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Linkages between unpaved forest roads and streambed 
sediment: why context matters in directing road 
restoration 
Robert Al-Chokhachy1,2, Tom A. Black3, Cameron Thomas4, Charles H. Luce3, Bruce Rieman5, 
Richard Cissel3, Anne Carlson6, Shane Hendrickson7, Eric K. Archer8, Jeff L. Kershner1 

Unpaved forest roads remain a pervasive disturbance on public lands and mitigating sediment from road networks remains a 
priority for management agencies. Restoring roaded landscapes is becoming increasingly important for many native coldwater 
fshes that disproportionately rely on public lands for persistence. However, effectively targeting restoration opportunities 
requires a comprehensive understanding of the effects of roads across different ecosystems. Here, we combine a review and 
a feld study to evaluate the status of knowledge supporting the conceptual framework linking unpaved forest roads with 
streambed sediment. Through our review, we specifcally focused on those studies linking measures of the density of forest roads 
or sediment delivery with empirical streambed sediment measures. Our feld study provides an example of a targeted effort 
of linking spatially explicit estimates of sediment production with measures of streambed sediment. Surprisingly, our review 
uncovered few studies (n = 8) that empirically tested the conceptual framework linking unpaved forest roads and streambed 
sediment, and the results varied considerably. Field results generally supported the conceptual model that unpaved forest roads 
can control streambed sediment quality, but demonstrated high-spatial variability in the effects of forest roads on streambed 
sediment and the need to address hotspots of sediment sources. The importance of context in the effects of forest roads is 
apparent in both our review and feld data, suggesting the need for in situ studies to avoid misdirected restoration actions. 
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Implications for Practice 

• Limited empirical evidence exists to specifcally quantify 
the effects of forest roads on aquatic ecosystems and 
effectively target restoration. 

• Sediment production from roads and delivery to streams 
varies substantially within and across landscape settings. 

• The conceptual model linking roads to streambed sedi-
ment is supported by feld data, but the contribution from 
different road segments can vary substantially, highlight-
ing the importance of context in prescribing restoration 
actions as a means to reduce sediment contributions. 

Introduction: The Need for Road Restoration 

Public lands remain a critical component of large landscape 
conservation within western North America (Noss et al. 2002; 
Hauer & Muhlfeld 2010). Such public lands, however, are 
culturally and socioeconomically valuable to adjacent commu-
nities (Naylor et al. 2009), rendering a wide range of current 
and historical land use practices. Historically, unpaved roads 
have been constructed across the public lands of western North 
America to facilitate forest management, as well as associated 
land use practices such as timber harvest and grazing. The total 
extent of unpaved forest roads in Idaho, Montana, Oregon, 

and Washington alone is seven times the length of interstate 
highways across the contiguous United States. Many of these 
roads have been identifed as causing signifcant impacts to 
streams and riparian systems through changes in hydrology, 
mass wasting and sediment delivery, and riparian degradation 
(Jones et al. 2000; Trombulak & Frissell 2000). Because there 
are hundreds of thousands of miles of existing unpaved roads, 
prioritization of restoration actions is an imperative step in 
effectively recovering ecosystems. 
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Unpaved roads and streambed sediment linkages 

Figure 1. The majority of forest road networks (gray) and major rivers (blue) throughout the Pacifc Northwest (gray), the location of the *Southwest Crown 
of the Continent (inset), forest roads included in the GRAIP inventory (black), and habitat sampling locations (i.e. PIBO sites). 

Removing or restoring unpaved roads remains an option for 
mitigating ecosystem effects (Lloyd et al. 2013), but this is 
a daunting task given the extent of the current road network 
(Fig. 1), the high cost of either maintenance, relocation, or 
obliteration of roads, and the restrictive nature of available 
funding. Furthermore, there remains considerable resistance 
from the public to closing forest roads that have historically been 
open for recreation and management. 

Mitigating the effects of unpaved forest roads is an important 
component of native salmonid (e.g. salmon and trout) conser-
vation, a group of fshes with high ecological, socioeconomic, 
and culture value (Naiman et al. 2002; Stapp & Hayward 2002; 
Loomis 2006) that has experienced signifcant declines in dis-
tribution and abundance across the Rocky Mountains (Thurow 
et al. 1997). Headwater streams within and immediately down-
stream of public lands are critical for supporting multiple stages 
of salmonid life cycles (Northcote 1997). Anticipated changes 
in climate suggest that montane ecosystems are likely to be 
disproportionately important as areas of coldwater refugia 
(Wenger et al. 2011), and yet these areas contain a large portion 
of the existing, unpaved roads. Although roads may not repre-
sent a large portion of the total sediment budget in these areas 
(Goode et al. 2012), they can have a disproportionate effect 
on streambed sediment (Maturana et al. 2014). A key question 
for managers remains how and what can be done (i.e. climate 
adaptation) to increase species resilience to climate change 
through alleviating land management activities that potentially 
limit populations (Lawler et al. 2010). 

In response to the need for forest restoration, the U.S. 
Congress established the Collaborative Forest Landscape 

Restoration Program (CFLRP) in 2009 to initiate science and 
community-based, large-scale restoration on public lands. The 
CFLRP is part of the Omnibus Public Land Management Act 
and encourages collaborative, science-based ecosystem restora-
tion while specifcally incorporating ecological, economic, and 
social sustainability components. A key component in initiating 
landscape restoration is science-based justifcation of specifc 
locations for restoration (sensu Luce et al. 2001; Rieman et al. 
2010), as well as monitoring the long-term effectiveness of such 
actions (e.g. ecosystem response to road restoration). Providing 
empirically-based rationale for the need for road restoration 
will likely facilitate socially and economically acceptable 
restoration under the CFLRP. 

