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ABSTRACT  

Road networks are an integral part of the hydrologic system of many forested 

watersheds.  The U.S. Forest Service (USFS) alone has over 616, 379 kilometers of roads 

on its land—more than the total mileage of all interstate highways.  Numerous studies 

have shown that roads contribute vast amounts of sediment to streams, negatively 

impacting the stream ecosystems.  Because the USFS has limited resources, it is 

important that it target for improvement roads that have strong negative effects on their 

watersheds.  To do this, forest managers must understand the factors that create ―high-

risk‖ roads.  In this study, we used the Geomorphic Road Analysis and Inventory 

Package data collection method to inventory road features that may relate to sediment 

and water delivery in the Wall Creek Watershed, located in Oregon’s Umatilla National 

Forest.  Inventories included data on flow path length, drain point type, flow obstructions, 

elevation and vegetation.  We used these data in a model to determine which road 

features most strongly predicted stream connectivity probabilities.  Results suggest that 

stream connectivity is best predicted by a model that includes distance from stream, drain 

point type, and elevation.  These findings can be used to adjust road management plans to 

diminish sediment input into streams, and to improve the overall health of the watershed.   
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INTRODUCTION  
Road networks are an integral part of the hydrologic system of many forested 

watersheds.  The U.S.  Forest Service alone has over 616, 379 kilometers of roads on its 

land—more than the total mileage of all interstate highways within the United States 

(Black et al., 2009).  The vastness of this network makes it of the utmost importance that 

we understand how roads impact the ecosystems through which they pass and what steps 

we can take to decrease their negative impacts.  While roads affect the land in a variety of 

ways, some of the most important influences involve sediment transport and production, 

mass wasting, stream crossing failures, and habitat fragmentation (Luce, 2002).  Because 

we have limited resources for mitigating these effects, it is important that we target roads 

that have strong negative effects on their watersheds.  To do this, we must understand the 

factors that create ―high-risk‖ roads and what treatments most effectively mitigate the 

negative impacts of roads.   

In 2009, a group of scientists developed a ―Watershed Action Plan, ‖ designed to 

―improve watershed and stream conditions on the National Forest and Bureau of Land 

Management Wall Creek Watershed,‖ located in northeastern Oregon (Mafera and 

Eberlein, 2009).  A part of this action plan called for a comprehensive road inventory to 

identify road treatment priorities to improve the health of streams.  The Environmental 

Protection Agency (EPA), Umatilla National Forest (UNF), Bureau of Land Management 

(BLM), and Rocky Mountain Research Station (RMRS) collaborated to complete this 

survey during the summer of 2009 using the Geomorphic Road Analysis and Inventory 

Package (GRAIP).  GRAIP couples a detailed road inventory with a GIS model that 
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quantifies road surface erosion, predicts sediment production and delivery and assesses 

the risk of mass wasting in the form of gullies and landslides (Mafera and Eberlein, 

2009).  The results from this analysis can then be translated into an effective and targeted 

road treatment plan to improve the overall health of the watershed.  While there are many 

questions that can be answered by results from the GRAIP model, this paper will focus 

on the relationship between road-to-stream connectivity patterns and topography, 

obstructions, distance of the drain point from the stream, and road characteristics. A road 

is considered ―stream connected‖ when water leaving a road reaches a stream at the base 

of hillslope beneath the road.     

Roads are a primary contributor of sediment to streams in many forested 

ecosystems (e.g. Bilby et al., 1989, Wemple et al., 1996).  An excessive amount of 

sediment in streams is of concern because of its effects on stream biota, particularly 

salmonid fishes (Bilby et al., 1989).  The type of impact sediment has on the stream 

ecosystem depends on whether it is deposited immediately upon entering the stream 

channel or whether it is transported downstream.  High levels of deposited sediment can 

decrease the survival rates of salmonid eggs and alevins (newly hatches fishes) by 

preventing water from freely passing through the streambed gravel in redds, which results 

in smothering the eggs or preventing the alevins from emerging from the gravel (Phillips 

et al., 1975).  High levels of suspended sediment, on the other hand, cause direct 

mortality to fish (Noggle, 1978).  Additionally, turbid water can decrease salmonid 

feeding rates and cause them to migrate downstream (Sigler and Bjornn, 1979).   

Roads contribute sediment to streams through two primary mechanisms: mass 

failures and surface erosion of the road prism (Reid, 1984).  In watersheds with steep 
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slopes and unconsolidated soils, mass failure is often the predominant sediment delivery 

mechanism (Megahan and Kidd, 1972).  In watersheds with more stable soils and 

shallower slopes, erosion of road surfaces, fill slopes and cut slopes is the primary source 

of sediment (Reid, 1984).   

