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ABSTRACT / Various types of recreational traffic impact hik-
ing trails uniquely and cause different levels of trail degrada-
tion; however, trail head restrictions are applied similarly
across all types of packstock. The purpose of this study was
to assess the relative physical impact of hikers, llamas, and
horses on recreational trails. Horse, llama, and hiker traffic
were applied to 56 separate plots on an existing trail at Lu-
brecht Experimental Forest in western Montana. The traffic
was applied to plots at intensities of 260 and 1000 passes
along with a no-traffic control under both prewetted and dry

trail conditions. Soil erosion potential was assessed by sedi-
ment yield and runoff (using a Meeuwig type rainfall simula-
tor), changes in soil bulk density, and changes in soil surface
roughness. Soil moisture, slope, and rainfall intensity were
recorded as independent variables in order to evaluate the
extent that they were held constant by the experimental de-
sign. Horse traffic consistently made more sediment avail-
able for erosion from trails than {lama, hiker, or no traffic
when analyzed across wet and dry trail plots and high and
low intensity traffic plots. Although total runoff was not signifi-
cantly affected by trail user, wet trail traffic caused signifi-
cantly greater runoff than dry trail traffic. Llama traffic caused
a significant increase in sediment yield compared to the
control, but caused erosion yields not significantly different
than hiker traffic. Trail traffic did not increase soil compaction
on'wet trails. Traffic applied to dry trail plots generally re-
sulted in a significant decrease in soil bulk density com-
pared to the control. Decreased soil bulk density was nega-
tively correlated with increased sediment yield and
appeared to result in increased trail roughness for horse traf-
fic compared to hiker or llama traffic. Differences described
here between llama and horse traffic indicate that trail man-
agers may want to consider managing packstock llamas
independent of horses.

Recreational use of mountainous areas has increased
greatly over the past half century. Much of this use
occurs on a trail system that both facilitates access to the
mountains and reduces resource damage caused by
recreation use. Over time, many trail segments deterio-
rate by natural processes (gradual or cataclysmic) and
by wear from recreation traffic (Summer 1986, Tinsley
and Fish 1985). Substantial sums of money are spent
every year maintaining, rebuilding, and relocating dam-
aged trails.

The magnitude of trail deterioration is determined
by characteristics of the trail, its environment, and the
recreation use that the trail receives (Cole 1987). Leung
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and Marion (1996) provide a comprehensive review of
the influence of environmental factors. The influence
of use intensity on trail deterioration has also been
frequently studied. Less is known about how the type of
trail use influences magnitude of deterioration.

On an established trail in Great Smoky Mountains
National Park, Whittaker (1978) found that horse use
caused more pronounced increases in trail width, trail
depth, and litter loss than hiker use. This partially
corroborated the finding of Dale and Weaver (1974)
that horse trails in Montana are deeper but equivalent
in width to hiker trails. In Rocky Mountain National
Park, however, Summer (1980) was unable to detect
differences in erosion rates between trails used by
horses and those used only by hikers.

In the most rigorously controlled study of impact to
existing trails, Wilson and Seney (1994) measured the
effect of hiker, horse, motorcycle, and bicycle traffic on
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sediment yield following simulated rainfall. Sediment
yield following horse use was significantly greater than
sediment yield following hiker or bicycle use, on both
prewetted and dry trails, and greater than sediment
yield following motorcycle use on dry trails. However,
sediment yield prior to treatment was significantly lower
on hiker trails than on horse trails. Consequently, when
before-and-after treatment differences in sediment yield
did not differ between horse and hiker trails, there was
some doubt left about what affected impact more—the
treatments or the type of trails.

The somewhat equivocal nature of these findings
regarding the relative impact of horses and hikers on
trails suggests the need for further investigation. In
addition, trails are increasingly being used by nontradi-
tional types of packstock, particularly by llamas. For
example, 57% of the wilderness areas in the United
States with packstock use have some use by llamas
(McClaran and Cole 1993). Proponents of llama use
argue that llamas have less impact on trails than
traditional packstock (Markham 1990, Harmon and
Rubin 1992), a sentiment echoed by trail users in
Yellowstone National Park (Blahna and others 1995).

