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INTRODUCTION

People have built roads and trails over the millennia to connect communities, facilitate commerce, enhance
defense, and access resources. In the western United States, the United States Forest Service (USFS) has
constructed and maintained a system of forest trails and roads since it’s inception in 1905, at first to provide
access to remote locations to manage fires and later to provide access for timber harvest and other uses.
Road construction over the last century has resulted in a network of over 380,000 miles on USFS lands. While
these roads provide valuable access to remote areas, the extensive road system also creates a diversity of
negative impacts on the natural environment.

Concerns first arose about the environmental consequences of forest roads in the western US following
widespread road related landslide failures after the historically large winter storms of 1964 (Megahan and
Kidd 1972).We've since learned that roads can have a variety of negative environmental impacts on both
terrestrial and aquatic ecosystems, but in this article we will focus on the aquatic impacts. As shown in Figure
I, roads generate and deliver fine sediment to streams (Reid and Dunne 1984, Luce and Black 1999), increase
mass wasting processes
such as landslides
(Montgomery 1994)
gullies and debris flows
(Wemple et al 1996,
Croke and Mockler
2001), and cause local
hydrologic changes
(VWemple and Jones
2003, Luce 2002). Roads
also impede or block
access to migratory

fish species (Dunham
and Rieman 1999) and
facilitate the dispersal of
non-native species and
pathogens (Parendes
and Jones 2000). These
sedimentation and
hydrologic impacts are
particularly problematic
in the || western United
States where 51% of the
surface water originates
on USFS lands (Brown et
al 2008).

Figure 1: Road surface sediment production, ditch erosion, road ﬁ]] fai]ure (landslide), and road
sediment delivery to a stream. Clockwise from top ]g{t.
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Many USFS roads are no longer needed or used, and

due to budgetary limitations, no longer maintained.

But as long as they remain on the land, the impacts

to aquatic resources, fisheries, and drinking water

continue. Not all roads are equally impactful,
however. In our experience measuring, mapping, and
modeling road impacts to aquatic systems in the
western US, we have observed three important facts
about roads that are relevant to prioritizing road
treatments for watershed restoration:

* Not all roads are equivalent, and differences in
road location, construction, maintenance and use
result in substantially different impacts on the
environment.

* The types and magnitudes of road impacts vary
through time, so road age is important.

* Using maps of roads in concert with topographic
information can yield useful screening
information for prioritization.

There are several robust options for treating

the roads most damaging to streams,

including infrastructure upgrades, removal or
decommissioning. WVell located roads that serve
long term needs can be improved using storm
damage risk reduction methods. Because this is a
topic unfamiliar to many people outside the western
US, we will first review some of our findings from
investigations of the hydro-geomorphic impacts of
forest roads on public lands to illustrate these three
main points, and then describe how we are now
using models and data to prioritize investment in
road treatments to drastically improve watershed
restoration outcomes.

ALL ROADS ARE NOT THE SAME

Forest roads are typically built for a specific purpose,
and their engineering and road location dictate much
of the road impact. Road sediment production is
sensitive to the road slope, length, surfacing material,
vegetative cover, and vehicle use (Luce and Black
1999, 2001a). Where the road is located relative to
streams and convergent topography and how the
drainage is designed influences how much of the
sediment from the road reaches nearby streams.
Taken together, these factors mean certain stretches
of roads present very high risks and can deliver
hundreds of times more sediment to streams
compared to a stretch even just short distance away.
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The good news is that by quantifying these variables
with models such as GRAIP (Figure 2a) (Black et al
2012a) and GRAIP_Lite (Nelson et al 2019; Figure
2b), we can effectively predict the road sediment
delivery to streams at multiple scales.

A metric that has historically been used to quantify
road impact is road density, or the sum of miles

of road in a particular area of land (Potyondy and
Geier 201 1). Road density has been shown to relate
to terrestrial wildlife distribution as well as fish
abundance (Lee et al, 1997) and occurrence
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Figure 2a: Mass Qf road sediment delivery to streams predict-
ed by the GRAIP model from inventoried drainage locations
in Anderson Creek, ID. The red circles are drainage locations

scaled to illustrate sediment de]ivery in Kg per year.
2b: Roadﬁne sediment de]iver)/ risk to streams in the Pacific

Northwest US, predicted using a unit base erosion rate in the

GRAIP_Lite model. Data aggregated by sub-watershed.
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Iypical forest road section showing a road surface and cutslope

draining water to a ditch. The ditch is periodically drained to
the hillslope with a culvert pipe under the road.