The two primary factors controlling the amount of sediment transported from a 

gravel road are the transport capacity of the water on the road and the availability of 

transportable sediment (Bilby et al., 1989).  The transport capacity of the water is 

determined by rainfall intensity and by characteristics of the road segment, such as 

surface type and roughness (Reid, 1984).  The amount of available sediment is 

predominantly a function of the amount of traffic on the road, but is also significantly 

influenced by the road construction techniques, surfacing material, and maintenance 

practices (Swift, 1984).   

Individual road components affect the hydrologic and sediment transport systems 

in different ways.  Both the cut slope and the road surface contribute sediment to roadside 

ditches during rainfall events (Bilby et al., 1989).  Further, the road gradient and surface 

area have dramatic effects on sediment production and runoff rate (Bilby et al., 1989).  

Road segments with the steepest gradients produce higher concentrations of sediment at a 

given traffic rate than roads with shallower gradients (Bilby et al., 1989).  While the 

amount of traffic on a road appears to have the most significant effect on the amount of 

sediment produced, the type of surfacing material used on the road bed has a notable 

impact as well.  A deep ballast on the road surface appears to limit the movement of 

individual soil particles, decreasing sediment production.  Additionally, crushed rock 

surfaces made from resistant rocks produce much less sediment than roads made from 
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more easily erodible rocks.  Often, traffic causes the more erodible rocks to decompose 

into particle sizes that can be washed from the road surface (Bilby et al., 1989).   

Many studies have shown that the amount of vegetation present on road surfaces, 

cut slopes, fill slopes and in the drainage paths has a dramatic effect on the amount of 

sediment produced by the road and transported to the streams.  A study of sediment 

production from forest roads in western Oregon showed that cleaning ditches and 

clearing cut slope vegetation causes a marked increase in sediment production (Luce and 

Black, 1999).  Many states’ ―Best Management Practices‖ (BPMs) highlight vegetative 

stabilization as a key component to decreasing erosion from forest roads (Grace et al., 

1998).   

Studies of sediment and water connectivity patterns between roads and streams 

highlight the complexity of this issue.  Not only are there varying definitions and types of 

connectivity, but studies typically focus on specific variables that may affect 

connectivity, rather than looking at a diversity of potential predicting variables.  Several 

studies, however, have shown that the compacted surfaces of roads tend to enhance 

stream connectivity (Wemple et.  al., 1996; Croke and Mockler, 2001).  Additionally, the 

use of sediment tracers and particle tagging techniques have shown that connectivity is 

driven by dynamic processes that reflect interactions between a large number of variables 

(Bracken and Croke, 2007).  A survey of many connectivity- related studies shows that 

the conceptual model of connectivity is different in semi-arid and arid regions than in 

humid and temperate areas (Bracken and Croke, 2007).  For example, in semi-arid and 

arid regions, Hortonian overland flow (HOF) is more common, while runoff in humid 

and temperate areas is predominantly composed of saturated overland flow (SOF).  
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Several factors are consistently important runoff and connectivity controls; these factors 

include climate, infiltration capacity, vegetation, crusting and surface roughness, land 

management, landscape position, delivery pathway, lateral buffering, and storm intensity 

and duration (Bracken and Croke, 2007).             

In this study, I analyze the relationships between road segment and drain point 

features that determine whether or not runoff (in the form of both sediment and water) 

reaches a stream, and quantify how those factors influence the amount of sediment 

transported.  Coupling ideas from previous studies about factors that affect sediment 

transport with the data generated by the GRAIP model will help us understand what 

combination of factors lead to stream-connected roads with high levels of sediment 

production and transport.  This knowledge will enable us to develop effective 

management practices for the roads within the Wall Creek watersheds, and, by extension, 

similar nearby watersheds. 

I hypothesized that the distance of a drain point from a stream, the level of 

obstruction, drain point type, the steepness of the slope, slope shape, and the length of the 

contributing road segment would be the most important factors in predicting stream 

connectivity because of their potential controls on the hydrology of the watershed system. 

These controls include the velocity of the flow, the rate of infiltration, and the amount of 

water exiting a road at a particular drain point.     

METHODS  

Study Area  

The study area for this research was in the Wall Creek Watershed (HUC 

#1707020208), a watershed within the John Day Basin in northeastern Oregon.  The Wall 
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Creek Watershed encompasses 51,842 hectares.  Of this area, 74% is on Umatilla 

National Forest land, 10% is on Prineville BLM land, and the final 16% is composed of 

private and county owned land (Mafera and Eberlein, 2009).  We focused on five 

adjacent subwatersheds out of the six subwatersheds within the Wall Creek Watershed: 

Wilson Creek, Middle Big Wall, Lower Big Wall Creek, and Little Wall Creek (Figure 

1).   

Figure 1.   Ownership and subwatersheds within Wall Creek Watershed, John Day Basin, Oregon.  

Ownership and county data were extracted from the Oregon Geospatial data clearinghouse.  Stream 

and watershed boundary data were extracted from the USFS data distribution site. 

