

was not utilized because with this method, each segment would have equal weight in the  
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for each watershed individually. networks (Figure 5). 
calculation (Figure 6a).  This should not be the case, as a road segment 1 meter in length should 

not count the same towards the final RIF calculation as a segment 100 meters in length.  In the 

same respect, a weighted average was not used because by dividing the RIF by the sum of the 

road segment lengths in the watershed, the effect of the individual road length is lost (Figure 6b). 

The total length of roads is very important to the effectiveness of the Final RIF, therefore a 

summation technique, rather than an averaging technique, was utilized. 
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been used in the past for stream health management, in the form of streamside management 

zones and other BMPs, this technique does not take into account the nature of water flow across 

the surface of the watershed.  There is an increased need for hydrologically relevant distance 

measures that account for various watershed characteristics such as land cover, topographic 

variation, stream type and size, and precipitation magnitudes.  The distance measurement utilized 

in this study was watershed travel time, which takes many of the aforementioned characteristics 

into account.  Travel time is a portion of a Precipitation-Runoff-Routing distributed model used 

widely in the form of the HEC-HMS computer model developed by Army Corp of Engineers 

(Feldman 2000).  By utilizing a set of runoff equations and multiple input parameters, a “time of 

travel” from each point in the watershed to the watershed outlet can be estimated.  Travel time 

will be used as a surrogate for distance in this study. 

     GIS-based distributed models, such as watershed travel time, use readily-available raster data 

to estimate flow distance and flow travel times throughout a watershed, without the need for 

actual gauged flow data (Heatwole and Burcher 2003).  The travel time calculation involves 

many steps including partitioning the watershed into flow types and performing multiple 

calculations within each of these flow types in order to create the runoff velocity grids used to 

derive time of travel.  These steps are detailed in Appendix F.   

 

Partitioning Flow Type 

     Watersheds are not uniform in regards to topography, land cover, seasonal precipitation, 

stream type, along with many other attributes.  As such, when quantifying runoff velocities 

within a watershed, the variability of the land surface must be taken into account.  As required by 

the HEC-HMS model, all areas of the study watersheds were determined to be in one of three 
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flow types defined as channel, shallow, and sheet flow regimes.  Sheet flow is defined as the area 

of a watershed where runoff travels uniformly over the land surface before it reaches small 

channel (Feldman 2000), usually within 100 meters of a ridge (0 flow accumulation values).  

Shallow flow areas are located between sheet flow areas and defined channels.  Each of these 

flow types possess specific methods for determining their extent along with specific equations 

used to estimate runoff velocity.   

     The first step is to determine the location of the channel flow type.  A flow accumulation grid 

was used to construct the flow networks.  Flow accumulation is a pre-programmed function in 

ArcMap that calculates accumulated flow as the accumulated weight of all cells flowing into 

each downslope cell in the output raster (ESRI 2005).  Using a flow direction grid, each cell in a 

raster grid is assigned a value that corresponds to the number of cells that flow into it.  By 

performing this function, cells of high accumulated flow (corresponding to flow networks), can 

be identified.  A threshold must be chosen to represent the break between channels and non-

channels. Rather than selecting a completely subjective threshold, a sensitivity analysis was 

performed to identify what threshold was most representative of actual stream channel extents 

for a given study area. The analysis was performed on each of the 8-digit HUCs in this study, as 

recommended by Johnson (2005).   

     A USGS Digital Raster Graphic (DRG), or scanned topographic quadrangle, was used to 

represent accurate intermittent stream locations for this sensitivity analysis.  Flow accumulation 

thresholds of 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, and 2000 10-meter cells were 

used to identify which most closely matched perennial and intermittent stream segments depicted 

on the DRG (Figure 7).  After overlaying the flow networks derived for each of the flow 

accumulation cutoff values with the DRG stream networks, a visual assessment of which 
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threshold most closely matched the stream segments on the DRG’s was performed for each 8-

digit HUC.  The flow accumulation cutoffs for the three 8-digit HUCs in Idaho ranged from 800-

1000 10-meter cells, while the 6 8-digit HUCs in Oregon ranged from 1200-1600 10-meter cells. 

 

 
Figure 7. Flow network creation utilizing flow accumulation  

threshold values of 400, 800, and 1200 10m cells. 
     

     Sheet flow areas must also be determined within each of the study sites.  The sheet flow 

boundary is defined as the distance at which sheet flow turns into concentrated or shallow flow.  

The HEC-HMS technical reference manual recommends the sheet flow cutoff to be 100m.  To 

test whether this distance was a reasonable estimate for the study sites, a sensitivity analysis was 

performed on a subwatershed in both the Idaho and Oregon study areas.  To accomplish this, 

travel time was calculated once using a 50 meter cutoff and once using a 150 meter cutoff, 

leaving all other parameters constant.   
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     In the Idaho study area, the mean travel time using a 50 meter cutoff was 104.39 minutes.  

The mean travel time using a 150 meter cutoff was 107.66 minutes.  In the Oregon study area, 

the mean travel time using a 50 meter cutoff was 172.66 minutes. The mean travel time using a 

150 meter cutoff was 180.98 minutes.  The mean travel times represent only a 3-5% difference, 

therefore the 100 meter cutoff recommended by the HEC-HMS manual will be used in this study 

(Feldman 2000).   

 

Sheet Flow Velocity Calculation 

     The inverse velocity for cells partitioned as sheet flow was calculated using the following 

equation (Feldman 2000): 
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         Where, 
 n = Mannings Roughness Coefficient for land surface (Table 10 and Table 11) 
 L(ft) = Flow length in feet 
 L(m) = Flow length in meters 
 P2 = 2 year, 24-hour rainfall 
 S = Land surface slope 

     Roughness coefficients for the land surface was calculated by matching the land cover 

descriptions in the Gap Data used for this study with the Manning’s n values and descriptions 

used in Ward and Trimble (2004) designed for flow characteristics for sheet, overland, and 

channel flow.  There were slight differences between the Idaho and Oregon Gap data such as a 

higher number of cover types in the Oregon dataset.  These differences, however, were not 

substantial as can be seen in the Tables 10 and 11. 
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Table 10. Idaho Gap land cover types and the associated Mannings n Values. 
 

Idaho Gap Descriptions Mannings n Description n Value 
High Intensity Urban, Barren Development, Short Grass, Barren 0.030 
Agriculture, Foothills Grassland, Wet 
Meadow, Alpine Meadow Row Crops, High Grass 0.035 

Herbaceous Clearcut Young Forest 0.060 
Perennial Grassland Medium Brush 0.070 
Xeric and Mesic Shrubland, Big Sagebrush, 
Basin Sagebrush, Low Sagebrush Shrubland 0.080 

Lodgepole Pine, Fir, Mixed SubAlpine 
Forest, Mixed Needleleaf/Broadleaf Forest Forest 0.100 

Riparian Forest, Forb and Shrub Dominated 
Riparian 

Forest Dominated Riparian, Shrub 
Dominated Riparian 0.120 

Aspen Dense Straight Willow 0.150 
 

 

Table 11. Oregon Gap land cover types and the associated Mannings n Values. 
 

Oregon Gap Descriptions Mannings n Description n Value 
Urban, Alkali Playa Development, Short Grass, Barren 0.030 
Agriculture, Grassland, Sub-Alpine 
Grassland, Modified Grassland 

Row Crops, High Grass 0.035 

Grass-Shrub-Sapling, Regenerating Young 
Forest 

Young Forest 0.060 

Big and Low Sagebrush, Sagebrush Steppe, 
Mountain Shrubland, Scrub Shrubland 

Shrubland 0.080 

Fir-Hemlock Forest, Lodgepole Pine, Sub-
Alpine Fir, Douglas Fir, Cottonwood 

Forest 0.100 

Palustrine Forest, Palustrine Shrubland and 
Emergent 

Forest Dominated Riparian, Shrub 
Dominated Riparian 

0.120 

Aspen Groves Dense Straight Willow 0.150 

 

     The 2 year, 24-hour rainfall amounts also had to be calculated for each of the study areas.  

Adapted from a technique used by Johnson (2005), a precipitation value was derived utilizing the 

centroid coordinates of each study watershed.  A precipitation value for each watershed was 
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calculated due to the high variability of rainfall amounts across the individual 8-digit HUCs, 

which made using the centroid of the 8-digit HUC to derive the precipitation value for each of 

the study watershed within that HUC unreliable.  The centroid coordinates for each study 

watershed were then entered into the National Weather Service (NWS) Precipitation Data 

Frequency Server (http://www.nws.noaa.gov/ohd/hdsc/noaaatlas2.htm) to get a precipitation 

value in inches for each coordinate pair.  

