MONTANA

STATE UNIVERSITY

Environmental factors influencing recreational trail condition
by Wendi Ann Urie

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Earth Sciences

Montana State University

© Copyright by Wendi Ann Urie (1994)

Abstract:

Trail systems in national and state forests and parks weave their way through many different bedrock
types, slope gradients, aspects, soil and habitat types. Management of these trail systems requires
knowledge of how humans affect the environment at landscape scales in addition to randomly selected
sample plots and other micro-environments. Research concerning the impact of human use on soils and
vegetation has traditionally focused on site-specific impacts and these results are difficult to extrapolate
to entire landscapes. This study explained 50% of the variability in trail condition along two existing
trails in the Gallatin National Forest of Montana with a series of landscape scale variables. Information
on three environmental controls (soil water content, trail slope and understory vegetation cover) and
cross-sectional area were measured at 130 sites spaced at 100 m intervals along the trail. Six terrain
variables were computed with the Topographic Analysis Programs for the Environmental Sciences -
Grid version (TAPES-G) and a 1:24,000 scale DEM. Trail slope explained 25% and soil water content
11% of the variability in trail cross-sectional area and both were positively correlated to trail condition.
Regional slope was negatively correlated to trail slope and explained another 5% of the variability in
trail cross-sectional area. The regression coefficients for trail slope varied in size when the trail was
divided into four landscape units. A steady-state wetness index was also computed at 100 m intervals
along the trail, but this index explained only 10% of the variability in measured soil water content.
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ABSTRACT

Trail systems in national and state forests and parks weave their way through many
different bedrock types, slope gradients, aspects, soil and habitat types. Management of these
‘trail systems requires knowledge of how humans affect the environment at landscape scales
in addition to randomly selected sample plots and other micro-environments. Research
concerning the impact of human tise on soils and vegetation has traditionally focused on site-
specific impacts and these results are difficult to extrapolate to entire landscapes. This study
explained 50% of the variability in trail condition along two existing trails in the Gallatin -
National Forest of Montana with a series of landscape scale variables. Information on three
environmental controls (soil water content, trail slope and understory vegetation cover) and
-cross-sectional area were measured at 130 sites spaced at 100 m intervals along the trail. Six
terrain variables were computed with the Topographic Analysis Programs for the
Environmental Sciences - Grid version (TAPES-G) and a 1:24,000 scale DEM. Trail slope
explained 25% and soil water content 11% of the variability in trail cross-sectional area and
both were positively correlated to trail condition. Regional slope was negatively correlated
to trail slope and explained another 5% of the variability in trail cross-sectional area. The
regression coefficients for trail slope varied in size when the trail was divided into four
landscape units. A steady-state wetness index was also computed at 100 m intervals along
the trail, but this index explained only 10% of the variability in measured soil water content.




CHAPTER ONE

INTRODUCTION

Balancing the interest in preserving natural areas with a desire for multiple use of
landscapes involves many trade-offs. Some researc:_hers; for example, argue that any
disturbance by bumans should not be tolerated in wilderness and other natural areas, whereas
others have suggested that these areas should \.be open for humans to enjoy and appreciate.
The challenge for resource managers is to manage access and levelslof use in ways that are
sustainable; thus causing as little damage to surrounding areas as possible. Strategically
located and properly qonstructed and maintained trail systems offer the best chance of
achieving this objective. Recreation trails provide access for hikers, horses and, in some
cases, bicyclists and motorcﬁzcﬁsts and thereby limit any damage to a narrow corridor of soils,
vegetation and animals. |

Land managers require toois to eaéily make appropriate trail design and maintenance
decisions for a variety of landscapes. Trail systems in national and state forests and parks
weave their way through many different bedrock types, slope gradients, aspects, soﬁs and
habitat types. Management of these trail systerﬁs requires imowledge of how humans affect
the environment at landscape scales in additidn to knowledge of how human activities affect

-randomly selected sample plots and othér micro-environments. Research concerning the
impact of human use on the soils, natural vegetation and wildlife has tradiﬁonally focused on

site-specific impacts and these results ate difficult to extrapolate to entire landscapes (Helgath
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1975; Kuss and Morgan 1980; Cole 1987; Seney 1991; Wilson and Seney 1994). '

Land managers require knowledge éoncerm'ﬁg the relationship of trail conditions to
common terrain and soil attributes and also the ability to esﬁmate these attributes quickly and
easily. This study first attempts to determine the.terrajn and soil variables which influence
trail condition and secondly attempts to explore modeling methods to derive these variables.

Most of the Iﬁodeling solutions proposed to date have utilized micro-scéle pr;ocess

descriptions in hillslope of catchment-scale models with only limited success (Goodrich and

Woolhiser 1991; Moore et al. 1993a). Moore et al. (1993a) recently proposed an alternative .

index approach that is based on simplified representations of the underlying physics of the

processes but includes the key factors that modulate system behavior (such as topography).

These models are based on, and are able to opei'ate with, what Nix (1981) termed "minimum
data sets". This aﬁproach sacrifices some physical sophistication to allow irr;proved estimates
of spatial patterns in landscapes (Moore et al. 1991). The method is also able to operate at
different levels of sophistication depending on the availability of possible input data and the
spatial resolution of that data. Moore et al. (1993a) used the dmuibuﬁon of soil water content
ina iandscape, a major _factor determining the bioPh_ysical‘ behavior of landscapes, to illustrate
the basic approach. Soil water content data is not readily available to- managers. A modeling
approach to determining soil water content could provide land managers with this
information.

The challenge now is to demonstrate the applicability of these methods to recreational
trail management issues. The objectives of this project are to: 1) measure trail condition at

specified intervals along the trail system; 2) measure selected environmental factors at
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- specified intervals along the trail system; 3) determine the rclaﬁonsilip between erosion and
other environmental factors; and 4) explore the poteritial. for using terrain analysis techniques
. to predict the spatial distribution of soil water content within the study area.

This work builds on previous and current efforts in terrain analysis (Moore et al. 1991,
1993), soil crosion_ modeling (Moore et al. 1992; Moore and Wilson 1992, 1994), and field-
based trail studies (Seney 1991; Wilson and Seney -1994). The validation of these models
would help forest and park managers with the early identiﬁcatibn of potential problem areas

on current trails and lands slated for new trails.
Li Revi

Maqy researchgrs have examined the effects of types of trail use, coﬁstruction and levels
of use on vegetation and/or soils at specific sites (e.g., Dale and Wcaver 1973; Dawson et al.
1974; Helgath 1975; Bryan 1977; Colé 1978; 1988; Bratton et al. 1979; Grabheﬁ 1982).
These studies fall into two categories: those which study the effects of tIail'use on vegetation
aﬂd those which focus on the effects on soil compaction and erosion. Many studies have
found that some species are more vulnerable to trampling than others (Burden and Randerson
1972; Grabherr 1982; Cole 1988). Dale and Weaver (1974) studied the effects of differénf
user types on vegetation finding that damage generally increased from hikers to motorcycles
to horses. Cole (1988) experimented with bc;th use intensities and resistant/nonresistant
habitat types to analyze the vulnerability of various habitats and their recovery potentials.
These studies have consistently found that both reéistant and non-resistant vegetation is

removed quickly from trails; thus on trails with prolonged use, accelerated soil erosion and
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soil compaction are the dominant impacts on the trail (Cole 1988).

Soil Erosion I

Rates of soil erosion depend on clirhate, soil and topographic factors.ﬂ Bryarn (1977)
linked rates of trail erosion to soil properties such as texture, homogeneity, morphology,
stability and organic content. Helgaﬁ (1975) and Burde and Renfro (1986) emphasized a
combination of soil, climatic and topographic factors, including landform, trail grade and
vegetative lllabit,at type. Dale and Weaver (1974), Helgath '(1975), Cole (i983) and Kuss
(1987) identified use intensity as a major factor controlling soil erOsi.on. The rate of change
decreased with higher use intensities. Wilson and Sene‘y (1994) found that 70 percent of the
trail erosion\observed in their plot experiments could be statistically explained by regression
terms combining soil texture, slope and user treatment. Horse trayel produced more sediment
than hiker, off-road bicycle or ﬁétorcYcle traffic for all conditions and was found especially
damagiﬁg on pre-wetted sites. Weaver and Dale (1978) also éxamined impacts by user type
and found the results were slope dependent with motorcycle damage greatest going 'up the
slope and hiker and horse damage greatest coming down the slope. McQuaid-Cook (1978)
compared hikers and horses and found tt_lat hbrses caused more erosion on slopes but had
considerably less impact than hikers on level sites.

Trail ‘slope and soil water content were mentioned by several researchers to be
controlling factors in trail erosion. Helgath (1975) found that trial grade is sigm’ﬁcanﬁy
correlated to area loss in subalpine fir (Abies lasiocafpa), ponderosa pine (Pinus ponderosa)

- blue bunch wheat grass (Agropyron spicatum), and Douglas-fir (Pseudotsuga menziesii)
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habitat types. Bratton et. al. (1979) employed factor analysis and found trail slope to be
significantly coﬁelated to percent rutting, percent e;xposed rock and percent exposed roots..
Burde and Renfro (1986) found trail slope to be si;gniﬁcantly correlated to trail cross-sectional
area loss, trail aepﬂl and width of loose rock. Wilson and Seney (1994) correlated trail slope
to sediment yield from 2 ft. by 2 ft. plots along the New World Gulch trail. They also found
increased sediment yield on prewetted sample plots. | |

Overa]i, a large number and variety of contributing factors have been linked to observed
and predicted erosion rates on trails, as evidenced by the studies noted abové. Many of these
variables are especially site specific in nature including: soil texture, soil organic coﬁtent,
' vegetative habitat type, and geomorphic landform. _

Helgath (1975) and Summer (1980, 1986), for éxample, both divided their study areas
into landform units. Helgath (1975) classﬂied each study site as either alluvial erosional,
alluv1a1 depositional, glacial erosional or glac1a1 deposmonal She found that the glacial
depositional, glacial erosional and alluvial depositional units all suffered similar mean area
losses and that the alluvial erosional units experienced higher losses. than any of the other
units. Summer (1980, 1986) utilized more specific landform categories and classified her
study sites by one of the following categories: outcrop, talus slope, terrace, floodplain,
moraine/outwash, moraine, colluvial slc;pe, alluvial-colluvial fan, or alpine colluvial fan. Aftf;,r
three seasons of monitoring, Summer (1986) found that the mean change in-depth of trail was
highest on thé 10° éo]luvial slope and on the 13° - 18° side slopes of the rﬁoraines. Colluvial
fans and colluvial slopes of 5° also experienced changes m depth of | trail. Both Helgath and

Summer invested considerable time and energy classifying these landforms in the field. Many
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landform types may be present in a given area thus it is difficult to extrapolate results from

these studies to areas with different geomorphic landforms.

S .1 C Ao I
Soil compaction also contributes to trail deterioration in many instances by decreasing

the permeability of the soil and increasing ponding and overland flow down the trail. Several

researchers have linked rates of soil compaction to soil properties and use patterns similar to .

the soil erosion studies (Dotzenko et. al 1967; Dawson et. al. 1974; Kuss 1983: McQuaid-
cook 1977; Summer 1980; Weaver and Dale 1978). Weaver and Dale (1978) found

compaction increased with slope, use intensity and level of horse use. Dawson et. al. (1974)

found that north-facing slopes experienced significantly less compaction.due to use than-

south-facing slopes. Dotzenko et. al. (1967) found that organic content of the soil, soil

texture, and soil moisture were ihversely correlated and that use intensity was positively

correlated to soil compaction. McQuaid-Cook's (1977) study combined many of the above . .

attributes and found that the rate of soil compaction depended on terrain, use intensity, type
of user (horse versus hiker), soil type and soil water content.
None of the above studies sought to quantify the contributions of trail erosion and

compaction to overall trail deterioration. In this study erosion was assumed to represent the

dominant process controlling trail deterioration and no analysis was done to compare soil

erosion and soil compaction rates at given sites.