 

The topography of the region is dominated by uplifted, moderately dissected 

plateaus with gentle upland slopes, in addition to steep canyons and alluvial deposits in 



 

 

12 

the valley bottoms and along stream terraces (Mafera and Eberlein, 2009).  There are 

several major tributaries within the watershed, including Little Wall Creek, Wilson 

Creek, Skookum Creek, and Swale Creek.  Wall Creek is a tributary to the North Fork 

John Day River (NFJD).  Runoff and stream flow in the higher elevation regions of the 

watershed are controlled by snow melt, while in the lower elevations, peak flows are 

controlled by rainfall.  Peak flows typically occur in April and May, while low flows 

occur during late summer and fall (Mafera and Eberlein, 2009). 

Table 1.  General Information about Wall Creek Watershed 

(adapted from Mafera and Eberlein, 2009)  

Water temperatures at the mouth of 

Wall Creek frequently reach 26.7°C 

(80° F) in summer when discharge is 

low.   

The major geologic units within 

the watershed are Columbia River 

basalts (primarily the Picture Gorge 

Basalt formation), John Day 

Formation, Mazama ash, and rocks of 

metamorphic and sedimentary exotic 

terrains.  The most common lithology 

exposed at the surface within the 

watershed is basalt. The climate of Wall Creek Watershed is predominantly semi-arid, 

with more rainfall and cooler temperatures at the higher elevations. This climate makes 

Total Drainage Area  51,842 ha 

Elevation Max: 5707 ft (Madison Butte) 

Min: 2060 ft (confluence with 

NFJD) 

Precipitation  Annual Average: 23 in 

Low: 13 in (confluence with 

NFJD) 

High: 30 in (Madison Butte)  

Air Temperature  Max: 90° F (July) 

Min: 21° F (January) 

Approximate 

Stream Discharge at 

Mouth 

Low Flow ~ 5cfs 

Average ~ 80 cfs 

Miles of Stream  Total: 730 mi 

Perennial: 184 mi 

Fish-bearing: 107 mi 

Columbia River Steelehead: 96 

mi 

Forest Vegetation  Low Elevations: Mixed dry pine 

plant communities 

High Elevations: Grand 

Fir/Doug Fir (~70% forested)  

Miles of Road Total: 640 mi 

FS and BLM: 500 mi 

Average Road Density: > 3 

mi/mi
2
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the watershed ideal habitat for mixed dry pine communities at lower elevations and grand 

fir and Douglas fir forests at higher elevations.  

Wall Creek Watershed was targeted for this research for several reasons.  First, 

eight stream sections within the watershed are listed as ―water quality impaired‖ by the 

Oregon Department of Environmental Quality (ODEQ) (Mafera and Eberlein, 2009).  

Additionally, many of the streams in the watershed are designated as critical habitat for 

threatened steelhead.  One hundred and fifty-five kilometers of Wall Creek and its 

tributaries support Mid-Columbia River steelhead (Oncorhynchus mykiss) during critical 

life stages, including spawning, rearing, and outmigration.  In addition to the steelhead, 

the streams contain other native fish species, such as inland redband trout (Oncorhynchus 

mykiss gairdneri), margined sculpin (Cottus marginatus), and potentially juvenile spring 

Chinook salmon (Oncorhynchus tshawytscha) (Mafera and Eberlein, 2009).      

Data Collection, Processing, and Modeling 

In this study, the GRAIP method was used to inventory the Wall Creek 

Watershed.  This systematic road survey provided the data needed to answer important 

questions about the health of hydrologic interactions with the road network system and 

identify problem areas that should be targeted for repair, closure, or decommissioning.   

 The GRAIP data collection process used in this study is detailed in ―The 

Geomorphic Road Analysis and Inventory Package (GRAIP) Data Collection Method‖ 

(Black et al., 2009).   

Briefly, we used a Trimble GPS receiver with TerraSync software to collect the 

location of point and line features comprising the road network.  We used this data to 

generate an up-to-date map of the road network in the watershed.  The road segment and 
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point feature information we collected, coupled with a high-resolution digital elevation 

model, were inputs for the GRAIP model.   

To collect the data, we drove or hiked every road in five subwatersheds within the 

Wall Creek Watershed and recorded the location of drain points and other significant 

road features, such as stream crossings, non-engineered failures, water bars, and sumps.  

When we encountered a ―drain point,‖ a place where we believed at least 30% of water 

traveling on the road would leave the surface of the road, whether through a stream 

crossing, broad based dip, ditch relief culvert, or non-engineered failure, we marked it as 

a feature and recorded the relevant attributes (Table 2).   

Table 2.   Description of the drain point types collected that were relevant to this study.   

Drain Point Type Number of 

Points  

Description 

Broad-based Dip 1964 Large grade reversal; can be designed or result 

from two hillslopes meeting.   

Diffuse Drainage 521 Water leaves the road in non-concentrated, 

minor flow paths.   

Ditch Relief Culvert 806 Drains water from inboard ditch under the 

road and onto the hillslope.   

Lead-off Ditch  152 A ditch the moves flow from a ditch directly 

onto a hillslope.   

