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Chapter 1: Introduction 

 

Background 

 Maintaining certain conditions on a trail’s surface is essential for a trail to 

function properly and serve its purpose of transporting hikers and other trail users. The 

processes of weathering and trail traffic combine to shape a trail by widening it, 

compacting the trail’s surface, and detaching and transporting surface materials. These 

processes can potentially be mediated by considering design factors such as slope 

gradient, slope length, and drainage area. Understanding the effects of these design 

factors on hiking trails is critical to building and maintaining trails with sustainable 

surface conditions. Geomorphologists have extensively studied landscape evolution and 

fluvial morphology, providing information for better land management (Gilbert, 1877; 

Kirkby, 1971). Applying principles and concepts from geomorphology to hiking trails 

can give us a better understanding of how the surface of hiking trails evolve and what 

processes shape these trails. 

 A hiking trail can be anything from a barely used path through the forest to a 

heavily used and heavily maintained trail. In the early stages of a trail, foot traffic 

changes the surface of the trail through compaction and shearing of surface material 

(Coleman, 1981). If this surface becomes channelized, flowing water can further change 

the trail. This study examines segments of trails that have become channelized but have 

not yet been remediated, focusing on erosion that occurs when no human factors act to 

control it.  



2 
 

Ever since the Crawford Path on Mount Washington was built in 1819, hikers 

have been building trails in the White Mountains. The early 20th century saw a boom in 

the construction of hiking trails in the region and many of today’s current trails date to 

this time period. These early trails often took very steep and direct routes from the valleys 

to the peaks of mountains, sometimes following existing logging and farming roads, but 

sometimes built specifically for hiking. There are currently over 1200 miles of hiking 

trails in the White Mountain National Forest (WMNF) that are maintained by the U.S. 

Forest Service (USFS) and a number of non-profit organizations. The great variety in 

environmental, use, and topographic characteristics of trails in the White Mountain 

National Forest provides a great opportunity to study the variables that influence trail 

degradation.  

There are numerous publications that recommend best practices for constructing 

and maintaining hiking trails (Hesselbarth & Vachowski, 2000; IMBA, 2004; NH Bureau 

of Trails, 2004; Parker, 2004). Standards and best practices for trail design and 

construction that are published by these sources are often based on anecdotal 

observations from experienced trail builders. Researching the factors that cause erosion 

and disseminating this information to trail builder and managers ensures that trail 

building standards and best practices reflect accurate information. 

Measuring erosion on trails, and the factors that cause it, enables scientific testing 

of the hypotheses and anecdotal observations that guide trail building practices. It is not 

enough to know whether or not a variable influences erosion; trail builders need to know 

which variables are most important and how each variable relates to erosion. Some 

variables are very difficult to measure precisely in the field and are not feasible for trail 
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builders to measure when designing a trail. However, quantifying these variable with an 

adequate level of precision is necessary in order to study the physical processes that are 

not readily observable but still act to physically shape a trail.  

The erosion factors which are most easily controlled through trail building 

practices are those related to terrain and topography. For a trail that must connect two 

points on a map, some environmental variables cannot be reasonably mediated through 

trail design because a trail’s route can deviate from a straight line by only so much. For 

example, soil type is a variable that is not very simple to mediate, apart from adding 

material to the trail. The slope gradient of a trail, however, can be controlled through 

design by selecting a route that climbs a slope more directly or less directly. 

Understanding the influence of these trail design variables on erosion can guide decisions 

about how to route a section of trail through its surrounding terrain.  

 

Literature Review 

 The field of recreation ecology came into being in the 1960’s and 1970’s and the 

literature relating to trail use mostly examined the impacts of trail users to nearby natural 

resources, such as vegetation and wildlife. Root and Knapik (1972), with their study of 

trail degradation in the Canadian Rockies, might have been the first study to examine a 

trail itself as a natural resource that was being impacted by use. Defining natural-surface 

trails as a resource that can be shaped by human and natural processes is necessary to 

studying trails for the purpose of maintaining certain soil and morphological conditions 

on a trail. 
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The causes and impacts of trail degradation have become increasingly studied 

since the 1970’s (Leung and Marion, 1996). Conceptual models of erosion on hiking 

trails have exhaustively identified the variables that could shape a trail and have 

identified how the variables could interact with each other (Coleman, 1981; Leung and 

Marion, 1996). What is needed is a more detailed understanding of how specific variables 

influence soil condition and morphology of trails. Although researchers identify flowing 

water and landform characteristics as influential variables on erosion, little work has been 

done to apply landscape evolution and fluvial morphology models from streams to 

erosion and transport on channelized hiking trails. 

The design variable that has been studied most often for its influence on erosion 

on trails is slope; only one study was found in this review of the literature that examines 

the influence of length on erosion on trails (Table 1). Although drainage area has not 

been studied for its influence on erosion on trails, it has been observed that drainage area 

correlates with erosion in streams and rivers (Kirkby, 1971; Howard & Kerby, 1983).  
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Table 1. Design variables and their influence on erosion. 

 

 

 There are many trail building publications, often in the form of a manual or 

handbook, that recommend trail design practices to reduce erosion. The literature review 

of these publications is not exhaustive, because there are many organizations and 

institutions that publish their own trail building manuals or handbooks. This literature 

review serves to illustrate how some trail design recommendations align with findings 

from scientific studies.  

In many of these publications, slope is identified as a variable to consider when 

designing trails (Table 2). Several publications recommend designing trails with a 

maximum average slope of 10-12% to reduce erosion. Several publication note that a trail 

could be steeper for short sections and not experience excessive erosion if runoff is 

controlled.  

Table 2. Recommended trail design practices. 

 

Variable Findings Citation

Slope Positive linear correlation with erosion Helgath, 1975

Weaver & Dale, 1978

Bratton et al., 1979

Quinn et al., 1980

Positive exponential correlation with erosion Coleman 1981

Length Positive correlation with erosion Olive & Marion, 2009

Drainage area No studies

Design variable Recommendation Citation

Slope Maximum average slope: 10-12% Hesselbarth & Vachowski, 2000

IMBA, 2004

Maximum slope (shorter sections): function of 

length

IMBA, 2004                               

Parker, 2004

Length of slope Maximum length: 6-15 meters Hesselbarth & Vachowski, 2000

Maximum length: function of slope IMBA, 2004

Parker, 2004

NH DRED

Drainage area Reduce size Parker, 2004
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Several trail building publications recommend reducing the length between 

drainage features on a trail, either by installing man-made water diversions or by aligning 

a trail through a landscape so that it naturally reverses grades. Most publications 

recommend maximum intervals for drainage features that are a function of the trail’s 

slope.  

This review of the literature has identified several gaps in the body of literature on 

erosion on trails, which this study examines: 

 The influence of drainage area on the morphology of a trail has not previously been 

studied.  

 The influence of trail design variables on erosion has been analyzed using regression 

models, but none that are derived from landform evolution models, such as the stream 

power equation. 

 The soil conditions on the surface of existing trails has been compared to off-trail 

surfaces, but not to other on-trail surfaces to examine how design variables and 

incision correlate with soil condition. 

 Studies which have observed erosion on existing hiking trails have not referenced 

erosion at sample points to on-trail control samples, where design variables have 

values equal to zero.  

