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Abstract

Riparian areas link streams with their terrestrial catchments
and decrease water pollution by trapping sediments from upland
sources before they reach streams or lakes. Livestock grazing in
riparian areas is a controversial practice. If not properly man-
aged, cattle can cause degradation to both the riparian zone and
adjacent water body. Vegetative, soil microtopographical,
microchannel and hydrograph parameters were measured in a
montane riparian community in northern Colorado to quantify
the effects of cattle on overland flow and runoff characteristics.
Treatments were cattle grazing plus trampling, cattle trampling,
mowing, and a control. Water was applied to plots (3 m x 10 m)
at a rate of 100 mm hr-1 using a rainfall simulator.
Concurrently, overland flow was introduced at the upper end of
the plots at an equivalent rate of 25 mm hr-1. A high intensity-
short duration grazing treatment was used for the cattle-treated
plots. Reduction in vegetation stem density and aboveground bio-
mass by cattle decreased microchannel sinuosity and drainage
density. Cattle-treated plots had greater flow velocities and
depths in microchannels compared with mowed and control
plots. Reduced stem density and aboveground biomass by graz-
ing left fewer obstacles to divert flows, which decreased
microchannel sinuosity and drainage density. Flows were concen-
trated into fewer microchannels with deeper flows.
Microchannel characteristics were not significant factors affect-
ing total runoff. Stem density and rainfall intensity were the most
important factors in predicting runoff characteristics and total
runoff. Results from this study have improved our understand-
ing of flow and runoff processes following cattle use of a riparian
ecosystem. 

Key Words: runoff, stem density, microchannels, sinuosity,
drainage density, rainfall simulation

Suspended sediments can increase water turbidity, transport
nutrients and pollutants attached to soil particles, and eventually
be deposited in streambeds or lakebeds. Vegetation filter strips
(VFS), or bands of planted or indigenous vegetation  located
between sediment sources and streams, can reduce suspended
sediment from overland runoff. The efficiency of VFS to filter

sediment depends on surface microtopography, vegetation cover,
density and type, slope, and length of the buffer strip (Landry and
Thurow 1997). Riparian zones link streams with their terrestrial
catchments and serve as natural VFS by trapping sediments from
upland sources before they reach streams (Osborne and Kovacic
1993, Daniels and Gilliam 1996, Hairsine 1996). Many models of
VFS sediment filtration assume shallow sheet flow (Dillaha
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Resumen

Las áreas ribereñas vinculan las corrientes con sus áreas de
captación terrestres y disminuyen la contaminación del agua
atrapando los sedimentos provenientes de  terrenos altos antes
de que lleguen a las corrientes o lagos. El apacentamiento de
ganado en áreas ribereñas es una practica controversial. Si no es
manejada apropiadamente, el ganado puede ocasionar la
degradación tanto del área riberña como la del cuerpo de agua
adyacente. En una comunidad ribereña montana del norte de
Colorado se midieron parámetros vegetativos, microtopográficos
del suelo, de microcanales e hidrográficos para cuantificar los
efectos del ganado en el flujo superficial y las características del
escurrimiento. Los tratamientos fueron: apacentamiento de
ganado mas pisoteo, pisoteo de ganado, siega y un control. El
agua se aplicó a las parcelas (3 m x 10 m) a una tasa de 100 mm
hr-1 utilizando un simulador de lluvia. Concurrentemente, el
flujo superficial se introdujo en el extremo superior de las parce-
las a una tasa equivalente de 25 mm hr-1. En las parcelas
tratadas con ganado se utilizó un sistema de apacentamiento de
alta intensidad-corta duración. La reducción en la densidad de
tallos y biomasa aérea causada por el ganado disminuyo la sinu-
osidad de los microcanales y la densidad de drenaje. Las parce-
las tratadas con ganado tuvieron velocidades de flujo mas altas y
profundas en los microcanales que las obtenidas en las parcelas
segadas y control. Una densidad de tallos y biomasa aérea
reducidas por el ganado dejan pocos obstáculos para desviar flu-
jos, lo cual disminuye la sinuosidad de los microcanales y la den-
sidad de drenaje. Los flujos se concentraron en unos pocos
microcanales con flujos profundos. Las características de los
microcanales no fueron  factores significativas que afectaran el
escurrimiento total. La densidad de tallos y la intensidad de la
lluvia fueron los factores mas importantes para predecir las car-
acterísticas del escurrimiento y el escurrimiento total. Los resul-
tados de este estudio han mejorado nuestro entendimiento de los
procesos de flujo y escurrimiento después de que el ganado uso
los ecosistemas ribereños.
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1989). However, overland flow in grass-
lands generally does not travel as a uni-
form sheet, but is concentrated into small
channels (microchannels) (Dillaha 1989).
Microchannels, for the purpose of this
study, were defined as flow paths among
the vegetation clumps, normally up to
10–20 cm wide and carrying water 1–2 cm
deep. In a montane riparian ecosystem,
Fernald (1997) evaluated runoff as a factor
of vegetation type and microchannel densi-
ty and documented 1 to 3 primary
microchannels in each study plot (3 m
wide x 10 m long). The density and sinuos-
ity of microchannels may be important
determinants of riparian surface hydrology,
thus affecting surface runoff rates and sedi-
ment delivery to streams.