Non-engineered 567 A place where water leaves a ditch or the road 

in an unplanned manner.   

Water Bar 1594 Water diversion feature cut into the road 

surface.  Water bars are smaller than broad- 

based dips.   

 

  Each drain point marked the beginning of a new road segment, which resulted in 

every road being broken into numerous road segments that all shared the same condition 

attributes.  This systematic process allowed us to cover the entire road and collect 

consistent data about each road segment and feature.  In all, we collected 5678 drainage 

points over 771 km of roads, 1127 of which were stream connected (Figure 2).  We  

 



 

 

15 

 

Figure 2.  Drainage points collected in the Wall Creek Watershed, John Day Basin, OR.  Image on the left 

shows all of the points collected, while the image on the right shows all of the points collected that were 

stream connected.  Watershed boundary and stream data extracted from the Forest Service data 

distribution site.   
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determined whether a drain point was stream connected by following the drainage 

channel; if the pathway led all the way to a stream, we counted it stream connected.    

A GRAIP-specific data dictionary loaded onto the TerraSync software dictated 

the type of data we collected about each road segment and feature.  After specifying the 

type of feature we were collecting data about, we filled out a form generated by the 

software that asked us targeted questions about that type of feature.  To see the data 

dictionary used in this project (INVENT4_2), refer to the GRAIP Data Collection 

Method manual (Black et al, 2009).  

After clean-up and preprocessing, the data were run through the GIS-driven 

GRAIP model, which produced the results used for analysis.  For a detailed description of 

the post-data collection processes, please refer to ―The Geomorphic Road Inventory and 

Analysis Project (GRAIP) Office Procedure Manual,‖ available for public use from the 

US Forest Service.  The data processing and modeling took place at the U.S Forest 

Service Rocky Mountain Research Station in Boise, Idaho.  

Although we recognized eight drain point types in the field (ditch relief, stream crossing, 

broad based dip, non-engineered, water bar, diffuse drain, sump, lead-off ditch), this 

study does not address stream crossings or sumps, as they cannot be stream connected.  

For each surveyed drain point in the field, we collected slope shape, drain point type, 

level of obstruction, and whether or not that drain point was stream connected.  The 

GRAIP model generated several more variables used in this study: contributing road 

length, stability index, combined stability index, erosion sensitivity index, and 

thedownslope distance to stream.  Additionally, slope, aspect, elevation, and contributing 

area were calculated for each point from a digital elevation model (TauDEM) within the 
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GRAIP model.   We calculated the heat load as Heat load index =[1- cos(Ө - 45)]/2 to 

rescale the aspect from azimuthal degrees to a zero to one scale, with zero as the coolest 

aspect (northeast) and one being the warmest aspect (southwest) (McCune and Grace, 

2002); in the northern hemisphere, the heat load is approximately symmetrical across the 

northeast-southwest line.   Before performing the statistical analysis, we removed drain 

points with missing data.     

We used nonparametric multiplicative regression in HyperNiche 2.02 (Mefford 

and McCune, 2009) to determine which of these 14 variables were most important in 

predicting the probability of stream connectivity.  HyperNiche uses nonparametric 

multiplicative regression (NPMR) to represent a particular response to multiple variables.  

With NPMR, the effect of each variable can depend on the values of other variables by 

using nonparametric curve fitting techniques, combining the components multiplicatively 

rather than additively.  HyperNiche’s local multiplicative smoothing function has a leave-

one-out cross-validation feature to more accurately estimate error rates for the response 

(McCune, 2009).  This function prevents overfitting the model by excluding the target 

drain point from each prediction of connectivity, instead using the other points in the data 

set to make the prediction.  To calculate the probability, we used a Gaussian weighting 

function with a local mean estimator in a forward stepwise regression of stream 

connectedness against the predictors. Local mean is the weighted average of drain points 

similar to the target drain point.  The more similar the data point to the target point, the 

more weight that data point will receive when calculating the probability of stream 

connectivity.  The quality of fit of each model was expressed as a cross-validated log 

likelihood ratio (Log B). 
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In addition to looking at all 14 variables to find the model that best predicted 

stream connectivity, we also looked at several specific variables that we hypothesized 

affect stream connectivity: road segment length hillslope (broken down into slopes 

extending >150 m from the road to the stream versus <150 m from the road to the 

stream), hillslope obstructions, and slope shape.     

RESULTS   
 

Analysis of the 5064 relevant drain points shows that distance, drain point type, 

and drain point elevation (in that order) are the three variables that most reliably predict 

stream connectivity (Table 3).  After these three variables were in the statistical model, 

improvements to fit from additional variables became too small to be useful (less than 5% 

change).   

Table 3.  Change in log likelihood ratios (Log B) for the three variables that were the best predictors 

of stream connectivity.  The changes in Log B for all of the other variables tested were too small to be 

useful.   