 

Objectives 

 The goal of this project is to examine the influence of geomorphologic forces on 

the morphology and soil characteristics of hiking trails. To accomplish this, field 
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measurements were performed to quantify the morphology and soil characteristics of 

trails and the variables that are hypothesized to influence the morphology and soil 

characteristics of trails. The experiment is designed to observe these geomorphologic 

processes on existing hiking trails where these processes have been allowed to shape the 

trail for a relatively long period of time. These geomorphologic processes can be 

mediated through trail design variables, so this study tests three trail design variables – 

slope, drainage area, and length of slope – for their influence on trail degradation.  

 

Hypotheses 

 This study’s hypotheses test the influence of trail design on erosion and whether 

the soil condition of a trail’s surface changes after erosion occurs. The three main 

hypotheses tested in this study are: 

H1: Slope, length of slope, and drainage area correlate positively with soil loss on 

trails.  

H2: On locations where soil loss occurs, there are proportionally fewer fine 

particles and proportionally less organic matter in the trail’s surface because these 

materials require the least energy to be transported. 

H3: Soil compaction is greater on flatter slopes and lesser on steeper slopes.  
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Chapter 2: Methods 

 

Experimental design 

Study area 

To test the hypotheses that the proposed trail design variables influence soil loss, 

an experiment was designed to observe soil loss at points on trails with varying slopes, 

lengths of slope, and drainage areas, while holding other intermediate variables constant. 

The study area for this experiment is the western Pemigewasset Region in White 

Mountain National Forest in New Hampshire, USA (Fig. 1). This study is limited to the 

western Pemigewasset region because it is covered by a 1 meter resolution elevation 

dataset, obtained through Light Detection and Ranging (LiDAR).  

There are over 1200 miles of hiking trails in the White Mountain National Forest. 

Some of these trails have existed for over a century and were established with varying 

levels of design – from informal development of a trail by repeated use of a route through 

the forest to a planned trail with specific design and construction practices applied. 

Despite the diverse characteristics of many of these hiking trails, they can be stratified to 

control certain variables to a degree. 
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Figure 1. Map of segment locations (red dots) on trails (red lines) in the western 

Pemigewasset Region of the White Mountains National Forest.1 

 

Sampling 

 The basic sampling subpopulation for this experiment is a segment of channelized 

trail delineated by outlets for flowing water. The control sample in this subpopulation is 

derived from the longitudinal point at the top of a trail segment where slope, length of 

slope, and drainage area all equal zero. This point is a local high point away from which 
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all water flows. The horizontal cross-section at this control sample may be channelized 

due to trail use, but its drainage area is zero because water flows away from this point in 

either direction down the channel. Any observed soil loss at this point would be due to 

the effects of trail use, not the effects of flowing water. Drainage area progressively 

increases at sample points down-channel from this control sample. Slope is greater than 

zero at all sample points down-channel from this control sample until a reversal in the 

slope of the trail. This grade reversal stops the down-channel flow of water and delineates 

the bottom of the trail segment. This experimental design naturally allows for two points 

in the sample population to have similar slope values, but different drainage area values 

and vice versa, which allows this experiment to separate the effects of multiple 

independent variables on the dependent variable. 

The control sample, where modeled erosion is the lowest is also the control 

sample for soil characteristics in each segment. Off-trail soil characteristics may vary 

between segments, so the “reference” soil condition at each segment is the soil condition 

at the control sample, rather than an off-trail sample. Observed soil characteristics in the 

control sample will be assumed to be influenced by the compacting force of foot traffic 

and the detaching force of splash erosion, but not by the process of runoff. All points 

along a trail segment theoretically experience the same impacts from trail use, but have 

varying levels of soil loss. Observed organic content and particle size distributions in 

these samples will be correlated with observed incision to test the hypothesis that soil in 

locations with high erosion rates have lower organic content and lower concentration of 

finer particle sizes. Observed dry bulk density on trails will be correlated with slope to 

test the hypothesis that compaction is greatest on level surfaces. 
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Controlling other variables through experimental design 

Some environmental and trail use variables could influence erosion on these trails 

and obscure the relationships between design variables and erosion (Table 3). This study 

controls for variability in environmental and use variables through its sampling and site 

selection techniques. These variables may vary between trail segments, but be relatively 

constant between sample points within a trail segment. 

 

Table 3. Environmental and use-related variables which could influence erosion on trails. 

 

 

Only trails located on White Mountain National Forest lands and classified as 

“low use” by the Forest Service are included in the study, allowing better control for trail 

maintenance and trail use variability. Only trails in existence since 1940 (as appearing on 

historic USGS topographic maps) are included in this study, in order to control the length 

of time over which geomorphologic and human forces have acted on the trails. Incision is 

a static measurement of soil loss that occurs over time, so the age of the channel must be 

Variable Finding Citation

Soil texture Homogenous soil textures erode more easily Epp, 1977                         

Bryan, 1977

Soil organic content Organic content erodes more easily Bryan, 1977

Elevation Positive correlation Coleman, 1981

Aspect No significant correlation Epp 1977

Western and Northern slopes could increase water erosion Root & Knapik, 1972

Topographic position Trails on ridges experience less erosion than on hillsides or 

in valleys

Bratton, 1979          

Coleman, 1981

Vegetation type Influences erosion through root structures and influence on 

trail user behavior

Bayfield, 1973            

Bratton, 1979

User type No significant difference between bicycles and hikers Wilson & Seney, 1994

Chiu & Krikowen, 2003

More erosion from motorcycles than hikers Weaver & Dale, 1978

Wilson & Seney, 1994

More erosion from equestrians than hikers Weaver & Dale, 1978

Wilson & Seney, 1994

Use volume Erosion increases logarithmically with volume of use Chiu & Krikowen, 2003
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controlled for. Chiu and Kriwoken (2003) observe that trail use over time has a 

logarithmic effect on soil loss, so age differences between older trails have a lesser effect 

on soil loss than the same age difference between younger trails. 

Environmental variables such as precipitation, forest type, and soil type are 

controlled for by selecting trails below treeline and under forested canopy. Trail segments 

with bedrock outcroppings or shallow depths to bedrock, which might create an upper 

limit on soil loss, are excluded from this study, as are sample points with boulders (length 

of 2nd dimension >256 mm) at the surface.  Elevations for the trail segments range from 

430 meters to 1050 meters. There is a gradient from hardwood to conifer forests along 

this elevation range. While there are significant differences in these variables between 

segments, these variables may be measured by proxy by measuring the ratio of observed 

erosion to modeled erosion during multivariate modeling. 

Volume of use on the trails in this study is simply classified, as low, medium, 

high, and very high, by the White Mountain National Forest. This simplicity makes it 

impossible to model soil loss by trail volume, but is useful for controlling trail use while 

modeling water erosion. To control for volume of trail use, only trails that are classified 

as “low use” by the White Mountain National Forest are included. Levels of trail use over 

time may be heterogeneous – for example, the Carr Mountain Trail may have had more 

foot traffic prior to the removal of the fire tower from the summit of Carr Mountain in the 

1970’s. As with the environmental variables, trail use may vary between segments and 

was not directly measured during this study, but this variability can be detected and 

controlled for during the multivariate modeling process.  
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This study only includes segments of trails that were delineated by natural 

topographic features and with unambiguous drainage features, excluding man-made 

features such as water bars that effectively divert water from the channel. Likewise, trail 

segments within floodplains are excluded because their contributing drainage area is 

different when the nearby waterbody floods. 