I .IE . II 11. ‘

Applying the results of these site specific studies to larger landscapes is problematic
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(Helgath 1975; Kuss and Morgan 1980, 1984; Cole 1987; Wilson et al. 1994), although

Helgath (1975) and Kuss and Morgan (1980, 1.984) have proposed methodologies to
anticipate and cope with the challenges of extending site specific results to broader areas.
Helgath (1975) suggested an index system based on "Biophysical“ units. These units divide
landforms and vegetation habitats into homo geneous environments. Each unit _has a specific
potential for deterioration attached to it. Managers coul‘d'stt"ive to avoid units where erosive
potential is high (Helgath 1975). Kuss and Morgan (1980, 1984) proposed the use of the
Universal Soil Loss Equation (USLE) tp estimate the carrying capacity of hiking trails. The
equation, as quiﬁed by Kuss and Morgan, is written as T = RKLSC. The maxirhum rate of
soil erosion that will permit the productivity of the land to be sustained econonﬁcaﬂy and
indeﬁnitely is reprcsehted by T and calculated in terms of rainfall (R), soil erodibility .(K),
slope gradient (S), slope length (L), and type and extent of vegetational cover (C). Kuss and
Morgan (1980, 1984) argued that thié modified USLE model would help the land manager
to determine when the conditions warranted measures to prevent further erosion. |
The Helgath and Kuss/Morgan.models both have significant deficiencies. Helgath's
model is a framework for classifying. potential erodibility using landforms and vegetation.
Dividing the landscape into homdgeneous biophysical units which represent all possible
environments would require extensive field work and study thus defeating the purpose of
developing the model. This approach of sequentially dividing a laﬁdscape into smaller units
which are assumed to be homogeneous,ﬁpredicting the response of each element and then
aggregating the response to allow the spatially-variable environmental response to be

predicted has been tried in hydrology for over 20 years. The field evidence gathered in the
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past decade indicates that this ’approa.ch has been ‘only partially successful such_ that many
hydrologic pfocesses c;annot be treated in this way.(Goodrich and Woolhiser 1991; Moore
etal 1993a). Hence, Helgath's (1975) biophysical units provide only a framework for further
study rather than a (iuanﬁtaﬁve method which simulates the environmeﬁtal processes
operating in landscapes. |

‘The modified USLE approach proposed by Kﬁss and Morgan (1980, 1984) suffers from
many of the same proi)lcms even though their approach does provide a quantitative model
which utilizes sitc-speciﬁd information to predict environmental impacts across landscépes.
There are six main problems: (1) the division of landscapes into small homo geneous units in
order to simuiate the processes operating across landscapes; (2) the need for field and
laboratory studies to compile the spatially-variable soils and vegetation data required.as inputs
for the modél; (3) the c'ost and difficulty of relating the vegetation information collected for
thesg landscapes to the vegetative cover factor éables and nomographs prepared for the
agricultural (Wischmeier and Smith 1978) and rangeland (Dissmeyer and Foster 1980)
versions of the USLE; (4) the extrapolation of USLE model results to highly compacted and
non-vegetated trails; (5) the failure of the model to predict gully c;osion as well as sheet and
rill erosion given that some trial systems will collect runoff and serve as ephemeral channel
systems (Cole 1987); and (6) the failure of the USLE to account for the effects of slope
- convergence and divergence on the spatial patterns .of runoff and accelerated soil erosion by;
water (Moore e"t al. 1993a). These problems are serioﬁ_s because the USLE is a statistical
model and its api)]ication to environments and conditions outside of those for which it was

developed and validated is fraught with difficulties (Wischmeier 1976; Wilson 1986).




Soil Water Modelj

The results from the sife-speciﬁc and plot-scale trail studies conducted by Helgath
(1975), Bryan (1977), McQuaid-Cook (1978), Weaver and Dale (1978)_, Bratt.on et al.
(1979), Fish et al. (1“981), Wilson and Seney (1994) and others during the past two decades
ina vaﬁety of geographic settings and landscapes pcﬁnt to a strong connection between soil .
water distribution and erosion potential. These results also provide a strong ra;ionale for the
application and testing of the modeling techniques described above given the cost and
difficulty of collecting spatially—variéble weather, soil and vegeta'tionvinformation in mounﬁn
environments.

Moore et al. (1993a) fecently proposed a modeling approach 1n which a series of indices |
or equations are used to represent the spatial distribution of soil water content in a landscape.
This method for mddcling at a landscape scale holds éromise as'possible methods to extend
previous site specific trail studi_es to landscape scales.

The soil water index relies on a series of equations which apply first a s-p:clﬁally-varirable
topographic term, and then terms for soil properties, infiltration rates and cvapo&anspiration
to predict the spatial distribution of soil water content. This approach assumes that water
distribution in mountainous or hilly terrain is controlled by vé'rﬁcal and horizontal Water
divergence and convergence, infiltration recharge and evapotranspiration. The latter two
terms are affected by solar iﬁsolaﬁon and vegetation canopy which vary strongly with i
exposure in semi-arid areas, while the divergence/convergence term is dependent on hillslope

position (Moore et al. 1990). Burt and Butchér' (1986), Moore et al. (1988), and Wood et
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dependent on hillslope position (Mooré etal. 1990). Burt apd Butcher (i986), Moore et al. ;
(1988), and Wood et al. (1990) achieved good results using only the topographic a£uib11‘tes
to characterize soil water distributioﬁ. This approach avoids the difficulties associated with -
the direct measurement or- esﬁﬁaﬂon of the spatial variability of the soil water and
evapotranspiratioﬁ terms.

This model offers an additioﬁal advantage to recreational managers in that it relies on
attributes which can be stored aé separate data layers in a geographic information systém
- (GIS). A GIS has man& management applicati()ris because if allows the user to input, store,
‘analyze and output the large volumes of spatially;referencéd data. These data are required for R
modéling and managing the landscape processes which h}ﬂu@nC@ the er_odib'ility of recreation

trail systems.

Description of Sg;dy Area

The s;udy area includes two trails in the' Gallatin National Foreét south of Bozeman,
Montana (Figure 1). The two trails have a combined feﬁgth of 13 km. They traverse a
landscape with variable geolc_)gy, ﬁerrgin and soils Whose ownership is split between the
Montana Depé:ruﬁenF of State Lands and Gallatin National Forest.

The first trail, Nev;/ World Gulch Trail, originates in Bear ‘Can'yon, 12 km southeast
of Bozeﬁlan, at. sf;udy site number 1 and ascends southward to a divide ﬁeér site number 59
(Figure 2). The trail then'irtaverses aridge between sites 59-71 and descends ‘to. the shore of

‘ Mystic Lake at site 76. Sites 77-99 follow the shoreline of the lake (Figure 2). The New .

World Gulch Trail is underlain by limestone, sandstone and shale bedrock of the Mowry,

N
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Thermopolis, Kootenai and Jurassic formations ~(Robens 1964). The'result;int soils are fine-
to medium-textured with subsoil clay accumu]atlons These soils are moderately well- dramed
(Davis and Shovic 1984). The elevation along the trail varies between 1658 m (5440 ft) and ‘
2121 m (6960 ft) Sites 1-58 have predominately north to northeast facing aspects. As the
trail traverses thc ridge and descends to the lake from sites 59-76 the aspect changes from
| northeast to southwest. Along Mystic Lake sites 77-99 hav;a east to south east aspects.

Lodgepole pine (Pinus contorta) is the donﬁnaqt végetaﬁon type with Subalpine fir °
(Abies lasiocarpa), Engleman spruce (Picea engelmanii) and Douglas fir (Pseudoisuga
menziesii) also present. The understory consists of thick mat shrubs such as blue huckleberry
(Vaccinium globulare), twinflower (Linnaea borealis) and grouse whortleberry (Vaccinium
scopariﬂm). Perennial bunch grasses such as Idaho fescue (F ;estuca idahoensis) and mat
shrubs such as blue huckleberry (Vaccinium globulare), twinflower (Festuca idahoensis),
bluebunch wheatgrass (Agropyron spicatum), bearded whéat grass (Agropyron caninun;) and
mountain brome (Bromus carinatus) populate the open meadows (Sepcy 1991).

The second (unnamed) trail leaves a USDA-Forest Service road 6 km from the
Bozeman Cr.eek.trailhcad, near study site number 130, and parallels Bozeman Creek to its
source at Mystic Lake near study site number 100 (ngure 1). This trail is underlain by folded
and faulted limestone of the Madison formation with some sandstoﬁe and shale interbedding.
Soils are variable with medium-textured soils formed from weathered limestone and ;andstone
and ﬁnc-tcxtﬁred soils weathered from shales. Most of the soils along this trail are well-
drained due to the steep slope perpendicular to the trail. The elevation along the trail varies

between 1830 m (5973-ft) and 2020. m (6626 ft) with a predominately southwest aspect. -
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Vegetation consists of opén Douglés fir (Pseudotsuga menziesii) forest with an undersfory
of Idaho fescup (Festuca idahoensis) and bluebunéh wheatéras’s (Agropyron caninuﬁ). '
Climate in this region is characteristic of the Northern Rocky Mountains.
Precipitation is heaviest in the spring with heavy snowfalls common in March and April
followed by spring rainstorms in May and June. The average snowfalls for March and April
were 41.57 cm aﬁd 33.66 cm respectively, at the Montana State University Climate Staltion
(National Atmospheric Administration 1993). Rainfall avéraged 7.37 cm in May and 7.24 ¢m
in June at the same station (National Atmospheric Administration 1993). -Actual rain and

snowfall averages for the study area may be greater and snow accumulations may remain on

the ground longer due to the highef elevation . This climate regime controls the timing of

ﬁeak erosion periods. It would be expected to have large erosion events mostly in the spring

and early summer in this area. Precipitation increases again in September and October. -

Precipitation averages 4.59 cm in September and 3.75 cm in October thus potentially

indicating another runoff period (National Atmospheric Administration 1993). Soils, though,

at this time of year are drier and can absorb more moisture before saturation is reached and

ponding and overland flow begin.

A variety of trail users ’aIe found on these trails. The New World Gulch Trail;’ is
utilized by hikers, r_nountain bikers, motorcyclists and horsés during the summer and by skiers
(cross-country and back-country) and to a limited exten‘t snowmobilérs in the winter. The
unnamed trail in Bozeman Creek is heavily utilized by mountain bikers in the summer and also
sees some horse énd hiker use. Due to the steepness of the terrain, winter use is limited. No,

motorized vehicles are permitted in this portion of the study area. Neither the U. S. Forest
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Service nor the Department of State Lands has annual data on the numbers of users traveling

the trails.
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CHAPTER TWO
METHODS

The goals of the study were approached using several different methods. Field data,
collected during two summer field sessions, produced data on soil erosi'on and compaction,
soil water content, local slope and vegetation cover. Data gained from map interpretation of
geological and topographic maps included geology, regional slope, aspect, specific catchment
area, plan and profile curva’ture. The above data .were then synthesized using several-
statistical methodé. Finally, terrain modeling techniques were utilized in an attempt to prgdict

steady-state soil wetness indices.
ield Da

Data was collected at approximately 100 m intervals along the two trails so that a
variety 6f landscapes in two drainage basins could be sampled. A randomly chosen number
was used to locate the first stake 11 m from the New World Gulch trailhead. Pacing was
employed to place stakes at intervals of about 100 m along the New World Gulch trail to
Mystic Lake and then along the unnamed trail to its terminus at Bozeman Creek Road (Figure
1 and 2). .The stakes were painted orange to make them easier to find on successive ﬁeid
datys.