      Land surface slope is calculated using a pre-programmed slope algorithm in ArcGIS that 

calculates the maximum rate of elevation change between each cell and its eight neighbors (ESRI 

2005).  Orthogonal neighbors are weighted more than diagonal neighbors in this algorithm.   

 

Shallow Flow Velocity Calculation 

     The inverse velocity for cells partitioned as shallow flow was calculated using the following 

equations (Feldman 2000): 

PavedSV

UnpavedSV

Shallow

Shallow

⇒=
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)(3282.20/1

)(1345.16/1
 

     Where, 
 S = Land surface slope 

     The shallow flow velocity equation utilizes the same land surface slope grid as the sheet flow 

velocity equation (see above).  The paved equation was used only for areas corresponding to the 

High Intensity Urban class in the Idaho Gap dataset and the Urban class in the Oregon Gap 

dataset.   
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Channel Flow Velocity Calculation 

     The inverse velocity for cells partitioned as channel flow was calculated using the following 

equation (Feldman 2000): 

 

n
SmRVChannel

2/13/2)(/1 ×
=  

     Where, 
 R = Hydraulic Radius of stream channel 
 S = Slope of stream channel 
 n = Mannings roughness coefficient  
 

     R (Hydraulic Radius) is typically calculated using the equation R=A/Wp, where A is the 

cross-sectional area of the stream at a given point in a stream and Wp is the Wetted Perimeter at 

that cross-sectional point.  Utilizing this formula in a GIS environment, however, is challenging.  

Theoretically, R can be different along every point on a stream, and due to the regional nature of 

this study having > 10,000 kilometers of streams within the study watersheds, assessing R at 

every point is impossible.  The 10-meter resolution of the data utilized in this study is also too 

coarse to calculate stream width and depth value, which are required when calculating cross-

sectional area and wetted perimeter.  Therefore, certain assumptions had to be made.  There are 

many regional equations that relate stream geometric characteristics such as hydraulic radius to  
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various watershed parameters such as drainage area.  Drainage area is a very simple calculation 

performed in GIS using the flow accumulation grid, and when paired with these regional 

equations, a mean R value for the watershed can be calculated.   

     Hydraulic radius for the Idaho study watersheds was computed using the regional formulas 

developed by Whiting and others (1999) for North-Central Idaho: 

W = 1.233DA0.473 (r2 = 0.752) 

D = 0.106DA0.326 (r2 = 0.673) 

Where, 
     W = bankfull width (m) 
     D = bankfull depth (m) 
     DA = drainage area (km2) 
      

The regional regression equations for Idaho were developed using 23 gauged watersheds in the 

Northern Rockies physiographic province (Fenneman 1931).  A regional equation calculating 

hydraulic radius directly from drainage area would have been desirable but was not found in the 

literature.   

     Regional formulas were developed for all ecoregions within Oregon (Castro and Jackson 

2001).  All study watersheds in Oregon were located within the Blue Mountains ecoregion, 

where 32 gauged watersheds were used to develop the following regional regression equations: 

A = 2.94DA0.857 (r2 = 77.0) 

W = 9.40DA0.420 (r2 = 53.6) 

D = 0.61DA0.330 (r2 = 44.2)

     Where, 
 A = bankfull cross-sectional area (ft2) 
 W = bankfull width (ft) 
 D = bankfull mean depth (ft) 
 DA = drainage area (mi2) 
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Again, a regional equation calculating hydraulic radius directly from drainage area would have 

been desirable but was not found in the literature.   

     The stream slope parameter was calculated using the DEM and the ArcMap function shown 

in Appendix F.   Average slope values were found for individual reaches, due to observed 

“cusping” around the contours on 10m DEMs when calculating an average on an individual cell 

basis.  This method is an improved estimate for streams over general DEM derived slope (see 

above).  A MAX function is also used to avoid zero slope values.  Zero slope values, when 

entered into the channel velocity equation, would result in velocities of zero which would be an 

error.  This equation divides the change in elevation over the flow length distance.   

     Mannings roughness coefficients for stream segments were estimated by using known stream 

physical properties.  Ward and Trimble (2004) developed a set of stream conditions that are 

paired with the associated Mannings roughness coefficients (Table 12).  Additional assumptions, 

however, must be made to address the assignment of appropriate Mannings n values.  No 

ground-collected data were available due to the regional scale of this study and all data available 

could not be utilized to estimate these values.  In order to address this problem, a sensitivity 

analysis was performed to address the influence of extreme Mannings n values.  This sensitivity 

analysis was performed on a 12,000 hectare study watershed in Idaho.   

     One iteration of the travel time calculation was performed using the lowest n value (0.03) 

representing “clean, straight, no rifts/deep pools”, keeping all other parameters constant. The 

mean travel time for the first iteration was 158.04 minutes.  A second iteration was performed 

using the highest n value (0.07) corresponding to “sluggish, weedy, deep pools”.  The mean 

travel time for the second iteration was 242.95 minutes.  The increase in travel time between the 
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extreme n values was 84.91 minutes, which is a 34.95% difference.   This large difference in 

mean travel times demonstrates the sensitivity of the travel time model to the selection of stream 

n values.  To make an educated selection of n value, a value of 0.05  corresponding to “clean, 

winding, some pools, more stones” was used in order to avoid the extreme values (Ward and 

Trimble 2004).   

 
Table 12.  Stream physical characteristics and associated Mannings Roughness Coefficients 

 
Stream type description Associated N value 

Clean, straight, no rifts/deep pools 0.03 
Clean, winding, some pools 0.045 
Clean, winding, some pools, more stones 0.05 
Sluggish, weedy, deep pools 0.07 
Mountain stream, cobbles and few boulders 0.04 
Mountain stream, cobbles and large boulders 0.05 

 

 

Calculating Travel Time 

     The three inverse velocity grids, corresponding to channel, shallow, and sheet flow portioned 

in previous step, were then combined to create one final inverse velocity grid where each cell 

possessed one value that matched the associated value in whichever flow type that cell was 

partitioned into (Appendix F).  This formula merges the three velocity grids (vinv_ch = channel 

flow velocity, vinv_sheet = sheet flow velocity, vinv_shallow = shallow flow velocity) according 

to their location within the watershed.  By multiplying [vinv_ch] with the flow network grid 

([fnet] where stream locations equal 1 and all other locations equal NoData), only the channel 

velocities associated with channel locations are output.  The conditional statement reads “if the 

area corresponds with sheet flow, give the new grid sheet flow velocity values; if the area does 

not correspond with sheet flow, give the new grid shallow flow velocity values”.  These two 
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grids, (1) channel velocity grid and (2) sheet flow and shallow flow velocity grid, are then 

merged to create one total velocity grid represented the three partitioned flow type and their 

associated velocities.   

     The units of this total inverse velocity grid is minutes/meter.  Travel time must be in minutes.  

To calculate travel time, the final step is to perform another iteration of the flow length 

calculation. As discussed above, flow length sums the distance across cells applying the function 

∑ Di Wi , where Di = Distance (m) and Wi = weight for each cell using a weight grid (ESRI 

2005).  By setting Wi = 1/V (total velocity-1 grid calculated above), the flow length function is 

now calculating ∑ D*(1/V) = D/V-1 = meters/(minutes/meter) = Minutes, which represents 

watershed travel time.  The travel time grid has a value, in minutes, for every cell in the 

watershed which corresponds to the time it takes water in that cell to reach the outlet point.  

Travel time was used as the distance factor in this study to relate the distance of all points of the 

road network within a watershed to the macroinvertebrate sample point (study watershed outlet 

point).   

     This method is particularly useful due to the fact that all parts of a watershed are not equally 

likely to contribute similar amounts of runoff, and by incorporating these various parameters, 

travel time is able to better characterize these spatial differences within a watershed.  Travel time 

provides a more hydrologically relevant distance measure, incorporating the effect of land use 

and land cover on runoff routing and strength, than typical approaches such as straight-line 

distance and riparian buffer zones.   