 

Model structure 

A trail that becomes channelized can be shaped by flowing water, similarly to a 

stream channel. Geomorphologists have developed a landscape evolution model for 

predicting erosion in stream channels, which might be applicable to hiking trails if 

erosion from trail use is controlled. The stream power equation provides a structure for 

predicting erosion using multivariate regression. 

Geomorphological models 

Gilbert (1877) theorized that incision in fluvial channels is a function of discharge 

and slope. Geomorphologists have since developed equations to formalize this definition. 

The stream power equation (Eq. 1), derived from general physics by R. A. Bagnold 

(1966), models sediment detachment and transport in fluvial systems and seems to 

provide a good conceptual model for the removal of soil by flowing water on hiking 

trails.  

Eq. 1.        Stream power = 𝐾 𝜌 𝑔 𝑄 𝑆 

 The stream power equation models the erosive power of flowing water across the 

width of a channel, at a longitudinal point along a channel, as the erodibility of the 
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channel’s surface K, the density of water ρ, the acceleration due to gravity g, the 

discharge of the channel Q, and the slope of the channel S. From this, geomorphologists 

developed a transport law (Eq. 2) with sediment transport rate q as a function of 

erodibility, discharge, with an exponent m, and slope, with an exponent n (Kirkby, 1971; 

Smith & Bretherton, 1972). 

Eq. 2.         q = 𝐾  𝑄𝑚 𝑆𝑛 

 This equation has been applied in transport-limited systems (Kirkby, 1971; Smith 

& Bretherton, 1972). Howard & Kerby (1983) reasoned that in detachment-limited 

systems, this equation can be re-written to model erosion as a function of drainage area 

and slope, as Gilbert had theorized. 

𝐸𝑞. 3.        
𝑑𝑧

𝑑𝑡
= 𝐾 𝐴𝑚 𝑆𝑛 

 In equation 3, incision (loss in surface elevation over time) is a function of 

erodibility, drainage area to an exponent m, and slope to an exponent n. Drainage area A 

can be used as a proxy for discharge Q where infiltration rates and precipitation are 

relatively constant through a fluvial system. This derivation of transport law (Eq. 3) has 

been tested and accepted in later studies (Siedl & Dietrich, 1992).  

Many variables are lumped into K, m, and n. In fluvial systems, m is reflective of 

hydrologic processes in a fluvial system and K is dependent on m and can also reflect 

erodibility of the channel, dimensions of the channel, magnitude-frequency discharge 

relations, and climate (Siedl & Dietrich, 1992; Sklar & Dietrich, 1998, Snyder et al, 

2003).  
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Numerous methods have been used to by geomorphologists to calculate values for 

m and n, which vary between systems. Howard and Kerby (1983) attempted to 

empirically derive values for m and n in a detachment-limited badlands in Virginia. Siedl 

& Dietrich (1992) demonstrate that the ratio m/n can be calculated with the ratio of 

channel slope to channel drainage area between tributaries and main stems within a 

system. Sklar & Dietrich (1998) observe that the m/n ratio is proportional to a fluvial 

system’s concavity index. Values and ratios of m and n vary between systems, but m is 

typically less than or equal to n. Howard & Kerby (1983) arrived values of m = 0.44 and 

n = 0.68 through empirical research in their particular study area. Siedl & Dietrich (1992) 

estimated an m/n ratio of 1.0 for bedrock channels in coastal Oregon and reasoned that in 

steeper system where erosion is more dependent on slope, this ratio would be less than 1.  

The parameters in the stream power equation can vary widely between systems 

and can reflect many factors that are obscured by the simplicity of the equation. The 

simplicity of this equation makes it useful as a framework to conceptualize erosion on 

hiking trails, because it predicts erosion as a function of just two variables, which can be 

controlled through trail design. The coefficient K then represents all of the site-specific 

variables that determine the resistance of a trail segment to water erosion. K reflects 

erodibility of a channelized trail, the stochastic variability in runoff on trails, the amount 

of use a trail receives, and all of the other variables which affect a surface’s resistance to 

water erosion.  

Another model of soil loss examines different approaches to model erosion. The 

Revised Universal Soil Loss Equation (RUSLE) is an empirically derived model of soil 

loss on landscapes and is mostly applied to agricultural lands. Although its numerous 
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site-specific input variables limit its utility for modeling erosion on hiking trails which 

are built on heterogeneous landscapes, it could provide a good conceptual model for 

erosion on hiking trails.  

Soil Loss = 𝑅 × 𝐾 × 𝐿𝑆 × 𝐶 × 𝑃 

 The RUSLE models soil loss as a product of runoff R, erodibility of soil K, length 

and slope factor LS, vegetation factors C, and agricultural practices P. In this model, 

length and slope are the key variables that can be controlled through trail design, while 

the other variables are mostly constant over the area on which a trail is built. Length of 

slope is a proxy for the momentum of flowing water and its suspended sediments. 

Traditional erosion controls on trails, such as installing water bars at intervals along a 

trail, assume that reducing the length of a trail over which water can flow acts to reduce 

erosion. Both the RUSLE and the stream power equation model erosion as a function of 

slope and the power of flowing water, but they use different variables as measures of 

flowing water. These two water-related variables can be controlled differently through 

trail design practices. Testing whether length or drainage area is more influential on 

erosion can help guide trail design practices. 

 For the purposes of modeling erosion by trail design, I chose to model erosion 

using the structure of the stream power equation, rather than RUSLE, because of the 

stream power equation’s relative simplicity and its applicability to landscapes other than 

agricultural fields. There are limitations in the applicability of both of these equations to 

soil loss on hiking trails. For example, they do not account for the physical process of 

foot traffic acting on a trail’s surface. Where slope, drainage area, and length of slope 
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equal zero, these models predict zero erosion. A hiking trail can experience a loss in 

elevation, in the absence of soil loss, due to compaction of its surface. If dz/dt is the 

measurement of soil loss used, you would observe erosion where these models predict no 

soil loss. Including an additive variable – trail use volume – in these equations accounts 

for loss in elevation due to compaction and makes the y-intercept zero in graphs of 

modeled soil loss vs observed soil loss.  

 

Methods 

Quantifying soil loss 

Incision, the total loss in surface elevation of a trail from its pre-disturbance 

surface elevation, is a measurement of soil loss. Defining the upper datum from which to 

measure depth of incision is difficult if you do not know the original height of the surface 

before the construction of the trail (Marion et al., 2006). To address this problem, I 

quantified incision on hiking trails as the maximum distance to the ground surface from a 

datum line that extended from one lateral edge of the trail to the other (Figure 2). For this 

study, the lateral edges of the trail are defined by the absence of vegetation and/or 

evidence of shearing of surface materials. This definition assumes a homogenous pre-

disturbance surface height. 

 



18 
 

 
Figure 2. Incision – maximum depth of a trail’s cross-section – as a measurement 

of erosion. This distance is measured from a datum drawn between the two lateral 

edges of the trail. 