The sampling sites were mappéd using a Magellan Nav5000 Pro Global Positioning

System (GPS) receiver. The Magellan receivers utilize a series of satellites maintained by the
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U.S. Department of Defense to calculate X, Y locations in terms of latitude/ longituae or
Universal Transverse i\dercator (UTM) meters. ’I;he accuracy varies between 5 and 30 m
depending on the number _of satellites in view when readings are taken. The GPS was used
in two dimensional mode utilizing three of four possible ‘satellites due to the often dense tree
cover and location of paﬁs of the_'trails in ravines. This approach limited accuracy to
approximately 30 m The readings were recorded in a field note book and t\aken back to the
office for processing. The X, Y coordinatés‘were 'entered into a spreadsheet for tabul&
analysis and later transferred to an ASCII text file. .This file was then imported into
ARC/INFO and three maps were produced (Figure 3). The first two maps show different
sections of the New World Gulch trail and the third m.ap shows the sampling site locations
on the unnamed trail along Bozeman Creek. The latter map was rotated relative to the first

two maps to fit on the same map page.

il Erosi

The existing trail condition was documented at each stake (i.e., 100 m intervals) during
the 1992 summer field season to assess the current statu.s-of the trail system. Two trail
attributes were measured: 1) the width of the disturbed zone, and 2) the depth of the trail at
10 cm intervals across this width. This information was then used to compute the _quantitieé
of soil eroded or compacted at these locations along the trail.

The most commonly used method for estimating soil erosion and compaction on trails
involves measﬁn'ng the cross-.se'ctional area between the ;cfead surface and a taut line stretched

between two fixed points on either edge of the trail (Cole 1987). The procedures described
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and used by Ketchledge and Leonard (1970), Leonard and Whitney (1977) and Cole (1987)
were areas along the trail. The modified method utilized two rebar poles with copper wire
strung between them placed at the edge of the bare soil on either side of the trail. A string
level was placed on the copper wire to ensure it was level at each site. The length of the wire
was adjusted to accommodate varying trail widths at different sites. Colored tape was used
to mark off 10 cm intervals along the wire. A plumb bob, which slid along the length of the
wire, measured the distance from the taut wire to the ground surface at each of the markers.

Cole's (1987) formula for converting the above measurements to cross-sectional
measurements is:

Al- [(V1eIV1™ .. *2VneVihVZ x L Q)
where Alis the cross-sectional area under the copper wire, V1through Vil are vertical
distances from the wire to the trail surface at 10 cm intervals beginning at the left rebar stake
and ending within 10 cm of the right rebar stake, and L is the 10 cm interval (Figure 4).
Equation | assumes that the wire is fixed at a constant height on the rebar pole for each
measurement The height of the wire, however, was not fixed to minimize any problems
incurred with vegetation interfering with the height measurements. The formula was thus
modified to calculate the cross-sectional area of soil loss below an estimated original soil
horizon as follows:

K Vi< Vnl A2-A1-(V, XW) - 1/2[(Vihl - VAW] 2

Else  A2-A1- (VI x W) - 1/2[(V, - VIhIW]
where AZ2is the cross-sectional area of soil loss and W is the width of the bare soil on the trail

(Figure 5).
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Figure 4. Measurements taken to calculate cross-sectional area, A1l

WxV1

1/2 (WxXxC V-V 1))

Figure 5. Calculations used to determine the area of the shaded region, A2
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The new formula subtracts the aréa between the estimated former soil horizon and the
copper wire from Cole's formula to calculate only t-:he estimated cross-sectional area of soil
loss. Equation 2 incorporates two options to allow for tilting in either direction. Several of
the sample sites include two or more profiles because the trail braids into two ‘c‘)r more
sections. The cross-sectional areas of the individual braids were summed at thé:se sitesl
Values recorded in the field were entered into a spréadsheet and the aBove formulae were

implemented.

Soil Water Content

Soil water content was measured for the top 20 cm of the soil profile at each stake
along the trail system in the late spring and fall of 1992 and late spring of 1993.
Measurements were made at four sites that were chosén randomly (each time) wilthm a 3 m?
area centered on the stake and according to my ability to locate a position where the probe
would insert 20 cm into the ground.

A Tektr;)nix time domain reflectometry (TDR) cable tester, on loén from Dr. Jon M.
Wraith in the Department of Plant, Soil and Environmental Sciences, was used for these
measurements (Figum 6). The TDR was connected to a laptop computer. for the spring 1992
measurements and a Campbell Scientific 21X electronic datalogger for the fall, 1992 and
spring, 1993 measurements. The dafalogger used a sﬁghtly different algori_thm than the laptop
to analyze the TDR output and convert it to volummetric soil water content. The TDR was

mounted on an aluminum backpack frame for portability.
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7 Computer

TDR

Data Logger Probe

Figure 6. Textronix Time Domain Reflectometer (TDR) cable tester, Campell Scientific
21X electronic datalogger and laptop computer.
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The ’I‘bR measures th_e apparent bulk dielectric perrrﬁttivitj of ﬁe soil. The dielectric
constant of soil is strongly dependent on soil watér content and nearly independent of soil
density, texture and salt content. Water, as a very poor insulator, greatly reduces the soil's
effectiveness as an insulator thus causing TDR to be a very direc} measure 6f soil water
content (Topp et al,, 1980). A wide frequency current flows from the TDR through a coaxial
cable into 20 cm prongs inserted into the soil and returns to the TDR. A waveform is output
to | the datalogger and converted to a bulk apparent dielectric constant using equations
developed by Topp et al. (1980) based on the time necessary for the current to travel through
the system (Baker and Allmaras, 1990). A jig conéisting of two 5 cm square wooden blocks
was used to maintain the position of the prongs during insertion into the soil. Several
attempts were often required to fully insert the probe in particularly rocky or shallow soil.
The probe was left in the soil while three replicate readings were tz;ken. Each TDR waveform
analyzed was the mean of—l 8 waveforms sampled by the cable tester. The volummetric soil

water content was then recorded from the datalogger or corhputer to a field notebook.

Trail Slope

The slope along tﬁe trail was also measured at each sampie site. An alumiﬁum pole_ 1
mlong was placed parallel to the trail. A Brunton compass was placed on the pole and the
slope in degrees was read. The slope curvature and position of ﬂle sampling site relative to

the top, middle, and bottom of the slope of the trail was also recorded.
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Understory Vegetation

The understory vegetation communities loéated adjacent to the ftrail system were
characterized at 100 m intervals. Techniques outlineci b3; Bonham (1989) were used to
estimate perce,nt cover of forbs, shrubs and grasses. Strip quadrants measuring 10 cm x 30
cm were located lengthwise ﬁext to the trail edge, 1 m from the edge and 2 m from the edge
along both sides of the trail at each study site. Percent cover was estimated for each
quadrant, and dominant plant species and canopy type were also recorded. A mean percent
cover value was calculated by computiné the mean percent cover for the six ploté at each site.
In several cases the sum of the values for percent cover of forbs, grasses and shrubs exceeded
100% due to the fact that many forb species were understories of taller shrubs, thus both

covered similar areas of ground and were counted twice.
Map Interpretation

Two types of map interpretation were conducted. First, data on underlying geology
along the trail were gathered from a 1:24,000 scale geologic map of the area. Second, terrain
attributes were combuted using a digital elevation model produced from a 1:24,000 scale

topographic map.

Geology
Information on the geology underlying the trail was obtained from the Geologic Map
of the Mystic Lake Quadrangle, Montana (Robefts, 1964). A 1:24,000 scale mylar plot of

the GPS points was overlaid on the map and geological map unit was noted at each stake.
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The GPS points had an error of up to 30 m and there was an unknown error associated with

the geologic map and it was often difficult to determine exactly which geologic unit a site

- belonged to. 'Map units were divided into resistant and non-resistant geology categories

because of these potential errors. Units dominated by limestone, sandstone, dolomite and

conglomerates were classified as resistant; and shales and areas of alluvium deposits were

classified as non-resistant. Some map units were composed of both resistant and non-
resistant rocks and were therefore classified based on whether they formed ridges (resistant)

or gullies (non-resistant) where the trail crossed them on the topographic map.

Terrain Attt
Terrain attributes were obtained with the help of computerized methods. A digital
elevation model (DEM) was constructed from the 1:221,000 scale topographic map and the

Topographic Analysis Programs for the Environmental Sciences - Grid version (TAPES-G)

" (Moore et. al. 1993a) were used to compute five terrain attributes at each stake location.

Digital Elevation Model Construction A 30 m x 30 m DEM was constructed for the
1:24,000-scale Mount Ellis quadrangle using the ARC/INFO Geographic Information System

Software. TAPES-G requires a regular grid DEM as input and the 30 m DEM coverages .

prepared by the United States Geological Survey (USGS) have not been extended to cover‘

this part of the United States yet. A ‘mylar copy of the contour lines used by the USGS to
produce the 1:24,000 scale Mount Ellis quadrangle was scanned using a Houston Instruments
LDS 4000 plus scanner. Scanning errors were manually corrected and elevation attributes

were added to the data file. The coverage was then converted to an ASCII file with X, Y and
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Z coordinates. i

The ASCII file was used with the program AN UDEM (Hutchinson, 1989) to develop
the regular grid 30 m DEM. ANUDEM utilizes a finite difference scheme and spot heights,
contour and stream Iine'data to interpolate regular gﬁd DEMs. The drainage enforcement
option, which automatically removes spurious pits and maintains the fidelity of the drainage
network, was used in this study. .

IAEESi}_A_nalys;s The 30 m DEM was used with the TAPES-G to calculate slope,
aspect, specific catchment area, profile and plan curvéture for each cell in the DEM. These.
topographic attributes are computed using the grid-ele\_/ation values directly with a second
order finite differencé scheme, or by fitting a bivariate interpolation function z = f(x,y) to
those values and then estimating the derivatives of the function. The mathematics have been

simplified using the following notation:

: dz . dz d% d% d% ' ' ‘
f-—, f.2L ¢ CZ ¢ 8Z o €2 . 3
Sl el A . ©)

and

p-f+f, q-p-l | C))

,where z [=(x,y)] is the elevation at coordinates x, y in the horizontal plané, f, and f, are the
first derivatives in the x and y directions, and f_, f,, and f,; are the second derivatives (Moore
et. al. 1993b). The functions used 'to compute regional slope, aspect, plan and pr;)fﬁef
curvature are recorded in Table 1.

Specific catchment area was esﬁmated in TAPES-G with the FRho8 algorit;ﬁm in upland

areas above déﬁned channels and the Rho8 algorithm below points of channel initiation
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(Moore eL al. 1993b). A channel initiation threshold of 49.5 ha (550 cells) was used to
delineate channels. Drainage from a node to multiple nearest neighbors is determined on a
slope-weighted basis in upland areas above defined channels. The algorithm uses the flow
dispersion formula in Table | to calculate the fraction of catchment area passed to neighbor
i in order to determine the proportion of flow or upslope contributing area assigned to
multiple downslope nearest neighbors. This permits the modeling of flow dispersion in upland

areas (Moore et. al. 1993b).

Table I. Functions used by TAPES-G model (Moore et. al. 1993Db).

Attribute Function
Regional Slope (P) p . arctan (pH ®)
f
Aspect (\) 180 - arctan Y *%0 6)
fo I4 1
_ *
Profile Curvature (k) L4 Z f14 4,4 ©)
Plan Curvature (k) POCAT 2 IXT 44 WX (8)

3

Flow Dispersion (F) Max (0, Slope ™) -
E | Max( 0. Slope/1)]
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TAPES-G outputs a file containing X, Y coordinates , elevations and computed terrain
.attributes (Table 1). The program TAPESOUT,.written by Robert Snyder in the MSU
Geographic Information and Analysis Center, creates ASCII compatible files containing X,
Y coordinates and a user specified terrain attribute which can be imported into ARC/INFO
using the ASCIIGRID command. 'fhis program was run for each of the attributes. An Arc
Macro Language (AML) program, written by Damian Spangrud, was then run using the
TAPESOUT coverages and the sampling sites coverage to obtain terrain attributes for each

samplée stake.