Effectively targeting road restoration opportunities in mon-
tane ecosystems requires spatially explicit disturbance informa-
tion (i.e. road effects) and an understanding of how different 
disturbance processes, intensities, routing, and locations affect 
important attributes of aquatic ecosystems. The general under-
standing of road effects on aquatic ecosystems has been based 
largely on varied measures of road density and their associations 
with in-stream habitat or species/population status (e.g. Thurow 
et al. 1997; Hughes et al. 2004), but often lacks resolution on 
specifc processes driving the apparent response. 

Here, we refne our understanding of forest roads and their 
effects on streams by combining a review of existing liter-
ature linking unpaved forest roads with streambed sediment 
and a targeted study that integrates feld data with mechanis-
tic models of the processes thought to link roads to streams. We 
specifcally focused on road-related sediment delivery and con-
sequently, streambed sediment habitat attributes, as sediment 
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Unpaved roads and streambed sediment linkages 

Figure 2. The conceptual model linking different sources of sediment 
from forest road surfaces and road networks to streambed sediment 
(Photos by T. Black). 

strongly affects salmonid egg survival and habitat use (Tap-
pel & Bjornn 1983; Suttle et al. 2004) and aquatic ecosystems 
(Wood & Armitage 1997; Allan 2004). Furthermore, the gen-
eral assumption under the CFLRP is that road-related sediment 
is a major source of disruption of streams (Fig. 2). We merge the 
results from the review and the feld study to address our specifc 
objectives to evaluate: (1) the variability in sediment production 
across road networks; (2) the delivery of sediment from road 
networks to stream networks; and (3) the conceptual model (e.g. 
Trombulak & Frissell 2000) linking sediment production from 
unpaved roads to in-stream habitat characteristics (Fig. 2). Col-
lectively, our review, which is largely driven by studies aimed 
at reducing the effects of roads on streams within the historical 
range of salmon species (Oncorhunchus spp.) currently listed on 
the U.S. Endangered Species Act list, and our case study serves 
to guide restoration in similar situations around the world. 

Review of Current Literature 

A number of reviews exist concerning the ecological effects 
of roads (Forman & Alexander 1998; Jones et al. 2000; 
Trombulak & Frissell 2000) and the delivery of sediment from 
mountain roads (Croke & Hairsine 2006). Here, we concen-
trated our efforts on peer-reviewed studies that specifcally 

evaluated empirical relationships between sediment delivery 
from unpaved road surfaces and road density estimates with 
streambed sediment composition. We were interested in sedi-
ment from unpaved, forest roads—typically characterized as 
“fne” sediments (i.e. <6mm)—as it can be mobilized by rain 
and melting snow, aggrade in-stream habitats and in some cases 
restrict the development of embryos or other life stages of fshes 
(Jensen et al. 2009). Our focus on these specifc linkages is 
driven by the common and pervasive use of streambed sediment 
metrics to evaluate the effects of management activities on 
aquatic habitat (Kershner et al. 2004). 

We used Web of Science to search for articles matching 
these criteria. We performed searches that iteratively used “for-
est road AND sediment or substrate” and “road density AND 
sediment or substrate.” Subsequently, we used literature-cited 
references within relevant publications to identify other appli-
cable research. In addition, we used Google Scholar to examine 
all publications that cited each applicable article. 

What We Found; Literature Review 

Focusing specifcally on the effects of unpaved, forest roads on 
streambed sediment, our review uncovered only eight studies 
that specifcally linked measures of sediment delivery or den-
sity of unpaved forest roads with streambed sediment metrics 
(Table 1). Bilby (1985) found considerably differences in tur-
bidity levels above and below a sediment source (i.e. ditch) but 
no signifcant difference in streambed sediment characteristics. 
Instead of road density, Schnackenberg and Macdonald (1998) 
used the amount of road segments greater than 400 m within 
60 m of a stream channel, and found no signifcant relationships 
between this surrogate for road density and fne sediment across 
catchments dominated by granitic or sedimentary geologic for-
mations. Despite different response metrics, three of the four 
studies that included density of unpaved roads found signifcant, 
positive relationships between road density and measures of 
fne sediment. Yet, the strength of these relationships was vari-
able and sometimes weak (e.g. r = 0.36; McCaffery et al. 2007). 
Together, these results indicate considerable variability in asso-
ciations found between roads and road density and streambed 
sediment. At least part of this variability may be due to the 
anthropogenic disturbances related to roads (see below), which 
are not captured in road-density analyses. 

Sediment delivery from locations where forest roads inter-
sect streams (i.e. road crossings) can be particularly acute 
(Pechenick et al. 2014) and can comprise a large proportion of 
sediment production for road networks (Coe 2006). The three 
studies that specifcally evaluated linkages between road-stream 
crossings and streambed sediment found signifcant correlations 
(Table 1); however, Schnackenberg and Macdonald (1998) also 
found the signifcance of the relationship varied across water-
shed geologies, suggesting that the effects of road crossings are 
context-specifc. Only Cover et al. (2008) have demonstrated 
strong positive correlations between streambed sediments with 
sediment delivery from roads. Overall, given the extensive net-
work of unpaved forest roads (Fig. 1), we consider the paucity 
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Unpaved roads and streambed sediment linkages 

Table 1. Studies from a literature review that evaluated linkages between different road-related metrics and streambed sediment metrics, the location of the 
studies, the road metric considered, the sediment metric considered, and the correlation direction (ns, nonsignifcant). aRelationships differed by geologic 
composition; nonsignifcant in sedimentary-volcanic geology, signifcant in granitic geology. bCanada. 

Study Location Metric Sediment Metric Correlation 

Cederholm et al. (1980) WA Road density Subsurface fne sediment + 
Bilby (1985) WA Turbidity from roads Subsurface fne sediment ns 
Lisle and Hilton (1992) CA Road density Fine sediment volume in pools + 
Eaglin and Hubert 

(1993) 
WY Road density, density of 

culverts 
Surface fnes and embeddedness ns, road density;  

culverts 
+

Schnackenberg and 
Macdonald (1998) 

CO Density of culverts, extent 
of road network near 
channel 

Surface fnes ns, +a culverts; ns extent 
of road network near 
channel 

Kreutzweiser et al. 
(2005) 

ONb Stream crossing Subsurface fne sediment + 

McCaffery et al. (2007) MT Road density, crossings Subsurface fne sediment + 
Cover et al. (2008) OR Sediment supply Surface fnes, volume of fnes, 

permeability of streambed 
+, +, − 

of existing literature linking observed sediment production and 
road density with streambed sediment surprising. 