 

Quantifying slope 

 I define the slope of the trail as the vertical rise over a horizontal distance of 30 

inches (76.2 cm), approximately the horizontal distance of one step when walking. 

Measuring slope over a shorter distance would increase the influence of measurement 

error the natural variability in slope on a rough surface. 

Quantifying length of slope 

 Length of slope was measured along the surface of the trail from an upper datum. 

The upper datum is a longitudinal point along the trail with a contributing drainage area 

of zero. The horizontal cross-section containing the upper datum may be channelized due 

to trail use, but since it has zero drainage area, water flows away from this point in either 

direction down the channel. Length of slope increases down-trail from this datum until 

the trail’s slope reverses, stopping the down-trail flow of water. 
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Quantifying drainage area 

Drainage area at each sample point was measured by delineating the effective 

watershed for that point. For trail segments with relatively small drainage areas, this was 

done with a field survey. For trail segments with larger drainage areas, this was done with 

a 1-meter resolution flow accumulation raster in a GIS. The accumulation raster was 

derived from a 1-meter resolution LiDAR dataset created between 2011 and 2012 by 

GRANIT. The sample points along the trail were georeferenced to this accumulation 

raster by measuring the location of a significant topographical feature (often a nearby 

stream or sink) with a GPS unit, georeferencing that feature’s location to its apparent 

location on the accumulation raster, and surveying from that topographical feature in the 

field to each of the sampling points. When measuring drainage area through field survey 

and through an accumulation raster, topographic sinks were considered as contributing to 

the drainage area.  

 This technique was also performed using an accumulation raster derived from a 2-

meter DEM to test the influence of how terrain roughness affects flow accumulation 

estimates (Appendix A1, B5-13). These two techniques often gave different estimates of 

drainage area for a sample point. Flow paths and topographic features observed in the 

field corresponded most accurately with the 1-meter resolution DEM and flow 

accumulation rasters. 

Collecting soil samples 

At each sample point, soil samples were collected in the lateral location with the 

greatest incision to observe the soil condition on the surface of an eroded trail. A 
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sampling core made of metal piping with an internal diameter of 3.6cm was used to 

collect a sample 39.7 cm3 in size. The sampling core was sunk into the ground, level with 

the ground surface, and a metal spatula was placed under the core before it was removed 

from the ground to prevent the loss of sampled soil. Samples were bagged, labeled, and 

stored in a freezer. Any loose and large organic debris on the soil surface was removed 

prior to collecting soil cores. Generally, there were no large roots or rocks in the 

sampling locations that prevented sampling at the point with the greatest incision. 

Laboratory analysis 

 Each sample was dried for at least 48 hours in a freeze drier at either Plymouth 

State University’s sediment laboratory or the University of New Hampshire’s soil 

laboratory. The mass of each dried sample was divided by the volume of the sampling 

core to calculate the dry bulk density in units of g/cm3.  

The dried samples were split 3 times using a riffler to obtain a small enough 

sample (1/8 the size of the original sample) to fit in a crucible. For 18 samples, an 

additional 1/8 of the original sample was taken as a duplicate measure of the variability in 

loss on ignition within samples. The mass of these samples were measured and then 

ignited for at least 2 hours in a Type 6000 muffle furnace to combust all organic content. 

The mass lost (%) between the dried sample and combusted sample will be used as the 

measurement of organic content for statistical analysis. 

The remaining 7/8 or 3/4 of the original samples were used for particle size 

analysis. An electric-powered shake-sieve was used to separate particles by size into a 

2000 sieve µm, 250 sieve µm, 63 µm sieve, and a pan which collected particles smaller 

than 63 µm. The mass of these separated samples was measured and the mass of particles 
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smaller 63 µm was divided by the total mass to measure the proportional mass of samples 

smaller than 63 µm. Most samples were sieved for 8 minutes. 22 samples were sieved for 

only 5 minutes, so measurements from those samples were normalized based on the 

observed differences in sediment yield between sieve times of 5 and 8 minutes. Appendix 

A6 provides more details on sediment yield by sieving times. 

Dataset 

Design variables and incision were measured at 152 sample points on 13 trail 

segments on five trails within the study area. The trail design variables mostly have one-

tailed distributions because many points close to the control points were selected in order 

to have greater confidence on the y-intercepts of the models.  

Soil samples were collected at 130 sample points at 11 segments. At these 11 

segments, soil was not collected at 3 of the 133 sample points due to rock or root 

constraints. In addition to the on-trail soil samples, off-trail samples were collected at the 

edge of the trail for most sample points and some were collected in the trails’ watersheds. 

These additional 169 samples were not analyzed in the laboratory due to time constraints.  

Statistical analysis: morphology 

 To analyze the effect of trail design variables on erosion (linear, logarithmic, or 

exponential), least-squares regression was performed to find the exponents m and n that 

provide the best-fitting model for incision (Fig. 3). The sensitivity of these exponents to 

measurement error in slope, drainage area, and incision was analyzed with bootstrapping 

techniques. Estimates of the measurement error on these variables were used to create 

probability distributions, from which the model randomly sampled (Fig. 4). 
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Figure 3. R2 values for model of incision by drainage aream and slopen.  

 

Figure 4. Values of m and n which provide best fit for model Am Sn from 100 models, 

randomly sampling from probability distributions of values for slope, drainage area, and 

incision. 

 

 This model Am Sn explains 33% of variability in incision (Fig. 5), but the model 

may not be as predictive at each segment. Applying this model to each of the 13 trail 

segments, there will be a y-axis intercept where the modeled soil loss is zero, although 

the observed soil loss may be greater than zero (Fig. 6). Where the y-intercept is greater 

than zero, soil loss is occurring without flowing water, indicating the influence another 

process, such as trail use. Each segment’s model may over-predict or under-predict 

incision differently. K, the ratio of the models’ best fit lines to the 1:1 model-to-
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observation line may be a proxy for all of the other site-specific variables which reflect a 

trail surface’s resistance to soil loss. As discussed in the experimental design in Chapter 

2, there are some significant differences in site-specific variables between trail segments, 

and this is reflected in the variability the model parameters for each segment.  

 

Figure 5. Incision model Am Sn and observed incision. R2 = 0.33. 
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Figure 6. Incision model Am Sn for each segment. Model parameters K (model slope) and 

C (y-intercept) of these models vary by trail segment (Table 4). Sample points and 

segment models are colored by trail: Mt. Kineo Trail (Lower) = blue, Mt. Kineo Trail 

(Upper) = purple, Carr Mtn. Trail = red, Reel Brook Trail = green, Benton Trail = black. 

 

 Assuming that m and n are constant throughout a system with similar landform 

and climate, Am Sn can be normalized by the y-intercept and K parameters of each model. 

Figure 7 is a model of incision by drainage area and slope with normalized segment data. 

Figure 8 shows the residuals on this model. The model seems to perform equally well at 

all scales of incision, although it is slightly skewed towards predicting greater erosion by 

some data with high magnitude residuals in the positive direction.  
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Figure 7. Incision modeled by K Am Sn + C for all data. R2 = 0.57. 