(Dunham and Reiman 1999). While this metric has
been useful at the broad scale for predicting some
impacts of roads on wildlife such as vehicle mortality,
road density may miss much of the complexity,
variability, and the process interactions that allow

us to effectively manage road impacts on aquatic
ecosystems. Using road density as the only measure
of road impact may cause us to treat roads that are
not degrading the aquatic environment, in large part
because this metric treats all roads as essentially
equivalent in their impact.

Many of the environmental impacts of roads
originate from how the road drainage system
(designed to keep roads stable and passable in

wet weather) directs and concentrates rainfall and
shallow groundwater (Luce and Wemple, 2001).
Roads are designed to shed rainfall and to route
runoff away from the road surface to prevent surface
erosion and the saturation of road fills. Thus, areas
with low precipitation and rainfall intensity tend

to cause less sediment discharge, while areas with
higher annual precipitation and intensity cause more
sediment impacts (Luce and Black 2001b, Dube et al
2011,Van Meerveld 2014). Wetter areas have more
streams, streamside roads, and stream crossings,
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and therefore more potential for
sediment delivery to the channel.
Road stream crossings can cause
aquatic organism passage issues
(e.g., fish trying to move through
culverts) and increased stream
flow diversion risk when culverts
become plugged by sediment,
wood, or high flows. The steep-
wet forests of northwestern
North America have the additional
risk of debris flows that may be
initiated by failing road fills and
stream channel diversions that
can occur when stream crossing
structures are blocked (Furniss et
al 1997).

Road Location Matters

Road location on the landscape
is one of the primary predictors of road interaction
with the aquatic system. In our surveys of roads
across the western US, the probability of sediment
delivery to a stream was strongly related to the
downslope distance between the road and the
stream (Figure 3). Therefore, streamside and mid-
slope roads that have frequent stream crossings
and shorter distances to streams can have higher
sediment delivery probability and a bigger impact
on water quality than roads built along ridgetops.
Mid-slope roads are also unique since they are
constructed to quickly traverse from valley bottom
to ridgeline, often resulting in steeper roads that
can cross multiple small streams and unstable
slopes. Road slope is a primary control on sediment
production, with steeper road grades providing
more energy to rapidly transport runoff water and
sediment.

Road Use and Cosure

Road use is an important factor influencing the
amount of fine sediment that washes off of road
surfaces (Reid and Dunne 1984). Actively used
roads typically have high levels of fine sediment at
the surface that is generated by vehicle passage
(Luce and Black 2001a). This fine sediment can be
quickly washed from the road and into hillslopes
and streams during storms.As an example, using
an existing gravel surfaced road to move log
trucks during runoff events can increase sediment
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Figure 3 (left): The observed probability of sediment delivery to streams based on the distance between the road drain and the

Sstream.

Figure 4 (right): Average annual sediment production from four plots over four years on roads open to summer recreational traffic

compared to those behind administrative gates on the Lolo National Forest, Montana.

production and delivery substantially depending on
the local conditions and road engineering (Luce and
Black 2001a,Van Meerveld 2014).

The amount of chronic sediment produced by a road
often decreases as road use declines. Many roads in
the USFS network are inactive or gated for much

of the time, and these roads often have stabilized
and vegetated surfaces with little available sediment.
We found that gated roads near Seeley Lake,
Montana produced less than 10% of the sediment

as similar roads that had summer recreational and
administrative traffic (Figure 4).

Road Maintenance

Periodic road maintenance such as cleaning culverts
is critical to ensure the function of the road drainage
system in wet locations to minimize catastrophic
failures during large runoff events. However, routine
road grading and aggressive ditch cleaning can
generate as much or more sediment than use by
heavy vehicles (Luce and Black 2001a).

ROAD IMPACTS VARY THROUGH TIME

Modeling the hydro-geomorphic effects of roads is
helpful because of the wide variation in the impacts
that roads can have at different times following their
construction. Roads constructed for timber harvest
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on public lands in the US are not as static as they
first appear. Like every built structure, forest roads
are engineered to serve a purpose for a finite period,
although with proper construction and maintenance
they can serve their intended purpose for many
years.

When roads are first built in anticipation of timber
harvest, they have a suite of impacts due to the
exposure of fresh soil surfaces near streams and the
routing of water and sediment in new locations. In
steep terrain, new roads have been more likely to
cause landslides in the first large storms and in the
first decade post-construction rather than decades
later, as the weakest spots tend to fail first. It is not
clear how long the large sediment impacts associated
with initial road building and landslides may persist
in the aquatic system, but sediment from elevated

mass wasting can persist in low gradient streams for
decades (Platts et al 1989).

