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Unpaved forest roads can be an important source of sediment to streams. Road decommissioning is an 
increasingly common technique to eliminate these impacts, but few pre- and post-treatment studies 
have rigorously assessed its effectiveness. The objectives of this study in the northern Colorado Front 
Range were to: (1) quantify the effects of key variables on road sediment production before decommis-
sioning; (2) quantify the changes over time in segment-scale sediment production from two decommis-
sioning treatments (ripping only, and ripping plus mulching) versus untreated controls; and (3) quantify 
the factors affecting road-stream connectivity and the changes in connectivity due to decommissioning 
12.3 km of roads. Median sediment production rate in the frst year prior to decommissioning was 
0.3 kg m�2, but values varied from 0.0 kg m�2 to 3.0 kg m�2. Traffc, precipitation intensity, and road seg-
ment area had the greatest effects on road sediment production. In the frst two years after decommis-
sioning the median road sediment production was zero kg m�2, as the furrows created by ripping 
trapped nearly all of the eroded sediment. Decommissioning also reduced road-stream connectivity from 
12% of the total length to only 2%, with most of the connected segments being immediately adjacent to a 
stream. While both decommissioning treatments were effective, the ripping plus mulching treatment had 
visibly less surface erosion and no segment generated any measurable sediment. These results can help 
guide the design and quantify the benefts of future road decommissioning projects. 

� 2017 Elsevier B.V. All rights reserved. 
1. Introduction 

Roads are essential for forest management and many recre-
ational activities, but roads can be a signifcant hydrological distur-
bance and source of sediment in forested watersheds (Croke and 
Hairsine, 2006; Motha et al., 2003). Actively-used unpaved road 
surfaces are highly compacted and typically have infltration rates 
of �5 mm h�1 (Foltz et al., 2009; Luce, 1997; Ramos-Scharrón and 
LaFevor, 2016; Ziegler et al., 2007). The very low infltration rate 
means that even low or moderate intensity rains generate 
infltration-excess overland fow and road surface erosion. In com-
parison, infltration rates for undisturbed forests are almost always 
lower than maximum rainfall intensities, resulting in little or no 
Horton overland fow (Robichaud, 2000; Ziegler and Giambelluca, 
1997). 

The amount of road surface runoff is a major control on road 
surface erosion, and the low infltration rates mean that the 
 

amount of runoff is directly proportional to road surface area 
(MacDonald et al., 1997). The energy of the overland fow is pri-
marily a function of fow depth and slope, so road segment area 
times slope is commonly used to predict road surface erosion 
(e.g., Luce and Black, 1999; MacDonald et al., 1997; 
Ramos-Scharrón and MacDonald, 2005). Snowmelt typically gener-
ates very little road surface erosion due to the much lower volumes 
of runoff compared to rainstorms and the greatly reduced detach-
ment due to the absence of rainsplash (Fu et al., 2010; Sugden and 
Woods, 2007). 

Road surface erosion also varies with road surface characteris-
tics, including soil texture (Luce and Black, 1999), ground cover 
(Luce and Black, 1999; Ziegler et al., 2000), and time since con-
struction or maintenance activities (i.e., grading) (Luce and Black, 
2001; Ramos-Scharrón and MacDonald, 2005; Stafford, 2011). Traf-
fc is another major control on road sediment production (Coker 
et al., 1993; Reid and Dunne, 1984; van Meerveld et al., 2014), as 
this increases the supply of fne material through abrasion and 
crushing of the road surface materials (Sheridan et al., 2006) as
well as the pumping of fne sediment to the surface (Reid and 
Dunne, 1984). Reported increases in sediment production due to 
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high traffc are 7.5 times for road segments subjected to logging 
traffc compared to the same roads on days with no logging traffc 
(Reid and Dunne, 1984), and 2 to 25 times for road sections heavily 
used by logging trucks compared to lightly used road sections 
(Foltz, 1996). 

The variability in precipitation, site conditions, and traffc mean 
that reported road surface erosion rates vary from nearly zero to 
more than 100 kg m�2 yr�1 (MacDonald and Coe, 2008). Annual 
road erosion rates per unit rainfall for studies published since 

�1 �12000 range from 0.2 g m�2 mm yr�1 to 10 g m�2 mm yr�1 (Fu 
et al., 2010). Road erosion is primarily a concern when it affects 
the driveability of a road by creating deep rills, or when the runoff 
and sediment are delivered to a stream, wetland, or lake where 
they can adversely affect water quality and aquatic habitat. 

The delivery of road runoff and sediment depends on the hydro-
logic connectivity, where connectivity refers to the linkage or con-
nection between a runoff source and the receiving water(s) (Croke 
and Mockler, 2001). Key factors that affect road-stream connectiv-
ity include: the amount of runoff from the road segment; fre-
quency, location, and type of road drainage structures; distance 
from the drainage outlets to a stream; hillslope gradient; down-
slope infltration capacity; and the trapping effciency of obstruc-
tions (Croke and Hairsine, 2006; Megahan and Ketcheson, 1996). 

An increasingly common way to reduce the adverse environ-
mental impacts from roads is to remove or decommission roads 
that are no longer needed or desirable (Switalski et al., 2004; 
Weaver et al., 2015). Road decommissioning as a restoration tool 
was frst done on a large scale in the U.S. in the late 1970s in Red-
wood National Park, California (Madej, 2001), and road decommis-
sioning is an increasingly important component of watershed 
restoration efforts on both public and private lands. From 1998 
to 2002 the USDA Forest Service decommissioned 3200 km of road 
per year at an average cost of $2500 per kilometer (Schaffer, 2003), 
and over 2000 km of roads per year from 2010 to 2014 (USDA 
Forest Service, 2010–2014). 

Decommissioning techniques can be as cheap and simple as 
closing the road to traffc by installing a gate or other barrier. 
The other extreme is to completely remove the road by ripping 
it, removing the crossings, recontouring the road prism, and reveg-
etating the disturbed area (Switalski et al., 2004; Weaver et al., 
2015). An intermediate approach is to rip the roadbed with a bull-
dozer or other machines to eliminate the compaction (Luce, 1997; 
Weaver et al., 2015), and this can be followed by mulching to 
reduce surface erosion. Relatively few studies have measured sed-
iment production and road-stream connectivity prior to and after 
decommissioning (Kolka and Smidt, 2004; Lloyd et al., 2013; 
Madej, 2001), making it diffcult to rigorously quantify the benefts 
of these efforts on road sediment production and road-stream con-
nectivity. No studies have quantifed the benefts of road decom-
missioning at the segment or larger scale in the central or 
southern Rocky Mountains, although some studies have measured 
changes in bulk density, infltration, and surface cover (Foltz et al., 
2007; Luce, 1997). 