 

Figure 8. Residuals (top) and residuals weighted by modeled incision (bottom) of incision 

model K Am Sn + C. 
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Statistical analysis: soil condition 

 The parameters of soil condition that were measured for statistical analysis were 

dry bulk density, loss on ignition, and percentage (by mass) of particles smaller than 63 

µm.  The independent variables studied for their effects on soil characteristics were slope, 

drainage area, length of slope, and incision. Trends between the independent variables 

and dependent variables were explored through linear regression by trail segment. The 

dependent variables were modeled by trail segment, rather than across the study area, 

because each trail segment could have variability in independent variables that were not 

controlled for through site selection. Each of these 11 linear models has a y-intercept, 

which can be used as a proxy for differences in soil at control sample points between trail 

segments. 

 These 11 models were normalized by these y-intercepts to create one model that 

applies to the entire study area. The y-intercept of this model represents the mean y-

intercept of all 11 segments and the slope of this one model represents the mean slope of 

all 11 segments. The variability in y-intercepts and model slopes between segments is 

reflected in the variability of the 130 sample points from the model line. 
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Chapter 3 - Results 

 

Morphology 

Results 

 The slope exponent n providing the best fit in the erosion model Am Sn is 1.04 and 

the drainage area exponent m which gives the best fit for an erosion model Am Sn is 0.27 

(Figs. 3 and 4). Applying this model Am Sn to the dataset, without normalizing by site-

specific variables, explains 33% of the variability in incision throughout the study area.  

Applying Am Sn to individual trail segments, seven show at least 90% confidence 

for being positively correlated with incision (Table 4) and none show significant negative 

correlations with incision at any segments. K and C vary between trail segments, 

reflecting variability in site-specific characteristics. 

 

Table 4. K and C (y-intercept) for K Am Sn + C at each segment.  
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When data is normalized from the segments by K and C, 57% of the variability in 

incision is explained. This model is equally predictive at all levels of incision (Fig. 8) and 

for samples where incision is primarily driven by slope, by drainage area, or both (Fig. 

9). 

 

Figure 9. 3-dimensional model of incision by K, slope, n, drainage area, and C for this 

dataset. Data points (dots) and their residuals (dotted lines) plotted on this model. 

 

This analysis was also performed on the variables slope and length to determine 

whether drainage area or length is a better predictor of erosion. Least-squares regression 

found that exponents of m = 0.61 and n = 0.37 provide the best fit model for incision by 

length and slope. This model of L0.61 S0.37 explains 33% of variability in incision in this 

dataset, without normalizing samples by K and C (Fig. 10). Normalizing by K and C, the 

model explains 57% of variability in incision in this dataset (Fig 11). Modeling incision 
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using length and slope explains as much variability in incision as the model that uses 

drainage area and slope.  

 

 

Figure 10. Incision model Lm Sn and observed incision. R2 = 0.33. 
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Figure 11. Incision modeled by K Lm Sn + C for all data. R2 = 0.57. 

 

Discussion 

 33% of incision on trails can be explained by measuring just two variables: slope 

and drainage area or slope and length. Adding two variables to these models, K and C, 

can explain even more incision by normalizing the samples. It is important to note that K 

and C were not measured values, they were estimated by applying the model Am Sn to 

each trail segment. If K and C are measured in the field, the model K Am Sn + C could be 

useful as a predictive model.  
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The positive correlations between this model and erosion confirm that drainage 

area has a positive effect on erosion on hiking trails. This was theorized by Parker (2004), 

but was not previously tested in an experiment. While the Lm Sn and Am Sn models 

correlate equally well with incision in this study, it should not be assumed that length and 

drainage area are substitutable proxies for the erosive power of flowing water. Length 

and drainage area increase independently of each other at all segments in this dataset. The 

logarithmic relationships that drainage area and length have with incision have not 

previously been observed on hiking trails. 

Although modeling incision by slope, length, and drainage area separately 

supports the hypothesis that these three variables have positive effects on erosion, none of 

these three models predict incision as well as the Am Sn or Lm Sn models. This highlights 

the importance of the interactions between slope and runoff. The slope exponent n is 

nearly linear, indicating that in this study area, slope has a linear effect on incision when 

mediated by drainage area. By simply plotting slope and incision, slope apparently has an 

exponential effect on incision (Fig. 12).  
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Figure 12. Incision modeled only by Sn.  

 

The ratio of m and n, 0.26, is lower than what is typically observed when 

modeling rivers by drainage area and slope. This suggests that slope is relatively more 

influential on erosion than drainage area on hiking trails than it is in rivers. This could be 

due to processes other than water discharge – such as trail use – that are influential on 

erosion and are mediated by slope. This study was designed to control for the trail use 

variable, but an experimental design which allowed trail use to vary could have tested 

whether an equation such as equation 4, which includes trail use volume U mediated by 

slope and site-specific resistance K, can predict erosion better than the stream power 

equation alone. 

𝐸𝑞. 4.        𝐼𝑛𝑐𝑖𝑠𝑖𝑜𝑛 = 𝐾𝑤𝐴𝑚𝑆𝑛 + 𝐾ℎ𝑈𝑢𝑆𝑛 + 𝐶 

The values of the model parameters K and C for each segment may be reflective 

of other site-specific variables which influence the resistance of a trail to erosion, but 

they do not correlate significantly with measured site-specific variables, such as 
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elevation, aspect, sideslope, topographic position, or soil condition (Table 5). This is 

likely due to the small number of segments, 13. This limits the usefulness of K and C as 

indicators of site-specific variables in small sample sizes. My experimental design and 

sampling decisions increased samples per segment, rather than number of segments 

included in the study. The criteria for selecting segments were very exclusive in order to 

control for site-specific variables, as discussed in the experimental design in chapter 1, so 

increasing the number of segments would have required an expansion of the study area. 

 

Table 5. Segment-specific variables, such as mean sideslope, topographic position, and 

soil characteristics at the control sample points. 

 

 

Soil condition 

Results 

Modeling soil condition by slope, length, drainage area, and incision, and 

normalizing each sample’s data by the modeled soil condition at the control samples, 

some trends are apparent (Fig. 13). Organic content (% LOI) decreases with all four 

independent variables. Observed incision and drainage area were the variables which 

correlated best with organic content.  
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Compaction (dry bulk density) correlates weakly for the four independent 

variables, but appears to correlate positively where this correlation is strongest. This 

correlation is strongest with observed incision and is very weak (R2 ≤ 0.03) for the other 

independent variables.  

Particle size (% mass < 63 m) correlates weakly for the four independent 

variables, but appears to correlate positively where this correlation is strongest. This 

correlation is strongest with drainage area and is very weak (R2 ≤ 0.03) for the other 

independent variables.  
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Discussion 

 Loss on ignition appears to be the soil characteristic that is most indicative of 

erosion. Nevertheless, there is high variability in organic content at low levels of incision, 

so low organic content on a trail is not necessarily indicative of trail degradation. Perhaps 

more important than its usefulness as an indicator of erosion, the loss of organic content 

associated with high levels of incision has implications for feedback loops between soil 

conditions and incision. Once affected by incision, organic matter in a trail’s surface has 

reduced cohesion and is transported more easily. If organic content is the soil component 

that is lost most rapidly due to erosion, then more resistant inorganic soil particles are left 

behind, creating a negative feedback loop preventing further erosion. The logarithmic 

nature of trail use and erosion observed by Chiu & Kriwoken (2003) also suggests the 

presence of negative feedback loops in the erosion process. 