After initial construction and dedicated use (e.g.,
for timber harvest), the environmental impacts of
roads vary by their ongoing level of use. During
periods between management activity when roads
are unused, they may be gated or closed and treated
with additional drainage features according to
national best management practices (USFS 2012)

to minimize erosion. Depending on the forest
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management activity, a minor road may remain un-
used for a decade or more before there is another
need for access to the area, at which point there
may be another spike in use and sediment producing
activity. Some larger roads continue to be used for
public or management access, and in these cases

the ongoing activity and maintenance may cause
them to continue to erode fine sediment. Of course,
anytime there is intense precipitation or runoff,

the function of the road drainage system and the
stability of the fill material can be stressed, leading to
large sedimentation consequences if the drainage is
inadequate.

While sediment loss can decrease as a road ages and
falls out of use, other negative impacts can increase
as a result of aging road infrastructure. Stream
crossings and culverts become rusted and can cause
significant damage to streams when they leak or

fail. Drainage structures on unmaintained roads can
also become blocked by debris and no longer route
water and sediment to the desired locations.

Age of Road Construction

Besides the basic changes over time as roads age,
road construction design and techniques have
changed so the age of the road is also relevant to
understanding its environmental impacts. Many of
the roads on public lands in the western US were
built in the period of 1950-1990, when road building
practices were less oriented towards potential
environmental concerns. As new environmental
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priorities, transportation, engineering, and logging
technology evolves, new roads are built with
different characteristics and in different locations on
the landscape. Roads built in recent years are often
designed to avoid streams and unstable hillslope
locations, to minimize disturbance from large cuts
and fills, and to use more robust design practices in
steeper landscapes.

Over time, roads that cause environmental
degradation or are expensive to maintain may be
prioritized for removal or improvement (Figure 5).
Some progress has been made to remove barriers to
aquatic organism passage and to improve or restore
some of the high-risk roads under the 2008-2017
Legacy Roads and Trails Remediation Program.
However, a typical road system in a watershed
often consists of a mix of older legacy roads,
reconstructed roads, and new construction; because
roads are expensive to build, improve, or remove,
their total extent changes slowly.

IT IS HARDTO MANAGEWITHOUT
INFORMATION

Good decisions about road management and
restoration are informed by relevant data. This may
be obtained from an inventory of road risks and
impacts or it may take the form of a model that is
used to predict the risks and impacts (GRAIP and
GRAIP_Lite). Work by our group in the western US
has found that over 90% of the sediment delivery

Figure 5: Road decommissioning by fully
recontouring an unstable road above
critical salmon spawning habitat in

the Dollar Creek drainage of the Boise
National Forest. Image thanks to USFS
GTAC/ Red Castle Resources.
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from roads is typically sourced from less than 10%
of the road length (Figure 6, blue line). Similar
patterns have been found in the distribution of road
related landslide risk (Allison et al 2000). Knowing
the location of the roads with the highest risk of
sediment delivery in the watersheds that contain our
highest aquatic values (e.g., municipal drinking water
supplies, threatened and endangered fish habitat)
allows for a cost-effective prioritization approach.
Allocating watershed restoration efforts where they
will have the largest benefit for the environmental
management objectives should be the goal, although
there may be funding and logistical reasons why this
may not always be possible.

The Payette River Sediment Modeling

In the Middle Fork of the Payette River in central
Idaho (US), the USFS used the GRAIP road inventory
and model (https://www.fs.fed.us/GRAIP/index.shtml)
to quantify the hydrologic and geomorphic impacts
on the aquatic system from forest roads (Black et

al 2012b). This included the direct field observation

100%

of 583 miles of roads in 12 sub-watersheds. This
project documented the fine sediment production
and delivery to streams as well as predicting risks
and impacts of landslides, gullies, and stream crossing
failures. The cost of this multi-year effort was

about $135,000 and the total budget allocated for
an integrated watershed restoration through road
reclamation/storm damage risk reduction effort

in this area was $1,200,000. We compared three
prioritization approaches with different level of effort
and information to estimate how efficiently fine
sediment delivery could be targeted and remediated.

After applying the GRAIP inventory to collect

the highest level of information, the USFS still

had $1,065,000 available for the actual watershed
restoration work, largely through full road removal
and recontour which was then estimated to cost
$25,000/ mile.The restoration funds, therefore,
allowed for treatment of 42.6 miles of road. Figure
6 shows the ranking of road segments by their
sediment delivery to streams as the percentage of
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total road length. The blue line indicates that using
this highest level of information (GRAIP) to select
restoration priorities would reduce the sediment
delivered to the stream system by 71% if the projects
were completely successful.