Livestock grazing effects on infiltration,
runoff, and sediment production in
uplands have been well studied (Packer
1953, Lusby 1970, Bohn and Buckhouse
1985, Thurow et al. 1986). Grazing inten-
sity, grazing system, timing of grazing,
level of defoliation, and amount of tram-
pling have all been shown to affect infil-
tration, runoff, and sediment yield (Packer
1953, Bohn and Buckhouse 1985, Thurow
et al. 1986). Effects of livestock grazing
on riparian communities typically involve
alteration through soil compaction
(Kauffman et al. 1983, Bohn and
Buckhouse 1985), defoliation, and physi-
cal damage to vegetation (Roath and
Krueger 1982, Schulz and Leininger
1990). However, information on specific
livestock impacts to a riparian landscape
and consequential effects on riparian
hydrologic processes is limited. While the
results of improper riparian grazing prac-
tices on infiltration and runoff have been
described elsewhere, little is known about
which aspect of livestock use (hoof action
or canopy removal) has the greatest effect
on riparian surface hydrology. 

It was hypothesized that cattle would
change runoff and overland flow charac-
teristics by physically affecting both soil
and vegetation properties. The objective of
this study was to quantify the effects of
vegetation mowing, cattle trampling, and
cattle grazing plus trampling on soil and
vegetation and how these parameters in
turn affected runoff and overland flow
characteristics through the riparian zone. 

Methods

Site Description
Research was conducted in a riparian

meadow adjacent to Sheep Creek in the
Roosevelt National Forest, about 80 km

northwest of Fort Collins, Colo., at an ele-
vation of 2,500 m (Lat 40° 59.725', Long
105° 43.265'). The soils are a sandy loam
to clay loam texture stratified with thin
layers of sand or clay of the Fluvaquents
series (USDA 1980). In places the water
table is less than 30 cm at some time dur-
ing the spring and summer. There was a
heavy organic O horizon as much as 20
cm thick in the study site. Soil texture of
the surface 7 cm at the study sites was
36% sand, 36% silt, and 26% clay (clay
loam texture). Some mottling was evident,
indicating recurrent seasonal soil satura-
tion. The south-facing slopes of the exper-
imental plots ranged from 3 to 5%. 

Vegetation at the site was dominated by
Kentucky bluegrass (Poa pratensis L.),
small-wing sedge (Carex microptera
Mack.), water sedge (Carex aquatilis
Wahl.), tufted hairgrass (Deschampsia
caespitosa (L.) Beauv.), Baltic rush
(Juncus balticus Willd.), western yarrow
(Achillea lanulosa L.), and marsh
marigold (Caltha leptosepala DC.). 

Plot Installation and Rainfall
Simulator

Sixteen, 3 × 10 m plots (25.7 to 28.8 m2)
were used to evaluate overland flow and
runoff in the montane riparian filter strip.
Plots were placed perpendicular to Sheep
Creek. Plots were paired (3 m apart) for
rainfall simulations where a ‘Swanson’
large rotating boom rainfall simulator
(Swanson 1965) was used to apply water
to evaluate runoff and overland flow
(Laflen et al. 1991, Frasier et al 1998b).
Overland flow was contained within 0.15
× 3 m steel borders × 6 cm driven into the
ground along the upper edge and 2 sides
of each plot (Pearce et al. 1998). A head-
wall, flush with the ground surface, was
established along the bottom edge of each
plot. Steel gutters that lined the headwall
collected surface runoff and channeled it
through a pre-calibrated flume.  

Treatments
One of 4 treatments was applied to each

plot. Treatments included:
1. Grazed plus trampled: To simulate a

heavy stocking rate, three, 320-kg
heifers were fenced on plots for 8
hours, coinciding with peak feeding
times (1600–2000 and 0400–0800
hours).

2. Trampled: Three, 320-kg heifers were
fitted with nylon mesh muzzles and
fenced on plots for 8 hours (1600–2000
and 0400–0800 hours).

3. Mowed: Plots were mowed with a

lawnmower to a 10 cm stubble height
and clippings were removed.

4. Control: Natural vegetation height; no
treatment administered.

Feces remained on the cattle-treated plots.

Plot Characterization
Microtopography

Microtopography was measured using a
100-point (10 x 9.6 cm grid) elevation table
(0.6 x 2 m dimension) positioned length-
wise across the center of each plot.
Elevation table measurements were made
before and after treatments, as well as after
the final rainfall simulation. Pin height
(mm) above the horizontal table surface
was measured with a digital caliper.
Microtopography was charcterized by the
Revised Universal Soil Loss Equation
(RUSLE) method using the maximum
range in pin elevations (Renard et al. 1997).

Soil 
Three soil bulk density samples for 0–5

and 5–10 cm depths were randomly taken
from each plot with a 7.5 cm diameter soil
core sampler before treatment. Soil plugs,
taken from directly outside of the plots,
were used to refill the holes. Bulk density
was resampled on the grazed and trampled
plots following treatment. The soil cores
were composited by plot and depth class.
Three, 50 mg, air-dried subsamples per
plot were later combusted at 600° C for 4
hours to determine organic matter (OM)
content. Gravimetric soil moisture in the
top 10 cm of soil was determined with 3
samples taken from each plot just prior to
pre-conditioning, and again before the
post-treatment rainfall simulation. Each
soil moisture sample was weighed, dried
in a microwave oven in 5 min increments
until less than a 0.5 g change in weight
occurred, and then reweighed.