 Dried bulk density does not decrease with slope in this dataset, as was 

hypothesized. This does not necessarily disprove Quinn et al.’s (1980) observations that 

walking forces are transferred to the ground as compacting forces on flat sections and are 

transferred to the ground as shearing forces on sloping sections of trail. One explanation 

could be that slope is not independent of other variables that are more influential on dried 

bulk density. 

 The weak trends in particle size and in dried bulk density could also be attributed 

to the selection of trails with low use levels and low levels of maintenance. Trails with 

higher levels of use could exhibit greater differences in soil condition. The estimates of 

proportional mass of particles smaller 63 m were from sieve times that were not long 
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enough to fully separate these fine particles; particles were observed to continue 

separating after an hour of sieving. Stronger trends might be observed if these samples 

were sieved longer to completely separate particles of different size classes. A stronger 

trend in particle size might also be observed with additional analysis to separate silts and 

clays, but this analysis was not performed due to time constraints.  
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Chapter 4: Summary 

 

Management implications 

Assessing erosion 

 This study observed that incision was correlated with predictive models of erosion 

and with changes in soil condition, making incision a good indicator of trail degradation. 

Cross-sectional area was measured during this study in order to accurately measure 

incision at the lateral position on the trail’s cross-section where depth was greatest. 

Cross-sectional area was not modeled because it included a component of width, a 

variable which my experimental design sought to control for. However, cross-sectional 

area could be a useful indicator of trail degradation and could influence a trail’s 

functionality and aesthetics.  

 This study observed that organic content decreased with soil loss, but that organic 

content is not a useful indicator of trail degradation. Sample locations with low incision 

had highly variable levels of organic content, so low organic content is not always 

indicative of trail degradation.  

Mitigating erosion 

 The observation that slope, drainage area, and length all correlate positively with 

incision indicate that erosion can be controlled through trail design by limiting these 

variables. Area and length had a logarithmic effect on erosion, indicating that they 

influence erosion even at low levels. Slope had a linear effect on erosion when it 

interacted with area and length of slope. As discussed in chapter 2, modeling erosion by 

slope alone, slope appears to have an exponential effect on erosion. This apparent 
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exponential trend was observed in Epp (1977). If slope has an exponential effect on 

erosion, then it would be very important to limit slope on trails so that it does not reach a 

threshold where incision becomes excessive. This is not the case, however; it should be 

stressed that slope mediates geomorphic and human processes. If drainage area and trail 

use are low and site-specific resistance to erosion is high, the maximum sustainable slope 

for a trail will be greater. This is consistent with what has been discussed in some trail 

building publications and notably stressed by Parker (2004).  

 The observation that drainage area created an equally predictive model as length 

of slope is important to understand when designing a trail to resist erosion. Drainage area 

increases as length of slope increases, so management practices that only focus on 

reducing length of flowing water will reduce discharge as well. However, the frequency 

of drainage features must be a function of how efficiently a trail collects water. If a trail 

intercepts and channelizes a large area, drainage features on a trail must be spaced more 

frequently. If a trail does not intercept a large area, drainage features on a trail do not 

need to be spaced as frequently. As conceptual models, both the RUSLE and the stream 

power equation emphasize the interactions between slope and flowing water. 

 This study observed that organic material is selectively removed by flowing 

water. If a trail surface with a high organic content is considered to be the “natural” or 

“undisturbed” state of the soil, it will be disturbed by flowing water on channelized trails, 

even on trails with low-use levels. Trail construction practices that are often published, 

such as bench cutting a trail or constructing a switchback, will necessarily change the soil 

condition of the trail. Observations from this study that loss of organic content may make 

a trail more resistant to erosion and may occur inevitably means that removing organic 
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content during construction and maintenance will not degrade the trail and might make it 

more resistant to erosion. 

 

Future work 

 Applying this model of erosion to hiking trails in regions with different climates 

and soil types could test the sensitivity of the exponents m and n. Geomorphologic 

equations that relate to rill erosion could also be explored for their applicability to erosion 

on hiking trails. Improvements to the applicability of the stream power equation for 

erosion on hiking trails could be made by including a trail use component in the equation 

(Eq. 4). Future studies could experimentally vary trail use in order to model this.  

 Collecting soil samples took nearly as much time as collecting geomorphic 

measurements at each sample location. Although the sample size in this experiment could 

have been nearly doubled by not collecting soil samples, collecting soil samples along 

with geomorphic data allowed for soil condition and morphology to be analyzed for 

correlations. Future studies should weigh the benefits of collecting more information at 

each segment and each sample location with increasing the number of segments and 

samples. The soil characteristics of trails are still very important and future work could 

examine the complex feedback loops between incision and soil condition. 

The experimental design of this study – sampling intensively within segments 

rather than randomly throughout a study area – allowed for many site-specific variables 

to be controlled and allowed for a “control vs treatment” experiment within each 

segment. If the objective this study had been to examine the influence of site-specific 
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environmental variables on erosion, then the experiment would have been designed to 

capture a wide variability in these variables by studying more than 13 segments.



42 
 

References 

Alessa, L. and Earnhart, C. G. 2000. Effects of soil compaction on root and root hair 

morphology: implications for campsite rehabilitation. Proceedings RMRS-P-15-

VOL-5. 

Bagnold, R. A. 1996. An approach to the sediment transport problem from general 

physics. Washington, DC: US GPO: 422-I. 

Bayfield, N. G. 1973. Use and deterioration of some Scottish hill paths. Journal of 

Applied Ecology, 10(2): 635-644. 

Bratton, S. P., Hickler, G., and Graves, J. H. 1979. Trail erosion patterns in Great Smoky 

Mountains National Park. Environmental Management, 3(5): 431-445. 

Bryan, R. B. 1977. The influence of soil properties on degradation of mountain hiking 

trails at Grövelsjön. Geografiska Annaler. Series A, Physical Geography, 59(1/2): 

49-65. 

Chiu, L. and Kriwoken, L. 2003. Managing recreational mountain biking in Wellington 

Park, Tasmania, Australia. Annals of Leisure Research, 6(4): 339-361. 

Cole, D. N. 1983. Assessing and monitoring backcountry trail conditions. Research Paper 

INT-303. Ogden, UT: USDA Forest Service, Intermountain Forest and Range 

Experimental Station. 10 pp. 

Coleman, R. 1981. Footpath erosion in the English Lake District. Applied Geography, 1: 

121-131. 

Coleman, R. A. 1977. Simple techniques for monitoring footpath erosion in mountain 

areas of north-west England. Environmental Conservation, 4(2): 145-148. 

Dale, D. and Weaver, T. 1974. Trampling effects on vegetation of the trail corridors of 

the North Rocky Mountain Forests. Journal of Applied Ecology, 11(2): 767-772. 

Epp, P. F. Guidelines for assessing soil limitations for trails in the southern Canadian 

Rockies. MS Thesis. Edmonton: University of Alberta, 1977. 

Gilbert GK. 1877. Geology of the Henry Mountains (Utah). Washington, DC: U.S. GPO: 

160 pp. 

Goeft, U. and Alder, J. 2001. Sustainable mountain bike study from the southwest of 

Western Australia. Journal of Sustainable Tourism, 9(3): 193-211. 

