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A B S T R A C T

Road closures and road decommissioning are increasingly being used to reduce runoff and sediment production
from unpaved roads, but few studies have quantitatively assessed the effectiveness of these treatments. This
study used rainfall simulations to: 1) quantify the differences in infiltration and sediment production among five
treatments: undisturbed forest, closed roads, closed roads exposed to all-terrain vehicle (ATV) traffic, and two
decommissioning treatments (ripping only, and ripping plus wood-strand mulch); and 2) quantify the effects of
key site variables on infiltration and sediment production. Four replicate rainfall simulations were conducted for
each treatment in northcentral Colorado, with 44 mm h−1 of rainfall being applied to 1 m2 bounded plots for
45 min. The mean infiltration rate for the last 5 min (“infiltration capacity”) for the forest was 28 mm h−1 and
highly variable, while the closed roads with and without traffic had nearly identical mean values of only 5 and
4 mm h−1, respectively. Ripping only increased the mean infiltration capacity to 9 mm h−1, while adding mulch
more than doubled this to 20 mm h−1. Mean sediment production from the forested plots was only 3 g m−2 as
compared to 43 g m−2 from the closed roads with no traffic. Eighty passes of an ATV tripled the mean sediment
production compared to the closed roads with no traffic. The mean sediment production for the ripping treat-
ment was 72 g m−2 or 67% higher than the mean value from the closed roads, while adding mulch decreased the
mean sediment production to just 16 g m−2. These results first show the importance of roads and even small
amounts of traffic for increasing plot-scale runoff and sediment production, and second that ripping plus
mulching is a more effective road decommissioning treatment than just ripping. The results provide important
guidance for future road decommissioning efforts.

1. Introduction

Sediment production and delivery from unpaved forest roads is a
key environmental concern due to the potential effects on water re-
sources infrastructure and the physical characteristics of water, parti-
cularly turbidity and total suspended solids (Goode et al., 2012,
MacDonald and Stednick, 2003; Motha et al., 2003). Changes in these
parameters can adversely affect the beneficial uses of domestic water
supply, recreation, and aquatic ecosystems, particularly coldwater
fisheries (Wood and Armitage, 1997). The documented impacts of roads
are a direct result of the very large changes in runoff and erosion due to
the highly compacted road surface, even though roads typically re-
present a small proportion of most forested and rural landscapes
(Ramos-Scharrón and LaFevor, 2016; Ziegler and Giambelluca, 1997).

A common way to reduce the adverse environmental impacts of
roads is to remove or decommission a road that is no longer needed or
desirable (Switalski et al., 2004; Weaver et al., 2015). Decommissioning

treatments can vary from relatively cheap and simple methods, such as
closing the road by installing a gate or other barrier, to more expensive
treatments such as full recontouring (Madej, 2001; Switalski et al.,
2004; Weaver et al., 2015). While closing a road is the least expensive
treatment, closing a road—even for several decades—may not restore
infiltration rates to the values observed in an undisturbed forest. In
Idaho the saturated hydraulic conductivity of an abandoned road after
thirty years with no traffic was still only 7–28 mm h−1 (Foltz et al.,
2009), which is much lower than the value of 40–80 mm h−1 for an
undisturbed forest (Robichaud, 2000). In Peninsular Malaysia an
abandoned logging road had> 80% vegetation cover after 40 years,
but the saturated hydraulic conductivity of 62 mm h−1 was still an
order of magnitude lower than the value of 675 mm h−1 for the ad-
jacent hillslopes (Ziegler et al., 2007).

Although closing a road may not restore infiltration rates, the par-
tial recovery in infiltration—when combined with the lack of traffic and
the increase in surface cover by vegetation and litter—can greatly
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reduce road sediment production. Rainfall simulations on an aban-
doned road in Idaho with 98% ground cover yielded a mean sediment
concentration of 2.2 g L−1, which was only 14% of the value from a
similar road that had been subjected to logging traffic two years before
the rainfall simulation (Foltz et al., 2009).

Numerous studies have shown that traffic greatly increases road
sediment production by increasing the fine sediment supply through
abrasion and crushing, as well as forcing fine sediment to the surface
(Luce and Black, 1999; Reid and Dunne, 1984; Sheridan et al., 2006;
Ziegler et al., 2001). High numbers of log trucks increased sediment
production by 7.5 times compared to the same roads on days with no
logging traffic (Reid and Dunne, 1984), and 2 to 25 times for roads
heavily used by logging trucks as compared to roads with light traffic
(Foltz, 1996). The type of traffic also may be important, as the erosion
from unmanaged ATV and dirt bike trails can be similar to or greater
than an active forest road with regular car and truck traffic (Meadows
et al., 2008; Welsh, 2008).

A second common road decommissioning treatment is to rip the
roadbed by metal tines being pulled behind a bulldozer to eliminate the
compaction (Luce, 1997; Weaver et al., 2015). The ripping can be fol-
lowed by the addition of mulch to reduce surface erosion, but the

effectiveness of ripping, or ripping plus mulching, is still controversial.
In Alberta, Canada ripping only decreased the bulk density from 1.60 to
1.40 Mg m−3, or 13% (McNabb, 1994). In Idaho ripping initially de-
creased the bulk density to 1.50 Mg m−3 and increased the hydraulic
conductivity from 8 to 30 mm h−1, but after 90 mm of simulated
rainfall the bulk density increased back up to 1.70 Mg m−3 and the
hydraulic conductivity dropped by half to 15 mm h−1 (Luce, 1997).
Similarly, the hydraulic conductivity two years after ripping was only
9 mm h−1 (Foltz et al., 2007). These results indicate that the initial
increase in infiltration due to ripping is very transient, and the resultant
infiltration rate is still substantially less than the typical infiltration rate
of approximately 40–120 mm h−1 for undisturbed coniferous forests
(Robichaud, 2000; Moody and Martin, 2001).

The problem is that relatively few studies have experimentally
quantified the effects of different decommissioning treatments on in-
filtration and sediment production, even though road decommissioning
has become an important restoration treatment on both public and
private lands (Madej, 2001; Weaver et al., 2015). For instance, from
1998 to 2002 the USDA Forest Service (USFS) decommissioned
3200 km of road per year at an average cost of $2500 per kilometer
(Schaffer, 2003), and more recently the USFS has been

Fig. 1. Location of the road sections in the Arapaho-Roosevelt National Forest that were decommissioned in fall 2013 by ripping or ripping plus mulching. The closed roads and forested
plots were immediately adjacent to the decommissioned roads.
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decommissioning over 2000 km yr−1 (USDA Forest Service,
2010–2014). More specific data are needed to quantify the benefits of
different decommissioning treatments, and allow these benefits to be
compared to the costs of each treatment.