Vegetation
Vegetation density (stems m-2) was mea-

sured at ground level and categorized by
class (i.e., grasses, forbs, sedges, and
Baltic rush) using a 10 x 10 cm quadrat.
Before all treatments and again after the
grazed and trampled treatments, the num-
ber of stems in 10 randomly placed
quadrats within the lower 2/3 of each plot
was recorded. Stem width at ground level
was measured at 10 random locations
within the lower 2/3 of each plot (i.e., 10
stems of each vegetation class were mea-
sured per plot).

Vegetation was clipped to ground level
in a 1/8 m2 circular plot and bagged to
estimate aboveground biomass. Five bio-
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mass samples were randomly taken in each
plot before and after treatment. The trampled
treatment was only sampled before treat-
ment. Samples were dried in a forced draft
oven for 72 hours at 50° C before weighing.

Microchannels
Microchannel sinuosity was indexed for

each plot as the ratio of channel length to
the straight line distance between 2 fixed
points approximately 1 m apart (George
and Sidle 1995). The closer the sinuosity
values are to 1, the straighter the flow
paths. Microchannel sinuosity was mea-
sured within 10 random grid sections per
plot. Drainage density (m m-2) was calcu-
lated by measuring the total length of
microchannels within a plot divided by the
plot area (adapted from Schumm and
Hadley 1959). Flow depths in microchan-
nels were measured during equilibrium
runoff with a ruler to the nearest mm at 6
random locations, both downslope and
cross-slope within each plot during the
simulation run. 

Rainfall Simulations
Two rainfall simulation runs, about 24

hours apart, were made on each plot pair;
one before (pre-treatment) and one after
(post-treatment) treatments were applied.

Water was applied to the plots at an
approximate rate of 100 mm hour-1 for a
total run time of about 100 min. This rate
was equivalent to approximately double
that of a 100 year-1 hour rainstorm event
and was chosen based on studies by
Pearce et al. (1998). The rate of applica-
tion was also selected to insure there
would be sufficient amount of water to
exceed the infiltration rate. Total quanti-
ties of water applied were measured with 6
rain gages placed within each plot. Actual
simulation intensities were recorded for
each plot pair with an 8 cm diameter volu-
metric raingage equipped with a bubble
gage pressure transducer. Concurrent with
rainfall simulation, overland flow was
simulated by spraying water onto a 3.0 x
0.6 m tilted input tray at the top of each
plot at the equivalent rate over the entire
plot of 25 mm hour–1. Runoff was mea-
sured at the outlet of each plot with a pre-
calibrated critical depth flume and data
were recorded by bubble gage pressure
transducer recorders in 1 min intervals. 

Pre-treatment Rainfall Simulation
Plots were preconditioned 24 hours

before treatments using the rainfall simu-
lator. The preconditioning was done to
minimize soil moisture variability among

plots and to increase the soil’s vulnerability
to compaction (Warren et al. 1986). A dye
tracer was applied as a line source at 2 loca-
tions (3 and 6 m downslope from the top of
plot) across each plot to allow identification
of the water front advancement and flow
paths down the plots (Fernald 1997). All
runoff events were recorded and timed on
video to allow re-examination of channel
locations at a later date and to determine
the peak channel velocity of the water
movement downslope. Strings stretched
across each plot on a 50 x 50 cm grid were
used to estimate water velocity through the
microchannels as the dye moved downs-
lope. Immediately after the preconditioning
event, the primary microchannels as delin-
eated by the dye tracer were spray painted
and photographed. 

Post-Treatment Rainfall Simulation
Following treatments, rainfall was simu-

lated again over the paired plots.
Concurrent with rainfall application, over-
land flow was again introduced at the top
of the plot at the equivalent rate of 25 mm
hour-1 over the entire plot. During the rain-
fall simulation, a dye tracer was again
applied as a line source across the plots at
the same locations and flow rates and
paths were recorded on video and timed.
Immediately after the simulation, the pri-
mary microchannels were again delineated
with spray paint and photographed.

Runoff Hydrograph 
A runoff hydrograph is a graphical rep-

resentation of a runoff event showing the
change in runoff rate through time.
Hydrographs can be divided into their
constituent parts for analysis of treatment
effects (Simanton et al. 1991, Frasier et al.
1998a, 1998b). Hydrograph components
analyzed in this study included time to
runoff initiation, slope of the rising limb,
time to equilibrium, equilibrium runoff,
slope of the falling limb, and total runoff.

Breakpoints between hydrograph seg-
ments were estimated using an iterative
least squares regression process developed
by Brakensiek et al. (1979) for analysis of
precipitation data. Regression coefficients
from rising limb and falling limb trend
lines were considered the slopes of these
hydrograph components. Time to equilib-
rium runoff was determined when a con-
stant rate of flow occurred for 2 consecu-
tive recorder readings (4 min).