Two statistical tests were used to asses the impact of the measured variables on trail soil
erosion and compaction. First, a covariance matrix was éonstructéd to determine which
variables were independent of each other. Secondly, multiple regression was employed to
identify interactions between the independent variables and soil erosion/ compaction.

The SAS (Freund and Littel, 1986) statistiéél software package was used to develop the
covariance matrix and regression models. Multiple regression. models were constructed with
.éight coptinuous variables and two sets of indicator yariables (Table 2). The indicator
variable geology divided the'data_ set into resistant and non-resistant geology. The second
seﬁgs of indicator variables divided the sampling sites into four subsets based on aspect. Sites
i-58 cormprise thé first subset and haye predominately north to northeast-facing aspects. The
second subset is composed of s;itcs 59-76 with aspects ranging from northeast to southwest-

facing. The third subset includes sites 77-99 along Mystic Lake with chiefly east to southeast-
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facing aspects. Lastly, sites 100-130 made up the fourth subset with predominately
southwest-facing aspects. These indicator variables éllow for the inclusion of non-ratio scale
variablés in the analysis. The result is a multiple regression equation with nine independent
variables, one or more indicator variables and nine or more cross-product variables that

represent the interactions between geology and aspect and the other independent variables.

Table 2. Independent variables used in regression models.

Trail Slope degrees

Soil Water Content decimal percent

Understory VegetationCover - percent '

Regional Slope degrees

Elevation feet

Specific Catchment Area . m’m’

Profile Curvature m

Plan Curvature m

Geologic Unit (resistant, non-resistant) 0 or 1 resistant or non-resistant geology
Aspect 0 or 1 depending on presence/absence of stakes

in one of four aspect classes

The multiple regression models were developed using step-wise regression with forward
selection and backward elimination of non-significant variables until all significant variables.
are included in the equation. A significance thresh.old of .05 was used for both forward
selection and backward elimination. The SAS procedure RSQUARE was also utilized to
compare the generated regression model with other competing regression modéls and

determine if the most appropriate model was used (Freund and Littell, 1986).
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A terrain attribute not directly estimated by TAPES-G but important to this study is soil
wetness. This attribute was pa]cﬂated using the steady-state soil wetness index of Moore et.
al. (1993a) and selected TAPES terrain attributes as inputs.

The steady-state wetness equation prdposed by Moore et. al. (1993a) can be wfitten:

X; - In(A;/tani ) ‘ | (16)
where X is steady-state wetness, A is the specific catchment area (m? m™) and B, is the
regional slope gradient in degrees. The value of the index increases with increasing specific
catchment area and decreasing slope gradient. High values are computed on flat areas and
in valleys where water concentrates and low values are obtained on steep hillslopes where
water is free to drain (Mc')ore et. al i§93a). This index was calculated in SAS using the slope
and specific catchment area attributes génerated by TAPES-G. Regression analysis was

employed using the SAS program to coxriparc variation in the independent variable, predicted

steady-state wetness, to the variation in the dependent variable, measured soil water content.




CHAPTER THREE
RESULTS

cheral\ approaéhes to synthesizing data were utilized. First, the spaﬁal patterﬁ of the
trail qoss—secﬁonal area was investigated graphically. The relationships between
environmental controls and trail condition were then explored through‘multiple regression
analysis. Finally, bivariate regression analysis was used to evaluate the steady-state wetness
index.

Cross-sectional areas over the length of the trail range 864 cm? to 22,942 cm? with
. amean of 4,819 cm?® and a standard deviation of 4,102 cm’. A histogram of the measured
cross-sectional areas was created to assess the spatial distribut\ion' 6f Isoil erosion aﬁd
compaction along the trails (Figure 7). The graph shows that the sites with high
. cross-sectional a‘lreas occur along the first 6 km of the New World Gulch Trail, between study
-sites #1 and #60. Some sites have lower cross-sectional »area valuc;s indicating ﬁxuch ‘
variability in trail condition along this portion of the trai‘li The condition of the last 7 km of
traﬂ is much more uﬁiform. Most of these sites have less erosion and cofnpaction than sites
| along the first 6 km of trail. Regression analysis was employed to investigate whether this_

v‘ariability in trail cross-sectional area can be explained by the variability in the other environ-
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Figure 7. Spatial distribution of trail cross-sectional area.
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-mental factors.

’

'The soil water content of the top 20 cm of soil was measured on three different dates
at each stake. In order to utilize the soil Water measurements in a regression analysis a
method for syﬁthesizing these three different measurement periods was necessary (Table 3).
First, data on the precipitation events. prior to these measurements were investigated to

explore the temporal variability of soil water content.

Table 3. Soil water measurements (in percent).

Date of -

Measurement Minimum Maximum Mean Coefficient of Variation -
July 1992 6.0 58.0 18.3 _ 55.2%
September 1992 3.1 46.5 16.4 , 48.2%

June 1993 11.4 57.9 28.9 34.3%

- Table 4 shows the previous precipitation recorded at the Montana State University
Climate Station located in Bozeman, MT, 20 km northwest of the study area. Rainfall on the
study area may be somewhat differeﬁt than the values recorded in the valley due to the effect
of the surrounding mountains .on precipi’tation patterns. The values reéorded at the MSUJ
Climate Station shoﬁ}d, though, approximate the rainfall on the study area. It rained several
times prior to the June 1993 measurements, including the three days immediately preceding
the field measurements. Approximately 8 cm of precipitation was reported in each of the two
months preceding these measurements. The two months prior to the July 1992 measurements

Were wetter than the corresponding period preceding the June 1993 mcas'ufements. During




34

the week immediately prior to the measurements, though, only 0.18 cm of precipitation was
recorded in July 1992 comparec’1 with 0.89 cm- for the week prior to fhe June 1993
measurements. The higher soil water levels in June 1993 demonstrate the impact of recent
rainfall on soil water measurements. The September 1992 mean precipitati(;n was less than
that measured in July 1992 or June 1993, as expected, given the timing (end of summer) and
lesser amount of precipitation in the preceding two months (Téble 4). This data indicates that
soil water content is both siaatially and temporally variable. The ranks of these three moisture {
peﬁods were used to determine if similar sites were always wet relative to the other sités and
if similar sites were also dry relative to the other sites.

Table 4. Precipitation history, at MSU, Bozeman, MT, previous to soil water content
measurements in centimeters (National Oceanic and Atmospheric Administration

1992, 1993).

Time Period July 1992 September 1992 June 1993
ﬂ ~ Precipitation Precipitation Precipitation
Previous Day 0.00 0.00 0.23
Previous Three Days 0.00 0.36 0.53

- Previous Week 0.18 1.59 0.89
Previous Two Weeks 1.65 2.28 2.63
Previous Month 13.49 2.29 8.41

Previous Two Months 21.00 6.66 1649

The mean soil water content values for each stake were ranked from higﬁ tp low for
the three measurement periods and the Spearman's Rank Coefficient was calculated for each
pair of measurements to examine the spatial variability in soil water measurements.
Spearman's Rank is a non-parametric statistical method to compare'the correlation between

two sets of ranked data. The results are bounded by -1 and 1 where 1 indicates perfect
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pdsitive correlation of ranks, <1 indicates perfect negative correlation of the.ranks and 0
indicates no conelaﬁon The results (Table 5) show ﬁositive correlation between all data sets.
The Z values are greater than 4.0 indicating there is greater than a 99% chance that the results
are statistically sig’ﬁiﬁcant. It can be concluded that the different measurement perio‘&s
produced similarly raniced oufcomes. Thus the three soil water content data sets were
averaged to form one data set‘ representing a hiking season mean sbil water content in the

study area.

Table 5. Spearman's rank coefficient and conespondmg Z values for each soil water

content measurement pair.

July 1992  July 1992 September 1992

Versus versus . versus

September 1992 June 1993 June 1993
Spear man's
Rank 0.676 0.749 0.610
Z value : 6.377 7.066 5.755

Regression Analysis

Regression analysis was used to explore how much of the variability in trail cross-
sectional area (Figure 7) could be explained by the variability in selected environmental

factors. Several iterations were needed to identify the preferred regression model.
\
The correlation matrix (Table 6) includes cross-sectional area and the continuous

variables listed in Table 2. This matrix shows two results: (1) the environmental factors that

are related to cross-sectional area (column 1) and (2) how the environmental factors are




Table 6. Pearson’s correlation coefficients.

Variable

Cross-Sectional  Area

Elevation
Aspect
Regional Slope

Profile
Curvature

Phtn Curvature

Specific
Catchment Area

Trail Slope

Soil Water Content

Vegetation Cover

‘Significant at 0.05 level.
ASignificant at 0.01 level.

Cross-
Sect.
Area

-0.04

0.18'

-0.38'

-0.14

0.03

0.07

049"

0.35'

0.05

Elev.

-0.23'

-0.03

-0.20°

-0.03

-0.32'

-0.07

0.17

-0.02

Aspect

-0.01

0.12

0.04

-0.23"

-0.12

0.04

0.10

Reg.
Slope

-0.11

-0.14

-0.20"

-0.10

-0.50'

-0.20"

Prof.
Curv.

0.39'

0.16

-0.09

-0.04

-0.01

Plan

Curv.

0.26'

0.05

0.04

-0.14

Spec.

Catch.

Area

0.17"

-0.03

0.00

Trail
Slope

0.03

0.00

Soil
Water
Content

0.31'

Veg.
Cover



37

related to one another. This last set of correllations is important because regression analysis
assumes independence of variables.
Inspection of column 1 of Table 6 reveals the significant relationships between
variation in cross-sectional area and several envir(;nmental factors. Aspect is significant at
the 0.05 level and regional slope, trail slope and soil water content are sighificant at the 0.01
level. Aspect, trail slope and soil water content are all positively correlated to cross-sectional
area. Thus as aspect, trail slope or soil water éontent increase trail cross-sectional area
increases. Regional slope is negatively correlated to cross-sectional area and thus trail cross-
sectional area decréases as regional slof)e increases. The PEarson's correlatiop coefficients
_can be squared and this statistic (R?) can -be used to describe how much variation in
cross-secﬁopal area is statistically explained by these other variables. Hence, trail slope
explains approximately 24% of the variability in cross-sectioﬂal afea, reéional slope and soil
water content explain 14% and 12%, respecti\}cly, and aspect explains only 3% of the

variability. Scattergrams were used to determine that these relationships were approximately
linear.

The inclusion of asﬁect in the above analysis is both problematic and rr.xisleading given
that the méasurement of aspect in degrees prodﬁces non-linear results. '.I'he. Eiifference, for
example, between 1° and 359° is ohly é° rather than 358°. This poses a problem fo'r
applying regression analysis to the data since standard regression anélysis assumes interval

- or ratio data. The inclusion of indicator variables in the regression analysis is one way to

solve this problem.




38

The remainder of Table 6 indicates which variables are correlated to one another.

Multiple regression assumes that independent variébies aIE; not correlated with one another
and the presence of significant multicollinearity will allow substitution of terms in competing
regression models. ﬁence, the fact that soil §vater content aﬁd regional slope are negatively
correlated at the 0.01 significance level means that we would not expec;t soil water content
and regional slope to appear simultaneously in the same regression model. The same is true
of specific catchment area given that this term is significantly correlated with five other
variables. The specific catchment area term may not appear in the regression models because
a larger proportion of the variability in the cross-sectional area of the trail is accounted for
by the variability in the 6ther variables to which specific catchment area is related.

Ta})le 7 summarizes the means, standard deviations, and rmmmum/maxnnum values

computed for the continuous environmental control variables along the trail. The trail covers

466 m of relief and shows great variability in terms of vegetation cover, trail and regional

slopes, specific catchment areas, and soil water content. The computation of 0% regional -

slopes at several stakes indicates flat areas and explains why aspects were not computed in
three instances. A greater variability of trail slopes compared to regional slopes was expected
and reflects the scale and s‘tyle of measurement given trail siopes were measured over several
meters along the trail and régional slopes were measured with a 30 m DEM. Overall, these
data indicate that the study area is composed of a trail system that traverses a large number
and variéty of geomorphic conditions. |

lusi ndicator Variabl

,"I‘he above discussion only encompasses the continuous variébles listed in Table 2.
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Regression analysis also allows for indicator variables where the values consist of zeros and
ones. This method was used to include resistant/non-resistant geology and four aspect classes

in the analysis.