The initial goal of our research was to evaluate the effectiveness of
road decommissioning treatments in northcentral Colorado using a
combination of sediment fences and road surveys at the road segment
scale. While segment-scale measurements provide useful data for
managers, they do not provide explicit data on infiltration rates over
time or key surface erosion processes, particularly the combination of
rainsplash and sheetwash. Rainfall simulations are very useful for
quickly providing comparative runoff and sediment production data
along with process-based insights (Arnáez et al., 2004; Butzen et al.,
2014; Croke et al., 2006; Foltz et al., 2009; Jordan and Martinez-Zavala,
2008; Sheridan et al., 2008; Ziegler et al., 2000). The implication is that
the best strategy is to conduct studies at different spatial scales using
different techniques, with rainfall simulations providing detailed com-
parisons of infiltration and smaller-scale sediment production rates, and
segment-scale measurements providing larger scale but less directly
comparable data. This paper reports our plot-scale results using rainfall
simulations, while a separate paper presents the results of a multi-year
study of road erosion and decommissioning treatments at the road
segment and landscape scales (Sosa-Pérez and MacDonald, 2017).

Hence the objectives of this paper are to: 1) quantify the differences
in infiltration and sediment production between undisturbed forest,
closed roads, closed roads exposed to all-terrain vehicle (ATV) traffic,
and two decommissioning treatments (ripping only, and ripping plus
wood-strand mulch); 2) quantify the effects of the measured site vari-
ables on infiltration and sediment production; and 3) understand how
ATV traffic affects plot-scale sediment availability and sediment pro-
duction. The results will help guide the design and quantify the benefits
of future road closures and decommissioning projects.

2. Methods

2.1. Study area

The study area is at an elevation of 2630 to 2850 m in the Arapaho-
Roosevelt National Forest in northcentral Colorado (Fig. 1). Average
annual precipitation at the Red Feather Lakes weather station is
460 mm (WRCC, 2016), with about 36% of this falling as snow between
October and April (NOAA, 2013). From May through September the
precipitation falls primarily as rain, often in brief but occasionally in-
tense thunderstorms (NOAA, 2013). Soils are predominantly Red-
feather-Schofield-Rock outcrop association. The Redfeather and Scho-
field soils vary only in their depth to bedrock, and they are shallow to
moderately deep (40–100 cm), well-drained sandy loams formed on
granitic bedrock; the taxonomic description is loamy-skeletal, mixed,
superactive Lithic Glossocryalfs (Moreland, 1980; USDA NRCS, 1998).

The vegetation is predominantly lodgepole pine (Pinus contorta)
with some ponderosa pine (Pinus ponderosa), Douglas fir (Pseudotsuga
menziesii), and quaking aspen (Populus tremuloides) according to aspect,
soil wetness, and elevation. Much of the area was patch cut in the 1950s
to 1970s (Veblen and Donnegan, 2005), and since then the roads have
been primarily used for recreation, especially by all-terrain vehicles
(ATV) and dirt bikes. Many of these roads are no longer needed given
the reduction in logging and lack of property risk from fires.

2.2. Road decommissioning

In early summer 2013 the Arapaho-Roosevelt National Forest
identified 14 km of roads for decommissioning distributed among 30
road sections. These road sections were selected because they were no
longer needed for access, posed a disturbance to wildlife, and/or re-
presented a risk to water resources due to their proximity to a stream.
Most of the road sections had been closed to traffic for about 25 years,

but there are no records of when the various road sections were closed.
A few of these road sections were still open to recreational traffic,
particularly ATVs. The roads were decommissioned in
September–October 2013, and the primary treatment was ripping the
road surface to a depth of approximately 0.4 m with a tracked bulldozer
pulling three unwinged ripping teeth. After ripping wood-strand mulch
and organic fertilizer were applied to about 40% of the total length,
primarily to the steeper sections or sections close to a stream; target
application rates were 6.2 Mg ha−1 of mulch and 0.3 Mg ha−1 of fer-
tilizer. The initial depth of the mulch was not measured but was esti-
mated at one to two centimeters. By the time of the rainfall simulations
in summer 2014—nearly one year after decommissioning—much of the
mulch had washed or fallen into the furrows created by ripping (Section
3.1).

2.3. Experimental design and plot measurements

The experimental design was five treatments with four replicates
each, making a total of 20 rainfall simulations. The five treatments
included undisturbed forest as an overall control, closed roads with
little to no administrative traffic, closed roads subjected to traffic (80
passes of an ATV), and two decommissioning treatments (only ripping,
and ripping plus mulching and fertilizer). The simulations on the closed
roads are considered a treatment when compared to the undisturbed
forest, and a control for evaluating the effects of traffic and decom-
missioning. The choice of five treatments was set according to the study
design and desired information by the funding agency, while the
number of replicates (n = 4) was a function of the available time and
funding.

The four plots on closed roads were necessarily placed on two road
sections because these were the only closed roads that were not subject
to illegal ATV traffic. The effect of traffic was assessed by obtaining
permission for an ATV to make 80 passes on the lower portion of each
of the two closed roads, as this is a relatively typical amount of traffic
for lower-traffic recreational roads on a summer weekend (Sosa-Pérez
and MacDonald, 2017). The four plots for each decommissioning
treatment were each on a different road section in order to capture as
much of the between-road variability as possible. The four forested
plots were randomly placed in mature forest with no evidence of recent
disturbance, but the tree density was low due to low site quality and
possibly some natural or human disturbances decades earlier.

Sediment availability before and after the 80 ATV passes was
evaluated by sweeping and collecting the loose surface soil from three
30-cm wide swaths across the active width of each of the two road
sections subjected to traffic (Fig. 2). This yielded six samples before and
six samples after the 80 ATV passes. Each sample was dried for 24 h at
105 °C and sieved to determine the mass and particle-size distribution
(Topp and Ferre, 2002), and the mean mass of available sediment by
size class before and after the ATV passes was determined for each road.

The rainfall simulations were conducted on 1 m2 plots bounded on
the sides and top by sheet metal borders inserted 5–10 cm into the
ground (Fig. 3). The edges were sealed by a mixture of native soil and
bentonite. The plots on the closed roads were placed to include one
wheel track and a portion of the center of the road. Similarly, the plots
on the decommissioned roads were placed in the center of the road to
include one of the ripped furrows (Fig. 3b). A thin plastic sheet was
fastened to the ground with staples to collect the overland flow and
direct it into a sheet metal collector for sampling (Fig. 3b). A plexiglass
shield over the plastic sheet and sheet metal collector excluded the si-
mulated rainfall.

Measurements before each rainfall simulation included slope, soil
bulk density, soil moisture, surface roughness, and percent ground
cover. Slope was measured with a digital level (Smart Tool®). Bulk
density was measured at three locations around the perimeter of each
plot by determining the volume of fine sand needed to fill an excavated
volume that was approximately 10 cm× 10 cm× 10 cm. One of these
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samples was taken in a furrow or a wheel track if present, while the
other two samples were taken between the furrows or wheel tracks. The
excavated soil was dried for 24 h at 105 °C to determine the gravimetric
soil moisture and dry mass (Topp and Ferre, 2002).