Variable Δ Log Likelihood Ratio (Log B) 

Distance 201.025 

Drain Point Type 31.585 

Elevation 14.817 

   

The distance from a drain point to the stream showed the most pronounced 

correlation with stream connectivity, as indicated by its relatively large log likelihood 

ratio (Table 2).   As distance from a drain point to the stream increased, the probability 

that flow from that drain point would reach the stream decreased exponentially (Figure 

3).      
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Figure 3. Probability of stream connectivity as a function of distance between drain point and a 

stream (m). Triangles indicate the estimated probability of stream connectivity for individual drain 

points.   

 

 

Figure 4.  Probability of 

stream connectivity as a 

function of distance from 

stream (m), stratified by 

drain point type. Symbols 

represent drainpoints.   
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Drain point type was the second most important variable in predicting stream 

connectivity.  While all of the drain points followed a similar curve in response to 

changes in distance and elevation, some drain points had a higher likelihood of being 

stream-connected than others.  Non-engineered drain points were the most likely to be 

stream-connected (Figure 4).  In order of stream connection likelihood, non-engineered 

drain points were followed by ditch relief drain points, water bars, broad based dips, and, 

least likely to be connected, diffuse drainage points (Figure 4).  Too few lead-off ditches 

were sampled to reliably extrapolate a curve, given the neighborhood size of 75 specified 

in the graphing model.     

The elevation of the drain point also had predictive power.  Drain points at higher 

elevations had a slightly lower probability of being stream-connected than drain points at 

lower elevations (Figure 5).  
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Figure 5. Probability of stream connectivity as a function of drain point elevation (m). 

The clumps of points at probabilities of 0.0 and 1.0 are the observed points (stream 

connectivity is binary, 1= yes, 0= no). The blue line shows the fitted trend line, 

generated by the estimated points (red).   
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Distance, drain point type, and drain point elevation clearly interact in their 

effects (Figure 6).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Three-dimensional model of the relationship between distance, elevation, 

and the probability of stream connectivity.  
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Figure 7. Six vertical slices extracted from the 3-D model (Figure 6). Each 

slice shows the relationship between distance from the stream (m) and the 

probability of stream connectivity for points at a particular elevation.  
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While distance had the strongest influence and dictated the general shape of the 

curve, elevation slightly altered its shape.  Because it can be difficult to interpret the 3-D 

model, I also present a visualization based on extracting data from vertical slices through 

the 3-D model (Figure 6) to increase clarity (Figure 7).  Each slice shows the relationship 

between distance from the stream and the probability of stream connectivity for points 

falling at a particular elevation.  Clearly, drain points that were closer to streams and at 

low elevation had higher probabilities of stream connectivity than did drain points farther 

from streams and at higher elevations.  

I hypothesized that length of a road segment contributing to a particular drain 

point (E-length) would be positively correlated with stream connectivity. However, the 

influence of E-length was weak (Figure 8).  The shortest E-length measured (~20 m) had 

an average stream connectivity probability of approximately 0.2 while the longest E-
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Figure 8. Relationship between E-length (the length of the contributing road segment; m) 

and the probability of stream connectivity. The clumps of points as 0.0 and 1.0 are the 

observed points (stream connectivity is binary, 1= yes, 0= no), while the line shows the 

fitted trend, generated by the estimated points. 
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length measured (~900 m) had an average probability of approximately 0.3.   

I also explored the relationship between the slope of the hillside immediately 

below a drain point averaged over 150 m (Slope 150) and stream connectivity 

independently of all other variables.  

While I hypothesized that steeper slopes would have higher likelihoods of stream 

connectivity, this was not the case.    For hillslopes < 150 m in length, the probability of 

stream connectivity decreased from approximately 0.38 to 0.1 (Figure 10).  This 

correlation was probably skewed by the fact that the slope measurement was affected by 

the flatness of the streambed.  For hillslopes > 150 m, there was no correlation between 

Slope 150 and the probability of stream connectivity (Figure 9).  The variation in the 

probability of stream connectivity for this subset of drain points ranged from 

approximately 0.01- 0.08.  
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Figure 9.  Probability of stream connectivity in relation to Slope 150 of drain points 

that have hillslopes > 150 m in length. The clumps of points at 0.0 and 1.0 are the 

observed points ( stream connectivity is binary, 1= yes, 0= no). The line shows the fitted 

trend line, generated by the estimated points.  
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Level of obstruction affected probability only slightly. Obstructions include 

vegetation, woody debris, or anything else that might impede the flow of water. This 

variable had three categories: no obstructions, moderate obstructions, and abundant 

obstructions.  There is a slight decrease in stream connectivity with increasing 

obstruction (Figure 11). Hillslopes with no obstructions had an approximate probability 

of stream connectivity of 0.45. On the other extreme, hillslopes with abundant 

obstruction had a probability of approximately 0.30. While there is a difference of 0.15 

between these two categories, this difference is not large enough to be considered a 

significant predicting factor.   
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Figure 10.  Probability of stream connectivity in relation to Slope 150 of drain points that 