 

3.3.3  Macroinvertebrate Metrics 
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     Numerous studies have been conducted to identify those macroinvertebrate metrics that show 

significant response to sedimentation.  Kaller and Hartman (2004) showed that EPT taxa richness 

was negatively correlated with accumulation of sediment after rainfall events.  Chou and others 

(2004) demonstrated that levels of taxa abundance and family number is significantly correlated 

with sedimentation rate and the percent of substrate comprised of silt and clay.  Haggerty and 

others (2004) found that shredder and collector functional groups increased in response to 

increasing sedimentation from clear-cut conditions.   

     The macroinvertebrate metrics utilized in this study are from a previous study performed by 

Dr. Mark Vinson at Utah State University aimed at performing a multi-metric comparison of 37 

macroinvertebrate metrics and their sensitivity to aquatic ecosystem degradation (Vinson 2005).  

Through preliminary analysis, 18 metrics were found that had both significant differences 

between reference and managed sites and the direction of the relationship in response to 

degradation was similar to that predicted in published literature.  The correlation between the 18 

selected metrics was then determined in order to eliminate redundancy in the selected metrics.  If 

metric correlations exceeded an r2 of 0.5, one of the correlated metrics was eliminated by 

choosing the metric with the higher effect size or if one of the metrics did not appear to be 

represented by another metric in the group of selected metrics.  This process yielded 10 metrics 

that encompassed measures of taxonomic richness, the food web, and known correlation to land 

management actions (Table 13).  These 10 metrics will be analyzed under the hypothesis that 

water quality will be worse in those watersheds that have higher Road Impact Factors, a shorter 

distance between the road segments and the watershed outlet, or a high combination of the two.  

Terms in Italic (Table 13) represent abbreviations used in analysis.  Stream metric responses 

were taken from Kerans and Karr (1994).   
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Table 13.  Metrics used in this study along with the expected response of 
each metric value to harmful stream impacts. 

 
Metric Description Expected Value Response to Disturbance 

Ephemeroptera Taxa (EPHET) Decrease 
% Ephemeroptera (%EPHEA) Decrease 
Plecoptera Taxa (PLECT) Decrease 
Predator Taxa (PRT) Decrease 
% Shredders (%SHA) Decrease 
% Predators (%PRA) Decrease 
% Collectors/Filterers (%PRA) Increase 
Pollution Intolerant Taxa (KINTT) Decrease 
Hilsenhoff Biotic Index (TV1) Increase 
Tolerant Taxa (KTOLT) Increase 

 

3.3.4  Data Analysis 

     Study watersheds were designated as reference or non-reference depending on the location of 

the watershed outlet point (Outlet Point Location technique).  If the outlet point was located 

within a Wilderness area or a U.S. Forest Service Roadless Area it was deemed reference.  

Conversely, if the outlet point was located outside of these protected areas it was deemed non-

reference.  To test whether or not these designation were appropriate in regards to the benthic 

macroinvertebrate metrics, two-sample Student’s T-tests (α = 0.1) for differences in means along 

with the associated Two-sample F-test (α = 0.1), to assess differences in variance, were 

performed to identify significant differences between reference and non-reference sites within 

the individual study regions (i.e. Idaho and Oregon).  The F-test was performed prior to the 

Student’s T-test due to the fact that the selection of the appropriate T-test depends on whether the 

samples possess homoscedastic or heteroscedastic distributions.  A significance level (α) of 0.1 

has been widely used in the study of biological phenomena and is higher than the typical 95% 

level (α = 0.05) because these phenomena often exhibit a higher degree of natural variation.   

 61



     After preliminary comparison between reference and non-reference conditions, a more 

intuitive method of reference designation was also tested, utilizing the aforementioned 

techniques, to identify whether or not an increase in the number of statistically significant 

differences was seen in the macroinvertebrate metrics.  This method utilized the proportion of 

the total watershed area that fell within the “protected” category as an indicator of reference 

conditions.  The total proportions of watershed area comprised of “protected” areas were 

calculated for each of the 101 study watersheds.  A mean value was calculated for the Idaho and 

Oregon sites separately, and all watersheds whose proportional “protected” area value fell above 

the respective mean value were deemed reference sites.  All watersheds whose proportional 

“protected” area value fell below the respective mean value were deemed non-reference sites.  A 

difference in means was expected between these two groups.  

     Two-sample Student’s t-tests, and associated F-tests, were also performed to test whether 

ecoregions stratification was meaningful between macroinvertebrate metric values at all study 

sites (Omernik 1987).  Reference designations were ignored for this analysis as this procedure 

was used to solely test the feasibility of ecoregion stratification.   

     Preliminary testing performed on the effect of Road Impact Factor and Mean Travel Time on 

macroinvertebrate metrics was done using a “quadrant” approach (Figure 8).  The quadrant 

partitions were created by utilizing the overall means of all watersheds for the respective 

parameters.   

     The hypothesized interaction between the two parameters being tested (RIF and Travel Time) 

and the value of the macroinvertebrate metric is straightforward.  If a watershed has a high RIF 

value and a low Mean Travel Time value, placing it in the lower right quadrant, a lower 

macroinvertebrate metric value was expected due to the watershed having a high potential of 
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road impact located close to the watershed outlet point (macroinvertebrate sample point).  

Conversely, if a watershed has a low RIF value and a high Mean Travel Time, placing it in the 

upper left quadrant, a higher macroinvertebrate metric value would be expected due to the 

watershed having lower potential road impacts located far from the watershed outlet point.   

 

 
Figure 8.  Quadrant analysis concept.  Dashed lines represent quadrant breaks.  Worse water 
quality located in SE quadrant; Better water quality located in NW quadrant and at origin.  

 

     This trend would also be expected in watersheds with no roaded areas (points representing 

(0,0) on the quadrant graph).  All other watersheds, with other parameter combinations (i.e. High 

RIF and High Mean Travel Time; Low RIF and Low Mean Travel Time) should represent 

moderately impacted watersheds.  The fourth quartile (top 25%) of the individual metric values 

was used to represent the highest metric values.  The first quartile (bottom 25%) of the individual 

metric values was used to represent the lowest metric values.   

     Clustering Analysis was also performed on the dataset using the hierarchical clustering tool in 

SPSS (SPSS 2004).  Hierarchical clustering analysis is a statistical method for identifying 

relatively homogeneous clusters of cases based on measured characteristics, and has been 
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utilized successfully in many riverine studies (Lods-Crozet et al. 2001, Quist et al. 2004, Vidal-

Abarca et al. 2004, Wardrop et al. 2005).  This study utilized the agglomerative clustering 

method to further understand the trends observed within the data set with the quadrant analysis.  

Agglomerative methods begin with each observation being considered a separate cluster and then 

proceeds to combine them until all observations belong to a single cluster.  Euclidean distance 

was used as the distance measure in this analysis.  The hierarchical clustering algorithm used was 

Ward’s method.  Ward's method is distinct from all the other clustering methods because it 

utilizes an analysis of variance approach to evaluate the distances between clusters. In short, this 

method attempts to minimize the Sum of Squares of any two (hypothetical) clusters that can be 

formed at each step and is regarded as very efficient (Lods-Crozet et al. 2001, Vidal-Abarca et 

al. 2004, Wardrop et al. 2005).   

     Two hypotheses were tested for the clustering analysis utilizing the Road Impact Factor and 

Mean Travel Time parameters and the macroinvertebrate metrics:  

(1) Watershed condition (i.e. reference conditions) can be accurately classified using Road 

Impact Factor, mean Travel Time, and individual macroinvertebrate metrics. 

(2) Macroinvertebrate metric values can be estimated by solely using Road Impact Factor 

and mean Travel Time?   

 

CHAPTER 4. RESULTS 

4.1 ECOREGION AND REFERENCE DESIGNATION TESTING 

          Several of the metrics showed differences between reference and non-reference sites in the 

Idaho study area (Table 14).  For the Outlet Point Location reference designation technique, the 

difference in means between reference and non-reference conditions for PRT and PLECT was 
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statistically significant (P<0.1).  EPHET was also found to be slightly significant (P=0.0969).  

The difference for the seven remaining metrics was not statistically significant (P>0.1).  For the 

Protected Area Proportion reference designation technique, the difference in means between 

reference and non-reference conditions for PRT, %EPHEA, EPHET, and PLECT was  

 
Table 14.  Students t-test results, testing the effectiveness of two techniques at distinguishing 
differences in means metric values in reference vs. non-reference conditions in Idaho.  Two 
techniques utilized were Outlet Point Location and Protected Area Proportion.  Significant 

differences displayed in bold. 
 