Topographic and fine-scale surface roughness was measured both
longitudinally (downslope flow direction) and laterally along three
transects in each plot by placing a fine-linked chain over the surface.
Roughness was calculated as the length of the chain divided by the
length or width of the plot, respectively (Butzen et al., 2014). In each of
the decommissioned plots the width and depth of the furrow was
measured at three locations along with the depth of any mulch. Ground
cover was measured on a grid of 100 points in each plot, with each
point being classified as bare soil, rock (> 1 cm), live vegetation, litter
and wood, or wood-strand mulch. Cover was defined as 100 minus

percent bare soil.
The amount and pattern of infiltration over time suggested that at

least some of the plots in the undisturbed forest had water repellent
soils. We therefore measured soil water repellency in the forested plots
using the critical surface tension method (CST) (Watson and Letey,
1970). Drops of de-ionized water with increasing concentrations of
ethanol were successively used to determine the surface tension at
which four of five drops infiltrated within five seconds (King, 1981).
The solutions used in this study were 0, 1, 3, 5, 9, 14, 19, 24, 34, and
48% ethanol, and these were converted to surface tension following
Huffman (2001). Water repellency was measured at three points around
the perimeter of the plots at depths of 0, 3, 6, and 9 cm. The water
repellency at each depth was the surface tension associated with the
concentration of the last solution that indicated soil water repellency,
and this surface tension was averaged among the three sample locations
to determine the water repellency for each depth for each plot. Lower
CST values indicate stronger soil water repellency (Watson and Letey,
1970). Water repellency was not measured in any of the other treat-
ments as soil water repellency is primarily in areas with permanent
vegetation cover (Doerr et al., 2006), compacted areas are not water
repellent (Wagenbrenner et al., 2015), and ripping breaks up any water
repellent layer.

2.4. Rainfall simulations

Rainfall simulations were carried out between July and September
2014, which was 10–12 months after the roads had been decommis-
sioned. Rainfall was applied for 45 min using a Purdue-type rainfall
simulator (Fig. 3a), which has an oscillating nozzle centered 3 m above
the plot (Foster et al., 1982). The rainfall simulator and the plot were
shielded with a tarp to minimize wind effects, and the rainfall intensity
was measured at the end of each simulation by raining for an additional
5 min onto a 1 m2 plastic-lined box and measuring the steady-state
runoff rate. Mean rainfall intensity was 44 mm h−1 with minimum and
maximum values of 42 and 46 mm h−1. The rainfall intensity was in-
tentionally higher than the maximum 30-min rainfall intensity of
25 mm h−1 recorded by five tipping bucket rain gages in the summers
of 2013 and 2014 in order to ensure that some Horton (infiltration-
excess) overland flow was generated from the forested and ripped plots.
This intensity corresponds to a 30-min storm with about a 20-year re-
currence interval (NOAA, 2016), and is lower than the intensities used
in other rainfall simulation studies (e.g., Foltz et al., 2011; Benavides-
Solorio and MacDonald, 2001; Sheridan et al., 2008). A single

Fig. 2. Swath across the active width of a closed road after sweeping and collecting the
loose surface soil.

Fig. 3. a) The Purdue-type rainfall simulator set up above a plot
on a decommissioned road that had been ripped and mulched
with wood strands and fertilizer. b) Detailed view of the plot
immediately prior to the rainfall simulation showing the plot
construction, central furrow, uneven coverage of the wood-
strand mulch, and limited vegetative growth in the 10 months
since the road had been treated.
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simulation was conducted on each plot because this most closely mi-
mics the summer thunderstorms that typically occur under dry condi-
tions and generate nearly all of the road surface runoff and sediment
production (Sosa-Pérez and MacDonald, 2017).

The time from the start of rainfall to the beginning of runoff was
recorded, and runoff samples were collected for the first 30 s of each
minute in 1000 mL plastic bottles. Each sample from the first 20 min of
each simulation and every other runoff sample from 20 to 45 min was
taken back to the lab. These samples were weighed to determine the
mass of runoff, while the volume of runoff for the other samples was
measured in the field. The mass of sediment in each lab sample was
determined by filtering it through a pre-weighed 5 μm paper filter,
drying the filter, and calculating the dry mass of sediment. Sediment
concentrations were calculated by dividing the mass of sediment by the
volume of runoff.

The infiltration rate for each minute was determined by subtracting
the runoff rate from the measured rainfall intensity, and infiltration
capacity (mm h−1) was defined as the average infiltration rate for the
last 5 min of each simulation. This implicitly assumes a constant depth
of ponding, which was generally true except for the first 5–7 min of the
simulations. For each simulation the sediment production in g m−2 was
calculated by multiplying the runoff volume by the corresponding se-
diment concentration in g L−1, and summing these. After each simu-
lation trenches were cut through the plot to observe the depth and
spatial variation of the wetting front.

2.5. Statistical analysis

Differences between treatments were first analyzed with the non-
parametric Kruskal-Wallis test (SAS Institute, Inc., 2002–2010) given
the small number of plots per treatment and that at least some of the
independent and the two dependent variables did not appear to be
normally distributed. If there was a significant difference at p < 0.05,
the data were transformed to ranks to satisfy the assumptions for an
analysis of variance (ANOVA), and the LSMeans test was used to de-
termine which means were significantly different. Tukey's method was
used for all pairwise comparisons (SAS Institute, Inc., 2002–2010).
Spearman correlation coefficients and simple linear regressions were
used to evaluate the interrelationships between plot characteristics, log-
transformed infiltration capacities, and log-transformed sediment pro-
duction. We also used Random Forest (Mohr et al., 2013), another
nonparametric statistical technique, to further assess the relative im-
portance of each measured variable on log-transformed infiltration
capacity and sediment production.

3. Results

3.1. Plot characteristics

The mean slope of all plots was 6% with a range of 4 to 10%, but
there were no significant differences in mean slope by treatment
(Table 1). Mean bulk density for the forested plots was 1.28 g cm−3

(s.d. = 0.21 g cm−3), and this was significantly lower than the mean
value of 1.75 g cm−3 (s.d. = 0.08 g cm−3) for the closed roads. Mean
bulk density for the road plots subjected to traffic was only slightly

higher than the mean value for closed roads (Table 1). Ripping only
reduced the bulk density to 1.54 g cm−3 (s.d. = 0.21 g cm−3) or just
14% less than the closed roads, and the mean bulk density for the
ripping and mulching treatment was nearly identical at 1.52 g cm−3

(s.d. = 0.13 g cm−3). Mean bulk densities for both decommissioning
treatments were significantly higher than the forested plots, and sig-
nificantly lower than the closed roads (Table 1). For the decommis-
sioned roads there was no significant difference in mean bulk density in
the furrows versus outside of the furrows (p = 0.63), and we attribute
this to the lateral disturbance caused by the ripping, especially as the
tines hit and moved rocks. This lateral disturbance was greatest towards
the surface where we measured bulk density.

Mean soil moisture prior to the rainfall simulations varied from 4%
to 18%, with higher and more variable values for the forested plots and
the ripping plus mulching treatment than the closed roads or the rip-
ping treatment. In contrast, mean soil moisture for the closed roads and
the closed roads with traffic was significantly lower at< 5% and less
variable (Table 1). The mean soil moisture of 4.1% for the decom-
missioning treatment of only ripping was very similar to the closed
roads and roads with traffic, but the mean soil moisture value of 8.4%
for ripping plus mulching plots was significantly higher and more
variable (Table 1). We attribute much of the higher soil moisture for the
forested plots and the ripping plus mulching treatment to the higher
litter and mulch cover, which would reduce evaporation (Jalota et al.,
2001).