The primary objective of this research, therefore, was
to assess the relative impact of horses, llamas, and hikers
on established trails, primarily by evaluating their effect
on sediment yield following a simulated rainfall event. To
determine whether results are consistent under wet and dry
conditions, relative impacts were assessed on trails that were
both prewetted and dry. Wilson and Seney (1994)
found that sediment yields following the application of
traffic were greater on prewetted trails than dry trails.

A secondary objective was to better understand the
mechanisms by which trail traffic leads to increased erosion.
Erosion potential should increase if trail traffic increases the
detachability of soil particles or the ability of water or wind
to move detached particles. Trail traffic can increase ero-
sion by loosening soil (increasing detachability of particles),
compacting the soil (increasing runoff and sediment trans-
port), or concentrating water flow into channels and
thereby increasing down-trail sediment transport and
yield. Soil bulk density was measured to assess which of
these mechanisms could explain variations in sediment
yield. We also measured soil roughness, as increased
roughness could be indicative of increased loosening
(detachability) or increased ponding of water (and
therefore reduced runoff and transport) (Dixon 1995).

Materials and Methods

The study was conducted at the University of Mon-
tana’s Lubrecht Experimental Forest near Greenough,
Montana (lat. 44° 53’ 24"N, long. 113° 25’ 49"W). Trail

segment selection was based on consistent slope, his-
toric use, and ease of closing the trail to visitor use.

The recreational trails used in this study consisted of
300-m segments of two parallel trails that were closed to
all traffic immediately following snow melt in March
1995. The two parallel trails allowed us to apply traffic
simulations to each trail simultaneously and thus re-
duce the overall length of trail, minimizing slope and
soil variability.

The section of trail selected is located on a Winkler
gravely loam, which is a loamy skeletal, mixed, frigid,
Udic Ustochrepts (Nimlos 1986). The native soil is 50%
sand, 38% silt, and 12% clay, is about 35% coarse
fragments by weight, and has an average pH of 4.4 (1:2
soil to 0.01 M CaCly). The parent material for this soil
type is colluvium that is composed of metamorphosed
Precambrian sedimentary rock (Belt series). The trail
resides on a 4%-8% slope (average of 6%) and the
gravelly loam texture provided an intermediate to high .
level of resistance to soil compaction and erosion.

The width of individual trails range from 1 to 1.5 m
and had little entrenchment. Trail segments with ob-
served entrenchment were eliminated from use in study
plots. The elevation is 1250 m (4100 ft), and the trail has
an east aspect. Based on samples from the control plots,
the pretreatment bulk density of the trail’s surface 5 cm
is 1.5 g/cc. It is located in a Pseudotsuga menziesii/
Arctostaphylos uva-ursi habitat type (Pfister and others
1977). The location receives approximately 460 mm of
precipitation annually, about 40% of which falls as snow
(Nimlos 1986).

Plots were arranged in a randomized complete block
design with each of eight blocks (four wet trail and four
dry trail) containing seven separate plots: (1) control
(no traffic); (2) 250 hiker passes; (3) 1000 hiker passes;
(4) 250 lama passes; (5) 1000 llama passes; (6) 250
horse passes; and (7) 1000 horse passes. Each plot was 1
m wide and 3 m long with a 3-m-long buffer zone
between plots for turning, this allowed animals and
hikers to reach a normal stride upon entering the plot.

Trail traffic was applied and data collected during
June and July of 1995. To create wet trail conditions,
plots and buffer zones received 10 mm of water per unit
area applied by a gas-powered pump through a low-
pressure, fine-spray nozzle. Immediately after each plot
was wet, seven composite soil moisture samples were
taken across the plot to a depth of 5 cm, stored in a
sealed container, and later dried in an oven at 110°C.
Percent soil moisture was determined on a gravimetric
basis (Gardner 1986). Following wetting the soils were
about 25% soil moisture or about 50% of soil water
holding capacity.

Traffic was applied continuously on plots until the



specified number of passes was accumulated. Sediment
yield by rainfall simulation, soil bulk density, and sur-
face roughness were measured immediately following
completion of the traffic applications. Equal numbers of
uphill and downhill passes were made on each plot.
Horses and llamas were led in such a way that the
person leading the animals stayed out of the plots. No
animals carried packs and any manure from the animals
was removed from the trail before further traffic applica-
tion.