The overall goal of this study was to evaluate the effectiveness 
of two road decommissioning treatments for reducing road 
sediment production and road-stream connectivity. The specifc 
objectives were to: (1) quantify the effects of key variables on road 
sediment production before decommissioning; (2) quantify the 
changes over time in segment-scale sediment production from 
two decommissioning treatments (ripping only, and ripping plus 
mulching) versus untreated controls; and (3) quantify the factors 
affecting road-stream connectivity and the changes in connectivity 
due to decommissioning 12.3 km of roads. Data were collected for 
one feld season prior to decommissioning and two years after 
decommissioning to assess erosion rates and changes in 
effectiveness over time. The results can help guide the design 
and quantify the benefts of future road decommissioning projects. 
2. Methods 

2.1. Study area 

The study area is in the Arapaho-Roosevelt National Forest 
(ARNF) in northcentral Colorado, about six kilometers southwest 
of Red Feather Lakes (Fig. 1). The study roads are at an elevation 
of 2630 to 2850 m in a previously glaciated, gently rolling, and pri-
marily granitic terrain. 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 primar-
ily as rain, often in brief but occasionally intense thunderstorms 
(NOAA, 2013). Soils are predominantly Redfeather-Schofeld-Rock 
outcrop association. The Redfeather and Schofeld 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 bed-
rock; the taxonomic description is loamy-skeletal, mixed, superac-
tive Lithic Glossocryalfs (Moreland, 1980; USDA NRCS, 1998). The 
vegetation is predominantly lodgepole pine (Pinus contorta) with 
some ponderosa pine (Pinus ponderosa), Douglas fr (Pseudotsuga 
menziesii), and quaking aspen (Populus tremuloides) according to 
aspect, soil wetness, and elevation. Some areas within the overall 
study area had been clearcut or more recently thinned, but no tim-
ber harvests had been conducted for at least a couple of decades. 
Some residual slash was still present as the decay rate is extremely 
slow in this dry, cold climate. 

2.2. Road decommissioning 

In early summer 2013 the ARNF designated 12.3 km of roads for 
decommissioning over an area of approximately 16 km2. The des-
ignated roads consisted of about 30 distinct road sections ranging 
in length from about 30 to 1200 m. These roads were selected 
because they were no longer needed for access, and they either 
posed a disturbance to wildlife and/or a risk to water resources. 
Many of the designated road sections had been closed to traffc 
for about 25 years, but there are no records of exactly when each 
section had been closed. A few sections were still open to recre-
ational traffc, particularly by all-terrain vehicles (ATVs). 

The decommissioning was conducted in September–October 
2013, and the primary treatment was ripping the road surface to 
a depth of approximately 0.4 m. The ripping was done with a 
tracked bulldozer pulling three unwinged ripping teeth that made 
three furrows in the roadbed. Some dead trees were placed on the 
ripped roads to inhibit vehicle traffc. Wood-strand mulch and an 
organic fertilizer (biosol�) were applied to about 40% of the total 
length, and the road sections selected for this additional treatment 
were either in close proximity to a stream or with evidence of high 
erosion. The wood-strand mulch was manufactured wood shards 
about 15 cm long and about 0.5 cm wide and thick, and the speci-
fed application rates of the wood-strand mulch and fertilizer were 
6.2 Mg ha�1 and 0.3 Mg ha�1, respectively. A more concerted effort 
also was made to apply branches or residual logging slash to the 
mulched segments, and this material was generally much coarser 
than the wood-strand mulch. 

2.3. Precipitation 

On 11 July 2013 we installed fve tipping bucket rain gauges 
with each tip representing 0.254 mm of rainfall. The mean distance 
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Fig. 1. Map of decommissioned road sections, rain gauges, and location of sediment fences on control and decommissioned road segments in the Arapaho-Roosevelt National 
Forest, Colorado, USA. A Remote Automatic Weather Station is located at Red Feather Lakes. 
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between a rain gauge and a road segment with sediment 
production measurements was 0.5 km, and no segment was more 
than one kilometer from a rain gauge (Fig. 1). Summer rainfall was 
defned as 1 June through 30 September, as this is when nearly all 
of the summer thunderstorms and virtually all of the associated 
road erosion occurs (Welsh, 2008); we also had no sediment pro-
duced from snowmelt or spring and fall rains outside of this period. 
For 1 June to 11 July 2013 we used the hourly rainfall data from the 
nearby RAWS (Remote Automatic Weather Station) at Red Feather 
Lakes (Fig. 1), but total rainfall during this time was only 10.4 mm 
and the maximum storm rainfall was only 5.1 mm. The summer 
2013 feld season was divided into a frst period prior to decom-
missioning (1 June to 7 September), and a second period from 8 
to 30 September. This second period began when the roads were 
ripped, and this was immediately followed by an exceptionally 
large, long duration rainstorm that occurred from 10 to 16 
September. 

Individual storms were defned as precipitation events sepa-
rated from each other by one hour with less than 1.27 mm of rain. 
This short duration was chosen because the time to runoff concen-
tration for the road segments with sediment measurements was 
much shorter than one hour. A variety of precipitation metrics 
were calculated for each storm using the RIST program (Rainfall 
Intensity Summarization Tool) version 3.94 (USDA, 2015), and 
these included storm depth (mm), storm duration (h), maximum 
5- (I5), 15- (I15), and 30-min (I30) intensities in mm h�1, and storm 
erosivity (EI30) in MJ mm ha�1 h�1. To provide historical context 
the mean summer precipitation from the fve rain gages for 
2013–2015 was compared to the mean rainfall from Red Feather 
Lakes for 1985–2012 (WRCC, 2016). 

2.4. Road sediment production 

Road sediment production was measured with sediment fences 
(Robichaud and Brown, 2002) for 27 road segments (‘‘sampled seg-
ments”) during summer 2013, with 18 of these segments being 
decommissioned in fall 2013. The other nine road segments were 
left as controls to separate changes in sediment production over 
time due to decommissioning from the changes in sediment pro-
duction due to interannual differences in the amount and intensity 
of rainfall. The control segments and many of the segments to be 
decommissioned were selected because they had a clearly defned 
hydrologic top and bottom, all of the drainage was collected and 
delivered to a single point with suffcient cross-slope to install a 
sediment fence, and they represented a range of segment lengths 
and slopes. The segments to be decommissioned were selected so 
that nine of the sampled segments were to be ripped and nine seg-
ments were to be ripped and mulched. There were no visually dis-
tinct differences in lithology or soil texture among the sampled 
segments. 

To the extent possible the control segments were stratifed by 
traffc, with three segments on active roads with high traffc, two 
segments on roads with low traffc, and four on abandoned roads 
with no traffc. The high traffc roads were open to all types of traf-
fc, while the low traffc roads were abandoned roads with only 
occasional ATV and dirt bike traffc. Traffc counters in a separate 
study during summer 2015 indicated that two high traffc roads 
averaged 400 vehicles per week, while low traffc roads averaged 
less than 80 vehicles per week. 

The 18 sampled segments on roads to be decommissioned rep-
resented 7.5% or 1.05 km of the total length of roads to be decom-
missioned. Thirteen of these segments were on abandoned roads, 
four on low traffc roads, and only one suitable segment could be 
located on a high traffc road. We only used the frst year of sedi-
ment production data from the high traffc segment because 
this segment was subjected to frequent illegal ATV use after 
decommissioning, making it unusable as a control or a decommis-
sioned segment. Sediment fences were installed on two additional 
low traffc segments in early summer 2014, with one segment being 
decommissioned in fall 2014 by ripping and mulching while the 
other was kept as a control. 

The sediment fences used to measure sediment production 
were constructed with a geotextile fabric attached to 1.2 m long 
rebar that had been pounded into the ground (Fig. 2). The area 
for trapping sediment was covered by the same geotextile fabric 
to facilitate the identifcation and removal of the trapped sediment. 
All of the edges were secured with landscape staples to prevent 
underfow. To the extent possible the sediment fences were 
installed at the drainage outlet of a road segment (Fig. 2a), but nine 
sediment fences were installed across closed roads to be decom-
missioned because they did not have well-defned drainage points 
or vehicle traffc (Fig. 2b). 

