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COMPARING SEDIMENT TRAP DATA WITH EROSION  
MODELS FOR EVALUATION OF FOREST HAUL  

ROAD STREAM CROSSING APPROACHES 

A. J. Lang,  W. M. Aust,  M. C. Bolding,  K. J. McGuire,  E. B. Schilling 

ABSTRACT. Soil erosion and sediment delivery models have been developed to estimate the inherent complexities of soil 
erosion, but most models are not specifically modified for forest operation applications. Three erosion models, the Universal 
Soil Loss Equation for forestry (USLE-Forest), Revised Universal Soil Loss Equation Version 2 (RUSLE2), and Water 
Erosion Prediction Project (WEPP), were compared to one year of trapped sediment data for 37 forest haul road stream 
crossings. We assessed model performance from five variations of the three erosion models: USLE-Roadway, USLE-Soil 
Survey, RUSLE2, WEPP-Default, and WEPP-Modified. Each road approach was categorized into one of four levels of 
erosion (very low, low, moderate, and high) based on trapped erosion rate data and erosion rates reported in recent peer-
reviewed literature. Model performance metrics included: (1) summary statistics and nonparametric analysis, (2) linear 
relationships, (3) percent agreement within erosion categories and tolerable error ranges, and (4) contingency table met-
rics. Sediment trap data varied from negligible (<0.1) to hundreds of Mg ha-1 year-1. The soil erosion models evaluated 
could estimate erosion within 5 Mg ha-1 year-1 for most approaches having erosion rates less than 11.2 Mg ha-1 year-1, while 
models estimates varied widely for approaches that eroded at rates above 11.2 Mg ha-1 year-1. Kruskal-Wallis nonparamet-
ric analyses revealed that only WEPP-Modified estimates were not significantly different from trapped sediment data (p ≥ 
0.107). While WEPP-Modified ranked best for most model performance metrics, the time, effort, modeling expertise, and 
uncertainty associated with model results may discourage the use of WEPP as a forest management tool. WEPP is better 
suited for researchers and government agencies that have the capability to measure extensive parameter data. Additional 
sensitivity analysis is needed to expand default parameters for forest roads within the WEPP and USLE models. 
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ediment is often the most significant nonpoint-
source (NPS) water pollutant associated with forest 
operations in the U.S. (SAF, 1995; EPA, 2005; Stu-
art and Edwards, 2006; Anderson and Lockaby, 

2011). Sedimentation can adversely affect aquatic ecosys-
tems, stream geomorphology, and water chemistry (Jackson 
et al., 2005; Jones et al., 2012; Pechenick et al., 2014). Ero-
sion and subsequent sediment delivery to streams associated 
with silvicultural operations generally stem from the access 
system (i.e., haul roads, skid trails, stream crossings, and 
decks) (Elliot, 2000; Gucinski et al., 2001). The access sys-
tem can generate surface runoff quickly because native soils 
are disturbed and compacted during construction. Reduced 

infiltration rates and altered hillslope hydrology increase 
erosion rates, especially when heavily trafficked, and in-
crease connectivity between terrestrial and aquatic ecosys-
tems (Sheridan and Noske, 2007; NRC, 2008). Surface run-
off is managed by road and trail designs and implementation 
of forestry best management practices (BMPs) (Walbridge, 
1997). Forestry BMPs minimize erosion by increasing cover 
over disturbed soils and controlling runoff volume and ve-
locity (Shepard, 2006; Edwards et al., 2015). Forest road 
BMPs include proper planning (e.g., road location, road de-
sign, timing of operations, and scheduled road maintenance) 
(Walbridge, 1997; Swift and Burns, 1999), increasing sur-
facing (e.g., adding gravel or vegetative cover) (Brown et al., 
2013), and closing roads and trails following operations 
(Madej, 2001; Sawyers et al., 2012; Wade et al., 2012). Since 
the amendment of the Federal Water Pollution Control Act, 
commonly known as the Clean Water Act (CWA), in 1972, 
state NPS control programs have relied on BMPs to reduce 
erosion and sediment delivery from roads (Ice, 2004). 

The U.S. Environmental Protection Agency (EPA) en-
forces the CWA statutes and determines appropriate policy 
for permitting exemptions. The EPA exempts many normal, 
ongoing silvicultural activities from the point-source permit-
ting process for discharges of dredge or fill material in wet-
lands and streams of the U.S. (CWA, section 404). However, 
direct connection of roads to waterways at stream crossings 
has sparked legal debate over the EPA’s silviculture exemp-
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tion. Specifically, legal cases (e.g., EPA, 2003) have focused 
on the EPA’s decision to not regulate stormwater discharges 
from forest roads under the Phase II stormwater regulations. 
The U.S. Supreme Court considered whether stormwater 
discharge permits should be required for logging roads under 
the CWA (Boston, 2012; MacCurdy and Timmons, 2013) 
and ultimately ruled in favor of the EPA’s authority to deter-
mine appropriate permitting exemptions. The EPA main-
tained that under section 402(p)(6) of the CWA, flexible ap-
proaches are well suited to address the complexity of forest 
road ownership, management, and use (EPA, 2012). How-
ever, legal cases regarding this matter continue (EPA, 2015). 