 
 

Outlet Point  
Location 

Protected Area 
Proportion 

Metric t-statistic Prob>t t-statistic Prob>t 
TV1 0.8275 0.2059 0.9052 0.1849 

%SHA -0.6565 0.2576 0.1486 0.4414 
%CFA -0.0241 0.4905 -0.4755 0.3183 
PRT -0.6565 0.0166 1.4780 0.0742 

%PRA -0.1669 0.4341 0.4156 0.3398 
EPHET 1.3169 0.0969 1.6722 0.0504 

%EPHEA 0.0225 0.4911 -1.7571 0.0442 
PLECT 1.9810 0.0267 1.3855 0.0875 
KINTT 0.9163 0.1820 0.8894 0.1890 
KTOLT -1.0597 0.1474 -1.0355 0.1545 

 

statistically significant (P<0.1).  The difference in means for the six remaining metrics was not 

statistically significant (P>0.1).  Aside from the addition of %EPHEA in the Protected Area 

Proportion method, all statistically significant metrics are identical between the two reference 

designation techniques for the Idaho study sites.   

     A considerable difference in the quantity of significant macroinvertebrate metrics between the 

Outlet Point Location method and Protected Area Proportion method was observed in the 

Oregon study sites (Table 15).  For the Outlet Point Location reference designation technique, 

the difference in means between reference and non-reference conditions for %SHA and PRT was 

statistically significant (P<0.1).  The difference for the eight remaining metrics was not 
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statistically significant (P>0.1).  For the Protected Area Proportion reference designation 

technique, the difference in means between reference and non-reference conditions for %CFA, 

%PRA, PLECT, and KTOLT was statistically significant (P<0.1).  The PRT, EPHET, and 

KINTT macroinvertebrate metrics were found to be highly significant (P<0.0028) using this 

method.  TV1 was slightly significant (P=0.0971).  The difference in means for the two 

remaining metrics was not statistically significant (P>0.1).  A vast difference was found between 

  
Table 15.  Students t-test results, testing the effectiveness of two techniques at distinguishing 
differences in means metric values in reference vs. non-reference conditions in Oregon.  Two 

techniques utilized were Outlet Point Location and Protected Area Proportion.  Significant 
differences displayed in bold. 

 

  
Outlet Point 

Location 
Protected Area 

Proportion 
Metric t-statistic Prob>t t-statistic Prob>t 

TV1 -0.2292 0.4099 -1.3172 0.0971 
%SHA -2.4350 0.0094 -0.9386 0.1773 
%CFA 1.0325 0.1660 1.4571 0.0854 
PRT 1.7446 0.0438 2.6083 0.0000 

%PRA -0.2044 0.4194 -1.6362 0.0563 
EPHET 0.7992 0.2141 3.9262 0.0002 

%EPHEA -0.1827 0.4298 -0.0614 0.4756 
PLECT 0.8136 0.2100 2.3502 0.0115 
KINTT 1.0803 0.1428 2.9019 0.0028 
KTOLT 0.8274 0.2061 -1.4210 0.0810 

 

the two reference designation methods for the Oregon study sites.  The Protected Area 

Proportion method exhibits an improved ability to distinguish differences in metric mean values.   

Causes for this relationship, as well as reasons for the differences seen between the Idaho and 

Oregon study sites, will be discussed further.  Due to the increased ability to differentiate metric 

conditions, the Protected Area Proportion technique will be used to denote reference conditions 

for the remaining analysis. 
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     A significant difference in metric values between ecoregions was expected.  The difference in 

metric means was statistically significant (Table 16) between aquatic ecoregions for %CFA, 

%PRA, and EPHET (P<0.1).  Highly significant results were also found for %EPHEA, KINTT, 

and KTOLT (P<0.0089).  The difference in means for the four remaining metrics was not 

significant (P>0.1).   

 
Table 16.  Students t-test results testing the difference in metric means between the Oregon study 

sites (Blue Mtns Ecoregion) and the Idaho study sites (Northern Rockies Ecoregion).  Test for 
the effectiveness of ecoregion stratification of metric sample locations. Significant differences 

displayed in bold. 
 

Metric t-statistic Prob>t 
TV1 -0.9686 0.1676 

%SHA -0.1527 0.4395 
%CFA -1.4187 0.0796 
PRT -0.5543 0.2903 

%PRA -1.9000 0.0303 
EPHET 1.6689 0.0492 

%EPHEA 2.4194 0.0089 
PLECT -0.9510 0.1720 
KINTT 3.3533 0.0006 
KTOLT -4.5096 0.0000 

 
 

4.2 QUADRANT ANALYSIS 

     Several macroinvertebrate metrics values, in the Idaho study sites, exhibited trends similar to 

the original quadrant hypothesis (Figure 8).  For example, the percent Shredders metric (%SHA) 

displayed in Figure 9 showed a clear distinction between the 1st and 4th quartile metric values, 

although the separation did not precisely follow the concept proposed in Figure 8.  Many other 

study sites in Idaho also displayed trends relating to the original quadrant analysis hypothesis.  

These macroinvertebrate metrics include PLECT, KINTT, and EPHET.  KTOLT also exhibited a 

trend relating the 1st and 4th quartile metric values to Mean Travel Time and Road Impact Factor 
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although it was opposite of the other metrics.  This response was expected from KTOLT due to 

the inherent increase in tolerant taxa in disturbed conditions, which corresponds to high road 

impact factors in this study (Kerans and Karr 1994).  The trends observed in the Idaho study sites 

appeared to be more closely correlated with Road Impact Factors than with Mean Travel Time.   
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Figure 9.  Quadrant analysis results for %SHA in Idaho.  
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Figure 10.  Quadrant analysis results for KTOLT in Idaho. 
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In other words, the vertical quadrant partitions (RIF) seemed to be more important that the 

horizontal partitions (Mean TT). Quadrant analysis plots for all metrics in Idaho are listed in 

Appendix B.  Metrics displaying notable trends are symbolized using an asterisk (*).             

     The Oregon study sites did not exhibit any trends that were as apparent as those in the Idaho 

study sites using the quadrant analysis approach.  The differences observed in several of the 

metrics, including KINTT and KTOLT, appeared to be more correlated with Mean Travel Time 

than with Road Impact Factor.  In other words, breaks between the 1st and 4th quartiles seem to 

follow a horizontal trend.  Quadrant analysis plots for all metrics in Oregon are shown in 

Appendix B.   

 

4.3 HIERARCHICAL CLUSTERING ANALYSIS 

4.3.1 Clustering Hypothesis 1 

     Two cluster assignments were chosen for this analysis. Each study site was assigned a cluster 

identification representing a 1 for non-reference or a 2 for reference conditions from the cluster 

analysis procedure.  This methodology was utilized so that each study site could then be related 

back to the original reference or non-reference condition designation.  An accuracy assessment, 

in the form of a contingency table analysis, was performed for each of the ten macroinvertebrate 

metrics to identify the extent to which the clustering analysis classification was correct.   

     In the Idaho study sites several metrics, when used in conjunction with Road Impact Factor 

and Mean Travel Time, correctly classified over 80% (TV1, EPHET, %EPHEA, PLECT) of the 

reference designations discussed earlier (Table 17).  This level of accuracy was deemed 

acceptable due to the high variability observed in this macroinvertebrate dataset.  The remaining 

metrics correctly classified only 60.87 – 73.91% of the reference sites.  Contingency tables for 
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the Idaho study sites are listed in Appendix C.  A comparative analysis was also performed using 

solely the Road Impact Factor and Mean Travel Time parameters (i.e. withholding all metric 

information), in order to assess whether or not adding an individual metric to the clustering 

analysis increased the overall classification accuracy.  The classification accuracy in Idaho for 

the clustering using solely Road Impact Factor and Mean Travel Time was 63.04% (Table 17).  

This provided evidence that the inclusion of TV1, EPHET, %EPHEA, and PLECT resulted in a 

significant increase in the accuracy of reference condition prediction.  

     Hierarchical clustering using more than an individual macroinvertebrate metric was also 

explored.  Clustering using all 10 metrics resulted in a classification accuracy of 80.43% in Idaho 

(Table 17).  This accuracy did not represent a significant increase from utilizing certain 

individual metrics.  Clustering using all 10 metrics resulted in a classification accuracy of only 

32.65% in Oregon.  Hierarchical clustering was also performed using only those metrics that  

 
Table 17.  Accuracy assessment for study site cluster analysis. Testing  

of reference condition prediction. 
 