Measuring Sediment Delivery: A Case Study 

We synthesized data from a feld study within the 6,070 km2 

Southwestern Crown of the Continent CFLRP project in western 
Montana (SWCC). The SWCC is set in three adjoining National 
Forests (Flathead, Helena, and Lolo) and currently contains 
greater than 7,200 km of roads. Climate within the study area is 
characterized by relatively cold, wet winter and spring months 
and relatively warm, dry summers. Streamfows are typical of 
the northern Rocky Mountains with highest spring fows during 
May and June, which taper throughout the summer and early 
winter. 

We selected six individual 12-digit subwatersheds in the 
SWCC (Hydrologic Unit Code [HUC]; http://water.usgs.gov/ 
GIS/huc.html) to conduct feld sampling based on the need 
and potential (i.e. logistically feasible) for road restoration. 
Reducing sediment contributions to aquatic ecosystems via 
restoration has been deemed a priority in the SWCC by State and 
Federal agencies and local communities. A major component of 
the justifcation for restoration is to alleviate stressors to rare and 
threatened species such as bull trout (Salvelinus confuentus), a 
species listed under the Endangered Species Act with specialist 
habitat requirements (Al-Chokhachy et al. 2010b). 

Road Inventory and Sediment Modeling 

We conducted a detailed inventory of all of the identifable 
roads within the watersheds using the Geomorphic Roads Anal-
ysis and Inventory Package (GRAIP) methodology (Black et al. 
2012). Through a GPS-based inventory we documented the 
locations of water fow along the road (i.e. ditches) and drain 
points where that water discharges to the hillslope or stream 
network (Appendix S1, Supporting Information). We recorded 
the volumes of gullies, landslides, and fll material that was 
eroded by runoff from the road and if it delivered to the 

stream. Next, we measured surface erosion rates for the roads 
in the study area at eight sediment plots between 2011 and 
2014, a period ranging from below to above average precipita-
tion (http://ncdc.noaa.gov; station ID GHCND:USC00247448). 
Briefy, we located 80-m plots on typical unsurfaced roads that 
were open (n = 4)  and closed (n = 4) to public traffc. We col-
lected runoff and sediment from the plots into settling tanks 
and the outfow from the tanks was connected to a flter to 
retain sediment (Appendix S1). Coarse sediment deposited in 
settling tanks was then removed and weighed wet at the site 
with a portable hanging scale each June and October (Black 
& Luce 2013). Tipping bucket rain gages were deployed near 
the sediment plot locations to measure liquid precipitation 
depth and intensity. We integrated the detailed road inventory 
data and erosion rates from sediment plots with 30-m eleva-
tion data (ned.usgs.gov) in the GRAIP model (Version 1.0.8, 
http://neng.usu.edu/cee/faculty/dtarb/graip; Cissel et al. 2012) 
resampled to 5 m to estimate road sediment production (E) for  
each road segment (Luce & Black 1999): 

E = B × L × S × V × R 

where B is the average erosion rate from the sediment plots 
(kg/m elevation), L is the road length (m), S is the slope 
of the road (m/m), V is the vegetation cover factor for the 
fow path, and R is the road surfacing factor. We employed 
GRAIP to route sediment from the road drain points to the 
downslope stream using a fow direction grid (Taudem 4, 
http://hydrology.usu.edu/taudem/taudem4.0/, Tarboton 1997) 
and the feld observations of stream connection (Appendix S1). 
Finally, we used GRAIP to accumulate delivered road sedi-
ment in a downstream direction and normalized the total mass 
by watershed area to provide a specifc road sediment value 
(mg/km2), which allows sediment impacts to be compared 
between watersheds of different sizes (Cissel et al. 2012). 
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Unpaved roads and streambed sediment linkages 

Streambed Sediment 

Our initial sampling frame included all perennial streams 
in the selected SWCC subwatersheds that occurred on pub-
lic lands. We used the National Elevation Dataset (30 m; 
http://ned.usgs.gov) to initially screen for streams with low 
(<6%) gradients to focus on areas most sensitive to changes in 
watershed conditions (e.g. Montgomery & Macdonald 2002). 
We then categorized the existing road densities of catchments 
for streams based on existing forest road information (1:24,000 
scale; USDA 2014), and used a spatially balanced, stratifed 
sampling design (generalized random tessellation stratifed; 
Stevens & Olsen 2004) with road density categories as our strata 
(spsurvey package; R Development Core Team 2012) to identify 
specifc sites for sampling (Appendix S2). 

We sampled stream habitat at sites during basefow condi-
tions in late August and September when sediment transport 
is minimized (2012–2014; Kershner et al. 2004). At each sam-
ple site, we measured sediment and physical attributes that can 
moderate sediment characteristics (e.g. large woody debris). 
We sampled sediment metrics that have been demonstrated to 
have strong linkages with salmonid survival during the early 
life-history stages and are commonly used in land manage-
ment monitoring programs (Al-Chokhachy et al. 2010b; Bryce  
et al. 2010). Our sediment sampling included: (1) the measures 
of median particle size (d50) of all surface substrate particles; 
(2) the percent of surface fne sediment (<6 mm) in pool tails; 
and (3) the percentage of fne sediment (<6 mm) in subsurface 
sediment determined from a shovel–core sampling approach 
(Sutherland et al. 2010). 