Helgath, S. F. 1975. Trail deterioration in the Selway-Bitterroot Wilderness. Research 

Note INT-193. Ogden, UT: USDA Forest Service, Intermountain Forest and 

Range Experiment Station. 15 pp. 

Hesselbarth, W. and Vachowski, B. 2000. Trail construction and maintenance notebook. 

Missoula, MT: USDA Forest Service, Notebook publication 0023-2839-MTDC-

P. 



43 
 

Howard AD, Kerby G. 1983. Channel changes in badlands. Geological Society of 

America Bulletin 94:739–52. 

IMBA. 2004. Trail solutions: IMBA’s guide to building sweet singletrack. International 

Mountain Bike Association, 272 pp. 

Kirkby, M. 1971. Hillslope process-response models based on the continuity equation. 

Institute of British Geographers Specialty Publications, 3: 15-30.  

Leung, Y. -F. and Marion, J. L. 1996. Trail degradation as influence by environmental 

factors: a state-of-the-knowledge review. Journal of Soil and Water Conservation, 

51: 130-136. 

Marion, J. L., and Olive, N. 2006. Assessing and understanding trail degradation: Results 

from Big South Fork National River and Recreational Area. Blacksburg, VA: 

USGS Patuxent Wildlife Research Center, Virginia Tech Field Unit. 

Marion, J. L., Leung, Y.-F., and Nepal, S. K. 2006. Monitoring trail conditions: new 

methodological considerations. The George Wright Forum, 23(2): 36-49. 

Monti, P. W. and Mackintosh, E. E. 1979. Effect of camping on surface soil properties in 

the boreal forest of Northwestern Ontario, Canada. Soil Science Society of 

America Journal, 43(5): 1024-1029. 

New Hampshire. Bureau of Trails. Best management practices for erosion control during 

trail maintenance and construction. Concord, NH: Department of Resources and 

Economic Development, 2004. Print. 

Olive, N. D. and Marion, J. L. 2009. The influence of use-related, environmental, and 

managerial factors on soil loss from recreational trails. Journal of Environmental 

Management, 90: 1483-1493. 

Parker, T. S. 2004. Natural surface trails by design. Boulder: Natureshape. 2004. Print. 

Quinn, N. W., Morgan, R. P. C., and Smith, A. J. 1980. Simulation of soil erosion 

induced by human trampling. Journal of Environmental Management, 10: 155-

165. 

Root, J. D. and Knapik, L. J. 1972. Trail conditions along a portion of the Great Divide 

Trail route, Alberta and British Columbia Rocky Mountains. Research Council of 

Alberta, Report 72-5. 

Seidl MA, Dietrich WE. 1992. The problem of channel erosion into bedrock. Catena 

Supplement 23:101–24 

Sklar, L. and Dietrich, W. E. 1998. River longitudinal profiles and bedrock incision 

models: stream power and the influence of sediment supply. Geophysical 

Monograph  

Smith, T. R. and Bretherton, S. F. P. 1972. Stability and the conservation of mass in 

drainage basin evolution. Water Resources Research, 8(6): 1506-1529. 



44 
 

Snyder, N. P. et al. 2003. Importance of a stochastic distribution of floods and erosion 

thresholds in the bedrock river incision problem. Journal of Geophysical 

Research, 108(B2): 15 pp. 

Sun, D. and Walsh, D. 1998. Review of studies on environmental impacts of recreation 

and tourism in Australia. Journal of Environmental Management, 53(4): 323-338. 

Sutherland, R. A., et al. 2001 Hydrophysical degradation associated with hiking-trail use: 

a case study of Hawai’iloa ridge trail, O’ahu, Hawai’i. Land Degradation & 

Development, 12: 71-86. 

Weaver, T. and Dale, D. Trampling effects of hikers, motorcycles, and horses in 

meadows and forests. Journal of Applied Ecology, 15(2): 451-457. 

Wichmeier, W. H. and Smith, D. D. 1978. Predicting rainfall erosion losses – a guide to 

conservation planning. US Department of Agriculture, Agricultural Handbook 

No. 537. 

Wilson, J. P. and Seney, J. P. 1994. Erosional impacts of hikers, horses, motorcycles, and 

off-road bicycles on mountain trails in Montana. Mountain Research and 

Development, 14(1): 77-88. 

 



45 
 

 



Location of segment 1 within study area.

Appendix A. Segment 1

Seg. 1

Soil samples in segment.

Segment
Trail
Road

Base: hillshade

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.31 0.91 0.12

2 0.35 0.73 0.08

3 0.29 0.85 0.03

4 0.25 0.89 0.04

5 0.30 0.80 0.09

6 0.99 0.17 0.22

7 0.87 0.27 0.12

8 0.23 0.87 0.03

9 0.41 0.70 0.04Drainage area delineations from cross-sections within 
segment 1.

Longitudinal profile of segment, slope and area along segment, and 
modeled vs observed incision.



Location of segment 2 within study area.

Appendix A. Segment 2

Soil samples in segment.

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 1.09 0.12 0.30

2 0.61 0.29 0.16

3 0.78 0.15 0.24

4 0.80 0.11 0.32

5 0.47 0.38 0.10

6 0.32 0.72 0.07

7 0.40 0.47 0.14

Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

Seg. 2

Segment
Trail
Road

Base: hillshade

Drainage area delineations from cross-sections within 
segment 2.



Location of segment 3 within study area.

Appendix A. Segment 3

Segment
Trail
Road

Base: hillshadeSeg. 3

Soil samples in segment.

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.41 0.48 0.10

2 0.52 0.27 0.17

3 0.45 0.39 0.09

4 0.51 0.37 0.09

5 0.45 0.40 0.11

Longitudinal profile of segment, slope and area along segment, 
and modeled vs observed incision.

Drainage area delineations from cross-sections within 
segment 3.



Location of segment 4 within study area.

Appendix A. Segment 4

Seg. 4

Soil samples in segment.

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 2.90 88.77 0.05

2 1.00 22.35 0.19

3 0.90 8.06 0.15

4 1.30 12.32 0.06

Longitudinal profile of segment, slope and area along segment, and 
modeled vs observed incision.

Segment
Trail
Road

Base: hillshade

Drainage area delineations from cross-sections within 
segment 4.



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

Flow accumulation (m2)
0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 5 within study area.

Appendix A. Segment 5

Seg. 5

10 meters10 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 3.10 30.23 0.03

2 0.70 5.33 0.07

3 8.50 223.83 0.16

4 5.60 36.26 0.08

5 5.40 96.18 0.08

6 4.70 172.44 0.20

7 11.40 208.82 0.09

8 12.35 202.87 0.05

9 5.10 65.94 0.14

10 18.60 341.06 0.13

11 18.55 110.01 0.06

12 6.20 71.75 0.24

13 6.70 31.17 0.14 Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

Segment
Trail
Road

Base: hillshade

XS 1

XS 13

XS 1

XS 13

Soil samples in segment.



Sample location
Survey post

Flow accumulation (m2)
0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

10 meters10 metersFlow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 6 within study area.