have hillslopes < 150 m in length. The clumps of points at 0.0 and 1.0 are the observed 

points ( stream connectivity is binary, 1= yes, 0= no). The line shows the fitted trend line, 

generated by estimated points.  
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The vertical shape of the slope immediately below the drain point was a weak 

predictor.  This variable was categorical, each drain point falling into one of three groups: 

planar, concave, or convex.  The results showed that planar and concave slope shapes had 

almost exactly the same probability of connectivity, while convex slopes had slightly 

lower probabilities of stream connectivity (Figure 12).  While the difference in stream 

connectivity probabilities between convex versus concave and planar slope shapes was 

noticeable, slope shape was a much weaker predictor of connectivity than were distance, 

drain point type, or elevation (based on log B values).  
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Figure 11. Probability of stream connectivity stratified by the level of hillslope 

obstruction. (1= no obstruction, 2= moderate obstruction, 3= abundant obstruction) 



 

 

26 

1.0

0.00

1.5 2.0 2.5 3.0

0.10

0.20

0.30

0.40

Slope Shape

p
 (

S
tr

e
a

m
 C

o
n

n
e

c
ti
v
it
y
)

Slope Shape

Planar
Concave
Convex

Figure 12. Probability of stream connectivity stratified by slope shape. (1= planar, 2= concave, 

3=convex) 

 

DISCUSSION  
 

Regression analyses showed that distance of a drain point from a stream, the drain 

point type, and the elevation of a drain point were the most important factors in 

predicting stream connectivity. An understanding of these variables will assist road and 

land managers in making decisions about road maintenance and engineering to decrease 

the amount of sediment transported from roads to streams.    

This study showed that the closer a drain point was to a stream, the more likely its 

connection to the nearest stream.  This pattern is most likely a product of runoff 

infiltration as it travels down the hillslope toward the stream.  As water from a drain point 
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runs downslope, some of the water will percolate into the soil instead of continuing its 

path down the hill.  Water from a drain point located far from a stream will have a much 

greater chance of soaking into the soil, given the greater opportunity for infiltration.  

Additionally, if the same amount of water is running over a short hillslope versus a long 

hillslope, the short hillslope will reach its infiltration capacity more quickly than the 

longer hillslope because of the smaller area available for infiltration.  Once the depression 

capacity of the hillslope has been reached, additional water will move down the slope via 

Horton overland flow, significantly increasing the chance that the water will reach the 

stream.  It is important to note, however, that differences in vegetative cover, soil type, 

and slope compaction could alter this relationship.  Because we did not collect detailed 

information on these variables, they are not included in this analysis.   

In addition to differences in the amount of infiltration, water traveling over longer 

distances before reaching the stream has a higher likelihood of being trapped or diverted 

by obstructions.  The greater the distance to the stream, the more likely it is that there will 

be some type of obstruction that could impede the flow of water before it gets to the 

stream.  While our rough categorical measure of flow path obstruction (assessed as high, 

medium, or none) did not prove to be a useful predictor in our HyperNiche free search, it 

could be that minor obstructions on the hillslope cumulatively contribute to making drain 

points farther from streams have a lower probability of stream connectivity.   

The second most important predictor of stream connectivity was drain point type.  

This finding was of particular importance because it will inform forest managers about 

which type of drain point is most effective in preventing drain point to stream 

connectivity.  When building a new road or improving an existing road, forest managers 
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Figure 13.  Non-engineered drain point.   

and road engineers can favor the construction of drain point types that have the lowest 

probability of stream connectivity.  This study showed that non-engineered drain point 

types were the most likely to be 

stream connected.  Non-

engineered drain points are 

locations where water is leaving 

the road in an unplanned manner 

(Figure _).  Because it is likely 

that non-engineered drain points 

form in places where there is a 

significant amount of water flowing with high enough velocity to carve its own channel 

in the rough to the side of the road, it makes sense that there would sometimes be enough 

water leaving at these points to make it down the hillslope to the stream.  Additionally, 

because the water typically must be channelized to have the energy necessary to create a 

non-engineered drain point, the hillslope flow tends to be channelized as well.  

Channelized flow has a higher likelihood of being stream connected than diffuse overland 

flow (Bracken and Croke, 2007).   

To reduce the number of non-engineered drain points, and thus reduce the number 

of stream connected drain points, land managers must ensure that there are plentiful well-

engineered drain points to minimize the amount of water on the road at any given 

location.  If water does not collect into channels, it will be much harder for the water to 

have the energy necessary to form a non-engineered drain point.     
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Ditch relief culverts were the second most likely drain point type to be stream 

connected.  Once again, this outcome could be a product of channelization.  Water 

running in a ditch is further channelized when it is funneled into a culvert and transported 

to the other side of the road.  While ditch relief culverts are quite effective at moving 

water from the road onto the hillslope, they can result in extreme erosion of the fill slope 

and channelized down slope flow if improperly constructed or inadequately maintained.  