Weather conditions and slight differ-
ences among spray nozzles caused varying
application rates, even among paired sim-
ulation plots. To compensate for this,
accumulated runoff values were normal-

ized in 1 min intervals into percentages
[(runoff rate/total application rate) x
(100)] (Frasier et al. 1998b). Accumulated
runoff after 60 min of simulation was also
evaluated for treatment effects. The 60
min time frame was selected because it
was common to all simulations.     

Experimental Design
A randomized complete block (RCB)

design was used for this experiment. There
were 4 treatments (grazed plus trampled,
trampled, mowed, and control) and 4
blocks. Soil and vegetation responses were
included as covariates to explore their
relationships with treatment effects.
Multiple regression models were con-
structed for microchannel sinuosity,
drainage density, flow depths, accumulat-
ed runoff, time to runoff initiation, slope
of the rising limb, time to equilibrium,
equilibrium runoff, and slope of the falling
limb using forward and stepwise selection
processes. The independent variables for
these models included: slope, plot area,
stem density by vegetation class, overall
stem density, sinuosity, drainage density,
flow depths, rainfall intensity, spraybar
intensity, aboveground biomass, soil
organic matter, soil bulk density, soil
moisture, surface roughness, ground
cover, stem basal widths, and pre-treat-
ment values for each variable. Unless stat-
ed otherwise, significance was determined
at P ≤ 0.10. Data were analyzed using
SAS® for Windows® (SAS® 1996).

Results and Discussion

Variables not affected by cattle
treatments
Microtopography

There were no significant differences
among treatments for random surface
roughness using the RUSLE method
(Flenniken 1999, McEldowney 1999). The
large amount of organic matter on the
plots may have acted like a sponge and
was not altered by the treatments. The
connectivity of microtopography may be a
more important characteristic in riparian
hydrology than variations in surface
roughness (Fernald 1997, Frasier et al.
1998b). The connectivity of microtopo-
graphical soil surface features may direct-
ly influence flows through microchannels
and subsequent runoff rates. 

Soil moisture and organic matter
Soil moisture and soil organic matter

estimates for the top 10 cm of soil were
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not different among treatments (Table 1).
However, soil moisture did vary by block;
lower soil moisture occurred near the
upper part of the riparian meadow and
increased with proximity to Sheep Creek.  

Bulk density
Soil bulk densities for the 0-5 cm and 5-

10 cm soil depths were not affected by
cattle activity (Table 1) . In the top 5 cm
of soil, bulk density ranged from 0.47 to
0.81 g cm-3; while in the 5–10 cm depth
class, bulk density ranged from 0.65 to
1.14 g cm-3. The large amount of soil
organic matter, the clay loam soil texture,
and the large amount of litter cover all
may have contributed to mitigating com-
paction effects by trampling (Abdel-
Magid et al. 1987, Wheeler et al. 2002).

Basal Widths
Basal widths did not vary among treat-

ment. However, basal widths  among vege-
tation classes were different, with forbs
having the greatest average basal widths
(4.7 mm). Basal widths of sedges, grasses,
and Baltic rush were not significantly dif-
ferent from each other (2.8, 1.4, and 1.1
mm, respectively). Average values of stem
basal widths were similar to widths mea-
sured by Fernald (1997) at the site, with
the exception of Baltic rush, which he
measured to be wider than grasses. 

Variables affected by cattle treat-
ments
Aboveground Biomass

Aboveground biomass was 58% less on
grazed plots than on control plots (Table 1).
There were significant differences in above-
ground biomass for the mowed, grazed, and
control plots. The decrease in aboveground
biomass on grazed compared with control
plots represents the amount of vegetation
consumed by grazing or removed via cattle
trampling. As a result of logistical con-
straints, the trampled plots were not sam-
pled for aboveground biomass.

Stem Density
There was a 40% decrease in stem den-

sity following cattle grazing, as compared
to the control (Table 1). The grazed plus
trampled treatment had the lowest average
stem density, because cattle removed
stems both by pulling up stems with graz-
ing and through hoof shear (Kauffman et
al. 1983, Abdel-Magid et al. 1987). Stem
density for the trampled treatment was
higher than that for the grazed treatment,
probably because there was only hoof
shear and not the grazing component with
the trampled treatment. Specifically, forb
stem densities were decreased by 50% on
both trampled and grazed plus trampled
treatment, as compared with the control.
Grass stem densities were reduced approx-
imately 40% on grazed plots as compared
with control plots. 

Stem density was a very important vari-
able that affected microchannel sinuosity,
drainage density, flow depth, accumulated
runoff, time to runoff, slope of the rising
limb of the hydrograph, time to equilibri-
um runoff, and the slope of the falling
limb of the hydrograph (Table 2). The sig-
nificant reduction in stem density follow-
ing both types of cattle treatments subse-
quently impacted microchannel and runoff
characteristics.

Microchannel Characteristics
All microchannel characteristics, sinuos-

ity, drainage density, flow depth, and flow
velocity, were significantly affected by
decreased stem density on cattle-treated
plots. However, other variables were also
important and will be discussed specifical-
ly below. While microchannel characteris-
tics could have potentially affected runoff
characteristics, they were not significant in
prediction equations. Rather, stem density
was a more important predictor variable
(Table 2).