Quantifying Road-stream Habitat Linkages 

At each of the randomly selected sites, we delineated catch-
ments upstream of each site which encompassed all existing 
road information from the GRAIP surveys. We then summarized 
landscape-level covariates including an index of stream power 
(Flores et al. 2006), catchment-level estimates of drainage 
density, average precipitation and proportion of the catchment 
with less erosive Belt Series geology (i.e. sedimentary; Sugden 
& Woods 2007), and site-level estimates of large woody debris, 
and sinuosity (Appendix S3). We constrained our analyses to 
sample sites with feld estimates of gradient (Appendix S3) less 
than 3.5% to align with regional monitoring programs (Kersh-
ner et al. 2004). We then developed multiple linear regression 
(MLR) models to evaluate relationships between road density 
and sediment delivery from GRAIP and streambed sediment 
in sites after accounting for covariates. To avoid any potential 
effects on model structure arising from the order in which 
explanatory variables entered the MLR models (i.e. spatial 
scales, landscape factors, and so on), we used an all-subsets 
modeling approach (R Development Core Team 2012). 

Sediment Delivery from Roads in the SWCC 

Our detailed inventory in the SWCC subwatersheds included 
896 km of forest roads and 13,125 drain points. In our study, 
only 4–5% of the forest road network was found to be 

hydrologically connected to stream networks, which is dra-
matically different than 57% estimated in western Oregon by 
Wemple et al. (1996). Localized hotspots of sediment produc-
tion were apparent and typically included road crossings and 
culverts (Fig. 3A & 3B), and only 2% of the drain points were 
estimated to deliver 90% of the sediment in our study water-
sheds. We estimated that over time road surface erosion deliv-
ered 44% of the total sediment from the road to streams, while 
episodic contributions from gullies, landslides, and fll erosion 
delivered 22%, 18% and 15%, respectively (Cissel et al. 2014). 

On average roads open to travel (0.40 kg/m2) were estimated 
to produce over an order of magnitude more sediment than roads 
closed to travel (0.03 kg/ m2). A substantial difference with road 
use is consistent across studies, but the effects of use can vary 
considerably (e.g. Reid & Dunne 1984; Luce & Black 2001). 

Road Density, Sediment Delivery, and Streambed Sediment 

Estimated sediment delivered to streams varied by over an 
order of magnitude (Fig. 3C) and catchment-level measures of 
road density and sediment delivery were signifcantly correlated 
(r = 0.43, p = 0.002; Fig. 4A). Measures of streambed sediment 
differed across sites and we observed a range of sediment values 
for a given road density and sediment delivery (Fig. 4B & 4C; 
Fig. S2). Considering sediment criteria for bull trout, 22% of the 
sites exceeded what has been suggested as an optimum level for 
surface fnes for bull trout spawning and egg incubation (Bryce 
et al. 2010). 

After controlling for covariates, we found signifcant relation-
ships between d50 (−), pool tail fnes <6mm (+), and percent 
subsurface fnes (+) with road density (p < 0.05; Fig. 4D; Fig. 
S1). Although the pattern was still supportive of the conceptual 
model, our multimodel approach indicated less support in our 
data for models linking sediment production from road networks 
with streambed sediment than those based on simple road den-
sity (Table S1; Fig. 4C). Unfortunately, this leaves more ques-
tions than clarity, likely as sediment delivery from roads varied 
across a small range in the SWCC (e.g. Fig. 5 and contrast with 
the study of Goode et al. 2012). 

Rethinking the Relationship of Roads and In-stream Sediment 
Effects in the SWCC 

Our study clearly demonstrated a negative relationship between 
feld-measured densities of forest roads and the quality of 
streambed sediment (i.e. proportion of fnes, d50). Data linking 
sediment production and streambed sediment suggest that sed-
iment production serves as a constraint on streambed sediment 
(i.e. limits the possible range of conditions; Fig. 4C); indeed 
post hoc quantile regression analysis (0.9 quantile) supports this 
notion (d50; � =−0.09; SE = 0.02). In other words, streams with 
the highest road densities or estimated sediment production and 
delivery rates are likely to dramatically reduce the upper range 
of possibilities for d50 (i.e. maximum possible median parti-
cle size). In concordance with this general pattern, we found 
an increasing range for attributes such as the percent of surface 
fne sediment in pool tails and percent subsurface fne sediment 
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Unpaved roads and streambed sediment linkages 

Figure 3. Spatial variability in sediment delivery from road surfaces for locations where road networks are connected to stream networks (A), locations and 
quantity of sediment from mass wasting (B), and the specifc sediment production to stream from road networks (C) for a subwatershed in the SWCC study 
area. 

with increasing road density but less clarity in such relationships 
with sediment delivery (Fig. S2). Our data support a model that 
natural disturbances and variability in hydrologic and geomor-
phic processes lead to a wide range of variability in streambed 
sediment that can be more and more constrained with intensive 
road development within a watershed. 

The Importance of Context 

The variability in the relationships we observed and compar-
isons to that of other studies (e.g. Cover et al. 2008) imply that 
all roads are not equal in their effects, and that topographic and 
geologic contexts matter. This is not surprising across inherent 
differences in geology, which control the characteristics of the 
material and the erosion rates. The SWCC is largely dominated 
by Belt Series metasedimentary parent materials that result in 
relatively low erosion rates (e.g. Sugden & Woods 2007), while 
the inference by Cover et al. (2008) is from a far more weath-
ered granitic geology. But even within our study, the variability 
in sediment production and delivery with simple road density 
is substantial (Fig. 4A). Certainly, our results do not suggest 
that forest roads have limited effects on sediment delivery to 
streams everywhere in Belt Series geology but understanding 
the geologic as well as landscape, climatic, and so on (Pechenick 
et al. 2014) context matters. Borrowing inference from previous 

studies to justify action (i.e. road construction or restoration) or 
no-action may not be judicious. 