Percent of Reference Condition 
Study Sites Correctly Classified Metric Used in 

Analysis Idaho Oregon 
TV1 82.61 46.94 

%SHA 65.22 48.98 
%CFA 63.04 51.02 
PRT 60.87 48.98 

%PRA 73.91 59.18 
EPHET 86.96 48.98 

%EPHEA 82.61 53.06 
PLECT 80.43 51.02 
KINTT 63.04 61.22 
KTOLT 65.22 65.31 

RIF and TT Only 63.04 53.06 
All Metrics, RIF, TT 80.43 32.65 

Metrics >80% accurate, 
RIF, and TT 86.96 N/A 

 

 70



were classified accurately on an individual basis.  Using this method, the classification accuracy 

for the Idaho study sites was 86.96% (Table 17).  Again, this accuracy did not represent a 

significant increase from utilizing the EPHET metric.  This method was not applicable for the 

Oregon study sites, given that no individual macroinvertebrate metrics had a classification 

accuracy > 80%.   

     In the Oregon study sites, however, none of the macroinvertebrate metrics measured 

exhibited the ability to correspond with watershed condition when coupled with Mean 

Travel Time and Road Impact Factor.  Table 17 displays the low classification accuracy, 

ranging from 46.95% (TV1) to 65.31% (KTOLT).  The classification accuracy for the 

clustering using solely Road Impact Factor and Mean Travel Time was only 53.06%.  No 

clustering analysis accuracy exhibited significant improvement with the inclusion of a particular 

macroinvertebrate metric.   

     The majority of the clustering structure within the Oregon dataset was within the Road Impact 

Factor and Mean Travel Time parameters, and the addition of any particular metric had little 

influence on the overall clustering outcome (Figure 11).  The 3-Dimensional point cloud (a) 

displays the 5 clusters derived using the Ward method.  Five clusters were chosen for Figure 10 

in order to highlight the contribution of the TV1 metric to the cluster boundary determination.  

When TV1 is plotted against both Road Impact Factor (b) and Mean Travel Time (c), little 

differentiation between clusters was observed.  When plotting Road Impact Factor against 

Travel Time (d), however, the hierarchical clustering structure was easily observed.  This 

reinforces the concept that this macroinvertebrate metric value offered little to the overall 

cluster structure in the Oregon study sites.   
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 (a) 

 
    (b)        (c)            (d) 

Figure 11.  (a) Example 3-Dimensional point cloud plotting Mean Travel Time, Road Impact 
Factor, and TV1 values for each watershed in Oregon. (b) 3-D plot rotated to depict Road Impact 

Factor x TV1; (c) 3-D plot rotated to depict Mean Travel Time x TV1; (d) 3-D plot rotated to 
depict Mean Travel Time x Road Impact Factor. 

 

4.3.2 Clustering Hypothesis 2 

     Four cluster assignments were chosen for this analysis, designed to correspond with the four 

quadrants used in the quadrant analysis discussed above.  Figure 12 plots the cluster designation 

results for Idaho and Oregon.  Dendrograms created in the clustering process also map the  

hierarchical relationships between study sites based on Road Impact Factor and Mean Travel 
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Figure 12.  Hierarchical clustering results for Idaho and Oregon using only  

Road Impact Factor and Mean Travel Time as input parameters. 
Time (Appendix D). 

     The clusters for both study areas followed the quadrant breaks fairly accurately, indicating the 

utility of stratifying study sites based on these two input parameters.  By decreasing the number 

of clusters in subsequent clustering analysis, a pattern of grouping was observed. In both Idaho 

and Oregon, when the number of clusters was reduced to 3, groups C1 and C4 were combined 

(denoted as C14) while groups C2 and C3 remained unchanged.  When the number of clusters was 

further reduced to 2, groups C2 and C3 were combined (denoted as C23) while group C14 

remained unchanged.  All groups were consolidated vertically, denoting more similarity between 

the Mean Travel Time values of the groups.  Due to the greater influence of Road Impact Factor 
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on overall clustering, and because of the original quadrant analysis concept (Figure 8), C2 and C3 

were selected to test for the highest metric values (4th quartile) while C1 and C4 were selected to 

test for the lowest metric values (1st quartile).  The opposite trend was expected for %CFA, TV1, 

and KOLT (per Table 13).   

     Table 18 calculates the accuracy of the 4-group clustering analysis in Idaho as just described.  

For the first portion of the table, the total number of study watersheds, with the particular metric 

values falling in the 1st quartile, was calculated.  The portion of these watersheds that also fell 

within the correct clusters (C1 and C4) was also calculated.  From these values a classification 

accuracy percentage was calculated: 

 
# watersheds with metric values in 1st quartile and classified in C1 and C4

Total # watersheds with metric values in 1st quartile 

 
The same calculation was also performed for the 4th quartile analysis: 

# watersheds with metric values in 4th quartile and classified in C2 and C3

Total # watersheds with metric values in 4th quartile 

Table 18.  Classification accuracy of 4-group cluster analysis on 1st and 4th quartile 
 metric values in Idaho study watersheds. 

 

Metric 
1st Quartile 

Clusters 1 & 4 Total 
% 

Correct
4th Quartile 

Clusters 2 & 3 Total 
% 

Correct 
TV1 9 12 75.0% 6 12 50.0% 

%SHA 9 12 75.0% 9 12 75.0% 
%CFA 9 12 75.0% 7 12 58.3% 
PRT 7 21 33.3% 9 18 50.0% 

%PRA 4 12 33.3% 8 12 66.7% 
EPHET 6 12 50.0% 8 12 66.7% 

%EPHEA 2 12 16.7% 9 12 75.0% 
PLECT 8 16 50.0% 11 15 73.3% 
KINTT 7 12 58.3% 6 11 54.5% 
KTOLT 7 17 41.2% 10 16 62.5% 
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Table 19.  Classification accuracy of 4-group cluster analysis on 1st and 4th quartile 
metric values in Oregon study watersheds. 

 

Metric 
1st Quartile 

Clusters 1 & 4 Total 
% 

Correct
4th Quartile 

Clusters 2 & 3 Total 
% 

Correct
TV1 7 13 53.8% 4 13 30.8% 

%SHA 4 12 33.3% 10 12 83.3% 
%CFA 7 12 58.3% 8 13 61.5% 
PRT 6 15 40.0% 11 19 57.9% 

%PRA 4 13 30.8% 6 12 50.0% 
EPHET 3 12 25.0% 7 16 43.8% 

%EPHEA 4 12 33.3% 4 13 30.8% 
PLECT 5 14 35.7% 12 18 66.7% 
KINTT 6 16 37.5% 7 13 53.8% 
KTOLT 12 17 70.6% 6 17 35.3% 

 

     The 4th quartile and 1st quartile values were unable to be classified with accuracy greater than 

75% (TV1, %SHA, %CFA, %EPHEA) in Idaho.  Hierarchical clustering utilizing Road Impact 

Factor and Mean Travel Time input parameters did predict more metrics with 75% accuracies in 

the 1st quartile, or “potentially impacted” watersheds, than the 4th quartile.  The 4th quartile 

predictions, however, had lower variability in the overall accuracy between metrics (50-75% 

accuracy) than the 1st quartile predictions (16.7-75% accuracy).   

     The Oregon classification accuracy was similar to the results in Idaho (Table 19).  The 

watersheds with %SHA values in the 4th quartile were classified with 83.3% accuracy. All other 

4th quartile metrics values were only able to be classified with accuracies of 30.8 (%EPHEA, 

TV1) – 66.7% (PLECT) in Oregon.  The accuracy of the 1st quartile metric values was also quite 

low, ranging from 25.0% (EPHET) to 70.6% (KTOLT).   
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CHAPTER 5. DISCUSSION 

5.1 REFERENCE DESIGNATION AND ECOREGION TESTING 

     There was significant evidence that certain macroinvertebrate communities differ between 

reference and non-reference conditions (Table 14 and Table 15).  The designation of a 

“reference” condition is a fairly subjective process and can be determined by utilizing any 

number of techniques including number of contributing stressors (Trombulak and Frissell 2000, 

Ode et al. 2005), percent of contributing area occupied by stressors (Sponseller et al. 2001), and 

the presence/absence of stressors on the landscape (Filipe et al. 2004, Johnson 2005).  In this 

study, the number of macroinvertebrate metrics that differed between reference and non-

reference conditions increased when moving from the Outlet Point Location technique to the 

Protected Area Proportion technique (Table 14 and Table 15).  This outcome shows that, for 

these regions, by including the percent of watershed area occupied by “protected” areas in the 

reference designation process, a more sensitive representation of metrics that are significantly 

impacted by landscape stressors may be achieved.   