Microchannel Sinuosity
Water flowed down the plots in

microchannels, though sheetflow occurred
between these microchannels for short dis-
tances. Similar intermittent sheetflow
between flow lines was observed in labo-
ratory experiments by Mosley (1972).
There were no differences among plots for
pre-treatment sinuosity. Following cattle
treatments, however, the microchannels
were straightened. There were no differ-
ences in microchannel sinuosity between
the trampled and grazed plus trampled
treatments, indicating that hoof action was
primarily responsible for straightening
microchannels. The mowed treatment was
intermediate in sinuosity to the control
treatment and the cattle-treated plots
(Table 1).  

Multiple regression analysis was used to
identify important variables that correlated
with and presumably affected post-treat-
ment microchannel sinuosity data. The
important independent variables selected
by both stepwise and forward regression
analyses were forb stem density and grass
stem density (r2 = 0.78 )(Table 2). Prosser
et al. (1995) showed that root stocks and
individual submerged stems deflected
water flows. Although no other references
could be found that related stem density to
microchannel sinuosity, aboveground bio-
mass (which is a function of stem density)
can serve as a barrier to sediment transport
by causing overland flow to move in a
slower, more tortuous path (Thurow et al.
1986). Abrahams et al. (1994) reported

Table 1. Summary data for selected variables for each of the 4 treatments applied to a montane
riparian community. 

                                 TREATMENT                                      
Parameter Control Mowed Trampled Grazed  

POST-TREATMENT      
Plot area (m2) 28.8b 27.3ab 26.8a 27.4ab  
Slope (%) 3.8a 3.6a 4.2a 3.8a
Rainfall intensity (mm hour-1) 102b 89a 89a 102b  
Spraybar runon intensity (mm hour-1) 25.7a 26.6a 27.4a 27.8a  
Soil moisture (%) 36a 36a 36a 36a

Soil organic matter  0-5 cm (%) 19.3a 20.6a 19.5a 22.4a  
Soil organic matter  0-10 cm (%) 10.1a 10.8a 12.2a 11.3a  
Bulk density 0-5 cm (g cm-3) 0.6a 0.6a 0.7a 0.6a  
Bulk density 0-10 cm (g cm-3) 0.9a 0.9a 0.9a 0.9a  
Stem density (# stems m-2) 5275bc 5525c 4650b 3300a
Litter ground cover (%) 63a 65a 61a 62a  
Aboveground biomass (kg ha-1) 2330b 1725a * 924a  
Microchannel sinuosity  1.24c 1.17b 1.04a 1.04a  
Drainage density (m m-2) 2.1b 2.4b 1.7a 1.7a  
Flow depth in microchannels (mm) 18a 24ab 26b 32c  

Accumulated runoff after 60 min (%) 45.2ab 35.0a 48.8b 67.3c  
Time to runoff initiation* (min)   14.3b 22.2c 12.8ab 9.0a  
Slope of the rising limb* (%) 8.4a   9.0ab 7.0a 16.6b  
Time to equilibrium runoff (min)   20.9b 34.4d 28.3c 15.8a  
Slope of the falling limb   - 6.7ab –7.8a –5.3bc –5.1c  

Different letters following means in a row indicate significance at p ≤ 0.10. An * indicates missing data.
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that 69% of the variability in resistance to
overland flow (using the Darcy-Weisbach
friction factor (f)) was accounted for by
basal plant stems and litter cover on an
Arizona grassland. With fewer stems to
act as barriers to downslope water flow,
sinuosity was reduced in their study. 

Forb and grass stems may have been
influential in directing and concentrating
flows. Forbs had the largest stem basal
widths of all vegetation classes, possibly
making them more influential in directing
microchannel flows and were more impor-
tant if lost through trampling. A reduction
in forb and grass stem density in cattle-
treated plots resulted in fewer obstacles to
divert flows, and microchannel sinuosity
was lower.

In studies of geomorphic processes on
small-scale channels in Utah, George and
Sidle (1995) observed that many of these
small channels functioned like gullies in
flow dynamics, partly as a result of their
low sinuosity. A gully is a relatively deep,
vertical-walled channel. It is possible that
the low sinuosity for the cattle-treated
plots may have resulted in the microchan-
nels more closely resembling gullies rather
than channels. If these microchannels
behave more like gullies, greater erosive
forces on the channel walls and more
movement of sediment during overland
flow might be expected, rather than flows
characteristic of other types of channels.
Future studies might involve closer exami-
nation of microchannel dimensions.

Drainage Density
There was no difference in drainage den-

sity among plots before treatment. This
lack of difference allowed for comparison
of drainage density between post-treatment
cattle plots and pre-treatment control and
mowed plots. Cattle-treated plots had lower
drainage densities than either mowed or

control plots (Table 1). Average drainage
density was 19% lower on cattle-treated
plots than on control plots, and 26% lower
than on mowed plots. Visual examination
of plots before and after treatment con-
firmed this finding (Flenniken 1999). 