Table 7. Environment control summary data.

Variable Minimum Maximum Mean Standard Median
Deviation
Cross-sectional
Area(nf) 864.0 22942.0 481.0 4102.0 3173.0
Elevation (m) 1658.0 2121.0 1926.0 120.0 1952.0
Regional slope (%) 0.0 26.3 11.2 7.3 9.4
Profile curvature (m) -2.6 6.0 0.15 0.99 0.03
Plan curvature (m) -5.9 12.3 -0.1 2.4 0.0
Specific catchment
Area (m2mJ 33.0 531670.0 14550.0 73230.0 225.0
Trail slope (%) 0.0 40.4 10.3 8.3 8.3
Soil water content (%) 6.5 52.4 19.5 8.9 17.3
Vegetation cover (%) 0.0 102.0 64.0 20.0 65.0

Table 8 divides the trail data into resistant and non-resistant geology and records the
means and difference of means t-test results for each variable. The cross-sectional areas
reported for non-resistant geology are larger (5630 cm versus 4080 cm) and statistically
different (0.03) at the 0.05 significance level than those measured in resistant materials.
However, elevation, regional slope, soil water content and understory vegetation cover also
varied between resistant and non-resistant geology. Lower elevations, soil water contents and
vegetation covers and steeper regional slopes were associated with resistant geology and
higher elevations, soil water contents and vegetation covers and gentler regional slopes were

associated with non-resistant geology. These relationships were also statistically significant
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at the 0.05 significance level. This multicollinearity between geology and some of the

continuous variables explains why the addition of geology had little or no impact on the

regression results.

Table 8. Environmental control means by resistant/non-resistant geology and t-test results.

Variable Resistant Non-Resistant Mann-

Geology Geology Whitney

(Geol = 0) (Geol =1) Test Z Prob> 1Z |
Cross-sectional
Area 4080.0 5630.0 2.59 0.01
Elevation 1906.0 1949.0 2.86 0.00
Aspect 179.0 218.0
Regional slope 12.7 9.7 -2.43 0.01
Profile curvature 0.1 0.2 0.09 0.93
Plan curvature -0.2 0.1 0.54 0.59
Specific catchment
area 17660.0 11139.0 0.69 0.49
Trail slope 8.8 11.7 1.87 0.06
Soil water content 18.1 21.0 2.31 0.02
Vegetation cover 59.8 67.6 2.32 0.02
Number of stakes 68 62

The division of landscapes into similar aspects was found to be one method to
incorporate the effect of aspect on trail condition without the difficulties associated with the
measurement of aspect in degrees as discussed earlier. A careful review of Figure 2 would
seem to indicate that the trail traverses four very different aspects in this instance. These
aspect classes were added as indicator variables and used to assess the impact of aspect on
the erosional status of the trail. Visual examination of the map (Figure 2) and the

characteristics (Appendix 1) were used to assign stakes to the four aspects (Table 9).
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Table 9. Environmental control means by aspect class.

Variable Stakes 1-58 59-76 77-99 100-130
Cross-sectional area 7153.0 4381 2589 2362
Elevation 1875.0 2061.0 1968.0 1915.0
Minimum 1659.0 1973.0 1923.0 1818.0
Maximum 2123.0 2123.0 2019.0 2020.0
Aspect
N 9 0 0 0
NE 4 5 0 0
E I 3 12 0
SE 2 2 8 3
S I 2 2 5
SW I 5 0 17
w 19 I 0 6
NW 19 0 0 0
None 2 0 I 0
Regional slope 7.6 6.7 13.4 19.2
Profile curvature 0.3 0.4 -0.1 0.0
Plan curvature -0.1 0.9 -0.5 -0.3
Specific catchment area 30733.0 610.0 2401.0 1379.0
Trail slope 11.8 11.6 7.6 8.3
Soil water content 22.7 24.1 17.3 12.4
Vegetation cover 66.1 66.7 58.0 60.9
Number of stakes 58 18 23 31

Stakes 1-58 delineate the first unit. These stakes ascend the bottom of a drainage to the
top ofthe highest ridge. The trail itself crosses the stream channel in several places and many
of the stakes were located in digital elevation model cells with high specific catchment areas
(Le. large numbers of cells draining to them). These stakes had predominately north-facing
to west-facing aspects. Stakes 59-76 delineated the portion of New World Gulch trail that
descends from the top of the ridge to the northern end of Mystic Lake. The position of these

stakes near the ridge line accounts for the low specific catchment areas. Aspect is more
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variable along this portion of the trail with most of the sites facing northgast/east/squtheast
or southeast/south/southwest (Table 9). | |

Stakes 77-99 skirted the western boundary of Mystic Lake and de_:lineated the third
aspect. These stakes have mostly southeast or east aspects and higher regional slopes and
lower trail slopes than the first two trail sections. The final group of stakes (100-130)
traverse the steep hillslopes that make up the northern boundary of Fhe Bozeman Creek
drainage;. This position accounts for the south and southeast-facing aspects and iowér

elevations compared with the second and third trail sections.

M]]Iﬁplé Regression Analysis

The Pearson's correlation matrix indicated that regional slope, trail slope and soil water
content were correlated with trail cross-sectional area. No single variable explained more
the;n 25% of the variability in cross-sectional area thus multiple regression ;malysis was
employed té) determine the combinéd influence of these variables. The; stepwise regression ‘
results reported here utilized the continuous variables summarized in Table 7 and three

indicator variables delineating four different aspects (Table 10).

Table 10. Indicator variables used to describe aspects.

Indicator . Aspects :
Variable ___ Stakes 1-58 59-76  77-99  100-130
Aspectl ' 0 1 0 0
Aspect2 0 0 1 0
Aspect3 0 0 0 1
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The first column of regression results in Table 11 indicates that the model included
five terms and the third and fourth columns indicate that the variability in these terms
combined to explain 50% of the variability in cross-sectional area. The three trail slope terms
combined to explain 35% of the variability compared to soil water content and regional slope

which explained an additional 11% and 5%, respectively.

Table 11. Multiple regression results.

Variable Parameter Partial R2 ModeledR2 F Prob>F
Estimate

Intercept 1926.2

Trail Slope 284.2 0.25 0.25 41.46 0.0001

Soil Water Content 1135 0.11 0.36 22.52 0.0001

Trail Slope 2' -249.2 0.05 0.40 9.56 0.0025

Trail Slope 12 -198.9 0.05 0.45 10.46 0.0016

Regional Slope -141.3 0.05 0.50 11.54 0.0009

1 Interaction variable trail slope * aspect!

2 Interaction variable trail slope * aspectl

The derivation of the response functions that apply to different sections of trail may
help to illustrate the significance and meaning of the five regression terms further. The basic
equation used for a first order regression model with one interaction term is:

Yi=Po+ PXl+ Px2Q+ P3XDR + El (11)
where Y 1lis the trail cross-sectional area, x, might represent trail slope, x2 might represent
aspect 2 (stakes 59-77), and P1 P2and P3represent the parameter estimates for these two
terms and their interaction (i.e., xk2. The resulting response function would read:

E(Y) = PO+ PXL+ px2+ P3XIR (12)

The exact meaning of the significant regression terms is best interpreted by examining the
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nature of the fesponse function for each éspect separately. The regression results summarized
in Table 11 can be written in equation form as: |
E(Y) = 1926 + 284x, + 114x, - 199xx; - 249xx, - 141x, : CT(13)
where Y is trail cross-sectional area, x, is trail slope in percent, X is soil water content in
percent, X, is aspectl = 1 (stakes 59-76), x, is aspect2 = 1 (stakes 77-99), and Xs is regional
slope‘in degrees.
. For stakes 1 througﬁ 58 and 100 through 130, x, and x, both equal 0, so that the
response function reads: | |
E(Y) = 1926 + 284x, + 114x, - 141x, , ~ | (14)
Predicted cross-sectional areas increase with increasing trail slopes, increasing. soil water
contents énd decreasing regidnal slopes. Thp same general pattern is true for the other two
trail sections although the presence of the interaction terms changes the rate of change for the
relationship between trail slope and cross-sectional area. Hence, the equation for stak\es
59-76 reads: _ |
E(Y)=1926 +(284—249)7;1+ 114x,- 141x, (15)
and the equation for stakes 77-99 reads:
E(Y)= 1926 +(284 - 199)x, + 114x, - 141x; (16)
The parameter estimates f;)r the trail slopé variable (x) are reduced in both instances

indicating that unit changes in trail slope have much less impact on trail cross-sectional area

along these middle portions of the trail.

The negative parameter estimate for the regional slope term is surprising given that-

most other studies have found a positive correlation between slope and trail deterioration.
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Its appearance in this study can be ﬁaced to the.magnitude of the s.ur'rounding'landforms and
the orientation of the trail relative to the steepest siopes (Table 9). The meéns reported in
Table 9 indicate how cross-sectional areas aecreased and the regional slopes increased from
the first through the fourth aspects. The likelihood that thlS pattern would be rc;,peated along
 other trails will be examined.in the next chapter. |

The regression model explained 50% of the variation in trail cross-sectional area.
One-half of the variation rémaiﬁs unexplained. Inveétigation of the regression residuals helped
to pinpoint areas where the model did not fit the data well. 'Figure 8 graphs the residuals
spatially along the trail. Thé sites with high negative residuals included sites #6,12,38,43,61_
and 101. These sites could be divided into two categories. Stakes #6,43 and 61 are located
in meadows énd stakes 12 and 38‘occur next to stream banks. Stake 101 belongs to neithef_ '
of these categories. The division of stakes with i]igh residuals into these two cat;gories was
not substantiated by further investigation of the residuals. Study sites #41, 42, 72, 73, 74 and
75 are also located in {neédows but none of these sites have residuals greater than 100 cm?®
and thus.the model worked well at these sites. Other sites located along stream banks
included stake #2, 5, 18, 44 and 76. These sites have small residuals (i.e., less than 150 cm?).
Site #101 has very little in common with the other sites with high residuals. |

A second look at the residuals revealed three areas where the residuals were spatially
similar. Sites 5-18 had mostly large negative residuals (Figure 8). This indicates the model
over-estimated the trail cro.ss-sectional areas for this section. The presence of Awaterb‘ars
along the trail or soil variations (e.g. alluvium from the creek creating cdarse soils) may be

. responsible for these high residuals. Waterbars located above study sites would decrease the
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Figure 8. Spatial distribution of residuals.
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amount | of érosion at a si;ce. Coarse gravelé cause soils to be less erodible thus the
combination of tﬁese two factors may mak¢ this portion of the trail less erodible phan tﬁe
model would expect. A second area where residuals are similar is for sites 51-60 (Figure 8).
Here the model has undefestirnated trail cross-sectional erosion. 'This ééctioﬁ of trajl follows
an old logging road where a wide path of tree;s‘has beén éleared. “This allows for greater
widening and thus greater cross-sectionél area of the trail. Lastly the section of trail from site
92 'to 99 has underestimated trail cross-sectional areas (Figure 8). This section lies along
Mystic Lake and the lake could be a.contributin g factor in this result. Mystic Lake was, ﬁf
one time, déimmed to create a large; water.supply for Bozeman. The lake shore was at that

| time much closer to the trail and may havé influenced the soil moisture.conditions during that -
period and contributed to trail deterioration .(i.e. greater trail cross-sectional areas). This
portion of trail along the lal-ce rhay also gain more use due to fishermen walking repeatedly

back and forth along its length causing increased erosion and compaction.