Both the lateral and longitudinal roughness values were relatively
high for the forested plots due to the high litter and vegetative cover,
while the closed roads had virtually no surface roughness. Both de-
commissioning treatments had significantly more roughness than the
closed roads, particularly in the lateral direction as the furrows had a
mean width of 0.33 m (s.d. = 0.08 m) and a mean depth of 0.08 m
(s.d. = 0.01 m). The mulch increased both the lateral and longitudinal
roughness, in part because it was so unevenly distributed (Fig. 3b).
Much of the mulch had washed or fallen into the furrows so these had a
mean mulch depth of 0.05 m (s.d. = 0.02 m). Mulch coverage outside
of the furrows varied from none to several times the approximately 5-
mm thickness of the wood strands.

Ground cover and the amount of bare soil varied significantly
among the different treatments (Fig. 4). The forested plots had
93–100% ground cover, and this was primarily litter and wood rather
than live vegetation. In contrast, the closed roads and closed roads
subjected to ATV traffic both had an average surface cover of just 13%
(s.d. = 3%), and this cover was mostly rock (Fig. 4). The mean ground
cover of 33% (s.d. = 5%) in the ripped plots was more than twice the
value of the closed roads, and this was a roughly equal mixture of rocks
and live vegetation plus litter. Mean ground cover for the ripped and
mulched plots was 67% (s.d. = 4%), or twice the value of the plots that
had only been ripped, and this difference was due to the 48%
(s.d. = 4%) cover provided by the wood-strand mulch (Fig. 4).

3.2. Infiltration rates over time by treatment

The overall mean time to the beginning of runoff was 4.5 min, and
this varied from 3.4 to 6.2 min among the different treatments. While
there were no significant differences in the time to runoff among

Table 1
Mean (standard deviation) of the plot characteristics by treatment. Different letters indicate significant differences at p < 0.05.

Plot characteristic Forest Closed roads Closed roads with traffic Ripping Ripping and mulching

Slope (%) 8a (1) 6a (1) 5a (1) 6a (3) 8a (2)
Bulk density (g cm−3) 1.28a (0.21) 1.75b (0.08) 1.79b (0.08) 1.54c (0.21) 1.52c (0.13)
Soil moisture (%) 8.4a (4.2) 4.7b (1.7) 4.1b (0.2) 4.1b (2.1) 8.4a (5.1)
Roughness ratio (lateral) 1.15a (0.10) 1.01b (0.01) 1.02b (0.01) 1.13a (0.02) 1.20a (0.03)
Roughness ratio (longitudinal) 1.13a (0.08) 1.01b (0.01) 1.01b (0.01) 1.06a (0.04) 1.14a (0.05)
Bare soil (%) 1a (3) 86b (5) 88b (2) 68c (5) 34d (4)
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treatments (p = 0.07), the shortest mean time of 3.4 min was for the
closed roads subjected to traffic, while the longest mean time of 6.2 min
was for the ripped and mulched plots followed by 5.5 min for the
forested plots. The longer time to runoff for these two treatments can be
attributed to the greater moisture storage capacity due to the litter,
mulch, and surface roughness (Kittredge, 1948).

Infiltration declined sharply once runoff began except for the rip-
ping and mulching treatment, where infiltration declined more gradu-
ally (Fig. 5). In the forested plots infiltration rates tended to increase
after about 6–7 min, and this increase is in marked contrast to the de-
clines in infiltration for the other treatments (Fig. 5). The forested plots
had both the highest mean infiltration capacity at 28 mm h−1 and the
highest variability as values ranged from 13 to 42 mm h−1 (Fig. 6).

Both the increase in infiltration over time and the high variability in
the forested plots can be largely explained by the variations in soil
water repellency at the mineral soil surface (Fig. 6). The plot with the
highest infiltration capacity had the weakest soil water repellency
(68 dynes cm−1), while the plot with the lowest infiltration capacity
had the strongest soil water repellency (37 dynes cm−1). The other two
plots had intermediate surface tension values of 55 dynes cm−1 (plot 4)
and 52 dynes cm−1 (plot 2), and both of these plots showed an increase
in infiltration over time as the soil wetted up. In contrast, the plots with
no and very strong water repellency (plots 3 and 1, respectively)
showed very little change in infiltration over time (Fig. 6). No soil water
repellency was observed below the mineral soil surface.

The closed roads and the closed roads with traffic had the sharpest
decline in infiltration, the lowest mean infiltration capacities (4 and

5 mm h−1 respectively), and very low variability (s.d. of 1 and
3 mm h−1, respectively) (Figs. 5, 7). The ripped plots also had a sharp
but slightly later decline in infiltration, with infiltration dropping to
15 mm h−1 at 15 min and then slowly declining to the final value of
9 mm h−1 (s.d. = 3 mm h−1). The ripped and mulched plots initially
had a much higher mean infiltration rate than the ripped plots, but had
a greater decline from 30 mm h−1 at 15 min to just under 20 mm h−1

(s.d. = 6 mm h−1) at the end of the simulation (Fig. 5). Mean infiltra-
tion capacities for the forested plots and the ripping plus mulching
treatment were significantly higher than each of the other treatments
(Fig. 7).

The excavations after the simulations showed that the forested plots
had considerable variability in the depth and spatial extent of infiltra-
tion, with completely dry soils where there was stronger soil water
repellency and wet soils in areas with preferential flow. Infiltration was
much more uniform for the plots on the closed roads, but there usually
was not a clear line between the wetting front from the simulated
rainfall and pre-existing soil moisture. Both decommissioning treat-
ments tended to have nearly saturated soil under the furrows, while the
soils outside of the furrows were not nearly as wet. This high spatial
variability meant that it was not possible to clearly determine and
measure the depth of the wetting front for the different treatments. We
did note that the saturated zone underneath the furrow was> 20 cm
deep for some of the ripped and mulched plots as compared to about
10 cm for the plots that had only been ripped.

Fig. 4. Mean percent ground cover for the forested plots, closed roads, and two decom-
missioning treatments. Cover data for the closed roads with traffic are combined with
closed roads because the values were nearly identical.

Fig. 5. Mean infiltration rates over time for each of the five treatments.

Fig. 6. Infiltration rates over time for each rainfall simulation in the forest. The values
underneath each line are the mean critical surface tension at the soil surface in dy-
nes cm−1, where 72 dynes cm−1 is the value for pure water and lower values indicate
stronger soil water repellency.

Fig. 7. Mean infiltration capacity for each of the five treatments. Error bars represent the
standard deviation, and different letters indicate significant differences.
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3.3. Sediment production

Mean sediment production from the forested plots was only
2.8 g m−2 (s.d. = 3.7 g m−2) (Fig. 8), but this appeared to be primarily
organic matter rather than mineral soil. Sediment production was
slightly higher in the first 15 min but there wasn't a sharp peak (Fig. 9),
indicating a lack of readily available sediment.