Sediment production was measured by excavating the accumu-
lated sediment into 20-L buckets and weighing these with a hang-
ing scale to the nearest 0.5 kg. Two well-mixed 0.5 kg samples of 
the excavated sediment were taken, weighed, and dried for 24 h 
at 105 �C to determine the moisture content (Topp and Ferré, 
2002), and this was used to convert the feld-measured wet 
weights to a dry mass. Since there was no evidence of overland 
fow or sediment coming onto the road segment from the adjacent 
hillslope, this mass was divided by the active area of the road seg-
ment to yield the road sediment production in kg m�2. These area-
adjusted sediment production values were used to compare sedi-
ment production rates among treatments and over time, while 
the mass of sediment was used in the repeated measures analysis 
to assess the effects of the different measured variables on road 
sediment production. 

The real-time precipitation and temperature data from RAWS 
and our frequent visits allowed us to accurately determine when 
sediment was produced and the sediment fences needed to be 
emptied. We found that only three to six storms in a summer pro-
duced sediment. The high temporal resolution of our data and 
small number of sediment-producing storms meant that each mea-
sured sediment production value could be matched to a single 
storm, and these data formed our ‘‘storm-based” dataset. These 
storm-based values were summed to generate the total sediment 
production for each summer, and this was our ‘‘summer” (or 
annual) dataset. 

The occurrence of the highly unusual storm immediately after 
decommissioning meant that we did not have a chance to reinstall 
the sediment fences that had been removed to allow for the 
decommissioning. The ripping also eliminated most of the water-
bars that had been directing surface runoff into our sediment 
fences; Thus only four of the 18 decommissioned segments gener-
ated valid sediment production data during and immediately after 
this storm. 

2.5. Road segment characteristics 

Field measurements of each sampled road segment included 
hillslope gradients above and below the road, road segment length, 
total width of the road surface, active width (defned as the 
actively used road tread), segment slope, and surface cover. Road 
surface area was the product of segment length times active width. 
Surface cover was classifed at a minimum of 100 points 
systematically spaced along a zigzag transect across the active 
width, and at each point the surface was classifed as bare soil, rock 
(intermediate axis larger than 1.0 cm), live vegetation, litter, and 
wood (diameter larger than 2.5 cm). These measurements were 
made in summer 2013 before decommissioning and for the decom-
missioned segments in August 2014. The ends of each segment 
were recorded with a handheld GPS so that the exact same seg-
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Fig. 2. Sediment fence at a drainage outlet (a) and on the road surface (b). 
ment could be identifed after decommissioning. Waterbars were 
constructed after decommissioning as needed to ensure directly 
comparable segment lengths and sediment production measure-
ments prior to and after decommissioning. 
Table 1 
Defnition of the connectivity classes used to classify each road segment. 

Connectivity 
class 

Defnition 

1 No drainage feature, indicating negligible potential for 
sediment delivery 

2 Drainage features less than 10 m long that did not extend to 
within 5 m of stream, indicating a very low potential for 
sediment delivery 

3 Drainage feature more than 10 m long but does not extend to 
within 5 m of an ephemeral or permanent stream channel, 
indicating a low to moderate potential for sediment delivery 

4 Drainage feature extends to within 5 m of the stream, 
indicating that the associated road segment is connected and 
very likely to deliver at least some runoff and sediment to the 
channel network 
2.6. Road surveys and assessment of road-stream connectivity 

A detailed survey in June 2013 characterized the 12.3 km of 
roads that were to be decommissioned, and similar surveys were 
conducted in early fall 2014 and early fall 2015 to assess changes 
over time. The frst survey identifed each hydrologically distinct 
segment, and the site data collected for each segment were identi-
cal to the measurements made on the segments with sediment 
fences except that surface cover was estimated rather than mea-
sured and no surface cover estimates were made in 2015. For each 
segment we also collected data on the drainage design, road ero-
sion features, road drainage features, and road-stream connectivity 
as explained below. 

Drainage design refers to the fow paths on the road surface, 
and each segment was classifed as either planar or outloped since 
none of the roads had an inside ditch or a cutslope (Moll et al., 
1997). A planar design means that there is no cross-slope and/or 
the surface is suffciently rutted or bermed so that surface runoff 
fows down the road until a dip or waterbar diverts it off the down-
slope edge. Outsloped roads have a cross-slope to direct the runoff 
to the outside edge and drain it in a dispersed fashion rather than 
allowing the surface runoff to accumulate and fow down the road 
surface. 

Road erosion features refer to the presence of rills on the road 
surface, where a rill is defned as a channel at least fve centimeters 
deep (SSSA, 2001). None of the segments in the study area had an 
erosion feature with a cross-section larger than 0.09 m2 that could 
be classifed as a gully (Poesen et al., 2003). The total length of rills 
was measured for each segment, and for each rill a representative 
width and depth was measured. The length of the longest rill was 
divided by the segment length to calculate the proportion of seg-
ment length with a rill. 

Drainage feature(s) refers to the rills or sediment plumes that 
drain from the road edge and are caused by concentrated road sur-
face runoff; none of the drainage features were large enough to be 
classifed as a gully. Sediment plumes were identifed by diffuse 
sediment deposition without an incised channel. The length and 
mean slope of each drainage feature was measured, and the rough-
ness along the drainage feature (i.e., the potential for trapping 
water and sediment) was categorically classifed on a scale of 1– 
4 (Croke and Mockler, 2001; Wemple et al., 1996). A roughness 
of one means that the hillslope was mostly smooth with relatively 
little litter or potential for trapping water and sediment; two 
means the hillslope had some litter or ground vegetation and per-
haps some small woody debris with a limited trapping capacity; 
three means there was more extensive litter and ground vegetation 
with some obstructions such as woody debris or small logs with a 
substantial trapping capacity; and a value of four means that there 
was dense vegetation and/or multiple large obstructions, such as 
logs or rock clusters, with a very high trapping capacity. The pres-
ence and length of the drainage feature(s) for each segment and 
the proximity of their distal end to a stream were used to deter-
mine the connectivity class and relative risk of sediment delivery 
(Table 1). 

The surveys conducted one and two years after decommission-
ing evaluated whether there were changes over time in the num-
ber and length of drainage features and road-stream 
connectivity. Since the ripping eliminated the pre-existing rills 
on the road surface, any new rills or sediment plumes could be 
readily identifed and then measured to determine if they had 
become longer. 

2.7. Data analysis 

The road segment characteristics for the controls, the segments 
to be decommissioned, and each treatment after decommissioning 
were normally distributed, so the comparisons of site characteris-
tics were made using two-sample t-tests. Sediment production val-
ues were highly skewed so these are reported as median values 
and the interquartile range (IQR), where IQR is the range between 
the 25th and 75th percentiles. The skewed distribution meant that 
comparisons of sediment production values between the controls 
and the segments to be decommissioned (2013), the controls and 
the two decommissioned treatments in 2014 and 2015, and 
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between the two decommissioned treatments were done using the 
Wilcoxon rank sum test (SAS Institute, Inc., 2002–2010). 