- Soil Water Modeling

The fourth objective of this gtudy Was to ex.pllore the potential for using terrain
analysis techniques to predict the sﬁat‘ial distribution of soil water contént. Sbil water content
was time consuming and gxpensivc to measure, thus, attribufes from the TAPES-G program
and models devéloped by Moore et. al. (1993a) were utilized in an effort to find an easier
method to assess soil water conteﬁt.

* Multiple regression was used to compare the variability in the measured mean-soil

water content and the. steady-state wetness index across aspect units. The dependent variable
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was measured soil water content and the independent variables included the modeled wetness
index and geomorphic indicator variables. The regression results are shown in Table 12. The
R? value of 0.10 indicates that the variability in modeled soil water content explained only

10% of the variability in measured scﬁl water content.

Table 12. Results of measured versus modeled soil water content (SWC) bivariate

regression.
Variable Parameter Partial R2 Modeled R2 F  Prob>F
Estimate '
Intercept 12.17 y ) '
Modeled SWCI! 0.64 0.06 0.06 - 1.97 0.006
Modeled SWC -0.74 0.04 0.10 6.37 0.013

1. Interaction variable modeled soil water content * aspectl.
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CHAPTER FOUR
DISCUSSION

This study examined the relationships between trail g:ondition and landscape scale
variables that have been frequently cited by previous studies (Dale and Weaver 1973, bawson
et. al. 1974, Helgath 1975, Bryan 1977, Bratton et. al. 1979, Burde and Reqfro 1986, Wilson
and Seney 1994). Many 6f these studies examined these rélaﬁonships in small study areas
with less than iOO sites (e.g., Helgath 1975; Summer 1980, i986; Wilson and Seney 1994).
This study sought to combine landscape scale variables with randomly selected sample plots
at aﬁproximately 100 m intervals along 11 km of trail to bet.ter depict the relationships
between these variables and trail condition.

The environmental controls of trail slope and soil water content were found by this

study to be positively correlated with trail cross-sectional area along the entire trail, such that -

increases in trail slope or soil water were accompanied by cross-sectional area increases.
Trails; often provide a channel for channelized flow. increased tréil slope created higher
velocities of water flow and thus increased the erosive power'cl)f the water (Cole 1988).
Increased soil water contcnf provides for ;nore c'ompacta‘ble soils due to increased Iubrication
between the particles and also creates more erodible soils because water will pond on the
surface and initiate overland flow causing erosion on the trajl surface in areas of saturated

soils (Hillel 1980).
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The degree to which trail slc_)pe affécted the variability in trail cross-sectional a?ea‘ ,
Variéd from one aspect to another; The regression coefficieﬁt for ﬁail slope in the résponée
functions for the first and laét_ sections of the trail (sites 1-58 and 100-130) was much larger
than for the middle sections of trail. Unit changes in trail slope at either end of the trail have
a much larger impact on predicted cross-sectional areas than for the mid‘dlé sections of trail.
This result implies that the variability in trail slope (;n northeast t(') southwest facing aspects
~ isnot as correlated to trail cross-sectional ﬁea as for the other two sections of trail. Néiiher
of these sections exhibit especially low mean ftrail sl‘opés (11.6 % and 7.6% respeptively) .
compared to the mean trail lepé for the first aspect unit (11.8%) and the last.aspéct unit
(8.3’%). Thus it appears that the aspect units may encompass more than just aspect.

.Classes of aspects.could also mirror the. variability in trail topographic position and
landfofm size. Aspect unit one is located 1n a drainage’ where the trail ascends.approximately_
directly up the drainage and traverses the lower portions of landforms over 1000 m in height
(Figure 2). -Aspect unit two follows a ﬁdge and descends a short distance down the ridge.
Here the trail is at or very near (iéss than lOd m) the fop of theé landform (Figure 2). The
third aspect unit follows the contour qf the lake. Although the trail here is located at the base
of a landform, the landforms are qui'te small yvith most slopes only reaching a maximﬁm of
500 m The iast aspect unit is located in the drainage of Bozeman Creek. The trail is located
on the 1ower portion of the steep western slopes of Mt. Ellis (Figure 2). For the middle two
sections of trail tﬁe combineition of small landform sizes (sites 77-99) or higﬁ topographic
position qf the trail relative to hi]ltdps and ridges (si‘geé 59-76) makes the trail slope less a

factor in trail cross-sectional area since water's erosional force is less on features where the
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uphill slope is short. The first and last sections of trail are locatéd near the i)ottom of long
slopes where water's erésional pbwers would be greater than for the middle two se.ctions of
trail thus trail slope is more important on these landforms. It appears then that the aspect
classes used in this study may embody more than just the aspect variable but also topographlc
posmon and landform size.

These results match those obtained 1n e;arl,ier studies given that (.1) others found the

division of landscapes into landform units helped explain trail condition (Helgath, 1975,

' Summer 1980, 1986) and (2) others found trail slope and soil water content affected erosional

' status (Helgath 1975; Bratton et. al. 1979; Burde and Renfro 1986; Wilson and Seney 1994).

The landform units utilized in this study are more generalized than either Helgath's (1975) or
Summer's (1980, 1986) but may still embody similar meaning. These units were derived by
using the position of the sﬁkes relative to the main ridgés and the Mystic Lake shoreline .to
divide the trail into four se.ctions. These terrain divisions were obtained from topographic
map interpretation and could be impleménted in other landscapes by dividing landscapes first
into broad aspect categories and then further dividing the classes by topographic position and
landform size. |

Regional slope was also found to significantly influence trail cross-sectional area.

Regional slope was found to be inversely related to cross-sectional area so that for every

percent increase in regional slope trail cross-sectional area decreases by 141 cm® The
negative correlation may be a consequence of the particular route travelled by these trails.
The largest regional slopes are found at sites 110-130 where trail cross-sectional areas were

very low. The trail between stakes 100 -130 traverses, at righi: angles to the maximum
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gradient, a series of steep slopes. This combinaﬁon produced low trail slopes, low
cross-sectional areas but steep regional slopes-.‘

Fifty-percent of traﬂ cross-sectional area variability was accounted for by the study
but the other fifty percent remains unexplained. Several factors mz;y have contributed to the
unexplained variance including: (1) the accuracy of the gloBal positioning system, (2) the scale
of the DEM and geologic' map, (3) variables not measured by the study and (4) the
contribution of compaction to the measured trail cross-sectional area.

The Maéellm Nav5000 Pro Global Positioning System used to map the study site
locations had an accuracy of 5 to 30 m. The terrain variables were computed frorﬁ a30m
DEM of the study area. Placement of the stakes to within 30 m of their true position coupled
with the accuracy of the 1:24,000-scale topographic maps and éubsequent interpolation
provided numerous opportunities for the incorrect assignment of points to cells during the
point to grid cell overlays performed in ARC/INFO. ;i‘hese probléms may be unavoidable
given the fact that a distance of 30 m is represented by 1.25 mm on a 1:24,000-scale map.

| Manual location of the trail on the topographic map in the field would not have produced a
better result.

The scale of the geologic and topographic maps may also help to explain the modest
siiccess (R%). Geology at the 130 stakes along the traii was classified as resistant or ndn;
resistant. The level of accuracy of the GPS derived stake locations and the compléxity of the
geology along certain sections of the trail may have contributed to the misassignment of
_resistant/nbn—resistant classifications at some stakes. Many formations such as the Frontier

Formation include resistant sandstones and limestones along with non-resistant shales. The
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Frontier Formation is comprised chieﬂy of non-resistant materials but a ridge is located where

the trail crosses this formation. One of the layers of the formation is resistant and is exposed

at these sites. This example was easily recognized and accounted for but other, less
prominent examples, may not have been identified.
Similarly, the use of a 1:24,000-scale topographic map may have obscured some of

the fine-scale topographic features. Some terrain features affecting regional slopes may not

have been captured at the 30 m* scale. For example, smaller drainages may not be-

représented at this scale. Study site #3 is Iocated on a short (15 m) steep hill. The TAPES-G
model generated a regional slope of only 6.1% for this site. This reflects the overall average
* slope for that 900 m? area of which the hill is only a small portior:1. A larger scale DEM that
divided the landscape into smaller cell sizes may have captured these micro-relief changes.
At least four other factors, which were not meas:ured, may also have contribqte_d to
the final result. Bratton et. al. (1979) found that trail slope, regional slope, elevation and trail
orientation reiative to rc;gional slope orientation were conela;ed with trail erosion. This study
. includes all but the last factor. Trail orientation could have been determined when the trail
slope was measured and compared to aspect (i.e. the path of maximum descent) at each of
the stakes (similar to Bratton and his colleagueé). This term may have replaced regional slope
in the final regression equation and increased the final regr’essio.n R%
A second factor, which may have helped the analysis, is information about over story
vegetation. The type and density of over story vegetation, such as trees, greatly affects the

timing and amount of precipitation the soil receives. In hea\}ily forested areas trees intercept

much of the precipitation. This moisture is either lost to evapotranspiration or eventually falls
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to the soil below. Once moisture aoes reach the soil, though, it is less likely to be iost to
evapotranspiration in forested areas than in more open areas (Cole 198 8).. Trees also play a
role in the pievention of soil erosion. Roots help‘bind the soil and hold it in \pllace' (Helgath
1976). Documéntiﬁg the combined influences of over étory on soii and water supply may-
have improyed the regression modél'develo.ped 1n this study.

The pfesence of tra11 maintenance measures such ;as water bars was also not assessed
by this s:tudy. Pr(')pervly placed Wate;r bars on an existing trail cquld greatly iﬁﬂuence the

degree of erosion at a given study site. Water bars serve as diversion devices to'divert water

" from the trail and limit its erosive powers. Sites located on a steep trail grade with water bars

upslope of them should experience less erosion than fhose without water bars. Data
concerning location of study sites relative to water di\(e'rsion devices may add to the pfedicted
variability of trail cross-sectional area.

The final factor concerns the dependent variable. Trail crpss-sqctiona‘l areas may be -
attributable to two causes: soil (;orrlpaction and/or soil erosion. Pr‘evious 'stuc_lics have'sougﬂt

to link rates of soil compaction to soil properties and use (Dotzenko et. al. 1967; Dawson et.

. al. 1974; McQuaid-Cook 1977; Weaver and Dale 1978; Summer 1980; Kuss 1983) but none

have sought to quantify the contributions of both trail erosion and compaction to overall trial

deterioration. The linking of the two types of studies prbvides another opportunity for further

study.

This study does show that the most successful trails will be located on relatively dry
and gentle slopes. Planning a trail to match gentle slopes may be easier than finding dry areas.

Trail design téchniques such as switchbacks can be utilized to create gently sloping trails.
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Approximately $10,000 worth of equipment and 16 field days was required to collect 3 sets
of soil water measurements at 130 stake locations in ﬁﬁs study. This large investment of time
and resources may not be feasible for many land managers. The fourth and final objective of
the study sought to examine the potential for using terrain analysis techniques to predict the
spatial distribution of soil water content within the study area. Results of the regression
analysis show very poor correlation between measured and predicted soil water content. Two
potential causes for this ﬁoor correlation have been obseﬁed; the division of the lmascape
into uniform 900 rﬁz cells and the .assumption that a steady-state soil water equilibrium ]S
_ achieved in the field.

Band et. al (1991) found models that use a priori knowledge of terrain to divide an
area into discrete landscape units. instead of more conventional grid cells improves the
predictions of hydroecologic simulation models. Eand et. al. (1991) utilizedvFOREST,-BGC,
a forest ecosystem process model, to éimulate forest evapotranspiration and net primary
productivity. Parameters such as air temperature, vapor pressure deficit, solar radiation, leaf
area index and available soil water capacity were used. The soil water capacity parameter was
of particular interest to this study.. These factors form micro-environments that follow spatial
patterns. In water limited ecosystems such as westerﬁ Montana the spatial pattern of these
micro-environments is controlled by local slopc‘, exposure and landscape position. Hillslope
facets, therefore, were chosen as the basic unit instead of uniform cells (pixels).