Hikers wore non-lug-sole hiking boots and weighed
between 55 and 75 kg. The two horses with cleated
shoes weighed around 400 and 500 kg each and the two
llamas (with freshly clipped toenails) weighed 160 and
190 kg each. In all cases, the traffic conditions represent
conservative estimates of what could occur with loaded
horses, llamas, or people on steeper or wetter trails.
Traffic application required variable lengths of time
ranging from 20 min for the 250 hiker passes to 2.5 h for
the 1000 llama passes, and 6 h to complete the 1000
horse passes. Average soil moisture content following
traffic application was 10.5% for dry trail traffic and
21.9% following wet . traffic application, but was not
significantly different for types of trail user.

Simulated rainfall was produced with a modified
Meeuwig drip-type rainfall simulator. This simulator
produces a drop size of 2.8 mm, with a kinetic energy
roughly one half that of natural rain when suspended
from a drop height of 2.0 m (Meeuwig 1971). The
maximum historic hourly precipitation rate recorded
for a single rainfall event during the months of June or
July for Lubrecht was 61 mm/h for a 15-min interval
(NOAA 1971-1994). To be consistent with previous
research and to ensure generation of adequate volumes
of runoff, a 120 mm/h simulated rainstorm event was
applied to all plots for a 15-min period.

Most rainfall simulation studies use intensities of
about 120 mm/h, which is far in excess of normal
rainfall rates (Wischmeier and Mannering 1969, Bryan
1969, Johnson and Bescheta, 1980, Quinn and others
1980, Quansah 1981, Wilson and Seney 1994). High
intensity is necessary for two reasons: to produce ad-
equate runoff to make up for limited overland flow; and
to make up for the low kinetic energy associated with
the rainfall simulator.

Each rainfall simulation was applied to a 0.66-m X
0.66-m plot, and all runoff was funneled into polyvinyl
collection bottles. Total volume of runoff collected was
measured and analyzed as runoff as a percent of total
water applied as rainfall [% runoff = (liters runoff/
liters water applied)*100]. The sediment in the runoff
was allowed to settle for at least one day. The water was
then siphoned off the top, and the remaining sediment
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dried at 110°C for 48 h. The total mass in grams of
sediment collected from each rainfall simulation plot
was used as a measure of the relative erosion potential
of different trail user types.

Bulk density was measured by an excavation and
volume measurement method. Briefly, a 12-cm-diam-
eter circular hole was dug to a depth of 5 cm, all soil
materials removed, and their dry mass determined. The
volume of the hole was determined by refilling it with a
measured volume of 0.25-0.84-mm quartz sand and the
bulk density determined as mass of soil removed di-
vided by hole volume.

Surface roughness was determined using a method
adapted from Beckman and Smith (1974). A grid of six
flexible, cotton crochet threads were attached to a
70cm X 70-cm frame and the thread fitted to the soil
surface following treatment application. The presence
of vertical variation from a level surface creates a more
tortuous pathway for the thread to follow, which in-
creases the length of thread required to span the frame.
Threads were run both parallel and perpendicular to
the direction of traffic and the six values averaged for
each plot. An average value of 70 cm would reflect a
perfectly smooth surface.

Wet and dry treatments were applied in two separate
experiments along the same trail instead of being
randomly assigned within blocks. Therefore it is most
appropriate to consider wet and dry treatments as
separate experiments and evaluate them separately. To
clarify the importance of soil moisture within the
experimental design, a three-way analysis of variance
(ANOVA) was performed with moisture, user type, and
traffic intensity as independent factors. If moisture was a
significant factor or if there were significant interac-
tions between moisture and other factors, then the wet
and dry trails were analyzed separately, otherwise the
plots were pooled for subsequent analysis.

Factors judged to be significant (P =< 0.05), were
then assessed using Tukey’s multiple-range test to deter-
mine which treatments were significantly different. We
also used single or two-tailed Dunnet’s tests, which
compared individual treatment means to the control
treatment. Finally, Pearson correlation coefficients were
used to determine the relationship between sediment
yield and bulk density or surface roughness. All analyses
were performed using PC-SAS (SAS Institute, Cary,
North Carolina).