Non-parametric Spearman correlation coeffcients (SAS 
Institute, Inc., 2002–2010) were used to evaluate the univariate 
relationships between the various precipitation metrics and 
storm-based sediment production in the frst period of 2013 before 
decommissioning. The effects of the different measured variables 
on the storm-based sediment production in kilograms for this frst 
period of 2013 was analyzed using repeated measures modeling 
with PROC MIXED (SAS Institute, Inc., 2002–2010). The random 
subject was each of the 27 road segments with fve repeated mea-
surements that corresponded to the fve storms. The between-
subject variables were percent bare soil, percent slope, categorical 
traffc level, and road segment area (m2). The within-subject fac-
tors were the maximum I30 and storm number. For this analysis 
the sediment production data were log-transformed and segments 
with no sediment production were assigned a value of 0.5 kg as 
this was our minimum threshold for measuring sediment produc-
tion. Road segment slope and segment area were centered by their 
corresponding means. 

Comparisons of sediment production values among the differ-
ent time periods were made for the controls and the decommis-
sioned segments to help separate the differences in sediment 
production due to variations in rainfall from the differences due 
to the effects of decommissioning over time. The values were ana-
lyzed using the Wilcoxon signed-rank test as the data were paired 
rather than independent (Ott and Longnecker, 2008). 

Multiple linear regression with stepwise model selection (SAS 
Institute, Inc., 2002–2010) was used to analyze how the measured 
variables affected the proportion of road segment length with rills 
in the road survey data. The independent variables were traffc, 
segment slope (%), area (m2), and percent bare soil; traffc was a 
binary variable with the presence of traffc as 1 and the absence 
of traffc as 0. Variables were only included if they were signifcant 
at p � 0.05. Multiple linear regression and the same independent 
variables, plus hillslope roughness and hillslope gradient below 
the road, were used to evaluate the effects of these variables on 
drainage feature length. 
3. Results 

3.1. Precipitation before decommissioning 

In 2013 the mean summer precipitation prior to decommission-
ing was 126 mm with relatively little variability among the fve 
rain gages (c.v. = 11%). Given that this frst period does not include 
the last three weeks of September, this mean rainfall is only 
slightly below the 28-year mean summer precipitation of 
149 mm (s.d. = 57 mm) at the Red Feather RAWS station. 

The vast majority of the 63 storms recorded in the frst period 
were very small as the mean depth was only 2 mm 
(s.d. = 2.5 mm) and the mean maximum I30 was only 3 mm h�1 

(s.d. = 4.6 mm). Only two storms had more than 10 mm of rainfall 
(Fig. 3a), and only fve storms had a maximum I30 greater than 
10 mm h�1 (Fig. 3b) with the highest value being 25 mm h�1. 
3.2. Characteristics of the road segments and sediment production 
before decommissioning 

The physical characteristics of the sampled control segments 
and segments to be decommissioned were generally very similar 
(Table 2). The biggest difference was that the segments to be 
decommissioned generally had much less traffc than the control 
segments (Table 2), and this can explain the observed mean 
difference in bare soil between the controls (79%) and the seg-
ments to be decommissioned (65%) (p = 0.07). 

The small amounts and intensities of rain meant that very few 
storms produced sediment, and in the frst period of 2013 the sed-
iment fences only needed to be emptied fve times corresponding 
to the storms with an I30 greater than 10 mm h�1 (Fig. 3b). How-
ever, there were many zero values as only one high traffc control 
segment produced at least 0.5 kg of sediment from each of these 
fve storms, while ten segments produced sediment from four of 
these storms and two segments never produced any sediment. 

The sediment production data were highly variable and highly 
skewed, as the range was from zero to 3.0 kg m�2 and the mean 
was twice the median. The median value normalized by the active 
area was 0.30 kg m�2 (IQR = 0.40 kg m�2), and there was not a sig-
nifcant difference in sediment production between the segments 
to be decommissioned and the controls (p = 0.42) (Fig. 4). 

3.3. Effects of precipitation, site variables, and traffc on sediment 
production 

Non-parametric Spearman correlation coeffcients showed that 
all six precipitation metrics were correlated with storm-based sed-
iment production in the frst period of 2013, with the maximum I30 
having a slightly higher correlation (r = 0.34) and storm duration 
being substantially weaker (r = 0.21). Given the cross-correlations 
between the precipitation variables, the maximum I30 was the only 
precipitation metric included in the storm-based repeated mea-
sures analysis. This analysis showed that traffc (p < 0.0001), max-
imum I30 (p < 0.0001), and segment area (p = 0.02) were 
signifcantly related to road sediment production during the frst 
period in 2013. 

The effect of traffc levels was further explored using the non-
parametric Kruskal-Wallis test, and this indicated that the 17 seg-
ments with no traffc had a signifcantly different median sediment 
production rate of 0.14 kg m�2 (IQR = 0.30 kg m�2) from the much 
larger median values of 1.4 (IQR = 2.0 kg m�2) and 0.88 
(IQR = kg m�2) kg m�2 for the roads with low (n = 6) and high 
(n = 4) traffc, respectively (p < 0.0001). To better understand the 
cause of these differences in sediment production we identifed 
the minimum I30 needed to generate at least 0.5 kg of sediment 
for each segment with a sediment fence over the study period. 
For the segments with no traffc the median I30 needed to produce 
at least 0.5 kg of sediment was 11 mm h�1 while the corresponding 
median I30 for the segments with traffc was only 5 mm h�1, and 
the Wilcoxon rank sum test indicated this difference was signif-
cant (p = 0.002). 

3.4. Precipitation and sediment production in the second period 2013 
after ripping 

Eighteen of the 27 segments were ripped in early September 
2013, but before any mulch or fertilizer could be applied the Color-
ado Front Range was subjected to a highly unusual, long-duration 
storm from 10 to 16 September 2013. Mean precipitation in the 
study area from this storm was 177 mm (s.d. = 12 mm) or nearly 
40% of the mean annual precipitation, with 90 mm of rain falling 
in 18 h. The 2- to 7-day rainfall values had an estimated recurrence 
interval of 200–500 years (NOAA-NWS, 2013), but there was only 
one pulse of rain with an I30 greater than 10 mm h�1 and the max-
imum I30 was just 16 mm h�1. Total precipitation from 8 to 30 
September was 206 mm (s.d. = 8 mm), and this is 63% more than 
in the frst period. 

Median sediment production for the nine control segments dur-
ing this second period was 0.40 kg m�2 (IQR = 1.10 kg m�2), which 
is 33% more than in the frst period. In contrast, median sediment 
production for the four decommissioned segments with valid data 
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Fig. 3. (a) Precipitation depth and (b) maximum 30-min rainfall intensity by storm from the rain gauge closest to the center of the study area for the two measurement 
periods in summer 2013, summer 2014, and summer 2015. For clarity the continuous storm with 90 mm of rain is not included in the box plot for precipitation in the second 
period of 2013, but its maximum intensity of 16 mm h�1 is included in (b). The lines in the boxes are the median, the diamond is the mean, and the boxes represent the 25th 
and 75th percentiles. The upper and lower whiskers extend from the box to the highest or lowest value that is within 1.5 * IQR of the boxes, where IQR is the distance between 
the 25th and 75th percentiles. Data beyond the end of the whiskers are outliers and plotted as points. 

Table 2 
Mean road segment characteristics and number of segments by traffc level for the 10 
control segments and 19 decommissioned segments (27 established in summer 2013 
and two in summer 2014). Values in parentheses are standard deviations. 