The selection of hillslope facets is problematic. Ideally, terrain should be divided into
facets in which the variability in solar radiation, vegetation cover and soil water is minimal.

Band et. al (1991) tested many hillslope scales and found that in mountain environments the
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high variance in these factors over small areas limits the efficiency of the hillslope partition

strategy. This is a particular problem for the study area used here where solar radiation,

vegetation cover and soil water change dramatically over short distances. For example at site

35 the aspect is southerly on a 22% slope. Consequently soil water content is low (12%) and
vegetation cover sparse (42.5%). Site 37, 200 m away, has a northeast aspect on a 3.5%
slope with much higher soil water content (25%). Very small units are needed v.vith either
hillslope or cell unit partitioning. Devélbping large numbers of small hmslope units would
require extensive knowledge of the landscape making the technique. difficult and time
consuming to irﬁplement

The assumption that a steady-state equilibrium-could be reached in the hydrologlc
system may represent a second reason for faﬂure The values generated by the steady state
wetness index calculated in this study assume this equilibrium has beeﬁ reached in all areas.
In reality the hydrologic process is much more variable with ;:qui]ibria being achieved and
destroyed throughout time énd space (Barling et. al. 1994). The steady state soil water index
also assumes: (1) uniform inﬁltration capacity; (2) uniform losses to ground water; (3)
uniform soil transmissivity; and (4) coincidence between the surface and subsurface areas
draining to each unit length of contour. None of these assumptioné were validated for this
study area and they may have fﬁrther limited the power of the steady—stafe wetness index.

There is also the possibility that the measured spil water contents (which represent
several .’snapshots of soil water content through time) may not represent the long-term
steady-state or quasi-dynamic soil water content. A quasi-dynamic soil water index was

proposed by Barling et. al. (1994) to account for changing states of equilibrium in the system.
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The index has a shortcoming in that it requires the user to specify drainage times and soil
properties not measured by'this study. Future work is warranted to determine whether or not
this index is feasible to use and to.determine if it more closely models the soil water content

measured in the field.
nclusion:

’fhe tlme and financial constraints on land and recreation managers ﬁavé forced them
to consider eas.y to impleﬁent and cost effective methods Ito desig:l recreation trail systerﬁs
and maintain existing systems. The ﬁndi;lgs of this study may help managers anticipate in
advance areas to avoid 1n order to create trails with minimum i1ﬁpact on their surroundings.
The three major findings. of this study are: (1) trail cross-sectio’nal a_reﬁ increases with
increasing trail. siope;‘ (2) trail cross-secﬁonal area increases with increasing 'so'ﬂ‘ Qater
content: _and (3) the div_ision of iandscapés into landform units ﬁéll;s to-explain trail condition.

Future research is néeded to address several of the shortcomings of this study. The
use df irnﬁroved digital daté in the form of a larger scale DEM and/or more accurate -('}PS
locations may grpatly improve the correlations found in.the regression analysis. Furthér
studies are also Wa1"ranted to (1) 'di-fféfentiate soil corppaction and trail erosiqn, ar;d 2)
investigate the addition of variables such as &aii orientation, water bar location and overstory
vegetation characteristics to thé regression analysis. Trail deterioration is caused by I;oth‘ soil
erosi(;n anci Cor_rlpactioh._ This study focused on variables Med to soil erosion and future

research examining the spatial variability in soil compaction rates is needed to assess this

impact of human use on the natural environment.
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Land and recrcatioq managers seek to minimize the impact of human use on natural
areas while also minimizing the cost and time invoived in creating and managiné recreation
areas. Strategically locating and constructing trail systems such that they minimize da@age
/to the natural environment requires time and money. This study attempted to utilize field data
along with available digital data and terrain models tc; identify and explain areas of severe trail
deterioration. The ability to locate these areas without costly field work and equipment may
improve the locaﬁon, const;uction and maintenance of trail systems. Further research
utilizing la}ger scale DEMs, l;ettcr GPS and other soil wetness models is necessary to refine

the methods introduced in this study.
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APPENDIX A

FIELD MEASUREMENTS AND TERRAIN ESTIMATES ‘




Field Measurements and Terrain Estimates.

Stake
Number

10

12
13
14
15
16

17

Cross-

Sectional

Area

22942

8600

9618

4414

2893

909

2557

2870

13562

4342

3573

937

9884

4857

2841

8112

2761

Trail
Slope

14.0
15
18.5
35
2.5
2.5
6.0
2.5
6.0
15
7.0
2.0
2.0
12.0
7.5
9.0

2.0

Soil
Water

29.9

44.1

23.5

126

25.6

154

151

16.5

9.8

38.0

14.9

13.8

14.3

14.2

16.3

27.4

18.4

Percent
Cover

94.2

70.8

77.5

45.0

60.0

81.7

59.2

69.2

57.5

58.3

60.0

75.0

69.2

49.2

84.2

61.7

86.7

Regional
Slope

4.85
7.76
6.11
1.44
0.00
8.41
4.89
2.48
168
4.06
6.15
2.27
9.43
5.95
15.72
14.06

15.09

Profile
Curvature

-2.102
0.564
-0.830
0.19(
0.000
0.232
1.327
1.496
-0.048
1.753
0.695
1.145
0.999
1.327
0.249
-0.094

0.201

Plan
Curvature

-1.741

-0.656

4.526

-0.234

0.000

-1.109

-1.654

0.013

2.415

3.969

0.000

-5.067

0.394

-0.060

-1.958

-1.766

0.683

Aspect

350
329
26
49
100(
324
350
296
344
320
270
313
135
91
262
288

264

Ele-
vation

5440

5454

5461

5480

5480

5520

5520

5520

5551

5560

5600

5600

5613

5640

5720

5720

5760

Specific
Catchment
Area

46.2
170.4
531669.9
530688.9
2156.4
129.0
181.5
1430.7
3897.3
5037.3
979.8
834.9
375.0
100.8
117.9
159.3

262.2

Geology



Stake
Number

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Cross-

Sectional

Area

2921

6433

7234

11073

8122

10567

4893

2538

2339

3606

5780

22483

11733

2972

10805

2477

3335

14244

3284

Trail

Slope

6.5

12.0

10.5

115

9.0

15.0

4.5

1.0

4.0

5.0

75

15.5

15.5

35

13.0

0.5

5.0

22.0

35

Soil
Water

19.9
13.2
14.6
13.8
12.5
10.4
12.8
17.2
17.4
22.8
25.7
23.8
19.0
34.0
29.4
17.0
17.3
12.6

17.3

Percent
Cover

65.0

74.2

68.3

525

38.3

36.7

75.0

64.2

48.3

70.0

68.3

58.3

70.0

65.0

48.3

63.3

40.0

42.5

61.7

Regional
Slope

2.93
5.55
17.40
15.44
13.74
13.74
14.06
4.06
13.33
13.44
16.67
8.33
9.43
6.67
6.67
10.41
12.19
7.23

8.50

Profile
Curvature

6.011
2.538
-0.042
0.017
-0.044
0.080
0.007
1.624
0.000
0.045
0.303
1.471
0.706
0.943
-2.560
-0.603
-0.225
0.465

2.836

Plan
Curvature

12.286
-1.054
2.109
0.410
1.775
-1.902
-2.135
-3.352
0.000
-0.984
0.000
-2.560
1.200
-4.210
0.000
-2.613
0.119
-2.083

5.531

Aspect

215

64
287
300
284
284
288
305
270
277
270
323

45

341
294
293

259

Ele-
vation

5760

5757

5810

5920

5960

6000

6120

5840

6000

6080

6160

6120

6213

6252

6320

6400

6373

6456

6320

Specific
Catchment
Area

272058.6
269076.6
1881.9
549.3
352.2
115.2
95.1
1581.3
207.9
2142
168.3
45.9
1914
84.9
1406.4
309.0
243.0
2247

23553.6

Geology



Stake
Number

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Cross-

Sectional

Area

3200

1778

12935

11107

5975

5144

2545

6915

6558

11447

14992

6622

4379

12428

10216

9736

7352

11948

8232

Trail
Slope

35
6.0
4.5
15.5
4.5
55
75
2.0
9.0
13.0
140
7.0
6.5

4.5

5.0
6.5
4.0

25

Soil
Water

255

35.8

52.4

20.2

25.1

24.2

26.1

45.8

295

26.2

19.6

33.3

345

16.4

30.8

32.6

18.2

27.4

19.6

Percent
Cover

65.8

90.0

63.3

54.2

101.7

99.2

95.0

82.5

101.7

417

60.0

73.3

0.0

65.0

58.3

80.8

88.3

74.2

72.5

Regional
Slope

1501
20.07
0.00
0.82
511
6.30
2.06
4.86
4.83
4.81
4.69
6.33
5.59
5.15
6.16
3.25
8.98
3.26

4.79

Profile
Curvature

-0.060
-0.148
0.000
0.540
0.209
-0.005
-1.188
0.312
-0.649
-2.369
-2.321
0.541
-0.698
-0.390
-0.478
-0.272
-1.189
1.869

0.028

Plan
Curvature

-0.215
-3.785
0.000
0.000
1.799
-0.171
-3.275
-0.856
1.138
-3.659
0.000
1.044
1.106
1.541
-1643
3.329
-1.839
0.000

-0.205

Aspect

115
185
1000
0
327
304
317
304

328

322
334
320
291
323
284
270

259

Ele-
vation

6380

6480

6360

6360

6400

6423

6440

6490

6511

6560

6600

6650

6670

6705

6800

6751

6840

6880

6894

Specific
Catchment
Area

132.6
71.7
379.5
819.6
333.6
964.5
463.8
1735.5
25137.6
68.4
62475.0
749.4
8615
1025.4
260.1
32671.2
154.8
297.0

1061.7

Geology

0



Stake
Number

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Cross-
Sectional

Area

4471

5577

8801

16767

5806

2110

8710

2369

3755

2830

2272

2433

2733

3668

3538

4569

4075

4089

2047

Trail
Slope

2.0
0.5
0.5
115
3.0
25
3.5
25
5.0
55
4.5
4.5
1.0
5.0
8.5
10.5
13.0
17.5

25

Soil
Water

24.7
29.8
19.7
39.3
29.3
445
31.7
21.0
22.8
14.5
11.2
151
18.6
17.4
16.9
20.7
24.5
241

27.2

Percent
Cover

62.5

67.5

69.2

75.8

69.2

100.8

60.8

55.8

35.8

80.0

45.0

55.8

71.7

31.7

48.3

44.2

94.2

84.2

100.0

Regional
Slope

4.88
4.56
4.32
4.80
7.56
1.59
171
0.58
3.89
3.07
7.90
6.67
5.79
9.43
9.43
9.43
6.90
9.43

15.19

Profile
Curvature

-0.012

-0.116

0.051

-0.351

0.830

0.496

1.049

-0.386

-0.247

1.603

-2.152

0.945

0.767

1.607

1.284

1.569

-0.427

0.107

0.041

Plan
Curvature

0.093

0.052

-0.091

0.000

2.303

-2.957

2.478

0.000

1.804

2.491

-1.248

-4.183

-0.587

5.002

5.893

5.107

-4.989

0.295

0.544

Aspect

258
273
269
270
245
79
206
90
156
161
32
90
58
45
225
225
165
45

29

Ele-
vation

6905

6934

6960

6960

6920

6929

6920

6880

6863

6840

6840

6813

6730

6720

6560

6600

6747

6699

6680

Specific
Catcliment
Area

934.5
709.8
654.9
302.1
982.5
67.2
294.3
3207.3
2844.9
11514
32.7
414
116.1
105.6
271.8
162.3
351
188.1