Appendix A. Segment 6

Seg. 6

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 1.02 0.16 0.38

2 0.77 0.23 0.32

3 1.16 0.09 0.38

4 0.48 0.37 0.33

5 0.87 0.11 0.37

6 1.17 0.08 0.28

7 0.97 0.14 0.25

8 0.62 0.25 0.36

9 0.89 0.19 0.10

10 0.76 0.21 0.40

11 0.78 0.18 0.26

12 1.06 0.12 0.15

13 1.15 0.10 0.21

14 0.81 0.16 0.29

15 0.88 0.15 0.22

16 0.66 0.14 0.12

17 1.02 0.16 0.11

18 1.11 0.06 0.37

19 0.93 0.10 0.32

20 0.50 0.28 0.19

Soil samples in segment.
Longitudinal profile of segment, slope and area along 
segment, and modeled vs observed incision.

Segment
Trail
Road

Base: hillshade

XS 1

XS 20

XS 1

XS 20



Sample location
Survey post

Flow accumulation (m2)
0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 7 within study area.

Appendix A. Segment 7

Soil samples in segment.

10 meters 10 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.92 0.17 0.17

2 1.15 0.11 0.13

3 0.85 0.47 0.24

4 0.37 0.64 0.07

5 0.30 0.77 0.09

6 No data No data No data

7 0.30 0.91 0.02

8 0.29 0.64 0.08

9 1.07 0.16 0.20

10 0.34 0.56 0.06

11 0.57 0.30 0.13

12 0.30 0.72 0.07

13 0.61 0.24 0.17

14 0.33 0.60 0.05

15 0.34 0.51 0.09

16 0.25 0.58 0.05

17 0.09 0.94 0.04

18 0.08 0.92 0.05

19 1.05 0.12 0.26 Longitudinal profile of segment, slope and area along 
segment, and modeled vs observed incision.

Seg. 7

Segment
Trail
Road

Base: hillshade

XS 1

XS 19

XS 1

XS 19



Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 8 within study area.

Sample location
Survey post

Flow accumulation (m2)
0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Appendix A. Segment 8

Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Seg. 8

10 meters10 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.32 0.62 0.06

2 0.20 0.95 0.25

3 0.22 0.90 0.01

4 0.19 0.91 0.03

5 1.09 0.12 0.43

6 0.65 0.26 0.17

7 0.52 0.23 0.22

8 0.14 0.88 0.03

9 0.67 0.25 0.59

10 0.52 0.28 0.14

11 0.29 0.69 0.10 Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

Segment
Trail
Road

Base: hillshade

XS 1

XS 11

XS 1

XS 11

Soil samples in segment.



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation (m2)

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 9 within study area.

Appendix A. Segment 9

10 meters10 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.31 0.73 0.11

2 0.23 0.84 0.08

3 0.65 0.21 0.35

4 0.34 0.51 0.20

5 0.60 0.26 0.42

6 0.20 0.71 0.12

7 0.07 0.79 0.06

8 0.33 0.37 0.27

9 0.27 0.37 0.08

10 0.52 0.28 0.10

11 0.45 0.23 0.21

12 0.63 0.18 0.20 Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

Seg. 9
Segment
Trail
Road

Base: hillshade

XS 12

XS 1

XS 12

XS 1

Soil samples in segment.



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation (m2)

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 10 within study area.

Appendix A. Segment 10

Segment
Trail
Road

Base: hillshade

Seg. 5

5 meters5 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 No data No data No data

2 No data No data No data

3 1.21 0.13 0.21

4 0.62 0.34 0.15

5 0.92 0.13 0.24

6 1.33 0.08 0.19

7 1.35 0.09 0.17

8 1.13 0.09 0.23

9 1.25 0.11 0.22

10 1.21 0.06 0.19

11 1.59 0.08 0.23

12 1.37 0.14 0.22 Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

Seg. 10
Segment
Trail
Road

Base: hillshade

XS 12

XS 1

XS 12

XS 1

Soil samples in segment.



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation (m2)

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 11 within study area.

Appendix A. Segment 11

Segment
Trail
Road

Base: hillshade

Seg. 11

5 meters5 meters

Xsec

DBD    

(g/cm3)

LOI         

(% mass)

% Mass    

< 63 mm

1 0.16 0.81 0.12

2 0.28 0.73 0.12

3 0.29 0.74 0.10

4 0.22 0.87 0.04

5 0.60 0.19 0.14

6 1.28 0.05 0.19

7 1.21 0.05 0.07 Longitudinal profile of segment, slope and area 
along segment, and modeled vs observed incision.

XS 12

XS 1

XS 12

XS 1

Soil samples in segment.



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation (m2)

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 12 within study area.

Appendix A. Segment 12

10 meters10 meters

Longitudinal profile of segment, slope and area along 
segment, and modeled vs observed incision.

Seg. 12

Segment
Trail
Road

Base: hillshade

XS 1

XS 9

XS 1

XS 9



Sample location
Survey post

Flow accumulation (m2)
0 - 4

4 - 8

8 – 20

20 - 40

40 - 400

400 - 40000

40000 +

Sample location
Survey post

0 - 1

1 - 2

2 – 5

5 - 10

10 - 100

100 - 10000

10000 +

Flow accumulation (m2)

Flow accumulation derived from 1-meter DEM. Flow accumulation derived from 2-meter DEM.

Location of segment 13 within study area.

Appendix A. Segment 13

10 meters10 meters

Longitudinal profile of segment, slope and area along 
segment, and modeled vs observed incision.

Seg. 13

Segment
Trail
Road

Base: hillshade

XS 1
XS 10

XS 1
XS 10



Appendix B 

 

 

 

 

Figure B1. Best estimates of drainage area for sample points using flow accumulation 

rasters derived from 1-meter and 2-meter resolution DEMs. These two techniques often 

gave different estimates of drainage area for a sample point. Flow paths and topographic 

features observed in the field corresponded most accurately with the 1-meter resolution 

DEM and flow accumulation rasters. 

 

 

 

 

 

 



 

Figure B2. Distribution of differences in LOI between sample duplicates (mass difference 

/ mean mass of duplicate samples). Duplicates of 18 dried soil samples were ignited to 

estimate variability in LOI measurements due to sample splitting techniques. 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure B3. Differences in LOI between sample duplicates (mass difference / mean mass 

of duplicate samples) increased as dry bulk density (g/cm3) of sample, which was split to 

obtain sub-samples for LOI analysis, increased. R2 = 0.34. 

 

 

 

 



 

 

 

 

 

Figure B4. Differences in LOI between sample duplicates (mass difference / mean mass 

of duplicate samples) decreased as mean organic content of the sample duplicates 

increased. R2 = 0.25. 



 

Figure B5. Difference in LOI between two duplicate samples (mass difference / mean 

mass of duplicate samples) increased as the mean mass of the samples before ignition 

increased. R2 = 0.38. 



 

Figure B6. Underestimation of proportional mass < 63 m due to shake sieving 

methodology. For 23 samples, the mass of the sample passing through 63 m screen was 

measured at 8 minutes and at other lengths of time. The values for proportional mass < 63 

m reported in results used 8 minutes as the index. The mean mass after 5 minutes of 

sieving relative to 8 minutes was 93.7% with a standard deviation of 5.3%. These values 

were used to estimate a value for proportional mass < 63 m at 8 minutes for the 22 

samples which were sieved for 5 minutes, but not 8 minutes.  
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