Road segment characteristic Controls (n = 10) Decommissioned (n = 19) 

Length (m) 48.0 (12.5) 58.3 (19.2) 
Total width (m) 3.0 (0.8) 2.6 (0.4) 
Active width (m) 2.4 (0.6) 2.2 (0.4) 
Active area (m2) 118 (44) 127 (48) 
Slope (%) 9 (4) 10 (3) 
Bare soil (%) 79 (17) 65 (13) 
High traffc 3 1 
Low traffc 3 5 
No traffc 4 13 
was 0.50 kg m� (IQR = 1.05 kg m� ), and this is just 42% of the 
median sediment production from these same four segments in 
the frst period. While the controls and these four decommissioned 

2 2
segments had nearly identical median sediment production values 
for the second period, the 33% increase in sediment production for 
the controls versus the 58% decrease for the four decommissioned 
segments converts to nearly a three-fold decline in relative sedi-
ment production for the four decommissioned segments. This indi-
cates that the ripping was very effective in reducing segment-scale 
sediment production. 
3.5. Surface cover and sediment production in the frst summer after 
decommissioning (2014) 

In June 2014 waterbars and sediment fences were re-installed 
as needed for each of the sampled segments. Ocular estimates in 
September 2014 indicated no discernible change in surface cover 
for the control segments, while measured bare soil on the sampled 
ripped segments increased from 65% (Table 2) to 75% (s.d. = 14%). 
This slight increase in bare soil is attributed to the incorporation 
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Fig. 4. Sediment production before decommissioning (frst period 2013) and after decommissioning (summer 2014 and 2015) for the control (Ctrl) segments, segments to be 
decommissioned (To be Decom), and segments after decommissioning (Decom). Different letters indicate signifcant differences. The boxplots are drawn in the same manner 
as Fig. 3. Two segments are represented by the point at 2.4 kg m�2 for the segments to be decommissioned in the frst period of 2013. The data for the second period in 
summer 2013 are not plotted as only four of the 18 decommissioned segments had valid data. 
of surface rocks, litter and wood into the soil by the ripping. In con-
trast, the sampled segments that had been ripped and mulched 
averaged only 29% bare soil (s.d. = 17%), and a two-sample t-test 
indicated that this difference was signifcant at p < 0.0001 
(Fig. 5). The much higher percent cover on the ripped and mulched 
segments was due primarily to 24% (s.d. = 15%) mulch cover, 15% 
wood cover (s.d. = 15%), and 14% (s.d. = 12%) live vegetation cover, 
with each of these being signifcantly different from the ripped 
segments (Fig. 5). 

Total precipitation in summer 2014 was 207 mm, or 39% more 
than in the frst period of summer 2013 and nearly identical to the 
rainfall during the second period of 2013. Mean rainfall for the lar-
gest storm averaged 28 mm (s.d. = 5 mm), and again there were 
fve storms with a maximum I30 of at least 10 mm h�1 (see Fig. 3 
for the rainfall data from the central rain gauge). The maximum 
I30 of 25 mm h�1 for the central rain gauge was identical to the 
maximum I30 in 2013. 

Median sediment production for the nine control sites in sum-
mer 2014 was 0.60 kg m�2 (IQR = 0.60 kg m�2), or twice the med-
ian value from the control sites in the frst period of 2013 
(Fig. 4). Values were highly variable as they ranged from zero to 
Fig. 5. Mean surface cover before (June 2013) and after decommissioning 
(September 2014) for the sampled segments for the two decommissioning 
treatments. 
one exceptionally high value of 3.2 kg m�2 (Fig. 4) from a relatively 
short but wide segment with very high traffc. 

Median sediment production from the decommissioned seg-
ments was zero kg m�2 and the mean was just 0.06 kg m�2 

(Fig. 4). The Wilcoxon signed rank sum test indicated that the dif-
ference between controls and decommissioned segments was 
highly signifcant (p < 0.0001) (Fig. 4). All of the sediment produced 
from the decommissioned segments came from only three longer 
and/or steep ripped segments that generated suffcient overland 
fow to cut through the furrows and deliver sediment into the sed-
iment fence. Nearly two-thirds of the total sediment came from 
one 95 m long segment with a 12% slope. No sediment was cap-
tured from any of the sampled ripped and mulched segments, sug-
gesting that ripping and mulching was more effective at reducing 
road sediment production than just ripping. 

This large decrease in sediment production for the decommis-
sioned segments from the frst period of 2013 to summer 2014 
was highly signifcant (p = 0.0001) (Fig. 4). The magnitude of this 
decrease compared to the two-fold increase in sediment produc-
tion for the control segments indicates that this decline was due 
to the decommissioning treatments rather than a difference in pre-
cipitation. It should be noted, however, that the lack of any sedi-
ment production from 15 of the 18 decommissioned segments 
does not mean that there was very little erosion. Field observations 
from both the sampled segments and the more extensive road sur-
vey indicated that there was often substantial erosion, but the 
roughness created by the lines of ripping trapped nearly all of 
the eroded sediment (Fig. 6). Qualitatively, the road segments that 
had only been ripped had more erosion and deposition 
(Fig. 6a and b) than the segments that had been ripped and 
mulched (Fig. 6c and d). 

3.6. Surface cover, precipitation and sediment production in the second 
summer after decommissioning (2015) 

Each sampled road segment was revisited in spring 2015 to 
repair the waterbars and sediment fences. May was relatively 
wet with 114 mm of precipitation over 27 days, but no sediment 
was produced from either the controls or the decommissioned seg-
ments as the maximum I30 was just 7 mm h�1. The relatively wet 
spring did facilitate more vegetative growth, and the ocular esti-
mates of surface cover in September 2015 indicated about a 10– 
15% increase in the absolute amount of vegetative cover for each 
decommissioning treatment. 
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Fig. 6. Typical road segments one year after decommissioning. (a) Segment with 4% slope that was only ripped. The road surface shows evidence of erosion, but all of the 
eroded sediment was trapped in the furrows created by the ripping. (b) Segment with 9% slope that was only ripped, showing much more eroded, transported, and deposited 
sediment. (c and d) Road segments that were ripped and mulched showing much less erosion due to the combination of the mulch, greater vegetative regrowth, and greater 
wood cover compared to the segments that had only been ripped. 
Summer 2015 was drier than both summer 2013 and summer 
2014 as the mean rainfall was 175 mm (s.d. = 9 mm), the maxi-
mum storm rainfall was only 16 mm, and only three storms had 
a maximum I30 greater than 10 mm h�1 (Fig. 3). The lower rainfall 
and fewer high intensity storms caused the median sediment pro-
duction from the control sites to drop to 0.10 kg m�2 

(IQR = 0.60 kg m�2) or 17% of the median value from 2014 
(Fig. 4). The data were more highly skewed as one short but wide 
segment with high traffc generated 60% of the total sediment from 
the control segments (Fig. 4). This same segment also had the high-
est sediment production values for any of the control segments in 
2013 and 2014, respectively generating 26% and 39% of the total 
sediment from the controls in these two years. 

Only one of the 19 decommissioned segments produced sedi-
ment in summer 2015, and this was the same long and steep 
ripped segment that produced nearly two-thirds of the total sedi-
ment from all of the decommissioned segments in summer 2014. 
The sediment production from this segment was 0.08 kg m�2 as 
compared to 0.60 kg m�2 in summer 2014, and this decline in sed-
iment production was very comparable to the decline in the med-
ian sediment production from the control sites. The Wilcoxon 
signed rank test indicated that sediment production from the 
decommissioned segments was signifcantly less than the controls 
(Fig. 4). 