Concomitantly, sediment that enters streams comes from a 
variety of both land management and natural sources and this 
complicates our ability to identify the effect on streambed sed-
iments from just one source. For example, off road vehicle 
trails, cattle grazing, and forest management may also create 
sediment that eventually ends up in streams. Potential legacy 
effects (e.g. Harding et al. 1998) from past disturbances or even 
episodic events from road networks (e.g. mass wasting) may 
represent further contributions to streambed sediment that are 
diffcult to measure with a single snapshot of existing watershed 
conditions. However, data identifying management intensity 
(e.g. livestock grazing) and legacy effects are extremely limited 
(Al-Chokhachy et al. 2010a). Isolating these sources from cur-
rent road sediment contributions continues to be a major chal-
lenge but necessary to help managers prioritize where restora-
tion of roads might be most effective. 

Issues of Scale in Monitoring to Guide Road 
Restoration 

The majority of existing stream habitat data within roaded 
(i.e. unpaved roads) and managed landscapes has been col-
lected through large-scale monitoring programs by agencies 
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(A) 

(B) (C) 

Figure 4. The relationship between estimates of sediment delivery estimated from GRAIP and road density in catchments upstream of streambed habitat 
sampling sites (r = 0.43; A) and median particle size (d50) from low-gradient sites (<3.5% gradient) plotted against catchment-level estimates of road density 
(r =−0.53; B) and sediment delivery estimated from GRAIP (r =−0.23; C) for sampling locations in the Southwest Crown of the Continent in Montana. 
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Figure 5. Estimates of sediment yield (normalized for road area and slope; 
log scale) across different precipitation regimes (measured in situ at 
individual plots) from studies in different regions of the United States. The 
locations of studies are indicated by U.S. state symbols; where multiple 
studies occurred within any given state, a number is used to denote a 
separate study. 

including the U.S. Forest Service, U.S. Environmental Protec-
tion Agency, and so on designed specifcally to monitor the 
effectiveness of management actions. While such programs may 
be essential in identifying landscape disturbance patterns across 
large landscapes (e.g. Kershner et al. 2004), there remains 
a paucity of applications where such data are aligned with 
detailed management disturbance information such as sediment 

production and delivery. This monitoring mismatch makes it 
challenging to accurately identify and prioritize hotspots of sed-
iment sources, particularly through the use of offce-mapped 
road density data alone (Fig. 1). Furthermore, in many cases 
road density provides an index of overall human disturbance, 
not the specifc effects of sediment contributions from roads. 

At frst glance, labor intensive, in situ studies of sedi-
ment production, connectivity to stream networks, and mea-
sures of streambed sediment as demonstrated herein may seem 
cost prohibitive. Alternatively, the costs associated with naïve 
road restoration ($10,000–100,000/mile; Robinson et al. 2010) 
may not only have little effect on changing the conditions 
of streambed sediment but also detract from locations where 
resources could be used more effectively. For areas where 
streambed sediment may be limiting ecosystem processes, the 
costs of a detailed study that refnes effective restoration choices 
and specifcally develops defensible, sediment mitigation plans 
(e.g. Lisle et al. 2015) are likely to fall well below the costs of a 
broadly applied naïve road restoration program. Indeed the costs 
of a targeted study as opposed to the uncertainty of the benefts 
of restoration should be considered. 

Understanding the Benefits of Road Restoration: 
Management Considerations 

Part of the challenge in quantifying the benefts of road restora-
tion to aquatic ecosystems is because of the limited number of 
studies that have monitored the results in a statistically rigorous 
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manner (Bernhardt et al. 2005). Detailed studies have exam-
ined sediment production from road segments (Reid & Dunne 
1984; Sugden & Woods 2007, among others), and changes in 
sediment production through restoration actions (e.g. Switalski 
et al. 2004). However, few efforts have quantifed how restora-
tion actions (e.g. surfacing, obliteration and culvert removal) 
translate into changes in streambed sediment at the scale of an 
entire watershed. 

Sediment production from road surfaces varies dramati-
cally within and across ecological settings (Macdonald & Coe 
2008; Dube et al. 2011), with over three orders of magni-
tude differences within similar ecoregions and precipitation 
regimes (Fig. 5). Differences in sediment production coupled 
with landscape-infuenced differences in connectivity to stream 
networks and streambed sediment highlight the challenges in 
understanding the benefts of road restoration (Benda & Dunne 
1997). 

Although the results of our feld study represent only a snap-
shot of time, they support management priorities that include 
addressing sediment sources at road crossings and closing 
roads to travel as options for reducing sediment risks in the 
SWCC. Infrastructure upgrades, best management practices, 
and removal/restoration provide mitigation opportunities at 
stream crossings (McCaffery et al. 2007). Promoting revegeta-
tion of roads through closure can dramatically reduce sediment 
production while still allowing some maintenance of infras-
tructure for future management and avoiding the high costs 
of complete road obliteration (Foltz et al. 2009). Ultimately, 
we suggest that cost-beneft analyses that explicitly consider 
ecological effects and fnancial obligations associated with 
different management approaches are warranted. 

A Systematic Approach to Identifying Problem Roads 

In some cases, road sediments that are related to culvert failures, 
landslides, and gullies present obvious locations for road reha-
bilitation or restoration. When these obvious problems are not 
present, a systematic approach that is more informative for iden-
tifying the need and means for remedying road-related issues 
may be warranted. An initial step in this approach would be 
to quantify if and where sediment levels (e.g. suspended sedi-
ment, streambed sediment) are exceeding regional baseline lev-
els and/or are limiting biota (e.g. Shaw & Richardson 2001). 
This step is imperative, particularly where sediment effects on 
aquatic ecosystems are the justifcation for restoration. A log-
ical next step would be to quantify road density information 
from readily available Geographic Information System (GIS) 
layers as well as potential other sources of sediment contribu-
tion (e.g. recreation) as measures of potential risk; however, the 
extent of forest roads may need to be verifed as we documented 
greater than 30% more roads than reported in GIS layers. Where 
road networks exist upstream of sediment-impaired ecosystems, 
information regarding chronic and episodic source locations 
(e.g. mass wasting) may be necessary to identify hotspots of 
sediment production and effectively target restoration options 

(Luce et al. 2001). Region-specifc measures of sediment pro-
duction may be warranted given inherent differences in geol-
ogy, soil types, precipitation, and the design, aggregation, and 
use of roads (Pechenick et al. 2014). Accumulation of stud-
ies will ultimately improve our understanding of the differ-
ences in sediment production from road networks, and concomi-
tantly delivery to streams, across parent geology and soil types. 
Once refned, developing hybrid feld-GIS-based approaches 
(e.g. Benda et al. 2007) that would allow platforms such as 
GRAIP to be regionally calibrated can allow managers to iden-
tify and prioritize locations for restoration activities (Fig. 3). 
Within this framework, we suggest that it may be imperative to 
incorporate monitoring approaches (Bernhardt et al. 2005) that 
will allow for robust assessments of the effectiveness of restora-
tion opportunities. 