     The large increase in the total number of macroinvertebrate metrics displaying significant 

differences between the Idaho and Oregon study sites is likely due to the inherent nature of the 

road networks in these regions.  While there was high variability and small overall lengths of 

roads within the Idaho study sites, the Oregon study sites consistently had very high numbers of 

roads within their watersheds.  Due to this factor, using a proportional approach has a much 

larger effect on those watersheds that have large amounts of roads.  This concept is responsible 

for the increase of only one metric that displayed significant differences in Idaho compared to 

the increase of six metrics in Oregon.  This shows that this technique could be most useful in 

areas of large widespread impacts.   
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     The variability evident in this dataset illustrates the importance of properly selecting reference 

areas when attempting to create a standard to which study sites predicted to be adversely affected 

by human disturbance can be compared (Rosenberg and Resh 1993).  Differences in stressor 

types, natural or background conditions, the biologic phenomena under question, as well as many 

other factors are crucial to this decision making process.  These characteristics also make each 

particular case unique and offer a way for any study to effectively evaluate which factors are 

essential to developing a proper reference classification.   

     As stated in Chapter 2, ecoregion stratification in macroinvertebrate studies has received 

mixed reviews (Omernik 1987).  Numerous studies have shown that stratification by ecoregion 

alone is insufficient in accounting for the biological heterogeneity of stream assemblages and 

cannot accurately predict biotic conditions expected to occur in the absence of anthropogenic 

disturbance (Poff and Ward 1990, Hawkins and Vinson 2000).  The effectiveness of utilizing 

aquatic ecoregions in this study, however, confirms that this process may work well as an initial 

stratification criteria (Table 16) as long as it is coupled with additional stratification schemes (i.e. 

catchments, stream morphology, reaches, etc.).   

 

5.2 QUADRANT ANALYSIS 

     The overall purpose of this study was to assess the viability of using this macroinvertebrate 

inventory dataset as a way to predict watershed health.  Due to the fact that this was an inventory 

dataset and not a designed experiment, and that the macroinvertebrate dataset was quite “dirty”, 

it was expected to be very difficult to derive a substantial signal from this analysis.  The problem 

with the macroinvertebrate dataset is due to the variability in sampling techniques, dates of 
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collection, variation in stream flow conditions, no formal sample location scheme, as well as 

many other considerations.   

     Many of the metrics (PLECT, EPHET, KINTT, and KTOLT) in the Idaho study sites 

exhibited trends that corresponded with the original hypothesis.  No metrics in Oregon were 

found to follow the hypothesized trend.  This disparity between the Idaho and Oregon study sites 

is likely due to the base data utilized in the Road Impact Factor development.  The original Idaho 

Department of Lands road dataset, used in the road impact factor development for Idaho, 

incorporated a high level of attribute detail relative to the scale of this study.  The Road 

Tiger/Line files used for the Oregon sites contained far less detail and were therefore only able to 

account for a small portion of the variability in the macroinvertebrate dataset.   

     More specifically, the problem in the road dataset in Oregon occurred because of a lack of 

detail in the road class parameter.  Road class was utilized in this study as a way to incorporate 

water control features and surfacing types into the model at a regional scale.  With the almost 

uniform coverage of Tiger/Line file road class “A41” in Oregon, a significant loss of road 

network variability occurred.  This is part of the reason why the quadrant analysis performed in 

Oregon had a problem differentiating the 1st and 4th quartile macroinvertebrate metric values.  

The Oregon site’s lack of predictive ability can be observed throughout all analyses performed in 

this study.   

     The overall grouping of the 1st and 4th quartile metric sites in the quadrant analysis (Appendix 

B) reflects the aforementioned effect of poor road base data in Oregon.  By employing detailed 

base data, as used at the Idaho study sites, most groupings did not cross the Road Impact Factor 

quadrant breakline.  The mean Travel Time quadrant breakline, on the other hand, did not have 

as large of an effect on overall grouping structure in Idaho.  In short, macroinvertebrate metric 
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groupings in Idaho were more dependent on Road Impact Factor parameter than mean Travel 

Time parameter.   When road base data of lower attribute detail was utilized in Oregon, the 1st 

and 4th quartile grouping were more dependent on the mean Travel Time parameter rather than 

the Road Impact Factor parameter.  The increase of grouping dependency on the mean Travel 

Time parameter was due to the fact that there was little differentiation in the road base data from 

which the Road Impact Factor was modeled.   

     An additional parameter that may prove useful, but was not utilized in the Road Impact Factor 

model, is the incorporation of the underlying soils properties of road segments.  As discussed 

earlier, many studies have discovered a strong correlation between soil types, texture, and 

sediment production within road networks (Elliot et al. 1999, Luce and Black 1999, Clinton and 

Vose 2003).  In areas where road geospatial data is lacking sufficient attribute detail, such as the 

Oregon study region, the addition of this parameter may allow for increased explanatory power 

of the model.  This soil parameter may also further increase the power of the Road Impact Factor 

model in areas where there is a high level of attribute detail, such as the Idaho study region.   

 

5.3 HIERARCHICAL CLUSTERING ANALYSIS 

5.3.1 Clustering Hypothesis 1 

     The purpose for analyzing numerous macroinvertebrate metrics in this study was due to the 

fact that several of them would end up not correlating well with the Road Impact Factor model.  

The 2-class cluster analysis to predict reference conditions was fairly successful at the Idaho 

study sites.  Although the accuracies were not extremely high, due to the variability in the 

macroinvertebrate inventory dataset and the fact that only three parameters were used in each 

cluster analysis (Road Impact Factor, mean Travel Time, and a particular macroinvertebrate 
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metric), the four metrics with > 80% accuracies (Table 17) were deemed successful 

classifications.   

     The 80.43% classification accuracies of using all 10 metrics, as well as the 86.96% 

classification accuracy of using those metrics that had > 80% individual classification accuracies, 

showed that a significant increase in accuracy was not achieved by including multiple metrics in 

the clustering analysis.  The individual metric classification accuracy of EPHET was greater than 

or equal to the accuracies of both of the aforementioned techniques.  The individual accuracies of 

TV1, %EPHEA, and PLECT were greater than or equal to the accuracy achieved by clustering 

using all ten macroinvertebrate metrics.  The use of these four metrics are equaled capable of 

predicting reference conditions as techniques that employ multiple metrics.   

     Similar results at the Oregon study sites were found in the hierarchical clustering analysis as 

were found in the quadrant analysis.  No metrics were found to accurately classify the reference 

watershed conditions (Table 17), with KTOLT possessing the highest accuracy at 65.31%.  The 

low accuracies recorded in Oregon could be due to the Road Impact Factor model concerns 

discussed above.  The difference in accuracies between the Idaho and Oregon study sites might 

also be a result of less total reference sites.   In Idaho, 30 out of the 46 sites were deemed 

reference sites using the Protected Area Proportion method.  In Oregon, however, only 12 out of 

the 49 sites were deemed reference sites using the Protected Area Proportion method.  Due to the 

low number of reference sites in Oregon it can be difficult to accurately classify reference areas, 

as well as highly influential on overall accuracy if one of the reference sites is classified 

incorrectly.   

     All of the metrics in Oregon displayed clustering trends similar to those shown in Figure 11.  

This exemplifies the macroinvertebrate inventory dataset issues discussed earlier.  The metric 

 80



values in the Oregon study sites were extremely variable and it was very difficult to identify any 

discernable patterns in the dataset.  Even with the decreased predictive ability of the Road Impact 

Factor model in Oregon (as discussed above), RIF and mean TT accounted for much of the 

clustering structure in the Oregon study sites (Figure 11).  The macroinvertebrate metrics offered 

little additional clustering potential, and may have even hindered the accurate classification of 

reference conditions in Oregon.   