3.7. Road survey results and road-stream connectivity prior to 
decommissioning 

The summer 2013 survey of the 12.3 km of roads to be decom-
missioned identifed 185 hydrologically-distinct road segments. 
Mean segment length was 66 m (s.d. = 61 m) and mean active 
width was 2.1 m (s.d. = 0.7 m), and these values are very similar 
to the values for the sampled road segments (Table 2). The mean 
segment slope of 6% (s.d. = 4%) was lower than the mean slopes 
of 9% (s.d. = 3%) for the sampled segments and the Wilcoxon signed 
rank sum test indicated that this difference was signifcant 
(p = 0.0002), but this is expected as sediment fences generally were 
not placed on fatter segments where they are less effective. 

Abandoned roads accounted for 53% of the length to be decom-
missioned, while 42% of the length was classifed as low traffc and 
only 5% was classifed as high traffc. Eighty-six percent of the 
length to be decommissioned had a planar design, and the other 
14% was outsloped with minimal or no drainage features. The esti-
mated mean bare soil of 76% was slightly higher than the sampled 
segments due to the lower mean rock cover of 10% (see Fig. 5, 
before decommissioning). 

Seventy-four percent of the surveyed road segments or 55% of 
the total length had no rills on the road surface prior to decommis-
sioning. On average the road segments with rills were twice as long 
and steep as the segments without rills; two-sample t-tests 
showed that these differences were signifcant (p < 0.0001). Multi-
ple linear regression showed that the proportion of the segment 
length with rills was signifcantly related to both segment slope 
and segment area (R2 = 0.38), with each coeffcient indicating the 
expected positive relationship. Segment slope was the most impor-
tant variable as this explained 30% of the variability in the propor-
tion of segment length with a rill. 

Fifty-fve percent or 102 of the 185 road segments had a distinct 
drainage feature in terms of a rill or sediment plume. Over 90% of 
the drainage features were sediment plumes, while only eight seg-
ments had both a rill and a sediment plume and no segments had 
only a rill. This predominance of sediment plumes is consistent 
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with the low rainfall intensities and resulting low runoff rates and 
sediment transport capacities. The mean length of the sediment 
plumes was just 13 m (s.d. = 13 m), and this can be attributed at 
least in part to the relatively low rainfall and 11% mean hillslope 
gradient (s.d. = 7%). Roughness did not appear to be a cause of 
the short drainage features as 43% of the segments with a drainage 
feature had a roughness class of 1 and 30% had a roughness class of 
2. 

Eight segments had both a rill and sediment plume, and the 
mean length of these combined features was much longer at 
92 m (s.d. = 95 m). The data were highly skewed because the rill 
and plume from three adjacent segments coalesced to create a sin-
gle drainage feature averaging more than 150 m long that 
extended to a stream. The remarkable length of these eight drai-
nage features can be attributed to a relatively long mean segment 
length of 94 m, a high mean segment slope of 13.5% (s.d. = 4%), ATV 
traffc generating large amounts of sediment, and a mean hillslope 
gradient of 23% (s.d. = 8%) versus only 12% (s.d. = 5%) for the other 
94 segments with only a sediment plume. More generally, plume 
length could only be weakly predicted from road segment area, 
segment slope, and traffc (R2 = 0.21), with road segment area 
being the most important of these variables (R2 = 0.16; p < 0.0001). 

About 30% of the road length to be decommissioned was 10 to 
100 m from the nearest stream, while the remainder was more 
than 100 m from a stream. Before decommissioning only 10% of 
the 185 segments or 12% of the total road length was connected 
to the stream network. The mean drainage feature length for 15 
of the 18 segments connected to a stream was only 8 m (s.d. 
= 8 m), indicating that most of the connectivity was due to road 
segments being immediately adjacent to a stream. The other three 
connected segments were the adjacent segments with the com-
bined rill and sediment plume that extended for more than 150 m. 

3.8. Changes in surface cover, drainage features, and road-stream 
connectivity following decommissioning 

The extensive survey conducted in early fall 2014 or about ten 
months after decommissioning generally confrmed the measured 
cover data from the sampled decommissioned segments. The big-
gest difference was that bare soil from the survey data for the 
ripped segments decreased from 76% to 67% as compared to the 
measured increase of 65% to 75% for the sampled segments. Esti-
mated mean bare soil for the segments that had been ripped and 
mulched was 35%, and this is very comparable to the measured 
value of 29% for the sampled segments. A two-sample t-test indi-
cated that mean bare soil for the ripped and mulched segments 
was signifcantly different from the ripping treatment 
(p < 0.0001). Both sets of cover data indicated that the mulch pro-
vided only 21–24% ground cover because so much of the mulch 
had washed into the furrows. 

The survey also showed that 94% of the decommissioned seg-
ments had no new drainage features or changes in the pre-
existing drainage features despite the large September storm as 
well as the subsequent snowmelt and summer thunderstorms. 
The feld observations plus the lack of new drainage features indi-
cated that nearly all of the surface runoff and eroded sediment was 
being trapped in the furrows. Qualitatively, the segments that had 
only been ripped tended to have more rilling in the steeper sec-
tions and more sediment deposition in the fatter sections than 
the segments that had been ripped and mulched (Fig. 6). 

Only 11 segments had new sediment deposits on an existing 
plume, but these never increased plume length. Although eight 
of these 11 segments had only been ripped, these new sediment 
deposits were attributed primarily to illegal ATV traffc rather than 
the lack of mulch, as the ATV traffc helped create new rills and 
reduced the sediment storage capacity by fattening the ridges 
and furrows created by the ripping. Since just four of the 11 seg-
ments with new deposits were connected to a stream channel, 
the proportion of road length connected to a stream dropped from 
12% of the total length prior to decommissioning to just 2% after 
decommissioning. The mean length of the sediment plumes for 
these connected segments was just seven meters (s.d. = 5 m), so 
the two factors that appeared to be best explain road-stream con-
nectivity after decommissioning were the immediate proximity of 
a road segment to a stream and presence of illegal ATV traffc. 

The second post-treatment survey in September 2015 found no 
changes in the length of the drainage features or number of con-
nected segments. The amount of rilling and sediment deposition 
appeared to increase for the road segments that had only been 
ripped, particularly for the steeper segments. The associated 
decrease in sediment storage capacity presumably has increased 
the risk for sediment deposition from future storms to exceed 
the on-segment storage capacity, and thereby allow surface runoff 
to begin delivering runoff and sediment off site. 
4. Discussion 

4.1. Factors affecting road sediment production 

The repeated measures analysis showed that traffc and maxi-
mum I30 had the biggest effect on storm-based road sediment pro-
duction, followed by road segment area. From a process 
perspective, each of these variables makes sense. Rainfall intensity 
controls rainsplash erosion, and this can account for up to 38–48% 
of the total sediment production on freshly disturbed road travel-
ways (Ziegler et al., 2000). The combination of rainfall intensity 
and road segment area controls the amount of infltration-excess 
overland fow (Fu et al., 2010; Ramos-Scharrón and MacDonald, 
2005; Ziegler and Giambelluca, 1997), which directly affects fow 
velocity, shear stress, and sediment transport capacity (Luce and 
Black, 1999; Ramos-Scharrón and MacDonald, 2005). The signif-
cance of segment area in the repeated measures analysis justifes 
the comparison of sediment production values on a unit area basis 
rather than absolute values. 