Results

Sediment yield from trails following simulated rain-
fall, our primary indicator of trail deterioration, varied
significantly with user type and traffic intensity (Table
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Table 1. Three-way analysis of variance for sediment yield, runoff, bulk density, and surface roughness (control
excluded to allow comparison of levels) for high and low traffic applications applied to wet or dry trails

Sediment yield Runoff Bulk density Surface roughness
Factor af MS P af MS P af MS P af MS P
Model 6 32437 0000 6 851 0000 6 0.030 03813 6 124 0.000
User (llama, horse, hiker) 2 51,695 0.000 2 331 0189 2 0.086 0.093 2 33.8 0.000
Level (250 or 1000 passes) 1 26,895 0.032 1 117 0446 1  0.000 0.919 1 3.63 0.158
Trail (wet or dry) 1 11560 0151 1 6283 0000 1 1212 0.000 1 0.01 0.930
User * level 2 241 0956 2 159 0440 2  0.007 0.803 2 0.36 0.815
User * trail 2 8240 0229 2 98 0.600 2 0033 0.389 2 3.57 0.142
Level * trail 1 9,213 0198 1 24 0726 1 0.054 0214 1 1.69 0.331
User * level * trail 2 1,923 0.701 2 43 0794 2 0.053 0219 2 1.83 0.360
1MS = mean square.
250 4 b*
200
Figure 1. Sediment yield un-
der rainfall simulation follow-
150 at ing hiker, llama, or horse traf-
a fic averaged across two levels of

traffic application intensity and

Sediment Yield (g)

wet and dry trail moisture con-
ditions. Bars with asterisks are
significantly different than the

control (P = 0.05) by Dunnet’s
analysis and bars without simi-
lar letters are significantly dif-

Hiker

Control
User Type

1). Sediment yield did not vary significantly between
dry and prewetted trails, and none of the interactions
- between factors were significant. Consequently, we con-
cluded that pooling the sediment yield data from the
dry and prewetted trails was appropriate.

Runoff measured as a percent of total water applied
as rainfall was greater on trails exposed to wet traffic
(average of 82%) compared to that on dry (average of
59%) traffic (Table 1). Although runoff was not signifi-
cantly affected by the trail user type, runoff was consis-
tently higher under horse traffic than under llama or
hiker traffic. 4

Horse traffic on trails resulted in significantly more
sediment yield than either llama or hiker traffic, which
did not differ significantly from each other (Figure 1).
Both horse traffic and llama traffic resulted in signifi-
cantly more sediment yield than controls, but hiker
traffic did not. Mean sediment yield for all user types
following 1000 passes (174 g) was significantly greater
than the yield following 250 passes (127 g, P < 0.003).
Both traffic intensities resulted in statistically significant
(P < 0.003) increases in sediment yield compared to
the control (50 g, data not displayed in Table 1).

Llama

ferent (P =< 0.05) by Tukey’s
test.

Although sediment yield from dry and prewetted
plots was not significantly different for the whole data
set (Table 1), the yields from the traffic application on
dry trails were greater than the traffic applications on
prewetted trails for six of the seven treatments. The
most pronounced difference in sediment yield was
observed following 1000 horse passes, resulting in an
average sediment yield of greater than 300 g on dry trail
plots compared to an average of 183 g when horse traffic
was applied to a prewetted trail.

Soil bulk density was measured because changes in
bulk density can be precursors of increased erosion
from trails. Bulk density differed significantly between
the dry and prewetted trails, and there was substantial
evidence 'of interaction between trail moisture and
other factors; consequently, we analyzed dry and prewet-
ted trails separately. '

On dry trails, bulk density varied significantly with
both user type and traffic intensity (Table 2). Traffic
application to dry trails significantly reduced soil bulk
density, with both horse and hiker plots having posttreat-
ment bulk densities that were significantly less than on
control plots. Among the user types, bulk densities



following horse traffic were significantly lower than
densities following llama or hiker traffic (Figure 2).
Mean soil bulk density after 1000 passes (1.03 g/cc) was
significantly less than after 250 passes (1.15 g/cc). Both
traffic intensities resulted in bulk densities that were
lower than those on controls (1.50 g/cc).