66.9

Geology



Stake
Number

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Cross-
Sectional

Area

3945

3146

4746

3650

3610

3580

4183

2708

2563

2701

4430

2337

2091

2510

1770

864

1931

2606

1487

Trail
Slope

13.0
6.0
19.0
0.5
35
5.0
1.0
6.0
7.0
8.0
8.5
7.0
7.0

8.0

2.0
25
1.0

25

Soil
Water

23.3

30.8

15.8

17.3

315

20.3

212

134

144

17.5

26.4

21.7

20.1

28.9

22.0

18.9

15.8

131

14.2

Percent
Cover

70.0

76.7

50.0

55.0

96.7

81.7

55.0

88.3

45.8

77.5

69.2

58.3

86.7

83.3

45.8

85.0

37.5

24.2

26.7

Regional
Slope

12.24
481
5.59
3.47
4.66
0.00

13.33
9.43
3.75

13.74

13.52
6.03

13.33

13.67
3.17

13.33

13.44

20.07

25.22

Profile
Curvature

0.505
-0.550
-0.101
-0.560
-0.556

0.000

0.000
-1.284

0.894
-0.080

0.034

0.826

0.000
-0.556

0.105

0.000
-0.337
-0.007

0.211

Plan
Curvature

6.676
1.349
1.051
2.365
1.773
0.000
0.000
-5.893
2.793
-1.332
0.977
-0.265
0.000
-4.048
-2.448
0.000
-2.955
-1.619

1.707

Aspect

213
125
107
115
75
1000
90
135
105
76
99
92
90
125
118
90
120
95

98

Ele-
vation

6480

6470

6764

6433

6431

6440

6440

6440

6384

6520

6560

6400

6440

6460

6400

6440

6440

6500

6493

Specific
Catchment
Area

366.6
748.8
696.0
1248.9
603.3
16350.9
79.8
40.5
6770.4
68.4
475.5
3589.5
125.4
48.6
227145
2247
190.2
220.2

911.4

Geology

o O



Cross- Specific

Stake Sectional Trail Soil Percent Regional Profile Plan Ele- Catchment
Number Area Slope Water Cover Slope Curvature Curvature Aspect vation Area Geology
94 1999 1.0 125 51.7 23.86 -0.069 -1.824 115 6450 153.6 0
95 1232 15 13.0 80.0 16.49 0.138 1.422 147 6620 359.1 0
96 2086 1.0 125 57.5 22.67 0.169 0.334 107 6410 128.7 0
97 2902 3.5 115 24.2 22.36 -0.197 -1.689 117 6490 74.7 0
98 1551 1.0 8.5 30.0 25.50 0.060 -0.486 191 6430 105.3 0
99 2004 15 7.0 24.2 22.24 -0.167 -2.242 167 6307 63.1 |
100 1272 3.5 7.0 66.7 20.62 0.172 -0.465 194 6400 101.4 |
101 2198 15.0 10.5 41.7 23.15 0.121 0.602 210 6520 145.5 |
102 2342 8.5 16.5 7.5 26.32 0.027 -0.085 226 6550 159.3 0
103 2760 25 105 38.3 24.04 -0.097 -1.138 236 6490 183.3 |
104 4150 55 8.0 69.2 24.04 -0.097 -1.138 236 6490 183.3 |
105 2466 25 9.5 63.3 12.02 1.059 0.949 236 6413 269.4 I
106 2104 5.0 105 78.3 16.02 -0.135 -1.280 236 6400 146.1 |
107 2504 9.5 125 65.0 24.78 0.061 0.577 228 6627 163.5 |
108 2627 8.0 12.0 83.3 13.52 0.093 -1.423 261 6400 127.5 |
109 2300 4.0 7.5 55.0 13.52 -0.046 -0.933 279 6360 1944 |
HO 2358 15 6.5 66.7 2186 0.266 0.400 282 6410 174.9 0
112 2771 1.0 155 51.7 15.37 0.155 -1.344 193 6360 179.7 |

113 2966 0.5 95 68.3 13.89 -0.003 -3.456 1431 6280 180.9 0



Stake
Number

114

115

116

117

118

119

120

121

1215

122

123

124

125

126

127

128

129

130

Cross-
Sectional

Area

1497

2039

1850

2574

2658

3492

1629

2135

1829

1655

3791

1300

1434

1851

3981

2137

3392

1156

Trail
Slope

5.0
5.5
5.0
6.5
0.0
12.0
15
4.5
0.5
3.5
7.5
35
8.5
7.0
1.0
4.5
25

2.0

Soil
Water

10.5

10.5

6.5

95

10.4

18.4

135

14.9

14.3

13.3

13.0

135

10.3

13.3

18.4

16.1

25.8

16.3

Percent
Cover

47.5

39.2

55.0

81.7

38.3

70.0

75.8

33.3

39.2

84.2

35.0

67.5

94.2

63.3

93.3

72.5

75.0

66.7

Regional
Slope

15.44
21.73
17.95
16.42
22.36
25.90
19.51
15.10

5.98
20.88
20.88
23.21
2410
16.57
20.00
18.86
18.86

18.67

Profile
Curvature

0.060

0.274

0.028

-0.147

-0.212

-0.100

0.255

0.218

-1.969

0.019

0.019

-0.126

-0.151

0.041

0.133

-0.095

0.229

0.007

Plan
Curvature

-0.724

1.341

-0.547

-2.750

-1.590

-1.035

-0.807

0.615

6.446

0.420

0.420

-0.078

-1.347

-1.523

-0.370

0.491

0.000

-0.632

Aspect

210
212
201
203
207
215
250
276
248
151
151
201
206
230
180
225
225

217

Ele-
vation

6440

6240

6227

6240

6300

6300

6150

6080

6080

6090

6090

6130

6190

6110

6133

6190

5960

5973

Specific
Catchment
Area

168.6
150.6
248.1
97.5
99.6
79.2
92.4
168.6
37690.5
114.9
1149
237.0
86.4
81.9
116.1
237.0
197.4

249.9

Geology
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APPENDIX B

MODELED STEADY-STATE WETNESS INDEX
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Modeled Steady-State Wetness Index

Stake Number Steady-State

Wetness

I 6.86
2 7.70
3 15.98
4 17.42
5 -999
6 7.34
7 8.22
8 10.96
9 11.57
10 11.73
1 9.68
12 10.51
13 8.29
14 7.44
15 6.62
16 7.03
17 7.46
18 16.04
19 15.39
20 9.29
21 8.18
22 7.85
23 6.73
24 6.52
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Stake Number Steady-State

Wetness
25 10.57
26 7.35
27 7.14
28 6.92
29 6.31
30 7.62
31 7.15
32 9.96
33 8.00
34 7.67
35 8.04
36 12.53
37 6.73
38 5.88
39 -999
40 1151
41 8.78
42 9.64
43 10.02
44 10.48
45 13.16
46 7.26
47 14.10
48 9.38
49 9.64

50 9.90
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Stake Number Steady-State

Wetness
51 8.35
52 13.82
53 7.45
54 9.12
55 10.01
56 9.86
57 9.68
58 9.63
59 8.75
60 9.47
61 8.35
62 9.75
63 13.22
64 11.20
65 10.53
66 6.03
67 6.43
68 7.60
69 7.02
70 7.97
71 7.45
72 6.23
73 7.60
74 6.09
75 8.01

76 9.65
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Stake Number Steady-State

Wetness
77 9.43
78 10.49
79 9.47
80 -999
81 6.39
82 6.06
83 12.10
84 6.21
85 8.17
86 11.00
87 6.85
88 5.87
89 13.48
90 7.43
91 7.26
92 7.00
93 8.19
94 6.47
95 7.69
96 6.34
97 5.81
98 6.02
99 5.66
100 6.20
101 6.44

102 6.41
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Stake Number Steady-State

Wetness
103 6.64
104 6.64
105 7.71
106 6.82
107 6.49
108 6.85
109 7.27
HO 6.60
112 7.06
113 7.17
114 7.00
115 7.64
116 7.23
117 6.39
118 6.10
119 5.72
120 6.16
121 7.02
121.5 13.35
122 6.31
123 6.31
124 6.93
125 5.88
126 6.20
127 6.36

128 7.14
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Stake Number Steady-State
Wetness

129 6.95
130 7.20
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APPENDIX C

MOISTURE DATA




Moisture Data
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| Stake
HNumber

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

June
1993

0.337

0.419

0.296

0.178

0.232

0.216

0.206

0.217

0.119

0.405

0.221

0.162

0.215

0.156

0.145

0.223

0.202

0.164

0.165

0.165

0.195

0.166

0.153

0.156

0.157

0.272

0.290

July
1992

0.31
0.44
0.18
0.09
0.36
0.13
0.1

0.09
0.12
0.45
0.11
0.14
0.06
0.07
0.17
0.36
0.18
0.21
0.1

0.13
0.12
0.12
0.1

0.11
0.14
0.12

0.17

September
1992

0.250
0.465
0.230
0.111
0.178
0.117
0.148
0.187
0.054
0.285
0.117
0.114
0.154
0.201
0.173
0.240
0.170
0.223
0.132
0.144
0.098
0.089
0.060
0.119
0.220
0.131

0.224



Stake
Number

28

29

30

3*

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

June
1993

0.314

0.356

0.256

0.382

0.365

0.275

0.235

0.182

0.266

0.342

0.403

0.572

0.247

0.324

0.304

0.356

0.535

0.343

0.317

0.293

0.461

0.228

0.209

0.405

0.409

0.245

0.360

0.320

83

July
1992

0.18
0.18
0.17
0.36
0.24
0.12
0.13
0.11
0.12
0.21
0.37
0.58
0.18
0.18
0.17
0.18
0.51
0.29
0.19
0.13
0.37
0.42
0.18
0.34
0.32
0.18
0.28

0.17

September
1992

0.276
0.180
0.143
0.278
0.277
0.115
0.154
0.087
0.133
0.213
0.302
0.419
0.179
0.248
0.253
0.247
0.329
0.252
0.278
0.166
0.166
0.387
0.103
0.179
0.250
0.121
0.182

0.099



| Stake
umber

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

June
1993

0.382

0.438

0.315

0.499

0.376

0.579

0.359

0.302

0.294

0.164

0.151

0.241

0.295

0.249

0.266

0.264

0.306

0.337

0.377

0.356

0.341

0.252

0.249

0.387

0.290

0.314

0.212

0.114

84

July
1992

0.21
0.26
0.14
0.4

0.33
0.46
0.22
0.22
0.25
0.21
0.14
0.14
0.16
0.18
0.21
0.26
0.2

0.17
0.22
0.18
0.32
0.15
0.16
0.3

0.19
0.21
0.14

0.14

September
1992

0.150
0.196
0.136
0.281
0.172
0.297
0.371
0.108
0.141
0.062
0.045
0.072
0.102
0.094
0.031
0.097
0.228
0.217
0.218
0.163
0.264
0.073
0.109
0.259
0.129
0.112
0.050

0.180



| Stake

I—Eumber

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
HO

112

June
1993

0.278

0.400

0.283

0.283

0.350

0.272

0.268
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July
1992

0.15
0.21
0.17
0.12
0.33
0.24
0.14
0.16
0.14
0.15
0.13
0.13
0.14
0.11
0.07
0.06
0.07
0.11
0.18
0.1

0.07
0.1

0.1

0.12
0.12
0.07
0.07

0.16

September
1992

0.096
0.181
0.200
0.201
0.188
0.149
0.159
0.157
0.122
0.133
0.120
0.130
0.110
0.120
0.100
0.080
0.070
0.100
0.150
0.110
0.090
0.090
0.110
0.130
0.120
0.080
0.060

0.150



Stake June July September
fl Number 1993 1992 1992
0.1 0.090
114 0.1 0.110
115 0.11 0.100
116 0.06 0.070
|H Z 0.1 0.090
118_ - 0.11 0.098
119 0.13 0.239
120 0.11 0.159
121 0.149
121 0.12 0.166
122 0.12 0.147
123 0.12 0.140
124 0.12 0.150
125 0.12 0.085
126 0.11 0.155
127 0.15 0.218
128 0.13 0.192
129 0.24 0.276

130 0.12 0.205