Conclusions 

Here, we specifcally focused our review and analyses on link-
ages between sediment production and delivery from unpaved 
forest roads and streambed sediment metrics, but not changes 
in hydrology, fragmentation, or other alterations of terrestrial 
and aquatic ecosystems because of roads. The infuence of for-
est roads on streambed sediment is often a major justifcation 
for restoration under programs such as the CFLRP. 

Commonly, there is intense disagreement among biologists, 
hydrologists, foresters, and supervisors about the relevance of 
road derived sediment in streams. We fnd support for the con-
ceptual model linking forest roads and streambed sediment, yet 
the severity of the effects of roads is highly variable—likely fos-
tering such contention. Although we acknowledge that the infer-
ence from our review and case study mainly focused on montane 
areas of Northwestern United States, sediment from unpaved 
roads remains a global issue (e.g. Croke et al. 1999; Gruszowski 
et al. 2003; Sidle et al. 2006) and we consider our results ger-
mane in directing restoration efforts. Identifying hotspots of 
sediment delivery provides a framework for cost-effective and 
ecologically relevant restoration and evidence to garner public 
support where the closure/restoration of roads meets resistance 
from local residents. 

Acknowledgments 

We would like to thank the PIBO Effectiveness Monitoring 
Program for logistical support and feld data collection and 
C. A. Dolloff (USFS/Virginia Tech), A. Switalski (InRoads), 
J. Buffngton (USFS), and G. Reeves (USFS) for providing 
critical reviews of earlier drafts of this manuscript. Funding was 
supplied in part by the Great Northern Landscape Conservation 
Cooperative, the U.S. Forest Service, and the CFLRP. Any use 
of trade, product, or frm names is for descriptive purposes only 
and does not imply endorsement by the U.S. Government. 

LITERATURE CITED 

Al-Chokhachy R, Roper BB, Archer EK (2010a) Evaluating the status and 
trends of physical stream habitat in headwater streams within the interior 

Restoration Ecology 8 



Unpaved roads and streambed sediment linkages 

Columbia River and Upper Missouri River Basins using an index approach. 
Transactions of the American Fisheries Society 139:1041–1059 

Al-Chokhachy R, Roper BB, Bowerman T, Budy P (2010b) A review of bull trout 
habitat associations and exploratory analyses of patterns across the interior 
Columbia River Basin. North American Journal of Fisheries Management 
30:464–480 

Allan JD (2004) Landscapes and riverscapes: the infuence of land use on 
stream ecosystems. Annual Review of Ecology, Evolution, and Systematics 
35:257–284 

Benda L, Dunne T (1997) Stochastic forcing of sediment routing and storage in 
channel networks. Water Resources Research 33:2865–2880 

Benda L, Miller DJ, Andras K, Bigelow P, Reeves GH, Michael D (2007) 
NetMap: a new tool in support of watershed science and resource man-
agement. Forest Science 52:206–219 

Bernhardt ES, Palmer MA, Allan JD, Alexander G, Barnas K, Brooks S, 
et al. (2005) Ecology—synthesizing U.S. river restoration efforts. Science 
308:636–637 

Bilby RE (1985) Contributions of road surface sediment to a Western Washington 
stream. Forest Science 31:827–838 

Black T, Luce CH (2013) Measuring water and sediment discharge from a 
road plot with a settling basin and tipping bucket RMRS-GTR-287. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research 
Station, Fort Collins, Colorado 

Black T, Cissel R, Luce CH (2012) The Geomorphic Road Analysis and 
Inventory Package (GRAIP) Volume 1: data collection methods. 
RMRS-GTR-280WWW. U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station, Fort Collins, Colorado 

Bryce SA, Lomnicky GA, Kaufmann PR (2010) Protecting sediment-sensitive 
aquatic species in mountain streams through the application of biologi-
cally based streambed sediment criteria. Journal of the North American 
Benthological Society 29:657–672 

Cederholm CJ, Reid LM, Salo EO (1980) Cumulative effects of logging road sed-
iment on salmonid populations in the Clearwater River, Jefferson County, 
Washington. College of Fisheries, University of Washington, **Seattle, 
Washington. Contribution no. 543 

Cissel R, Black TA, Nelson N, Luce CH (2014) Southwest Crown of the 
Continent GRAIP roads assessment. U.S. Department of Agriculture, 
Forest Service, Rocky Mountain Research Station, Fort Collins, Colorado 

Cissel R, Black T, Schreuders KaT, Prasad A, Luce CH, Tarboton DG, 
Nelson NA (2012) The Geomorphic Road Analysis and Inventory Pack-
age (GRAIP) Volume 2: offce procedures. RMRS-GTR-281WWW. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research Sta-
tion, Fort Collins, Colorado 

Coe DBR (2006) Sediment production and delivery from forest roads in the Sierra 
Nevada, California. Colorado State University, Fort Collins, Colorado 

Cover MR, May CL, Dietrich WE, Resh VH (2008) Quantitative linkages among 
sediment supply, streambed fne sediment, and benthic macroinvertebrates 
in northern California streams. Journal of the North American Bentholog-
ical Society 27:135–149 