It is less clear why segment slope was not included in the 
storm-based sediment production model along with segment area, 
but not all road erosion models include both area and slope (Fu 
et al., 2010). In our case the effect of slope was probably overshad-
owed by the effect of traffc on road sediment production (Bilby 
et al., 1989; Grayson et al., 1993; Reid and Dunne, 1984; 
Sheridan et al., 2006; van Meerveld et al., 2014), as our data 
showed a six- to ten-fold increase in median sediment production 
for the roads with low and high traffc as opposed to the roads with 
no traffc (Section 3.3). This large difference shows the importance 
of traffc for generating readily-erodible fne sediment, and the 
increased sediment supply is supported by the lower rainfall inten-
sity threshold for sediment production from roads with traffc than 
roads with no traffc. 

Perhaps our most surprising result was the absence of any sig-
nifcant difference in sediment production between roads with 
high traffc and roads with less traffc. We attribute the high sedi-
ment production rate from the roads with low traffc to the type of 
traffc, as the low traffc roads were only used by ATVs and some 
dirt bikes while the high traffc roads were used primarily by cars 
and pick-up trucks. The causes of higher sediment production rates 
from ATV traffc have not been conclusively studied, but ATVs and 
dirt bikes are typically driven much more aggressively in terms of 
rapidly changing speeds and direction, and sliding around corners 
(Meadows et al., 2008). The tread for ATV and dirt bike tires is typ-
ically very knobby, and this should increase soil detachment rela-
tive to regular street tires; our high sediment production rates 
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from roads used by ATVs are consistent with the high values for 
trails used by dirt bikes (Welsh, 2008). We also found more rilling 
on roads with ATV traffc than roads with high amounts of regular 
vehicle traffc, as four of the six road segments with ATV traffc had 
rills with a mean length of 41 m and a mean depth of 0.08 m. In 
contrast, a rill was present on only one of the four segments with 
high amounts of regular vehicle traffc. Meadows et al. (2008) 
showed that ATV traffc signifcantly increases rutting, and rutting 
tends to induce rilling and thereby increase road surface erosion 
(Foltz and Elliot, 1997). The timing of traffc with respect to rainfall 
and wet road conditions was not a factor as nearly all of the traffc 
on both high and low traffc roads was recreational and therefore 
concentrated on summer weekends. Hence the differences in driv-
ing, tire tread and rutting/rilling are the most likely explanation for 
the higher sediment production rates from the road segments with 
low amounts of ATV traffc versus road segments with higher 
amounts of regular vehicle traffc. This difference indicates the lim-
itations of trying to predict road sediment production from rela-
tively simple metrics like the number of vehicles (e.g., Dubé and 
McCalmon, 2004; Elliot, 2004). 

4.2. Road stream connectivity before decommissioning 

Similar to road sediment production, road-stream connectivity 
is often predicted from the simple metric of distance to a stream, 
but our detailed road surveys provided much more insight into 
how different factors and road decommissioning can affect road-
stream connectivity. Our initial road survey found that 12% of 
the road length to be decommissioned was connected to a stream 
by a drainage feature. This is very similar to the value of 15% 
reported for the central Colorado Front Range (Libohova, 2004), 
but low relative to the values of 25% and 32% for wetter areas in 
east-central (Coe, 2006) and northwestern California (Raines, 
1991), respectively. Road-stream connectivity for an area in south-
eastern Australia with similar annual precipitation as our study 
was even higher at 38% (Croke and Mockler, 2001). 

Key controls on road-stream connectivity include proximity of 
the roads to a stream, climate, topography, road design, and time 
since construction or grading (Croke and Hairsine, 2006; 
Megahan and Ketcheson, 1996). In our study the mean drainage 
feature length for 15 of the 18 connected segments was only 8 m 
(s.d. = 8 m). While the overall results of our survey may be some-
what biased because 53% of the surveyed length had no traffc, 
the data from segments with drainage features show that distance 
from a road to a stream is a key factor affecting road-stream con-
nectivity in our study area. Other studies also have shown distance 
to be a key control on road-stream connectivity (Croke and 
Hairsine, 2006; Megahan and Ketcheson, 1996). The problem for 
predicting road-stream connectivity and the effectiveness of road 
decommissioning efforts in our study area is that some connected 
segments were more than 100 m from a stream, while 30% of the 
surveyed length was within 100 m of a stream but most of these 
segments were not connected. 

An early compilation of road-stream connectivity data found 
that percent connectedness is strongly correlated with mean 
annual precipitation (Coe, 2006; MacDonald and Coe, 2008) as this 
affects both the amount of road surface runoff and stream density. 
In our study area all of the winter precipitation falls as snow and 
snowmelt runoff rates are much lower than rainfall runoff rates 
(Jarrett, 1990). Our study area also is subjected to relatively low 
amounts and intensities of rainfall during the rest of the year, 
and this again limits the amount of road surface runoff and hence 
the length of drainage features (Coe, 2006; Croke and Mockler, 
2001; Montgomery, 1994). The type and amount of precipitation 
also is a control on stream density, and the lower stream density 
in drier climates both increases the mean distance to a stream 
and decreases the frequency of the road-stream crossings that 
are a major cause of road-stream connectivity (Aust et al., 2011; 
Brown et al., 2013; Croke et al., 2005; Lane and Sheridan, 2002). 
Studies in California and the Deschutes River watershed in Wash-
ington showed that road-stream crossings accounted for 59% (Coe, 
2006) and 33% of the connected segments (La Marche and 
Lettenmaier, 2001), respectively. In contrast, our initial survey 
found only one stream crossing over the 12.3 km of roads to be 
decommissioned. The two segments draining to this crossing were 
in a meadow and nearly completely revegetated with no evidence 
of overland fow or surface erosion, so they were not considered to 
be connected. 

Topography is another potentially important factor that can 
affect road-stream connectivity because steeper hillslopes increase 
drainage feature length and hence road-stream connectivity (Croke 
et al., 2005; Libohova, 2004; Wemple et al., 1996). In our road sur-
vey the mean hillslope gradient was only 11%. We believe that the 
low rainfall and low hillslope gradients largely explain why nearly 
all of the drainage features were sediment plumes rather than rills, 
and the low median drainage feature length of 13 m. The short 
length of most drainage features is a major reason for the low 
road-stream connectivity (12%) prior to decommissioning. 

Road segment area, road design, and road age also can directly 
affect road-stream connectivity because these respectively alter 
the amount of surface runoff, the extent to which the road collects 
and concentrates road surface runoff, and the amount of available 
sediment to be eroded. In California’s Sierra Nevada drainage fea-
ture lengths were more than three time longer for insloped roads 
with relief culverts than other road designs (Coe, 2006). Roads that 
do not have waterbars or other constructed drainage structures 
also have more road-stream connectivity because the lack of drai-
nage structures leads to greater accumulations of road surface run-
off and more road sediment production (Brake et al., 1997; Coe, 
2006; Croke et al., 2005). Our multivariate analysis found that drai-
nage feature length was most strongly related to road segment 
area, and this is consistent with the effects of road design. Since 
the roads in our survey did not have inside ditches or cross-
drains, the planar and outsloped designs would contribute to a 
lower road-stream connectivity. Furthermore, 53% of the surveyed 
roads were abandoned, and other studies have shown that aban-
doned roads are less likely to be connected because of their rela-
tively low sediment production rates (Coe, 2006; Croke et al., 
2005). Hence our relatively low connectivity value of 12% can be 
attributed not only to low rainfall and gentle topography, but also 
to the lack of cross-drains that collect and concentrate road surface 
runoff, the paucity of stream crossings, and the lack of traffc. 