Mean sediment production for the closed roads was 43 g m−2

(s.d. = 25 g m−2) or 15 times the mean value from the forested plots,
and this difference was significant (Fig. 8). Sediment production was
highest for the first 15 min of runoff, with relatively little change over
the last 25 min (Fig. 9) despite a slow increase in runoff. The initial
flush of sediment in the first 15–20 min is commonly observed in se-
diment studies and is generally attributed to the presence of readily
available sediment (e.g., Sheridan et al., 2006; Walling and Webb,
1982; Ziegler et al., 2001).

Mean sediment production from the closed roads subjected to 80
ATV passes was 130 g m−2 (s.d. = 64 g m−2) or three times the mean
sediment production from the closed roads with no ATV traffic, and this
difference was significant (Fig. 8). The pattern of sediment production
over time was remarkable for the very high initial peak as soon as
runoff began (Fig. 9), indicating a relatively large supply of readily
available sediment. Sediment production then declined over time,
suggesting a decreasing supply of sediment, but mean sediment pro-
duction over the course of the simulation was always higher than any
other treatment (Fig. 9).

Sediment production from the ripped plots was relatively similar to
the closed roads over the first eight minutes of the simulation, but the
mean sediment production stayed relatively high for the entire

simulation (Fig. 9). This pattern suggests that sediment production for
the ripped plots was not as supply limited, and this is supported by the
strong correlation between runoff and sediment production (R2 = 0.67;
p < 0.0001). Mean sediment production for the ripped plots of
72 g m−2 (s.d. = 28 g m−2) was 40% higher than the closed roads but
45% lower than the closed roads with traffic; neither of these differ-
ences were significant due to the variability within treatments
(c.v. = 0.38–0.58) (Fig. 8).

Adding mulch reduced the mean sediment production to only
16 g m−2 (s.d. = 5 g m−2) or 22% of the mean value from the ripped
plots, and this difference was significant (Fig. 8). In contrast to the
other treatments, the ripped and mulched plots had no initial flush of
sediment and sediment production slowly increased over time (Fig. 9).
Like the ripping treatment, sediment production for these four plots was
strongly and linearly related to runoff (R2 = 0.90, p < 0.0001), but
neither infiltration capacity nor sediment production was significantly
related to percent mulch cover or the depth of mulch in the furrows. By
the end of the simulation the mean sediment production rate from the
ripped and mulched plots was approaching the value from the closed
roads, indicating a continuing decrease in the effectiveness of the mulch
for reducing sediment production.

3.4. Controls on infiltration capacity and sediment production

Infiltration rates for the four forested plots were strongly correlated
with soil water repellency (R2 = 0.74, p = 0.004), but were not sig-
nificantly related to bulk density, roughness, soil moisture, or ground
cover. When the data from all 20 plots were pooled, the log-trans-
formed infiltration capacity was positively and significantly correlated
with ground cover (r = 0.89), longitudinal roughness (r = 0.88) and
slope (r = 0.54), and negatively correlated with bulk density
(r = −0.83; Table 2). These correlations are not independent as
Table 2 shows that ground cover was very strongly correlated with bulk
density and roughness, while the significant correlation between plot
slope and infiltration capacity was due to the fact that the forested plots
and the plots that had been ripped and mulched had the highest in-
filtration capacities and slightly higher slopes (Table 1, Fig. 7).

The analysis using Random Forest yielded very similar results, with
ground cover and roughness being the two strongest controls on the log-
transformed infiltration capacity, followed by bulk density and soil
moisture (Table 3). The data from Table 2 and a scatterplot of in-
filtration capacity versus ground cover (Fig. 10a) provide a more ex-
plicit view of these relationships, as closed roads and roads with traffic
fall near the origin with their low infiltration capacity, high bulk den-
sity, low ground cover, and low surface roughness, while the forested
plots lie at the upper end with their high infiltration capacity, high
ground cover, generally low bulk density, and high surface roughness.
Similarly, the scatterplot of infiltration capacity versus bulk density
shows that the road plots were relatively consistent in having a high
bulk density and low infiltration capacity, while both the forested and
ripped plots had substantially more variation in bulk density but still
tended to have high and low infiltration capacities, respectively
(Fig. 10b).

The key point is that infiltration rates for the plots that had been
ripped and mulched were most similar to the forested plots, while in-
filtration rates for the plots that had only been ripped were always
lower and more similar to the closed roads in absolute terms. These
results indicate a clear benefit to mulching after ripping (Fig. 7).

Log-transformed sediment production significantly increased with
decreasing ground cover (r = −0.74), infiltration capacity
(r = −0.65), slope (r = −0.60), and longitudinal roughness
(r = −0.58), and with increasing bulk density (r = 0.66; Table 2).
These relationships with the plot characteristics are almost exactly the
inverse of the correlations with infiltration capacity. The analysis using
Random Forest confirmed that ground cover was the most important
control on sediment production, followed by slope and infiltration

Fig. 8. Mean sediment production by treatment. Error bars represent the standard de-
viation, and different letters indicate significant differences.

Fig. 9. Mean sediment production in grams per square meter per minute for each of the
five treatments.
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capacity (Table 3).
A scatterplot of sediment production versus infiltration capacity

again provides useful insights, with the closed roads, roads with traffic,
and ripping treatments at the high end of the regression, the ripped and
mulched plots falling in the middle, and the two forested plots with the
least water repellency, highest infiltration, and lowest sediment pro-
duction anchoring the low end of the regression (Fig. 11). The greater
scatter in the relationship between infiltration capacities and sediment
production is primarily due to the high variability in infiltration rates in
the forested plots as described above, and the high variability in sedi-
ment production from the closed roads with traffic as presented in the
next section.

3.5. Effect of traffic on sediment availability and particle size distribution

The 80 passes of an ATV had no effect on infiltration capacity but
tripled mean sediment production compared to the closed roads with no
traffic (Figs. 7, 8). Much of this increase in sediment production can be
attributed to the increase in available sediment. Prior to the 80 ATV
passes the mean mass of loose sediment was 2.6 kg m−2

(s.d. = 0.6 kg m−2) with a strong peak in sand-sized particles
(0.063–2 mm). After 80 ATV passes the mean mass increased by 46% to
3.8 kg m−2 (s.d. = 0.9 kg m−2) with the two roads having nearly
identical amounts of readily available sediment.

Prior to any traffic the particle-size distribution of the loose sedi-
ment was generally similar between the plots on each road and between
the two roads (Fig. 12). The main difference was that road 2 tended to
have more particles larger than 2 mm. For road 1 the 80 ATV passes
particularly increased the mass of particles larger than 0.25 mm, while
for road 2 nearly all the increase in available sediment was in particles
smaller than 1.0 mm (Fig. 12). Sediment production from the two
rainfall simulations on road 1 was only 67 g m−2 and 86 g m−2, re-
spectively, while mean sediment production for the two plots on road 2

Table 2
Correlation matrix of Spearman correlation coefficients for the 20 rainfall simulations. Both infiltration capacity and sediment production values were log transformed.