The prediction equation that best
described drainage density following cattle
treatments included the independent vari-
ables pre-drainage density and forb stem
density (Table 2). The model accounted for
89% of the variation in drainage density
among treatments, and indicated that pre-
treatment drainage density and forb stem
density had significant influences on the
final measure of drainage density.
Obviously, pre-treatment drainage density
would be an important determinant of post-
treatment drainage density. Since forbs had
the greatest stem basal widths of all the
measured vegetation classes, their stems
acted as barriers in routing water flow. The
decrease in forb stem density on cattle-
treated plots from hoof shear resulted in
fewer barriers for water diversion and may
have caused straightening of the
microchannel network. 

Flow Depths in Microchannels
Post-treatment downslope water flow

depths in microchannels were affected by
the  treatments. Flow depths in microchan-
nels of the grazed plus trampled treatment
were the greatest of the 4 treatments; near-
ly 80% deeper than in the control treat-
ment (Table 1). There were no differences
in downslope flow depths between tram-
pled and mowed treatments, or between
mowed and control treatments. The high
rainfall rate (~100 mm hour-1) and over-
land flow (25 mm hour-1) applied to the
plots may have overtopped microtopo-
graphical elevations.

The prediction equation for post-treat-
ment downslope flow depths in

microchannels included the independent
variables of aboveground biomass and
forb stem density (Table 2). The model
accounted for 95% of the variability in
flow depths among treatments. A reduc-
tion in aboveground biomass and forb
stem density from grazing concentrated
water into straightened microchannels.
Increased runoff and decreased drainage
density following cattle treatments also
concentrated water into fewer microchan-
nels, resulting in deeper downslope flow
depths in the remaining microchannels.  

Flow Velocities
No significant differences in flow veloc-

ity existed among the 4 treatments. The
leading edge microchannel flow velocity
was 0.05 m sec-1 on cattle-treated plots,
and 0.03 m sec-1 on the control and
mowed plots. A small sample size is partly
responsible for these results, as the video-
tapes only allowed for estimation of a sin-
gle velocity on each of the treatment plots.
In future studies, this problem could be
alleviated by direct measurement of flow
velocities in the field utilizing a flow
meter or similar method.

Runoff characteristics
On first assessment, it was anticipated

that changes in soil characteristics (soil
moisture, bulk density, and infiltration
rate) would greatly influence runoff char-
acteristics. However, it was not a soil phe-
nomenon but rather changes in surface
phenomenon of both vegetation and
microchannel characteristics that most sig-
nificantly influenced runoff.

Accumulated Runoff
Despite no significant differences

among treatments for initial infiltration
rates, the runoff hydrographs indicated

Table 2. Prediction equations for various response variables affected by treatments. 

Response Variable Regression Equation  R2

Microchannel sinuosity  =   0.81 + 0.0002 (forb stem density (stems m-2)) + 0.00006 (grass stem density (stems m-2)) 0.78

Drainage density (m m-2) = –0.668 + 0.989 (pre-drainage density (m m-2)) + 0.0007 (forb stem  density (stems m-2))  0.89

Flow depths (mm) =   41.7 – 0.006 (aboveground biomass (kg ha-1)) – 0.009 forb stem density (stems m-2)) 0.95

Accumulated runoff =   5.24 – 0.0094(stem densitya (stems m-2)) + 0.746(rainfall intensitya (mm h-1)) +   0.159(slope(%))(areac (m2)) 0.75
(mm hr-1)

Time to runoff =   77.3 –- 0.755 (rainfall intensitya (mm hr-1)) + 0.00225(stem densitya (stems m-2)) 0.84
initiation (min)

Slope of rising limb =   19.44 – 0.0032(stem densitya (stems m-2)) + 55.73(soil moisturea (%)) –  26.51(RUSLE surface roughnessb (in)) 0.65
(reg. coeff.)

Time to equilibrium (min) =   67.4 – 0.61(rainfall intensitya (mm hr-1)) – 0.0034(stem densitya (stems m-2)) 0.59

Slope of falling limb = –0.832 – 0.24(sedge groundcovera (%)) – 0.00095(stem densitya (stems m-2)) 0.52
(reg. coeff.)

Superscripts a, b, c indicate  p-value ≤ 0.05, 0.10, 0.15 respectively
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that differences in accumulated runoff did
exist among treatments (McEldowney
1999). These differences were especially
evident during the early stages of runoff
and contributed to the greater percentage
of applied water that ran off of the grazed
plots, when compared with the trampled,
mowed, or control plots (Table 1). Results
also indicated that equilibrium runoff was
not greatly influenced by the treatments,
suggesting that these early periods of
runoff may provide more insight into the
effects of various types of surface distur-
bances on overland flow. 

For example, Packer (1953) determined
that simulated trampling within the Boise
River watershed in Idaho increased over-
land flow in 2 community types with ini-
tial ground cover values less than 90 to
95%. In a 10 year study conducted near
Grand Junction, Colo., Lusby (1970)
noted grazed watersheds had 30% more
runoff than did ungrazed watersheds. He
believed that increased runoff was directly
related to the amount of bare soil. Heavy
continuous grazing on small mixed short-
grass and midgrass prairie watersheds in
South Dakota resulted in higher runoff
rates than from moderately and lightly
grazed watersheds (Hanson et al. 1970).
Total runoff was greater from heavily
grazed shortgrass prairie as compared to
lightly grazed areas in eastern Colorado
(Frasier et al. 1995).