Croke JC, Hairsine PB (2006) Sediment delivery in managed forests: a review. 
Environmental Reviews 14:59–87 

Croke J, Hairsine P, Fogarty P (1999) Sediment transport, redistribution and 
storage on logged forest hillslopes in south-eastern Australia. Hydrological 
Processes 13:2705–2720 

Dube K, Black TA, Luce CH (2011) Comparison of road surface erosion models 
with measured road surface erosion rates. Technical Bulletin no. 988, 
National Council for Air and Stream Improvement, Research Triangle 
Park, North Carolina 

Eaglin GS, Hubert WA (1993) Effects of logging and roads on substrate and 
trout in streams of the Medicine Bow National Forest, Wyoming. North 
American Journal of Fisheries Management 13:844–846 

Flores AN, Bledsoe BP, Cuhaciyan CO, Wohl EE (2006) Channel-reach 
morphology dependence on energy, scale, and hydroclimatic processes 
with implications for prediction using geospatial data. Water Resources 
Research 42:W06412, DOI:10.1029/2005WR004226 

Foltz RB, Copeland NS, Elliot WJ (2009) Reopening abandoned forest roads in 
northern Idaho, U.S.A.: quantifcation of runoff, sediment concentration, 
infltration, and interrill erosion parameters. Journal of Environmental 
Management 90:2542–2550 

Forman RTT, Alexander LE (1998) Roads and their major ecological effects. 
Annual Review of Ecology and Systematics 29:207–231 

Goode JR, Luce CH, Buffngton JM (2012) Enhanced sediment delivery in a 
changing climate in semi-arid mountain basins: implications for water 
resource management and aquatic habitat in the northern Rocky Moun-
tains. Geomorphology 139:1–15 

Gruszowski KE, Foster IDL, Lees JA, Charlesworth SM (2003) Sediment sources 
and transport pathways in a rural catchment, Herefordshire, U.K. Hydro-
logical Processes 17:2665–2681 

Harding JS, Benfeld EF, Bolstad PV, Helfman GS, Jones EBD (1998) Stream 
biodiversity: the ghost of land use past. Proceedings of the National 
Academy of Sciences of the United States of America 95:14843–14847 

Hauer FR, Muhlfeld CC (2010) Compelling science saves a river valley. Science 
327:1576–1576 

Hughes RM, Howlin S, Kaufmann PR (2004) A biointegrity indix (IBI) for 
coldwater streams of western Oregon and Washington. Transactions of the 
American Fisheries Society 133:1497–1515 

Jensen DW, Steel EA, Fullerton AH, Pess G (2009) Impact of fne sediment on 
egg-to-fry survival of Pacifc salmon: a meta-analysis of published studies. 
Reviews in Fisheries Science 17:348–359 

Jones JA, Swanson FJ, Wemple BC, Snyder KU (2000) Effects of roads on 
hydrology, geomorphology, and disturbance patches in stream networks. 
Conservation Biology 14:76–85 

Kershner JL, Roper BB, Bouwes N, Henderson R, Archer E (2004) An analysis 
of stream habitat conditions in reference and managed watersheds on some 
federal lands within the Columbia River basin. North American Journal of 
Fisheries Management 24:1363–1375 

Kreutzweiser DP, Capell SS, Good KP (2005) Effects of fne sediment inputs 
from a logging road on stream insect communities: a large-scale exper-
imental approach in a Canadian headwater stream. Aquatic Ecology 
39:55–66 

Lawler JJ, Tear TH, Pyke C, Shaw MR, Gonzalez P, Kareiva P, et al. (2010) 
Resource management in a changing and uncertain climate. Frontiers in 
Ecology and the Environment 8:35–43 

Lisle TE, Hilton S (1992) The volume of fne sediment in pools: an index of sedi-
ment supply in gravel-bed streams. Water Resources Bulletin 28:371–383 

Lisle TE, Buffngton JM, Wilcock PR, Bunte K (2015) Can rapid assessment 
protocols be used to judge sediment impairment in gravel-bed streams? 
A commentary. Journal of the American Water Resources Association 
51:373–387 

Lloyd RA, Lohse KA, Ferre TPA (2013) Infuence of road reclamation techniques 
on forest ecosystem recovery. Frontiers in Ecology and the Environment 
11:75–81 

Loomis J (2006) Use of survey data to estimate economic value and regional 
economic effects of fshery improvements. North American Journal of 
Fisheries Management 26:301–307 

Luce CH, Black TA (1999) Sediment production from forest roads in western 
Oregon. Water Resources Research 35:2561–2570 

Luce CH, Black TA (2001) Spatial and temporal patterns of erosion from forest 
roads. Pages 165–178. In: Wigmosta MS, Burges SJ (eds) Infuence of 
urban and forest land uses on the hydrologic-geomorphic responses of 
watersheds. American Geophysical Union, Washington D.C. 

Luce CH, Rieman BE, Dunham JB, Clayton JL, King JG, Black TA (2001) 
Incorporating aquatic ecology into decisions on prioritization of road 
decommissioning. Water Resources Impact 3:8–14 

Macdonald LH, Coe DBR (2008) Road sediment production and delivery: 
process and management. Pages 381–384. Proceedings of the First World 
Landslide Forum. United Nations University, Tokyo, Japan 

Maturana O, Tonina D, Mckean JA, Buffngton JM, Luce CH, Caamano D (2014) 
Modeling the effects of pulsed versus chronic sand inputs on salmonid 
spawning habitat in a low-gradient gravel-bed river. Earth Surface Pro-
cesses and Landforms 39:877–889 

Restoration Ecology 9 



Unpaved roads and streambed sediment linkages 

Mccaffery M, Switalski TA, Eby L (2007) Effects of road decommissioning on 
stream habitat characteristics in the South Fork Flathead River, Montana. 
Transactions of the American Fisheries Society 136:553–561 

Montgomery DR, Macdonald LH (2002) Diagnostic approach to stream channel 
assessment and monitoring. Journal of the American Water Resources 
Association 38:1–16 