Slope
(%)

Bulk density
(g cm−3)

Soil moisture
(%)

Longitudinal roughness
ratio

Ground cover
(%)

Time to runoff
(min)

Infiltration capacity
(mm h−1)

Bulk density (g cm−3) −0.61⁎⁎

Soil moisture (%) 0.38 −0.24
Longitudinal roughness ratio 0.50⁎ −0.76⁎⁎ 0.25
Ground cover (%) 0.59⁎ −0.91⁎⁎ 0.28 0.86⁎⁎

Time to runoff (min) 0.37 −0.49⁎ 0.00 0.59⁎⁎ 0.64⁎⁎

Infiltration capacity (mm h−1) 0.54⁎ −0.83⁎⁎ 0.41 0.88⁎⁎ 0.89⁎⁎ 0.58⁎⁎

Sediment production (g m−2) −0.60⁎ 0.66⁎⁎ −0.16 −0.58⁎ −0.74⁎⁎ −0.60⁎⁎ −0.65⁎⁎

⁎ Indicates that the correlation is significant at p ≤ 0.05.
⁎⁎ Indicates that the correlation is significant at p ≤ 0.01.

Table 3
Percent increase in mean standard error for each of the independent variables evaluated in Random Forest for the log-transformed infiltration capacity and log-
transformed sediment production, respectively. Higher values indicate greater importance.

Variable Infiltration
capacity

Variable Sediment
production

Ground cover (%) 9.17 Ground cover (%) 7.05
Roughness ratio 9.10 Slope (%) 4.94
Bulk density (g cm−3) 6.31 Infiltration capacity (mm h−1) 4.83
Soil moisture (%) 5.84 Water repellency 3.98
Water repellency 0.66 Roughness ratio 3.34
Slope (%) 0.28 Soil moisture (%) 2.76

Bulk density (g cm−3) 1.71

Fig. 10. Log-transformed infiltration capacity (logIC) for each rainfall simulation by
treatment (n = 20) versus (a) ground cover and (b) bulk density.
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was 2.4 times higher (169 g m−2 and 199 g m−2). Since the two roads
had very similar ground cover, bulk densities, roughness, slopes, soil
moisture, and mass of readily available sediment after traffic, the much
greater sediment production from road 2 must be attributed to the
greater increase in readily available fine particles relative to road 1
(Fig. 12).

4. Discussion

4.1. Soil water repellency in the undisturbed forest

Soil water repellency at the soil surface was the most important
factor influencing overland flow in the forested plots. Under dry con-
ditions soil water repellency is typical for soils with permanent vege-
tation cover, such as grasslands and coniferous forests (Doerr et al.,
2006; Shakesby et al., 2000). The lack of any soil water repellency
below the surface also is consistent with most other studies in unburned
coniferous forests (Doerr et al., 2009). The forested plots were the only
treatment where mean infiltration increased over the course of the si-
mulation, and this is consistent with how water repellent soils are in-
itially resistant to wetting but become more hydrophilic as the critical
soil moisture threshold is exceeded (Doerr et al., 2006; MacDonald and
Huffman, 2004).

The variations in soil water repellency and infiltration capacities
among the forested plots contributed to the lack of any significant
difference in mean infiltration capacity between the forested plots and
the plots that had been ripped and mulched. At larger scales and under
wetter soil conditions the mean infiltration capacity in the forest could

be substantially higher; reported infiltration rates range from
77 mm h−1 for undisturbed Douglas-fir/lodgepole pine forests in Idaho
(Robichaud, 2000) to> 120 mm h−1 for ponderosa pine forests in
Colorado (Martin and Moody, 2001). The infiltration rate also may be
underestimated in the forested plots because some portions of the plots
may still not have been generating any infiltration-excess overland flow
(see Betson, 1964), or the plots would produce less runoff when the
soils are wetter and hence less hydrophobic. A higher infiltration rate in
the forest would result in a larger difference in infiltration between the
forested plots and the two decommissioning treatments, and thereby
reduce the apparent effectiveness of the two decommissioning treat-
ments.

4.2. Infiltration and sediment production from closed roads and the effect of
traffic

The low infiltration capacities of the closed roads match up well
with other published studies. Saturated hydraulic conductivity values
for unpaved roads from 18 studies around the world ranged from 1 to
10 mm h−1, and steady-state infiltration rates were from 3 to 5 mm h−1

(Ramos-Scharrón and LaFevor, 2016). These low infiltration rates are
due to compaction, the destruction of soil aggregates by traffic, and the
associated sealing of the surface by fine particles (Ziegler et al., 2000).
Our measured values confirm that low infiltration rates can persist for
several decades after a road is closed (Foltz et al., 2009; Ziegler et al.,
2007), and this means that road closures may provide relatively little
benefit in terms of restoring the normal hydrologic regime.

Mean sediment production from the closed roads was 15 times
higher than the mean value from the forested plots, but in absolute
terms the mean sediment production from the closed roads was only
43 g m−2 (430 kg ha−1) of active road surface area, and this is low
compared to most published studies (Fu et al., 2010; MacDonald and
Coe, 2008). This low sediment production rate is probably due in part
to the relatively coarse particle-size distribution typical of granitic areas
(Luce and Black, 1999). The implication is that closed roads can con-
tinue producing sediment long after a road is closed, but the absolute
sediment production may still not be very large. In contrast, just 80 ATV
passes increased mean sediment production by a factor of three, and
higher sediment production rates would be expected with more traffic
(Reid and Dunne, 1984; Sheridan et al., 2006). Hence road closures can
provide large benefits in terms of reducing road sediment production,
particularly in more productive areas with more litterfall and faster
vegetative regrowth (Foltz et al., 2009), and in areas where bedrock
weathering produces more of the silt- and clay-sized particles that are
most easily eroded (Dunne and Leopold,1978).

Fig. 11. Relationship between the log-transformed sediment production (logSY) and in-
filtration capacities for each simulation (n = 20).

Fig. 12. Mean mass of loose sediment on the road surface by par-
ticle size for roads 1 and 2 before traffic (thin lines) and after 80
passes of an off-highway vehicle (heavy lines). Each line represents
the mean of three samples. For clarity the particle sizes on the x
axis are plotted on a phi (log2) scale.
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The much higher sediment production rates for roads with traffic
are generally due to the increased supply of readily erodible sediment
by abrasion and crushing of the road surface materials, and the upward
forcing of fine-grained sediment from the road bed (Reid and Dunne,
1984; Sheridan et al., 2006; van Meerveld et al., 2014; Ziegler et al.,
2001). Both closed roads and the closed roads subjected to ATV traffic
showed a sharp decline in sediment production after about 15–20 min,
indicating a decrease in the supply of readily-available fine sediment.
Other studies have shown a decrease in rainsplash detachment over
time due to the compacted surface and less available sediment, as well
as the development of a thin layer of overland flow that helps protect
the road surface from raindrop impact (Arnaez et al., 2004; van
Meerveld et al., 2014; Ziegler et al., 2000). The problem is that the
mean measured sediment production for roads 1 and 2 was only about
2% and 5% of the total available sediment as measured by sweeping.