Bulk densities were generally higher after treatment
when traffic occurred on prewetted trails than when
they were dry. However, treatments did not cause a
significant change in bulk density on prewetted trails,
and bulk density did not vary significantly with either
user type or traffic intensity (Tables 1 and 2). The lower
bulk density on the dry trails is also reflected in the
significantly lower runoff rates from the dry trails
compared to the prewetted trails (Table 1).

It is likely that bulk density would increase from the
compacting effect of trail use on soil and that an
increase in bulk density might result in decreased
infiltration, increased runoff, and increased sediment
yield (Lull 1959, Lal 1994). However, on dry trails, bulk
density declined with trail traffic, apparently reflecting a
loosening of soil on the trail when traffic was applied. A
highly significant negative linear relationship between
bulk density and sediment yield (2 = 0.59; P < 0.001)
suggests that soil loosening increased the detachability
of soil particles and thus increased sediment yield.

Soil roughness was also measured as a possible

precursor to increased sediment yield and erosion.
Roughness varied significantly with user type, but not
with traffic intensity or soil moisture (Table 1). Interac-
tions between factors were not significant, so the data
from dry and prewetted plots were pooled. None of the
user types or traffic intensities resulted in surface
roughness measures that were significantly different
from controls. However, roughness measures were
higher than controls after horse traffic and lower than
controls after llama and hiker traffic (Figure 3). The
roughness values on horse plots were significantly
greater than those on either llama or hiker plots. These
results validate field observations that llama and hiker
traffic tended to smooth the trail surface while horse
traffic left a more churned up and rough surface. A
significant positive linear relationship between surface
roughness and sediment yield (2= 0.24; P< 0.05)
suggests that increased roughness is associated with a
loosened soil surface, with more detachable soil par-
ticles and more potential for erosion.

Discussion

The principal finding of this study is that horse traffic
on trails resulted in substantially more sediment yield
following simulated rainfall than either hiker or llama
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Table 2. Two-way analysis of variance for soil bulk
density on dry and wet trail treatment plots

Factor af MS2 P
Dry trail traffic applications
User type (llama, horse, hiker) 2 0.082 0.014
Traffic level (1000, 250) 1 0.031 0.162
User type * traffic level 2 0.016 0.362
Wet trail traffic applications
User type (llama, horse, hiker) 2 0.037 0.545
Traffic level (1000, 250) 1 0.022 0.546
User type * traffic level 2 0.046 0.470

3MS = mean square.

traffic. The relative erosion potential of horse, llama,
and hiker traffic was consistent at traffic intensities of
250 and 1000 passes and on both dry and prewetted
trails. This result adds to the evidence from a number of
earlier studies (Whittaker 1978, Dale and Weaver 1974,
Wilson and Seney 1994) that horse traffic tends to cause
more trail erosion than hiker traffic. It also extends this
earlier work by showing that horse traffic is likely to
cause more trail erosion than llama traffic. Differences
in erosion potential between hikers and llamas were not
substantial or consistent enough to be statistically signifi-
cant.

Sediment yields were higher on the dry trail plots
than on the prewetted trail plots, suggesting that dry
trail conditions made the trail more vulnerable to
sediment detachment. Bulk density of dry plots was
decreased by traffic applications, suggesting that the
trail surface aggregate was partially disrupted due to the
trail traffic. Conversely, levels of runoff were signifi-
cantly greater on prewetted trail plots compared to dry
trail plots. Traffic applied to prewetted trails apparently
resulted in increased armoring of the trail, which
increased runoff rates. Traffic applied to dry trails may
increase the potential for erosion by increasing sedi-
ment detachment, whereas traffic applied to wet trails
may result in increased runoff resulting in greater down
slope channeling of water and greater potential for
sediment transport (Lal 1994).

A number of reasons can be advanced for why horses
have more erosion potential than llamas or hikers.
Horses are heavier and their weight is carried on a shoe
with a small bearing surface. Moreover, horses’ shoes
are typically metal and frequently cleated. Horses are
also less careful and deliberate than llamas or humans
about where they place their feet.