The parameters that best predicted the
amount of accumulated runoff after 1 hour
were stem density, rainfall intensity, and a
slope-gradient by area-interaction. The
prediction model for accumulated runoff
shown in Table 2 explained 75% of the
measured variability. Inclusion of rainfall
intensity and the topographic interaction
between slope and area in this regression
model was expected, as these variables are
common parameters in many models of
runoff, erosion, and water quality
(Schreiber and Kincaid 1967, Dunne and
Leopold 1978, Hairsine et al. 1992,
Renard et al. 1997). Reduced stem density
on the grazed treatments probably allowed
more water to runoff of those plots and has
not been included in most runoff models. 

Vegetation height was not measured in
this study, but was visually homogenous
throughout the study area prior to treat-
ments. In other studies, vegetation height
was an important parameter for runoff pre-
diction (Prosser et al. 1995, Clary et al.
1996). Visual similarity in vegetation
height between the control and trampled
treatments suggests that vegetation on
these plots was overtopped by the high
intensity of simulated rainfall (Abt et al.

1993, Pearce 1995, Prosser et al. 1995),
and facilitated the movement of water off
of these plots.  

Time to Runoff Initiation
The treatments did affect the length of

time required for runoff to begin, and
ranged from 9 min on the grazed treatment
to 22 min on the mowed treatment (Table
1). These values were similar to runoff ini-
tiation times reported by Frasier et al.
(1998b) and Fernald (1997). Multiple
regression analysis revealed that rainfall
intensity and stem density accounted for
84% of the total measured variability in
the prediction of time to runoff initiation
(Table 2).  

Rising Limb of the Hydrograph
The slope of the rising limb of the

hydrograph was steep for the grazed treat-
ment (Table 1). This value was not differ-
ent from the mowed treatment, but was
greater than the trampled and control treat-
ments. The slopes of the rising limb for
the mowed, trampled, and control treat-
ments were not different from one another.
These slopes (regression coefficients) for
the rising limb trendline of the hydrograph
were generally higher than those found by
Frasier et al. (1998b). Simulation intensity
was 40 mm hour-1 greater than those used
by Frasier et al. (1998b) and this was
probably the reason for the difference. The
rate of change of the rising limb of the
runoff hydrograph is an indicator of the
amount of depression storage and infiltra-
tion (Mohamoud et al. 1990, Frasier et al.
1998b). During the rising limb, depression
storage has often been assumed to be com-
pletely filled (Mohamoud et al. 1990). As
rainfall continues, the successive overtop-
ping of depressions makes more water
available for runoff until the majority of
the plot area is contributing to runoff. A
smaller, or less steep, slope of the rising
limb corresponds to slower runoff rates
and likely indicates the degree of connec-
tivity among surface depressions.

Antecedent soil moisture was the most
important parameter for the prediction of
the slope of the runoff hydrograph rising
limb (Table 2). Stem density and the
RUSLE surface roughness measurement
improved the prediction model and togeth-
er these 3 parameters explained 65% of the
variability in the prediction of the slope of
the rising limb of the hydrograph.
Antecedent soil moisture can affect infil-
tration rates and, consequently, surface
runoff (Branson et al. 1981). The soil
moisture gradient from lower soil moisture
along the upper portion of the riparian

meadow to much higher soil moisture near
Sheep Creek helped to explain its impor-
tance in the regression equation developed
from these data (McEldowney 1999). At
the Walnut Gulch Experimental Watershed
in southern Arizona, Schreiber and Kincaid
(1967) concluded that antecedent soil
moisture was not as important as plant
parameters in runoff prediction. Inclusion
of random roughness in our prediction
model during this early stage of runoff
indicated that the volume of water applied
had not yet completely overwhelmed
microtopographical features, and empha-
sized the importance of microrelief on the
early stages of overland flow initiation.

Time to Equilibrium Runoff  
The time required to reach equilibrium

runoff was affected by the treatments, and
ranged from 16 min for the grazed treat-
ment to 35 min for the mowed treatment.
All treatments were significantly different
from one another (Table 1). Rainfall inten-
sity and stem density strongly influenced
the time needed to reach equilibrium
runoff. These 2 parameters accounted for
59% of the total variability for the time to
runoff equilibrium (Table 2). Both rainfall
intensity and stem density have already
been discussed, and were applicable to the
prediction model for time to equilibrium
runoff for reasons stated earlier. 

Slope of the Falling Limb of the
Hydrograph

Significant differences were found
between the 2 cattle treatments and the
mowed treatment for the slope of the
falling limb of the hydrograph (Table 1).
However, the slope of the falling limb for
the trampled treatment was not different
from the control. A potential reason for
this was that the tall vegetation on the con-
trol and trampled treatments was pushed
over by the intense rainfall or cattle tram-
pling, creating a surface conducive to
runoff (Abt et al. 1993, Pearce 1995,
Prosser et al. 1995). Both the falling limb
of the trampled and control treatments
were fairly steep as this water ran off
rapidly once the simulator was turned off.
The runoff hydrograph falling limb for the
trampled and control treatments did not
decline as rapidly as that from the mowed
treatment, nor as slowly as that from the
grazed treatment. 