Naiman RJ, Bilby RE, Schindler DE, Helfeld JM (2002) Pacifc salmon, nutri-
ents, and the dynamics of freshwater and riparian ecosystems. Ecosystems 
5:399–417 

Naylor LM, Wisdom MJ, Anthony RG (2009) Behavioral responses of North 
American Elk to recreational activity. Journal of Wildlife Management 
73:328–338 

Northcote TG (1997) Potamodromy in Salmonidae—living and moving in the 
fast lane. North American Journal of Fisheries Management 17:17 

Noss RF, Carroll C, Vance-Borland K, Wuerthner G (2002) A multicriteria 
assessment of the irreplaceability and vulnerability of sites in the Greater 
Yellowstone Ecosystem. Conservation Biology 16:895–908 

Pechenick AM, Rizzo DM, Morrissey LA, Garvey KM, Underwood KL, Wemple 
BC (2014) A multi-scale statistical approach to assess the effects of con-
nectivity of road and stream networks on geomorphic channel condition. 
Earth Surface Processes and Landforms 39:1538–1549 

R Development Core Team (2012) R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna, Austria. 
http://www.R-project.org/ 

Reid LM, Dunne T (1984) Sediment production from forest road surfaces. Water 
Resources Research 20:1753–1761 

Rieman BE, Hessburg PF, Luce C, Dare MR (2010) Wildfre and management of 
forests and native fshes: confict or opportunity for convergent solutions? 
BioScience 60:460–468 

Robinson C, Duinker PN, Beazley KF (2010) A conceptual framework for 
understanding, assessing, and mitigating ecological effects of forest roads. 
Environmental Reviews 18:61–86 

Schnackenberg ES, Macdonald LH (1998) Detecting cumulative effects on 
headwater streams in the Routt National Forest, Colorado. Journal of the 
American Water Resources Association 34:1163–1177 

Shaw EA, Richardson JS (2001) Direct and indirect effects of sediment 
pulse duration on stream invertebrate assemblages and rainbow trout 
(Oncorhynchus mykiss) growth and survival. Canadian Journal of 
Fisheries and Aquatic Sciences 58:2213–2221 

Sidle RC, Ziegler AD, Negishi JN, Nik AR, Siew R, Turkelboom F (2006) 
Erosion processes in steep terrain - Truths, myths, and uncertainties related 
to forest management in Southeast Asia. Forest Ecology and Management 
224:199–225 

Stapp P, Hayward GD (2002) Estimates of predator consumption of yellowstone 
cutthroat trout (Oncorhynchus clarki bouvieri) in Yellowstone Lake. Jour-
nal of Freshwater Ecology 17:319–329 

Stevens DL, Olsen AR (2004) Spatially balanced sampling of natural resources. 
Journal of the American Statistical Association 99:262–278 

Sugden BD, Woods SW (2007) Sediment production from forest roads in 
western Montana. Journal of the American Water Resources Association 
43:193–206 

Sutherland AB, Culp JM, Benoy GA (2010) Characterizing deposited sediment 
for stream habitat assessment. Limnology and Oceanography: Methods 
8:30–44 

Suttle KB, Power ME, Levine JM, Mcneely C (2004) How fne sediment in 
riverbeds impairs growth and survival of juvenile salmonids. Ecological 
Applications 14:969–974 

Switalski TA, Bissonette JA, Deluca TH, Luce CH, Madej MA (2004) Benefts 
and impacts of road removal. Frontiers in Ecology and the Environment 
2:21–28 

Tappel PD, Bjornn TC (1983) A new method of relating size of spawning 
gravel to salmonid embryo survival. North American Journal of Fisheries 
Management 3:123–135 

Tarboton DG (1997) A new method for the determination of fow directions and 
upslope areas in grid digital elevation models. Water Resources Research 
33:309–319 

Thurow R, Lee DC, Rieman BE (1997) Distribution and status of seven native 
salmonids in the interior Columbia River basin and portions of the Klamath 
River and Great basins. North American Journal of Fisheries Management 
17:17 

Trombulak SC, Frissell CA (2000) Review of ecological effects of roads on 
terrestrial and aquatic communities. Conservation Biology 14:18–30 

USDA (2014) http://data.fs.usda.gov/geodata/ (accessed 1 Feb 2014) 
Wemple BC, Jones JA, Grant GE (1996) Channel network extension by logging 

roads in two basins, western Cascades, Oregon. Water Resources Bulletin 
32:1195–1207 

Wenger SJ, Isaak DJ, Luce CH, Neville HM, Fausch KD, Dunham JB, et al. 
(2011) Flow regime, temperature, and biotic interactions drive differential 
declines of trout species under climate change. Proceedings of the National 
Academy of Sciences of the United States of America 108:14175–14180 

Wood PJ, Armitage PD (1997) Biological effects of fne sediment in the lotic 
environment. Environmental Management 21:203–217 

Supporting Information 
The following information may be found in the online version of this article: 

Appendix S1. Road inventory and sediment modeling. 
Appendix S2. Streambed sediment. 
Appendix S3. Quantifying road-stream habitat linkages. 
Table S1. Multimodel results from multiple linear regression analyses linking road 
density and sediment production estimates from GRAIP with different measures of 
streambed sediment. 
Figure S1. An example of a settling tank and outfow flter used in sediment plots for 
calibrating the GRAIP model. 
Figure S2. The relationships between site-level estimates of percentage of fne 
sediment in pool tails (A, B) and percentage of subsurface fne sediment (C, D) 
with estimates of road density in catchments and sediment delivery estimated from 
GRAIP, respectively, for sampling locations in the Southwest Crown of the Continent 
in Montana. 

Coordinating Editor: Mark Paschke Received: 8 November, 2015; First decision: 17 December, 2015; Revised: 7 
March, 2016; Accepted: 9 March, 2016 

Restoration Ecology 10 

http://data.fs.usda.gov/geodata
http://www.R-project.org