Our results confirm what has been found in a
number of studies (Cole 1987), that the relationship
between the amount of traffic and amount of impact is
curvilinear. When we increased trail traffic by a factor of
4, from 250 passes to 1000 passes, sediment yield
increased by only a factor of 1.4 (from 127 g to 174 g).
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Bulk density (g/cc)

Figure 2. Soil bulk density
following hiker, llama, and
horse traffic averaged across
two levels of traffic application
intensity to dry trail segments.
Bars with asterisks are signifi-
cantly different than the con-
trol (P = 0.05) by Dunnet’s

analysis and bars without simi-
lar letters are significantly dif-

T

Control Hiker Llama

User Type

ferent (P =< 0.05) by Tukey’s
test.

Horse

Figure 3. Mean roughness of

soil surface as measured by to-

tal vertical variation (70 cm =

level) across the hiking trail
following hiker, llama, or horse

traffic averaged across two lev-

els of traffic application inten-

sity and wet and dry trail mois-
ture conditions. Bars with

Surface roughness (cm)

asterisks are significantly differ-

ent than the control (P= 0.05)

by Dunnet’s analysis and bars

Llama

Hiker

Control
User Type

Kuss (1983) also found that when hiker traffic was
increased by a factor of 4 (from 600.to 2400 passes)
sediment yield increased by a factor of only 1.4-1.7.
This suggests that initial trail traffic is much more
damaging than subsequent traffic.

Our results also provide some insight into the mecha-
nisms by which trail traffic leads to accelerated erosion.
Accelerated erosion greatly results from increased run-
off, increased channel flow of water, increased detach-
ment of soil particles, and increased transport of de-
tached soil particles. Decreased bulk density and
increased roughness should generally be indicative of
soil loosening and therefore increased detachment
(Gabriels and Moldenhauer 1978). Conversely, in-
creased bulk density should be indicative of increased
transport capability because increased compaction
should result in decreased infiltration and increased
runoff (Lal 1994). Decreased roughness should also be
indicative of increased transport capability because

for without similar letters are
significantly different
(P = 0.05) by Tukey’s test.

Horse

flows across smoother surfaces will have higher veloci-
ties and there will be less ponding (Ruttimann 1995).
Our findings that bulk density was negatively corre-
lated with sediment yield and that surface roughness
was positively correlated with sediment yield suggest
that soil loosening was the primary mechanism by
which trail traffic caused increased soil erosion on our
experimental trail plots. This supports Wilson and
Seney’s (1994) conclusion that sediment yield from
experimental trail plots is detachmentlimited rather
than transport-limited. Detachment of particles by horse
traffic appeared to be the most important mechanism in
increasing sediment yield on our plots. We observed
similar runoff rates with all three trail users, but a
significantly higher sediment load in the runoff with
horse traffic. Horses appear to cause more trail erosion
than either llamas or hikers on dry trails because they
loosen the soil to a greater degree, making soil particles
easier to detach. In future studies, however, larger trail



plots would have to be used to adequately address the
effect of trail traffic on erosion due to increased runoff.

The importance of soil loosening also helps explain
the somewhat unexpected finding that sediment yield
following trail traffic was usually greater on dry trails
than on prewetted trails. This finding is contrary to that
of Wilson and Seney (1994), who generated greater
sediment yields on prewetted trails. It also is counter to
the general principle that moist soils are particularly
vulnerable to trail problems (Hammitt and Cole 1987).

Since soil loosening was the primary mechanism of
increased sediment yield on our plots, anything that
increases soil cohesion should decrease erosion poten-
tial. The water that we added to the relatively coarse-
grained soils of our experimental trail clearly increased
soil cohesiveness and, therefore, decreased vulnerabil-
ity to detachment. We might have obtained the opposite
result, however, if we had added much greater quanti-
ties of water or if the soils were clayey, with a tendency to
adhere to boots when wet or to harden when dry. Wet
trails also might have been more problematic if the trail
was steep and more of the forces of trail traffic involved
smearing and shearing.