After decommissioning road-stream connectivity was reduced 
to only 2% in terms of both road length and number of connected 
segments. All of this connectivity was due to segments that were 
within 10 m of a stream. We conclude that distance to a stream 
is the primary control on road-stream connectivity and this metric 
can provide an initial guide to restoration priorities, but the exact 
amount of road-stream connectivity is much more complex as it 
will vary with both road segment and environmental 
characteristics. 

4.3. Effectiveness of the two decommissioning treatments over time 
and management implications 

Field observations indicate that the ripping treatment was less 
effective in reducing road surface erosion than ripping and mulch-
ing, but the statistical analysis showed no signifcant difference 
between these two treatments. The lack of a signifcant difference 
between the two treatments is not surprising given that only three 
decommissioned segments produced sediment in summer 2014 
and only one segment produced sediment in summer 2015. This 
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reduction in the number of segments that produced sediment does 
not necessarily mean an increase in treatment effectiveness over 
time as median sediment production from the control segments 
dropped over this same period by a factor of six due to the reduc-
tion in storm rainfall. 

The key question is whether future runoff and erosion from the 
decommissioned segments will overwhelm the on-segment stor-
age capacity and potentially deliver runoff and sediment to a 
nearby stream. The likelihood of such off-site effects depends lar-
gely on the increase in surface cover over time versus the amount 
and intensity of precipitation that drives surface runoff and ero-
sion. Around 60–65% surface cover generally is suffcient to reduce 
surface erosion to negligible amounts (Larsen et al., 2009; 
Robichaud et al., 2000), but in our study area vegetative regrowth 
is very slow due to the dry, cold climate and the coarse-textured, 
low-nutrient granitic soils. In the frst ten months after decommis-
sioning there was no increase in vegetative cover due to ripping, 
while the mulch and fertilizer treatment did increase the amount 
of live vegetation cover on the sampled segments from 3% to 
14%. The relatively wet spring of 2015 was estimated to have 
increased the amount of live vegetative cover by another 10–15% 
for both treatments, but there was still no more than about 30% 
live vegetation cover two years after either decommissioning treat-
ment. In areas with better growing conditions there will be faster 
regrowth resulting in a shorter risk period for high runoff and ero-
sion rates, similar to what has been observed after other distur-
bances (Wagenbrenner et al., 2015). 

Until there is suffcient regrowth mulching will be a particularly 
useful interim treatment. A separate rainfall simulation study on 
the same roads as this study (Sosa-Pérez and MacDonald, in revi-
sion) showed that ripping plus mulching—when compared to only 
ripping—more than doubled the mean infltration capacity and 
generated only 22% as much sediment. Since most of the mulch 
had washed into the furrows, the primary beneft of the mulch 
was to facilitate infltration and slow runoff velocities in the fur-
rows, which then reduced sediment transport (Sosa-Pérez and 
MacDonald, in revision). At the road segment scale the wood 
strand mulch should have similar effects and thereby reduce the 
amount of rilling, just as we observed from both the sampled seg-
ments and the more extensive road survey. 

The absolute effectiveness of these decommissioning treat-
ments may be initially less in areas with higher amounts and 
intensities of rainfall as the amount of runoff would increase, 
which would increase the amount of rilling (Stafford, 2011). On 
the other hand, higher amounts of rainfall could increase vegeta-
tive regrowth, which will reduce surface runoff and erosion 
(Larsen et al., 2009). Variations in soil texture also will affect infl-
tration, soil erodibility, and vegetative regrowth rates (Robichaud, 
2000; Foltz et al., 2009), and the trade-offs among vegetative 
regrowth, infltration, and soil erodibility will determine the extent 
to which our results can be applied to other areas with different 
site conditions. In areas with a higher erosion risk mulching is 
likely to make a larger relative difference between these two 
decommissioning treatments as there is a higher likelihood for 
runoff and sediment production to exceed the storage capacity of 
the furrows. 

Longer-term studies are needed to evaluate the relative and 
absolute effectiveness of these two decommissioning treatments 
over time, but we can make some inferences about the effective-
ness of these two treatments over time by combining our results 
with a process-based analysis. Our segment-scale and rainfall sim-
ulation results indicate that, at least for the frst two years after 
treatment, ripping plus mulching is more effective than just rip-
ping at reducing the potential for runoff and sediment to exceed 
the storage capacity of the furrows. Over longer time periods 
mulching can provide continuing benefts if it increases vegetative 
regrowth relative to only ripping (Robichaud et al., 2000; Switalski 
et al., 2004). To reduce costs mulch might only be applied to the 
steeper segments near a stream, as these have the highest potential 
for sediment production and delivery. Mulching after ripping 
should probably be used more extensively in areas with higher 
amounts and intensities of rainfall and areas with more silty soils 
because of their higher potential runoff and erosion rates (Luce, 
1997; Switalski et al., 2004). In high erosion areas mulching is 
likely to result in a greater absolute difference in sediment produc-
tion and delivery compared to only ripping. 
5. Conclusions 

This study examined road segment-scale sediment production 
and road-stream connectivity prior to and after two decommis-
sioning treatments—ripping, and ripping plus mulching with wood 
strands. The study was conducted on National Forest lands in 
northcentral Colorado, and prior to decommissioning segment-
scale sediment production was most strongly affected by 30-min 
maximum rainfall intensity, presence or absence of traffc, and 
road segment area. 

In the frst year after decommissioning only three of the 18 seg-
ments with sediment fences produced any sediment, and the 
reduction in sediment production was signifcant compared to 
the nine control segments and pre-treatment values. Sediment 
production decreased substantially for both the controls and the 
decommissioned segments in the second year after decommission-
ing, but this year also had lower rainfall and fewer high-intensity 
storms. Both our feld observations and our sediment fence data 
indicated that the ripped roads had more surface erosion than 
the roads that had been ripped and mulched, but in most cases 
the eroded sediment was trapped in the furrows created by rip-
ping. The addition of mulch and fertilizer did reduce the amount 
of bare soil and appeared to increase vegetative regrowth com-
pared to only ripping. The data suggest that the combined treat-
ment of ripping and mulching is particularly important for 
steeper road segments, and we posit that mulching also will be 
more important in areas with higher amounts and intensities of 
rainfall. 

We surveyed 12.3 km of roads prior to decommissioning, and 
only 55% of the 141 road segments had suffcient runoff and sedi-
ment to generate a rill or sediment plume leading away from the 
road. Other than three segments, the mean length of these drai-
nage features was just 13 m. The relative paucity and short length 
of the drainage features can be attributed to the relatively dry cli-
mate, gentle topography, and planar rather than insloped road 
designs. Repeat surveys showed that road-stream connectivity 
dropped from 12% of the total road length before decommissioning 
to just 2% after decommissioning. Most of the road-stream connec-
tivity prior to decommissioning and all of the connectivity after 
decommissioning was from road segments within 10 m of a 
stream. Overall this study indicates that ripping is a very effective 
treatment for reducing road sediment production and road-stream 
connectivity, ripping plus mulching with wood strands increases 
vegetative regrowth and appears to reduce erosion compared to 
only ripping, and the importance of decommissioning the roads 
in closest proximity to a stream. 
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