For the second approach, we used a model similar to
the GRAIP_Lite tool (https://www.fs.fed.us/GRAIP/
GRAIP_Lite.html; Nelson et al 2019) to estimate

the impacts of roads based on topography, road and
stream locations, and an estimate of the average road
surface erosion rate for the area and typical sediment
delivery distances below roads. The predicted
sediment delivery to the Middle Fork of the Payette
is shown by the red line in Figure 6. This simplified
approach saves money and time as it had no field
component. It would allow us to allocate nearly the
full budget of $1,200,00 to restoration, resulting in
more roads treated than the first scenario (48 miles
vs 42.6 miles). However, because the predictions
were made based on the average conditions of the
roads without the benefit of actual road drainage
locations or local sediment delivery data, the
predictions were not as successful in identifying the
specific high sediment delivery locations, and this
prioritization work would only reduce the sediment
delivery by 29% despite treating more road area.
While the advantage is that it is quicker and more
road miles are treated, the restoration outcome is
significantly lower in this example.

The third approach we considered was the
commonly used road density method of
prioritization, which uses only the road presence
information and places equal risk on each road
segment. Results from this approach are illustrated
by the green line in Figure 6. Like the second
approach, the entire project budget can be allocated
to restoration under this scenario, but the treatment
of 48 miles of road would result in only an 8%
reduction in sediment delivery as there was no
priority placed on selecting the road segments with
the greatest impact on sediment delivery.

When road density reduction is the sole objective of
restoration plans (which is sometimes the focus to
restore terrestrial species habitat, such as for elk or
grizzly bears), many roads with negligible sediment
delivery may be treated to reach the desired result.
As a practical matter, this could result in a focus on
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minor roads that are easily treated in an attempt to
treat more miles while avoiding expensive projects
that resolve issues near streams. If the goal is to
identify and reduce the hydro-geomorphic impacts
of roads, it is clear that more local information
about the road and local geomorphology will lead to
better prioritization of work and more efficient use
of restoration resources.Additional research by our
team has shown that watershed restoration through
road decommissioning, full road recontouring, or
storm-damage risk reduction is highly successful

at reducing sediment delivery to streams, and that
these benefits are maintained even after severe
storms that cause damage and erosion in untreated

control roads (https://www.fs.fed.us/GRAIP/
LegacyRoadsMonitoringStudies.shtml).

Applications of models to prioritize road
treatment on the National Forests

Roads are the largest investment of capital on
USFS managed lands and are considered in many
levels of management discussions. Broad scale
road modeling is used in long-range forest planning
to prioritize among sub-watersheds for future
restoration work. Models such as GRAIP_Lite are
also used to understand how widespread changes
in road management and extent over decades can
yield improvement in water quality and watershed
condition (Potyondy and Geier 201 |,AREMP 2021).

At the project or sub-watershed scale, road

models are used to prioritize among potential
restoration projects and to choose between groups
of roads. Models such as GRAIP_Lite are well
suited to disclose the likely impacts of changes to
the properties and extent of the road network as
required in the National Environmental Policy Act
(NEPA) and to compare the costs and benefits of
alternative road treatment options.

Yet more efficiency could be realized by hierarchically
applying a broad scale tool like GRAIP_Lite to
prioritize where to conduct a detailed survey (like
GRAIP) to focus efforts. This will also reduce the
cost of using the detailed survey and increase the
amount of funds available for watershed restoration.
At the finer scale, road inventory-based models such
as GRAIP can be used in priority areas to quantify
and evaluate the multiple hydro-geomorphic impacts
of roads on the aquatic system. Models can be

SERNews


https://www.fs.fed.us/GRAIP/GRAIP_Lite.html 
https://www.fs.fed.us/GRAIP/GRAIP_Lite.html 
https://www.fs.fed.us/GRAIP/LegacyRoadsMonitoringStudies.shtml
https://www.fs.fed.us/GRAIP/LegacyRoadsMonitoringStudies.shtml

locally calibrated to report results in units of mass
in order to relate them to the local water quality
conditions and standards and address regulatory
questions in streams with Total Maximum Daily Load
issues or other areas with heightened concern over
road sediment.

CONCLUSIONS

Forest roads come in many varieties due to their
design, location, maintenance, and use. These
inherent differences, combined with the effects of
age on the infrastructure, result in different kinds
and degrees of environmental impacts. Because of
the strong influence of road-stream proximity on
sediment delivery, road density alone may not be
the best metric for prioritizing road treatments for
water quality improvement. Our ability to effectively
model the hydrologic and geomorphic impacts of
roads is improving due to increased understanding
and better basic data. Broad-scale models such as
GRAIP_Lite can be used to identify sub-watersheds
with high risks. These results can guide inventory-
based efforts to focus on identifying specific
locations within those sub-watersheds where the
risks can be effectively mitigated. Road inventories
and spatial models provide a useful framework for
locating and understanding road impacts. When
local impacts are quantified and mapped, it is easier
to efficiently prioritize hydro-geographic restoration
work to mitigate the impacts of roads in the places
that we value the most.
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