 

5.3.2 Clustering Hypothesis 2 

     The resulting clusters from the 4-class cluster analysis corresponded very closely with the 

impact quadrant boundaries hypothesized in Figure 8.  This displayed the utility of using the 

Road Impact Factor and mean Travel Time parameters as clustering agents in this study.  As 

discussed above, and interesting trend was also observed when the number of classes used in the 

cluster analysis was decreased (Figure 13).  When 4 classes were utilized for the analysis, the 

clusters aligned fairly closely with the 4 quadrants (Figure 13a).  By decreasing the number of 

classes to 3, the clusters in the NE and SE quadrants merged (Figure 13b).  The clustering was 

fairly unaffected by the mean Travel Time quadrant breakline whereas it conformed to the Road 

Impact Factor quadrant breakline.  As the number of classes was further decreased to 2, the 

clusters in the NW and SW quadrants merged (Figure 13c). Again, the clustering was 

significantly effected by the Road Impact Factor breakline.   

    Differences in the degree of similarity within the clusters can be observed from the 

dendrograms in Appendix D.  The horizontal axis, labeled “Rescaled Distance Cluster 

Combine”, shows the number of standardized distance units between the various cluster 

assignments. The larger the number, the greater the distance between the cases in the clusters and 
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the lower the similarity is between the combined clusters.  The 4-class Rescaled Distance cutoff 

for the Idaho study sites was 4 standardized distance units.  This is fairly high similarity, when 

compared to the 4-class Rescaled Distance cutoff of 10 standardized units for the Oregon study 

sites.   

 
        (a)       (b) 

 
        (c) 

 
Figure 13.  Conceptual representation of the clustering process observed in both  

Idaho and Oregon as the number of classes decreased.  Part (a) corresponds  
with Figure 12 for Idaho and Oregon. 

 

     A higher similarity is desirable because the more similar the individual cases are that 

comprise a cluster, the more likely the cluster is going to relate to a characteristic of interest, 

such as a macroinvertebrate metric.  Even thought the highest accuracies were only 75% in Idaho 
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(Table 18) and a single 83.3% in Oregon (Table 19), this is the reason why many of the 

macroinvertebrate metrics in Idaho were more accurately classified from the derived clusters 

than those in Oregon.   

 

CHAPTER 6. CONCLUSIONS 

     Correlating landscape impacts and health to aquatic stream biota has been established in the 

literature.  With the plethora of macroinvertebrate species and the individual responses each 

species and community group demonstrates in response to anthropogenic impacts, stream benthic 

macroinvertebrates are very adept at identifying even small changes in stream physical 

condition.   

     The difficulty in quantifying these relationships in this study was due to numerous factors 

relating to the regional scale of this study.  The variability inherent to the pre-existing 

macroinvertebrate inventory database (such as sampling method, date of collection, location of 

sample in stream, accuracy of sample point location, and many more) proved to be a substantial 

limiting factor in this study.  A designed experiment would offer an improved way to model the 

relationships between road stressors and macroinvertebrate communities.  An appropriate 

experiment would be comprised of predetermined sampling protocols that would encompass 

both local and regional scales, satisfy statistical assumptions, and is temporally redundant. 

     Several of the metrics analyzed in the Idaho study sites displayed slight trends in accordance 

with hypothesized relationships with road impact stressors.  Conversely, little correlation 

between road impacts and macroinvertebrate communities could be determined in the Oregon 

study sites.  In order to obtain desirable results from a study such as this, the most accurate and 

detailed base data available (road data in this case) must be attained for inclusion into the model 
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process.  In Oregon, unfortunately, the most detailed road dataset was Tiger/Line data which is 

fairly general in regards to attribute detail and spatial accuracy.  As with any GIS analysis, the 

data was the limiting factor in this study and was crucial to the success of the model.   

     The exclusion of parameters such as road-stream crossings was unavoidable due to data 

limitations, but represents another considerable shortcoming in the model (Montgomery 1994, 

Jones et al. 2000).  Road-stream crossings are extremely important when attempting to 

understand the relationship between road surface erosion and sediment impacts on stream 

macroinvertebrate communities.  Unfortunately, as stated earlier, due to the scale of the data 

used in this study, the exact location of road-stream crossing could not be accurately identified, 

and were therefore not included as a parameter in the model.  

     Another parameter that was not included in the RIF model, which should be studied in further 

research, is the inclusion of watershed area.  Whether the final Road Impact Factor be 

normalized by watershed area, or have the area parameter included using a different technique, it 

represents an important factor that should be explored further.   

     The trends observed in this study may not, however, be significant enough to warrant the 

further use of this particular macroinvertebrate inventory dataset for watershed impact research.  

The macroinvertebrate inventory dataset utilized in this study is the product of an ongoing 

compilation by Dr. Vinson at Utah State University.  Samples from hundreds of researchers and 

dozens of government agencies, all with varying knowledge, sampling techniques, and research 

goals were amassed into this centralized inventory database.  Due to this compilation scheme, it 

was very challenging to acquire any signal from this dataset.  As discussed above, a designed 

experiment would be better suited for this type of research. 
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    Macroinvertebrate metrics, including those analyzed in this study, have proven in the past to 

be well suited at identifying impacts affecting the physical condition of riparian systems. 

Rosenberg and Resh (1993) studied the effectiveness of stream macroinvertebrate analysis at 

multiple spatial scale including local, catchment, and regional scales.  The inherent taxonomic 

richness within individual aquatic systems facilitates the identification of a wide range of 

responses to various environmental stressors (Rosenberg and Resh 1993).  Richards and others 

(1997) found that macroinvertebrate communities were highly correlated with local (reach-scale) 

features.  Sponseller and others (2001) studied the relationship between land use, spatial scale, 

and macroinvertebrate communities and found that local factors within a 200m corridor were 

responsible for the largest degree of change within stream community structure.  Stream 

macroinvertebrate metrics are extremely useful in landscape analysis, but can also be extremely 

variable at a given scale of analysis.  Therefore, this study merely illustrates that input data of 

higher quality (i.e. road base data, designed macroinvertebrate sampling scheme) will likely lead 

to a greater understanding of the relationships in question.   

     The logical reasons for utilizing this GIS model still remain.  The use of a Road Impact Factor 

model represents a reasonable way of approaching anthropogenic impact analysis, when 

compared to parameters currently used widely such as basic road density.  The Road Impact 

Factor model takes numerous factors of road construction and development into account and can 

be performed on a regional scale.  This model should not, however, to be used as a method to 

predict stream water quality values through the use of road impacts within the watershed.  It 

should rather be used as a way to categorize watersheds with respect to their potential for stream 

water impacts.  Additional research should be performed to further understand this models 

applicability as a watershed screening tool.   
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     The use of straight line distance or riparian buffer analysis has been used widely in research 

and in practice in many government agencies.  With the advent of improved geospatial 

technologies and advancements in research techniques, however, new methods of measuring the 

spatial relationships of biologic conditions and landscape stressors must be pursued.  Distributed 

models, such as Travel Time, offers a way to go beyond the simple stressor point or area 

relationships and identify the spatial patterns of these impacts across the landscape.  When 

attempting to understand the hydrologic relationships between stressors and stream physical 

condition, calculating distance using straight-line or slope distance algorithms will undoubtedly 

lead to inaccurate estimates of landscape associations. These techniques do not take into account 

parameters such as the runoff flow path, land cover, topographic variation, stream type and size, 

and precipitation magnitudes.  In order to accurately classify the spatial relationships between 

landscape stressors and aquatic biota, these parameters must be accounted for.  The utilization of 

the Travel Time algorithm, which accounts for the aforementioned parameters, for impact 

distance analysis should also be studied further.   

     More site-specific concepts could also be researched and included in the watershed travel 

time formulation in the future.  Roads, more specifically roadside ditches, impact the flow of 

runoff throughout a watershed.  These areas act more like channelized flow rather that sheet or 

overland flow, and can substantially change both the flow regimes in these areas as well as the 

total contributing area flowing through a specific watershed outlet point.  For these reasons, this 

concept should be studied further when analyzing road impacts at smaller scales.   

     The Protected Area Proportion technique has shown to be a useful approach for identifying 

watershed reference conditions.  Proper designation of reference conditions in biologic analysis 

is crucial to the prediction of impact presence and magnitudes.  Without a thorough 
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understanding of watershed baseline (reference) conditions, no viable inferences can be made 

regarding the effect of various stressors on stream and land health.  The Protected Area 

Proportion technique worked well in this study and will likely work well in others. Testing of 

various reference designation techniques, however, is fundamental in identifying which 

technique works best for a particular research goal. 