Finally, there are a number of the trail problems
other than erosion that are aggravated most by traffic
during wet conditions that were not considered in this
study including: (1) multiple trailing; (2) trail widen-
ing, and (3) puddling (Cole 1987). Although traffic
during periods of high soil moisture or in locations with
chronically high moisture often causes problems on
trails, soil erosion can also be a serious problem even on
dry trails.

Various options exist for incorporating divergent
impact potential into management programs. At one
eéxtreme, types of use with high impact potential (eg.,
horse use) can be entirely prohibited. Alternatively,
these uses can be allowed in some management zones
and not allowed in others. Places where these uses are
allowed could be selected on the basis of their resistance
to impact. Trails where these uses are allowed could be
specially designed and maintained to tolerate substan-
tial disturbance. Our results, as well as the results of a
study of visitor attitudes about encounters with horses,
llamas, and hikers (Blahna and others, 1995) suggest
that when zoning on the basis of use type, llamas are
more closely allied with hikers than with horses.

In a number of parks and wilderness areas, amount
of use is limited in order to control user impacts. Several
scientists have suggested that managers should allocate
a limited numbers of permits on the basis of the
environmental expense of different user groups
(Hendee 1974, Stankey 1977, Weaver and others 1979).
These individuals argue that one’s access to limited
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permits should be inversely related to one’s impact
potential. This approach would make it more difficult
for horse groups to obtain a permit than for llama or
hiker groups. :

In conclusion, trail users are not equivalent in the
extent to which they contribute to accelerated erosion.
Horse traffic is capable of causing several times as much
erosion as an equivalent amount of traffic by llamas or
hikers. Managers concerned about trail problems may
want to consider this difference when devising trail
management strategies.

Acknowledgments

The authors wish to thank the Aldo Leopold Wilder-
ness Research Institute for funding this work, Marie and
Max Hillberry for supplying llamas, Frank and Debbie
Maus for supplying horses, Dr. Henry Shovick for
loaning us the rainfall simulator, and Chris Orman and
Emily DeLuca for field assistance. This work is a contri-
bution of the University of Montana School of Forestry
Experiment Station.

Literature Cited

Beckman, G. G, and K. J. Smith. 1974, Micromorphological
changes in surface soils following wetting, drying and
trampling. Pages 832845 in G. K. Rutherford (ed.), Soil
microscopy, Proceedings of the fourth International work-
ing meeting on soil micromorphology. Limestone Press,
Kingston, Ontario.

Blahna, D.J., K. S. Smith, and J. A. Anderson. 1995. Backcoun-
try llama packing: Visitor perceptions of acceptability and
conflict. Leisure Science 17:185-204.

Bryan, R. B. 1969. The relative erodibility of soils developed in
the peak district of Derbyshire. Geografiska Annaler 51:145-
158.

Cole, D. N. 1987. Research on soil and vegetation in wilder-
hess: A state-of-knowledge review. Pages 135-177 in R. C.
Lucas' (comp.), Proceedings, national wilderness research
conference: Issues, state-of-knowledge, future directions.
General Technical Report INT-220. USDA Forest Service,
Ogden, Utah. .

Dale, D., and T. Weaver. 1974, Trampling effects on vegetation
of the trail corridors of North Rocky Mountain forests.
Journal of Applied Ecology 11:767-772.

Dixon, R. M. 1995. Water infiltration control at the soil
surface: Theory and practice. Journal of Soil and Water
Conservation 50:450-453.

Gabriels, D., and W. C. Moldenhauer. 1978. Size distribution
of eroded material from simulated rainfall: Effect over a
range of textures. Soil Science Society of America Journal
42:954-958.

Gardner, W. H. 1986. Water content. Pages 493-544 in A. Klute
(ed.), Methods of soil analysis: Part 1, physical and mineral-
ogical methods. Soil Science Society America, Madison,
Wisconsin.



262 T. H. DeLuca and others

Hammitt, W. E., and D. N. Cole. 1987. Wildland recreation:
ecology and management. John Wiley & Sons, New York,
341 pp-

Harmon, D., and A. S. Rubin. 1992. Llamas on the trail, a
packers guide. Mountain Press Publishing Company, Mis-
soula, Montana, 170 pp.

Hendee, J. C. 1974. A scientist’s views on some current
wilderness management issues. Western Wildlands 1:27-32.