The runoff hydrograph falling limb rep-
resents the portion of the applied water on
the plot surface that only runs off once the
simulator is turned off and rainfall ends.
Therefore, the falling limb can be used as
an indicator of water storage on the sur-
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face (Foster 1971, Dunne and Leopold
1978, Rogers and Singh 1986) and in the
soil. More water moved off  the cattle-
treated plots and did not infiltrate into the
soil, which contributed to the flattened
slopes of the falling limb of the cattle-
treated plots in the runoff hydrograph
(Table 1). 

The prediction model for the slope of
the falling limb of the hydrograph was
best described by stem density and sedge
ground cover (r2 = 0.52) (Table 2). Sedge
ground cover did not differ among treat-
ments, but was very different among
blocks. The regression equation indicated
that as sedge ground cover increased, the
slope of the falling limb of the hydrograph
was greater. 

Summary and Conclusions

This study improves our understanding
of flow and runoff processes following
cattle use of montane riparian ecosystems.
Vegetation stem density was greatly
reduced on cattle-treated plots and was a
major factor that affected flow characteris-
tics. Studies by Rogers and Schumm
(1991) showed that vegetation disrupts
overland flow by both concentrating and
deflecting flow around individual vegeta-
tion obstructions. Specifically, forb stem
density appeared to be the most influential
vegetation class affecting the various flow
parameters in the current study. Forbs had
the greatest basal widths of stems and
probably affected downslope flows by
diverting water. Forbs were also possibly
more susceptible to cattle trampling than
graminoids. 

Cattle grazing and trampling had a sig-
nificant effect on flow characteristics
through decreased microchannel sinuosity
and drainage density, and increased flow
depths. Water flowed down the plots in
small channels, though sheetflow did
occur between these microchannels for
short distances with high water application
rates. Cattle grazing and trampling
straightened the microchannels, and this
decreased sinuosity resulted in decreased
drainage density. On cattle-treated plots,
water concentrated in fewer, straighter
microchannels, resulting in deeper flow
depth and possibly increased flow veloci-
ties. With less ground cover, concentrated
flow increases flow velocity and depth
(Rogers and Schumm 1991). Velocity is a
function of channel gradient and rough-
ness, so with decreased sinuosity and
greater gradient following cattle treat-
ments as well as decreased roughness

from stem density, greater flow velocities
should occur. Control and mowed plots
had more sinuous flow paths compared
with cattle-treated plots because there was
no decrease in stem density, thus more
obstacles were present at the soil surface
to route water around. 

Changes in vegetation and flow charac-
teristics may have consequences for ero-
sion and effectiveness of riparian filters.
Densely covered grasslands provide resis-
tance, expressed as a threshold of shear
stress, to erosion by overland flow. Most
shear stress is exerted on individual plant
stems and dense bunches of grasses
(Prosser et al. 1995). Dillaha et al. (1989)
suggested that unless concentrated flow is
minimized in vegetation filter strips
(VFS), it is unlikely the VFS will be very
effective in controlling nonpoint source
pollution.

Stem density was also one of the most
important factors affecting runoff. Cattle
grazing reduced total stem density, which
reduced this friction component and creat-
ed a surface less resistant to overland flow.
These results suggest that closely moni-
tored stem density could help to create an
optimal situation for water retention and
reduction of overland flow. It is important
to note that the high water application rate
used in this study caused the plots to be
almost completely inundated with water.
At lower levels of inundation, stem density
might have less influence on runoff.

Abiotic factors that affected runoff pre-
diction were rainfall intensity, slope, plot
area, and soil moisture. Rainfall intensity
was especially important for runoff initia-
tion, as expected. High intensity-high fre-
quency cattle grazing primarily impacted
the initial and final stages of runoff.
Runoff initiation was more rapid and lev-
eled off quickly on grazed plots when
compared with control plots. These differ-
ences resulted in greater accumulated
runoff from grazed plots. 

In this study, high intensity-high fre-
quency cattle grazing created a more uni-
form flow regime across the trampled and
grazed treatments. The microchannels
became wider and tended to be less sinu-
ous. Because the effectiveness of riparian
buffers is often dependent on uniform
flow, careful management of cattle along
the upper edges of a riparian buffer may
help to create a more uniform flow distrib-
ution entering the buffer, which could lead
to improved sediment filtration.

This study was designed to better under-
stand the effect of the cattle grazing and
trampling on the factors that affect runoff
in a riparian zone. The study was designed

to maximize this effect, and it would be
expected that with normal management
practices the impact of the cattle would be
less than we measured. It was a study at
one place and time and results would be
expected to apply to other sites with simi-
lar soils and vegetation composition.  

Further research of flow processes will
better allow us to quantify the effects that
cattle have on riparian surface hydrology
and sediment delivery to streams.
Additionally, studies such as this one may
be important in erosion prediction models
or the development of a riparian-specific
erosion model. Future studies in different
riparian communities using lower simula-
tion rates should be conducted to corrobo-
rate or refute the results presented here,
and to expand the applicability of these
findings. The effects of different grazing
intensities and timing of grazing distur-
bance on stem density, microtopography,
and runoff hydrographs in various riparian
ecosystems also should be quantified.
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