While ditch relief culverts should have a constructed skirt at the outlet to re-diffuse the 

flow, my field observations showed that this step is often neglected.  In a future study, it 

would be interesting to record whether each ditch relief culvert sampled had a diffusing 

skirt.  We could then see if this feature aids in preventing drain point to stream 

connectivity.  If diffusing skirts did decrease the likelihood of connectivity, this would 

further support for the notion that channelized flow leads to increased connectivity.                      

 Recognizing the ideas mentioned above, land managers typically strive to 

minimize the channelization of flow when engineering forest road drain points, adding 

elements to their design to diffuse the flow as it leaves the road.  This study reinforces the 

importance of this drain point design, by showing that diffuse drainage has the lowest 

likelihood of being stream connected.  It is probable that the designed drain points that 

fall between the two extremes (non-engineered drain points and diffuse drainage) could 

be improved if more diffusing elements were added to their design and consistently 

maintained.   

 The third most important predictor of stream connectivity was the elevation of the 

drain point. With increasing elevation, the probability of stream connectivity decreased.   

Because it seems highly unlikely that the elevation in isolation would be a significant 
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factor, we believe that elevation is related to other physical factors that influence 

connectivity.  The topography of the Wall Creek Watershed is composed of moderately 

dissected plateaus with gentle upland slopes, in addition to steep canyons and alluvial 

deposits.  This means that the higher-elevation roads are located along ridge tops, while 

the low-elevation drain points are within valley bottoms.  Because water gathers as it 

flows from ridge tops to the valley bottoms, most streams are located in the valley 

bottoms, while less consistent trickles are located along the ridge line.  This means that 

drain points on ridge-top roads are located quite far from the nearest stream, while roads 

in the valley bottom have high likelihoods of traveling along similar paths to those of the 

streams.  These physical relationships mean that elevation is probably another reflection 

of distance from stream.  Drain points located on ridge tops are much farther from the 

stream than drain points located in the valley bottoms.   

 In addition to the distance component of the elevation variable, it is possible that 

there are other physical differences, such as soil type, soil moisture content, vegetation 

type, and character of the road network, at different elevations within the watershed that 

impact the likelihood of stream connectivity.  Because our road inventory did not include 

these factors, further research would be necessary to determine the specific relationships 

between these elements, elevation, and drain point to stream connectivity.   

 At the outset of this study, we hypothesized that the length of the contributing 

road segment draining to a particular drain point (E-length) would influence the 

likelihood of stream connectivity.  We believed that longer E-lengths would have a 

higher probability of stream connectivity than drain points with smaller E-lengths 

because the longer the E-length, the more water arriving at the drain point, thus 
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increasing the chances of connectivity.  Our results, however, did not support this 

hypothesis.  While we could see a very slight upward trend as E-length increased, the 

change was barely perceptible.  

 Because many of the roads with long E-lengths we surveyed appeared old and 

overgrown, I believe that the absence of an E-length response could be a product of 

infiltration of water into the road surface. Long, overgrown road segments could have 

enough vegetation and fresh sediment cover on top of the compacted road surface to 

allow water running down the road to percolate into the ground. If this were the case, it 

would prevent as much water from accumulating along extensive road segments, which 

would decrease the flow at drain points.  

 In addition to E-length, I also hypothesized that drain points adjacent to steeper 

slopes would have a higher probability of stream connectivity than drain points adjacent 

to shallower slopes. In reality, however, there was no apparent relationship between slope 

and the likelihood of stream connectivity. This finding is counterintuitive because steeper 

slopes seem as though they would lead to high velocity flows, which would then decrease 

the infiltration potential of the water. Other studies, however, show similar 

inconsistencies. According to Kirkby et al. (2002), steeper gradients lead to decreased 

infilitration, resulting in more runoff. Poesen (1984) and Govers (1991), on the other 

hand, found that increased gradients actually decreased runoff due to greater rates of 

infiltration. Bracken and Croke (2007) suggest that the infiltration capacity of the soil 

overpowers differences in gradients. To establish connectivity, there must be enough 

water and slow enough infiltration for the water to run on the surface and reach the 

bottom of the hillslope. If there is not enough water, the amount of runoff will diminish 
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as it moves down the slope, no matter the gradient. Our results coupled with these 

previous studies suggest that it is important for us to know the infiltration capacity of the 

soil at each drain point. Soil type and soil crusting and roughness are key variables in 

determining stream connectivity (Bracken and Croke, 2007).  

 My hypothesis that hillslopes with more obstructions would have lower 

probabilities of stream connectivity than hillslopes with few obstructions was supported, 

but the trend was so small that it does not appear to be an important factor in determining 

stream connectivity in the study area. This finding contrasts with other studies that point 

to the level of obstruction (particularly vegetation) as having a significant influence on 

stream connectivity. For example, Imeson and Prinsen (2004) concluded that patterns of 

vegetated and bare soil can be used as indicators of the extent of runoff and connectivity. 