     Future evaluations of road impacts on stream macroinvertebrate communities should include 

road data with at least the same attribute quality as the Idaho Department of Lands road dataset.   

If implemented, the BLM could collect road class data, the RIF limiting factor, on roads within 

BLM lands in order to utilize the RIF model more effectively as a regional impact screening tool.  

The Road Impact Factor model developed for this study could also be implemented at a more 

localized scale (i.e. identifying stressor differences within an individual catchment), as long as 

detailed road inventory field work was performed prior to model initiation and further 

parameters such as road-stream crossing and watershed area be incorporated.  
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APPENDIX A - Oregon: 8-Digit HUC Variability Analysis 
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8-Digit HUC Precipitation Ranges
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8-Digit HUC Temperature Ranges
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APPENDIX A - Idaho: 8-Digit HUC Variability Analysis 
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8-Digit HUC Precipitation Ranges

0
250
500
750

1000
1250
1500
1750
2000
2250
2500

17060201 17060205 17060208

8-Digit HUC

Pr
ec

ip
ita

tio
n 

(m
m

) Mean
Max
Min

  
 

Mean +- 1 StdDev

200

400

600

800

1000

1200

1400

17060201 17060205 17060208
8-Digit HUC

Pr
ec

ip
ita

tio
n 

(m
m

)

Mean

Baseline

 
 

 98



8-Digit HUC Precipitation Ranges
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APPENDIX B – Idaho Quadrant Analysis Plots 
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APPENDIX B – Oregon Quadrant Analysis Plots 
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APPENDIX C – Idaho Cluster Analysis Contingency Tables 
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APPENDIX C – Oregon Cluster Analysis Contingency Tables 
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APPENDIX D – Idaho Hierarchical Clustering Dendrogram 

 

Cluster #4 
High RIF 

High mean TT 

Cluster #3 
Low RIF 

High mean TT 

Cluster #2 
Low RIF 

Low mean TT 

Cluster #1 
High RIF 

Low mean TT 

 104



APPENDIX D – Oregon Hierarchical Clustering Dendrogram 
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APPENDIX E – Summary Statistics for Study Areas (Idaho and Oregon) 
 

 IDAHO OREGON 
Watershed Area (km2)   

Mean 26.51 47.74 
Minimum 2.37 4.51 
Maximum 106.19 312.50 

Elevation (m)   
Mean 2316.55 1666.36 

Minimum 1218.01 669.69 
Maximum 3269.39 2610.76 

Mean Range 789.61 715.82 
Roads (Km)   

Mean Length 33.04 67.06 
Density (Km/Km2) 1.01 1.40 

Mean RIF 1.97 4.10 
Hydrology   

Mean Road Travel Time 52.16 231.39 
Mean Range Road Travel Time 96.85 607.61 
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APPENDIX F – Travel Time Calculation in ArcGIS v9.1 
 
Travel Time analysis 
 
Basic Processing 

 
From Elevation grid: 

Use the Hydrology option to: 
Fill sinks → [elevf] 
Derive Flow direction → [FlowDir] 
Derive Flow Accumulation → [FlowAcc] 

 
Define the Flow Net 250 threshold grid: 

RasterCalc: [fnet250] = con( [flowacc] > 250, 1) 
RC: [reach] = streamlink( [fnet250], [Flowdir] ) 

 
Flow distance from the ridge (i.e. distance from the top of the overland flow plane) 

RasterCalc: [FlowLen] = FlowLength ( [FlowDir], #, upstream ) + 15. 
Note that adding ½ cell resolution will account for ½ cell distance in the ‘ridge’ cells 

 
Define a slope grid (m/m) with minimum value of 0.002 

RasterCalc: [sl002] = MAX( 0.002, slope([elevf], percentrise) / 100 ) 
Note – minimum slope > 0 is necessary since slope is in the denominator of equations 

 
Stream slope: 
[Fnetslp] = Max(0.001, zonalrange( [reach], [elevf]) / zonalrange( [reach], [FlowLen] )) 
Note – improved estimate for streams over general DEM slope 
Note – must avoid ‘0’ values – assume a minimum value here of 0.001 
Note – based on data, a reach average may be better (observed ‘cusping’ about the contours on 10m DEMs) 

 
From NLCD grid: 

Reclass to create a new theme of Manning’s ‘n’ *1000 → [N1000] 
Note – find values in tables in many hydrology references/ texts. 

 
Define channel N 

Reclass FlowAcc to n as follows: 
My approximation – insert your improved and defendable approximation… 
Flow accumulation > 2000 : n = 0.055 
Flow accumulation < 2000 : n = 0.040 
RasterCalc: [chanlN] = con( [flowacc] > 2000, 0.055, 0.040) * [fnet250] 

 
Define channel R 

Defining R for solving the Mannings equation for channel flow is the most challenging component in this 
procedure. Since the equation requires an iterative solution, alternatives are desirable: 

• Use an explicit equation to estimate velocity 
• Use a fixed relationship to define R. A convenient alternative is to use the 'bankfull' or 'streamforming' 
flows used in stream restoration design - define Depth, Width, Discharge as a function of drainage area. 
• Solve iteratively 

 
Estimate depths as a function of FlowAccumulation values, and calc. stream velocity. 

 
 



 
Partition area into 3 flow zones: 
 

Upland: 
Define as cells <105m from ridge: (there is a strong 102m value with 30m DEMs) 
RasterCalc: shallowflow = FlowLength ( [FlowDir], #, upstream ) < 105 → produces a 0,1 grid 

{ Alternative, for a 1,ND grid: sfzone = con ([FlowLen] < 105, 1) } 
 

Channel flow: 
Based on FlowAccumulation grid -- defined as the [Fnet250] grid above 

 
Concentrated flow: 

Area between the Upland and Channels 
 

Can create a grid of the 3 zones (with stream=1, concflow=2, upland=3) using: 
RasterCalc: zones = merge([fnet250], con([shallowflow], 3, 2)) 

 
 
Sheet flow velocity 

 
HEC-HMS Tech Eqn 6-14 

tsheet is in hours, and L (feet) is the distance from the top of the overland flow plane (based on comparison  
with Haan et al. (1994) eqn 3.50) 
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then: 1/Vsheet = tsheet (hr) . 60 (min/hr) / [cellDist] , with resulting units of (min/m) 

 
the complete equation (6-14) in raster calculator: 
Vinv_sf = 0.42 * pow(([N] * [FlowLen] * 3.28 /1000 ), 0.8) / ( sqrt([P]) * pow( [Sl002], 0.4) * [cellDist]) 
 
 

Concentrated Flow velocity 
 
Eqn 6-15 -- V is in feet/sec 
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 Thus: 1/V (min/m) = 1 / ( 16.1345 * 0.305 * 60 * sqrt([Slope]) ) 

RasterCalc: vinv_cf = 1 / ( sqrt([sl002]) * 295.2 ) 
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Channel velocity 
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Vinv_ch = ( [ChanlN]) / ( 60 * pow([R], 0.67 ) * sqrt([Sl002 ]) ) 

 
 
Combined weight grid 
 

Combined weight grid (1/V) in (min/m) 
Vinv = merge([fnet250] * [vinv_ch], con([shallowflow], [vinv_sh]), [vinv_cf] ) 

 
 
Travel Time grid 
 

Set Analysis Properties (SA Options…) Mask to the watershed you want to analyze 
 

Calc. travel time (min): 
RasterCalc: Flowlength( [FlowDir], [Vinv], downstream) 

 109



VITA 
 

     Aaron Michael Bernard was born to Michael and Linda Bernard on October 26, 1981 in 

Norwich, CT.  He attended Norwich Free Academy high school in Norwich, CT and graduated 

in the spring of 1999.  Passionate about environmental issues, Aaron then attended Virginia Tech 

in the Fall of 1999 in order to pursue a Bachelor’s degree in Forestry.  After completing his 

undergraduate degree and still undecided as to what avenue to pursue, he worked as a GIS 

Research Assistant for Dr. Stephen Prisley.  After taking several months off to return home and 

get married, Aaron returned to Virginia Tech to pursue his Master’s degree in Forestry in July of 

2004 and finished in May 2006.   

 

 110