This low proportion of eroded sediment can be at least partly ex-
plained by the fact that the primary erosion processes on our 1 m2 plots
were the interrill processes of rainsplash and sheetwash (Ries et al.,
2013), and these processes are very size selective (Costantini et al.,
1999; Luce and Black, 1999; Sheridan et al., 2008). A study in Australia
showed that particles< 0.02 mm were< 6% of the total available
sediment, but accounted for 50–90% of the total sediment production
from rainfall simulations on 6 m2 plots (Costantini et al., 1999).
Graveled roads on a silty clay loam soil in western Oregon yielded
about nine times more sediment than comparable roads on a gravelly
loam soil (Luce and Black, 1999), indicating that the mass of fine
particles is more important than the total mass of loose soil. For roads 1
and 2 measured sediment production was respectively 45% and 26% of
the readily available sediment< 0.125 mm in diameter. These per-
centages, plus the observed coarsening of the plot surface during the
simulations, suggests that the applied rainfall was relatively effective in
removing the finer particles that are most readily detached and trans-
ported. It should be noted that the force applied by sweeping also is
probably very different and not size selective compared to the forces
applied by rainsplash and sheetwash, and this further complicates di-
rect comparisons between the available sediment and measured sedi-
ment production.

It is not clear why the same number of ATV passes had such a dif-
ferent effect on the amount and particle-size distribution of the avail-
able sediment on the two roads (Fig. 12). The two roads had similar
lithology and particle-size distributions before traffic, but we could not
control exactly how or where the ATV drove on each road. We hy-
pothesize that repeated passes following the same wheel tracks might
affect the amount and particle-size distribution of fine sediment, but we
know of no studies that have directly evaluated this issue.

4.3. Effectiveness of the ripping and ripping plus mulching treatments on
infiltration and sediment production

The bulk density data indicate that ripping the road surface caused
only a small reduction in bulk density, and we attribute this to soil
settling over the 10–11 months between when the roads were ripped
and the rainfall simulations. Soil settling is the re-compaction of soil
due to the rearranging of soil grains over time (SSSA, 2001). The roads
to be decommissioned were ripped in early September 2013, and before
any mulch could be applied much of the Colorado Front Range was
subjected to a very unusual, widespread rainstorm. The mean 6-day
rainfall in our study area was 206 mm, with 90 mm falling in just 18 h.
The estimated return periods for the two- to six-day rainfalls was
200–500 years (NOAA-NWS, 2013), but the total erosivity and erosion
was not that large given the generally low rainfall intensities (Schmeer,
2014; Sosa-Pérez and MacDonald, 2017). Since soil recompaction is
primarily a function of cumulative rainfall and soil physical properties
rather than the kinetic energy of the falling raindrops (van Wesemael
et al., 1995), the large September storm was probably the primary cause
of soil settlement. Soil settling and recompaction were probably further

enhanced by the subsequent winter snowfall, spring snowmelt, and
smaller rainstorms before we began our simulations in July 2013.

This hypothesis is supported by other work, as a study in Idaho
showed that ripping increased the hydraulic conductivity from 8 to
30 mm h−1, but after 90 mm of simulated rainfall the bulk density in-
creased from 1.50 to 1.70 Mg m−3 and the hydraulic conductivity
dropped by half to 15 mm h−1 (Luce, 1997). The same study also
showed that straw mulch provided minimal protection against soil
settling (Luce, 1997). We also found that mulching had no effect on
bulk density. These results mean that the two-fold decrease in in-
filtration and the four-fold increase in sediment production from the
ripped plots as compared to the ripped and mulched plots are due to
processes other than soil settling. We found that mulching nearly
doubled the mean ground cover and filled in more than half the furrow
depth compared to the plots that were only ripped. As documented in
other studies (Grismer and Hogan, 2005; Larsen et al., 2009; Moore and
Singer, 1990; Thompson and James, 1985), a mulch cover absorbs the
kinetic energy of raindrops and protects soil aggregates from being
broken apart, thereby reducing both soil sealing and soil detachment by
rainsplash. These beneficial effects can help explain the increased in-
filtration and decreased erosion due to mulching.

Another likely cause of the greater infiltration in the mulched plots
is the greater infiltration in the furrow. The furrows in all of the ripped
plots occupied about one-third of the plot area, and the furrow played
an important role in collecting and directing the runoff from the plots to
the plot outlet. In the plots that were only ripped, needles and small
depressions created miniature dams, but these were broken or over-
topped by the concentrated overland flow, allowing a relatively effi-
cient delivery of runoff to the plot outlet. In contrast, the wood-strand
mulch was concentrated in the furrows of the mulched plots, and this
trapped more of the runoff, reduced the flow velocity, and increased the
opportunity for infiltration. The vegetative regrowth also tended to be
concentrated in the furrow (Fig. 3b), and root channels facilitate more
and deeper infiltration by preferential flow (Beven and Germann,
2013). The greater infiltration in the furrow was clearly shown by the
greater depth of the saturated zone when the plots were trenched after
the simulations. Other studies confirm that wood strands increase de-
pression storage and reduce overland flow velocities (Foltz and Dooley,
2003; Govers et al., 2000).

The greater effect of the mulch on sediment production than in-
filtration capacity can be attributed to both the increased ground cover
and the accumulated mulch in the furrows. Particle detachment by
rainsplash was observed in both decommissioning treatments, but there
was visually more detachment and pedestal development in the ripped
plots due to the greater amount of bare soil. In contrast to the closed
roads, the greater small-scale surface roughness in the ripped soil pre-
vented the development of a consistent layer of overland flow that
would help protect the soil against rainsplash. The 33% ground cover in
the ripped plots also is too low to greatly reduce erosion (Larsen et al.,
2009), so the continuing exposure of the ripped soil to rainsplash
provided a continuing supply of sediment as shown in Fig. 9. The mulch
also greatly slowed overland flow in the furrow, which would reduce
sediment detachment and allow more trapping of the sediment being
transported.

The surprising result is that the mulched plots showed a consistent
decrease in infiltration and increase in sediment production over the
45-min simulation. These trends indicate a relatively rapid decrease in
the effectiveness of mulching after its application, and suggest that this
decrease will be faster in areas with more rainfall. Over longer time
periods the effectiveness of both decommissioning treatments will pri-
marily depend on the rate of vegetative regrowth, as percent ground
cover is a primary control on both infiltration and surface erosion
(Larsen et al., 2009).
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4.4. Scaling to hillslopes and road segments

A key issue is the extent to which these plot-scale results can be
extrapolated to the road segment or hillslope scale, which is the smal-
lest scale that is generally considered by resource managers.
Extrapolation of the infiltration capacities from the forested plots is
difficult given the high variability observed in our data
(s.d. = 13 mm h−1) and other studies on the spatial variability in in-
filtration and runoff generation (e.g., Betson, 1964; Loague and Gander,
1990; Beven, 2011). Our data indicate that soil water repellency had an
important effect on infiltration, and other studies have confirmed the
high spatial heterogeneity of soil water repellency (Doerr et al., 2006;
Doerr et al., 2009; Huffman et al., 2001). At the hillslope scale we
would expect less overland flow than we observed from our plots due to
the commonly observed log-normal distribution of infiltration mea-
surements and high spatial variability (e.g., Doerr et al., 2009; Loague
and Gander, 1990; Martin and Moody, 2001). These considerations
mean that surface runoff from a plot or portion of a hillslope can often
infiltrate further downslope (Butzen et al., 2014; Larsen et al., 2009),
resulting in less infiltration-excess overland flow than would be pre-
dicted from the mean of our plot-scale measurements.