Johnson, M. G., and R. L. Bescheta. 1980. Logging, infiltration
capacity, and Surface erodibility in Western Oregon. Journal
of Forestry 78:334-337.

Kuss, F. R. 1983. Hiking boot impacts on woodland trails.
Journal of Soil and Water Conservation 38:119-121.

Lal, R. 1994. Soil erosion research methods, 2nd ed. Soil Water
Conservation Society, Ankeny, Iowa.

Leung, Y., and J. L. Marion. 1996. Trail degradation as
influenced by environmental factors: A state-of-the-knowl-
edge review. Journal of Soil and Water Conservation 51:130-
136.

Lull, W. A. 1959. Soil compaction on forest and range lands.
Misc. Publ. 768. USDA Forest Service, Washington, DC,
33 pp.

Markham, D. 1990. Llamas are the ultimate. Snake River
Llamas, Idaho Falls, Idaho, 285 pp.

McClaran, M. P., and D. N. Cole. 1993, Packstock in wilder-
ness: Use, impacts, monitoring, and management. General
Technical Report INT-301. USDA Forest Service, Intermoun-
tain Research Station, Ogden, Utah, 33 pp.

Meeuwig, R. O. 1971. Soil stability on high elevation rangeland
in the inter-mountain area. Research Paper INT-94. USDA
Forest Service, Ogden, Utah. ‘

NOAA (National Oceanic and Atmospheric Administration).
1971-1994. Hourly precipitation data, Montana, vols. 21—
44. United States Department of Commerce.

Nimlos, T. J. 1986. Soils of Lubrecht Experimental Forest.
Miscellaneous Publication No. 44. Montana Forest and
Conservation Experiment Station, Missoula, Montana, 36 pp.

Pfister, R. D., B. L. Kovalchik, S. F. Arno, and R. C. Presby.
1977. Forest habitat types of Montana. General Technical
Report INT-34. USDA Forest Service, Ogden, Utah.

Quansah, C. 1981. The effect of soil type, slope, rain intensity
and their interactions on splash detachment and transport.
Journal of Soil Science 32:215-224.

Quinn, N. W, R. P. C. Morgan, and A. J. Smith. 1990.
Simulation of soil erosion induced by human trampling.
Journal of Environmental Management 10:155-165.

Ruttimann, M., D. Schaub, V. Prasuhn, and W. Ruegg. 1995.
Measurement of runoff and soil erosion on regularly culd-
vated fields in Switzerland: Some critical considerations.
Catena 25:127-139.

Summer, R. M. 1980. Impacts of horse traffic on trails in Rocky
Mountain National Park. Journal of Soil and Water Conserva-
tion 35:85-87.

Summer, R. M. 1986. Geomorphic impacts of horse traffic on
montane landforms. Journal of Soil and Water Conservation
41:126-128.

Stankey, G. H. 1977. Rationing wilderness use: methods,
problems and guidelines. Research Paper INT-192. USDA
Forest Service, Intermountain Research Station, Ogden,
Utah.

Tinsley, B. E., and E. B. Fish. 1985. Evaluation of trail erosion
in Guadalupe Mountains National Park, Texas. Landscape
Planning 12:29~47.

Weaver, T, D. Dale, and E. Hartley. 1979. The relationship of
trail condition to use, vegetation, user, slope, season and
time. Pages 94-100 in R. Ittner, D. R. Potter, ]. K. Agee, and
S. Anschell (eds.), Recreational impact on wildlands. R-6-001-
1979. USDA Forest Service, Pacific Northwest Region,
Portland, Oregon.

Whittaker, P. L. 1978. Comparison of surface impact by hiking
and horseback riding in the Great Smoky Mountains Na-
tional Park. USDI National Park Service, Southeast Region,
Management Report 24, Atlanta, Georgia, 32 pp.

Wilson, J. P., and J. P. Seney. 1994. Erosional impacts of hikers,
horses, motorcycles, and off-road bicycles on mountain
trails in Montana. Mountain Research and Development 14:
77-88.

Wischmeier, W. H., and J. V. Mannering. 1969. Relation of soil
properties to it’s erodibility. Soil Science Society of America
Proceedings 33:131-137.

e