Vegetation has been shown to decrease runoff and connectivity by improving the 

infiltration capacity of the soil by increasing organic matter and decreasing the bulk 

density (Wilcox et al., 1997). At the plot scale, studies have shown that infiltration 

beneath bushes can be three times greater than in inter-shrub areas (Lyford and Qashu, 

1969). In addition, vegetation also decreases rainsplash while increasing surface 

roughness and ponding (Bracken and Croke, 2007).  While all of these reports support the 

general obstruction trend revealed in this study, it is curious that obstruction did not play 

a more important role in predicting stream connectivity in our site area. One possible 

explanation for this discrepancy could be differences in conditions between the site areas 

in these studies versus the Wall Creek watershed. Even though all of this research took 

place in semi-arid to arid regions, there could also be major differences in soil type, 

surface roughness, vegetation type, and general climatic patterns that would create this 
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difference. Because we did not include the soil type or condition in our analysis, it is 

difficult to draw comparisons. Because vegetation seems like such a strong predictor in 

other areas, it would be interesting to take a closer look at how the soil type, soil texture 

and vegetation in our study differ from those in other studies. To make this comparison, 

we would need to do further research that was particularly focused on soil characteristics 

and vegetation type.  

 At the outset of this study, I predicted that slope shape would be an important 

factor in predicting stream connectivity. Like obstruction, slope shape was a categorical 

variable. All slopes were classified as planar, convex, or concave. I believed that concave 

slopes would have the highest likelihood of stream connectivity, while convex slopes 

would have the lowest likelihood of connectivity. Our results were consistent with this 

hypothesis, although slope shape was not one of the most important determining factors 

of stream connectivity.  Because concave slopes serve as natural channels and collecting 

points, it seems as though water leaving the road at these locations would be further 

channelized, increasing the concentration and velocity of the runoff and thus increasing 

the probability of connectivity. Convex slopes, on the other hand, would diffuse the water 

across the slope, distributing the flow and increasing infiltration.  

In addition to either concentrating or diffusing flow, slope shape could also affect 

the relative dryness of the hillslope. The inward-slanting sides of the concave slope shield 

the slope from the sun, decreasing evaporation. These slopes would maintain a higher 

level of moisture for much longer than a planar or convex slope after a rainfall event. Not 

only do convex slopes promote diffusion and drainage to the sides, but they also have the 

ability to receive more sunlight on a broad area that either concave or planar slopes. This 
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increased drainage and sunlight exposure would promote drying. Because these slopes 

would dry faster than concave or planar slopes, they would be ready to absorb new water 

more quickly than the other slope shapes.      

The relative insignificance of slope shape in our study seems to reveal that the 

influence of slope shape on moisture and runoff transport may not be clear-cut. A variety 

of other factors, including differences in geographic exposures, soil types, and the 

interaction of engineered drain points with the slope could alter these relationships. 

Because many engineered drain points slightly alter the slope shape immediately around 

the point or change the place on the slope where the water is drained (i.e. ditch relief 

culverts), our assessment of the slope shape could be slightly inaccurate.  

Conclusions       

  It is important for road and forest managers to understand what types of roads are 

having the most significant negative impacts on ecosystems. Because road to stream 

connectivity is of primary concern due to sediment transport and pollution of the streams, 

understanding the variables that can most reliably predict the likelihood of stream 

connectivity is of critical importance. This study revealed that the distance from the road 

to the stream is the most important factor in determining the probability of stream 

connectivity, followed by the drain point type and the elevation of the drain point.  

 From a road manager’s perspective, this means that roads close to streams should 

be treated preferentially, and most carefully, as they are most likely to be stream 

connected. If a road manager had to choose between improving a valley bottom road that 

paralleled a stream or a ridge top road far from a stream, it would be wise to improve the 

valley bottom road. Along the same lines, roads bordering streams should be 
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preferentially decommissioned. Because decommissioning roads is a resource and time 

intensive project, it is of the utmost importance that ―high-risk‖ roads be decommissioned 

over low risk roads.  

 Because this study revealed that non-engineered drain points were the most likely 

to be stream connected, roads should be reengineered to minimize the occurrence of non-

engineered drain points. If road runoff is drained in a highly controlled fashion for the 

entire length of the road, non-engineered drain points will be much less likely to develop. 

This, in turn, will decrease the amount of sediment transported to the stream through 

drain point to stream connectivity.  

 Finally, because diffuse drain points showed up as the least likely to be stream 

connected, road engineers should be sure to include diffusing elements to all of their 

drain point designs. For example, instead of having a ditch relief culvert drain directly 

onto a hillslope, they should incorporate a diffusing skirt at the outlet of the culvert to 

decrease the concentration of the flow. In our analysis, it became very apparent that 

concentration of flow is a key factor in enhancing road to stream connectivity. If we can 

design drain points to prevent the concentration of flow, we will see a dramatic decrease 

in stream connectivity and sediment transport.     
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