Our measured infiltration rates from closed roads and closed roads
with traffic can be more readily extrapolated to the road segment scale
because compacted road surfaces are spatially much more uniform than
forested hillslopes. This lower spatial variability is demonstrated by the
low standard deviations of the infiltration capacities from the plots on
the closed roads (1–3 mm h−1). Our segment-scale sediment production
data confirm that rainfall rates of only 5–11 mm h−1 were sufficient to
generate overland flow and deliver sediment into our sediment fences
(Sosa-Pérez and MacDonald, 2017). For closed roads in wetter areas or
under different site conditions there may be more variability in in-
filtration as a result of more vegetative regrowth, burrowing by or-
ganisms, or other factors that increase preferential flow paths (Beven
and Germann, 2013; Foltz et al., 2009; Ziegler et al., 2000), and hence
potentially less segment-scale runoff (Brown et al., 2015).

Extrapolating our plot-scale infiltration capacities to the road seg-
ment scale is easier for the ripping treatment because this treat-
ment—like the closed roads—had a standard deviation of only
3 mm h−1. In contrast, infiltration capacities for the ripping and
mulching treatment were more variable (s.d. = 6 mm h−1), but our
field observations and segment-scale results show that surface runoff
and segment-scale sediment production depend to a large extent on the
infiltration and trapping capacity of the furrows created by the ripping
(Sosa-Pérez and MacDonald, 2017).

Extrapolation of the sediment production values from our 1 m2 plots
to the road segment scale is more difficult because the rainfall simu-
lations do not incorporate the larger-scale process of rill erosion, which
requires the accumulation and concentration of surface runoff from
larger areas (Luce and Black, 1999; MacDonald et al., 1997). Never-
theless, the simulation results may be extrapolated to larger scales
under certain conditions, such as outsloped roads where the flow dis-
tance is too short to induce much rilling, or relatively flat road segments
where there is sheetflow rather than rilling. Extrapolation of our plot-
scale sediment production data to longer and steeper road segments
will probably underestimate unit area sediment production as there is a
greater propensity for significant rilling (Ramos-Scharrón and
MacDonald, 2005).

Additional scaling issues come into play when extrapolating the
simulation results from the ripped or ripped plus mulched plots to the
road segment scale. For our 1 m2 plots ripping plus mulching was far
more effective than only ripping in terms of increasing infiltration and
reducing erosion. However, our segment-scale data indicate that both
decommissioning treatments were relatively effective in reducing se-
diment production because most of the runoff and nearly all of the
sediment was trapped in the furrows (Sosa-Pérez and MacDonald,
2017). This difference between our plot and segment scale results

shows that rainfall simulations are useful for providing specific para-
meter values and process-based insights, but larger-scale observations
and a process-based understanding are needed to reliably extrapolate
from the plot to road segment or hillslope scales.

4.5. Management implications

Land managers have a choice of techniques to reduce road surface
runoff, erosion, and the delivery of this material to streams. Road clo-
sure is the simplest and cheapest treatment, and our data indicate that
closed roads will continue to generate large amounts of surface runoff
but relatively little sediment compared to roads subjected to recrea-
tional ATV traffic. The decision of whether to close a road, or to un-
dertake more expensive decommissioning treatments, will therefore
depend on the management objectives. For example, closing a road may
be a viable treatment if the primary objective is to reduce sediment
delivery to a stream, regardless of the amount of surface runoff being
generated. However, if the management objective is to restore the
natural hillslope hydrology, or to eliminate road-stream connectivity, a
more intensive road decommissioning treatment is necessary.

We found that ripping plus mulching was significantly more effec-
tive for increasing infiltration and reducing erosion than only ripping,
but the ripping plus mulching treatment still did not restore the hy-
drologic functioning of the hillslope. The mean infiltration capacity of
20 mm h−1 for the ripping and mulching treatment at the end of the
simulation was nearly 30% below the mean infiltration capacity of the
forested plots, and less than the maximum summer rainfall intensities of
25 mm h−1 recorded in 2013 and 2014 (Sosa-Pérez and MacDonald,
2017). Over more or longer storms this difference in infiltration is likely
to become even larger as the water repellent forest soils wet up and
infiltration increases, while infiltration rates from the two ripping
treatments should continue to decline (Fig. 5). Similarly, mean sedi-
ment production from the ripping and mulching treatment was nearly
six times the mean value from the forested plots, and this difference
kept increasing over the course of the simulations (Fig. 9). Managers
have to decide when mulching is worth the additional cost compared to
only ripping, but both our plot- and segment-scale data suggest that
mulching may be justified—particularly for longer and steeper seg-
ments near a stream—when water quality protection is a high man-
agement priority.

The time scale of the restoration objectives also is important, as the
more intensive decommissioning treatments, such as ripping plus
mulching or full recontouring, will immediately increase infiltration
and reduce road-stream connectivity. Both our plot- and segment-scale
data results show that closing a road will lead to a relatively rapid
decrease in sediment production due to the lack of traffic, but our work
and other studies indicate that many decades may be needed before the
infiltration rate of a closed road begins to approach the value of a
natural forest.

5. Conclusions

Rainfall simulations were used to quantify infiltration and sediment
production rates from a lodgepole pine forest, closed roads, closed
roads subjected to limited ATV traffic, and two road decommissioning
techniques. The four forested plots had the highest but highly variable
infiltration rates, with the variability being attributed to the spatial
variations in surface soil water repellency. The forested plots also had
the lowest mean sediment production because of the high surface cover,
high surface roughness, and high mean infiltration capacity. The closed
roads had a final mean infiltration capacity that was nearly an order of
magnitude lower than the forested plots, and a mean sediment pro-
duction that was more than an order magnitude higher. Eighty passes of
an off-highway vehicle had no effect on the infiltration capacity but
increased the amount of loose sediment by nearly 50% and tripled the
mean sediment production compared to the same closed roads with no
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traffic. Sediment production was much greater for the road with a
larger increase in the mass of readily-available fine sediment, indicating
that plot-scale sediment production is highly sensitive to the size of the
loose particles on the road surface.

Ripping doubled the mean infiltration capacity of closed roads to
9 mm h−1, but this was still only 32% of the mean infiltration capacity
from the forested plots. Ripping caused a 67% increase in mean sedi-
ment production relative to the closed roads. Adding wood-strand
mulch after ripping more than doubled the final infiltration rate and
reduced the mean sediment production by more than a factor of four
compared to just ripping. The positive effect of mulching can be at-
tributed to the protection from rainsplash and surface sealing, enhanced
infiltration in the furrows where the mulch had accumulated, and re-
duced sediment transport due to greater roughness and slower flow
velocities. Over longer periods and under wetter conditions both de-
commissioning treatments may be progressively less effective as in-
filtration declines and the sediment storage capacity in the furrows is
exceeded, but this loss of effectiveness will depend on site-specific
factors such as the amount and intensity of rainfall, soil type, slope, and
vegetative regrowth rate.
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