Researchers have also reported high sediment delivery 
rates at road stream crossings with inadequate BMPs (Taylor 
et al., 1999; Lane and Sheridan, 2002; Croke et al., 2005; 
Aust et al., 2015). BMPs for stream crossings include stabi-
lizing bare soil near the stream, maintaining adequate 
streamside management zones (SMZs), and choosing a 
proper structure, design, and location for the crossing (Aust 
et al., 2011). When appropriate stream crossing BMPs are 
correctly implemented, sediment delivery rates decrease 
(Aust et al., 2011; Brown et al., 2013; Nolan et al., 2015). 
The magnitude of sediment delivery from stream crossings 
is a complex issue governed by factors including road attrib-
utes, soil composition, and infiltration characteristics (Luce 
and Black, 1999; Lane and Sheridan, 2002; Brown et al., 
2013). Soil erosion and sediment delivery models have been 
developed to estimate values for environmental parameters, 
but most models were not specifically designed for forest 
road applications. Researchers have modified agriculture 
models for forestry applications, e.g., the forest version of 
the Universal Soil Loss Equation (USLE-Forest) (Dissmeyer 
and Foster, 1984) and the Water Erosion Prediction Project 
(WEPP) (Elliot and Hall, 1997), but further model improve-
ments are necessary for forest roads (Fu et al., 2010). In light 
of erosion model deficiencies, forest managers are drawn to 
use models because results can be easily generated. Addi-
tionally, model results may further justify the costs associ-
ated with BMP implementation. 

Traditionally, two categories of soil erosion models have 
been applied in forest operation research: empirical and 
physical (Fu et al., 2010). Empirical models are derived from 
experiments or observations and have simpler model struc-
ture compared to physically based erosion models. Empiri-
cal models typically have fewer input parameters and are 
simpler to compute than physical models (Merritt et al., 
2003). Because the data requirements and site characteriza-
tions are often less, empirical models are easier to implement 
in forest management decisions (Christopher and Visser, 
2007). Some popular examples of empirical erosion models 
include the USLE and the revised USLE (RUSLE). The 
USLE method of estimating soil loss is a widely used erosion 
model because of its ease and ability to generate estimations 
in the field (Christopher and Visser, 2007). The USLE was 
originally designed to predict long-term annual soil loss 
from agricultural fields but was adapted for forest lands to 
predict sheet and rill erosion to the bottom of a hillslope 
(USLE-Forest; Dissmeyer and Foster, 1984). RUSLE ver-
sion 2 (RUSLE2) is an enhanced version of the USLE and 
RUSLE models (Renard et al., 1997). RUSLE2 was devel-

oped by the USDA Agriculture Research Service (USDA-
ARS), the USDA Natural Resource Conservation Service 
(NRCS), and the Department of Biosystems Engineering 
and Environmental Science at the University of Tennessee. 
RUSLE2 uses the same process for estimating erosion as 
USLE-Forest but allows additional detail in input parame-
ters, such as average temperature, monthly precipitation, 
slope profile breaks, permanent barriers, and specific man-
agement and support operations and their timing (Renard et 
al., 1991). Unlike the USLE, RUSLE2 is theoretically appli-
cable to all land uses where raindrop impact and overland 
flow causes soil erosion (USDA-ARS, 2008). Researchers 
have also tested physically based erosion models for use in 
soil and water conservation, planning, and assessment 
(Flanagan et al., 2007). 

Physically based models are driven by the understanding 
of mass, energy, and momentum conservation. The detailed 
model parameters allow further exploration of individual 
model components and their influence on erosional pro-
cesses and sediment yields for the site at which they are ap-
plied. However, the number of inputs and differences among 
input measures make the application of physical models 
more cumbersome for forest management. WEPP was de-
veloped by the USDA-ARS and Purdue University for fed-
eral agencies that manage sites for soil and water conserva-
tion (Flanagan et al., 2007). WEPP is a physically based 
model that incorporates field observations and site-level in-
formation for predicting erosion and sediment yield. WEPP 
can be run for either a hillslope profile or a watershed struc-
ture (Flanagan et al., 2012). Researchers have improved and 
estimated the uncertainty of WEPP model runs to estimate 
sediment delivery from forest roads (Elliot et al., 1995; 
Laflen et al., 1997; Foltz et al., 2009), but management de-
cisions should not be based solely on model predictions of 
sediment yield (Brown et al., 2016). 

Comparisons of model predictions to observations are 
rare due to the associated costs of direct sediment measure-
ments (Robichaud and Brown, 2002). Soil loss models and 
equations provide a time-efficient and cost-effective ap-
proach to evaluate BMPs and road designs (Fu et al., 2010). 
However, erosion estimates from models must be interpreted 
with caution, as issues with uncertainty are prevalent (Bra-
zier et al., 2000). Few studies have compared model predic-
tions to observed erosion using readily measureable field 
characteristics. Comparisons of erosion models with direct 
measures are necessary to assess and challenge existing 
model structures and input parameter data for the situations 
in which forest managers may use them (e.g., stream cross-
ings, haul and skid roads). Revisions to the structure and pa-
rameter modifications within a model may improve agree-
ment between observations and predictions but cannot be 
verified, validated, or fully confirmed in the natural world 
(Oreskes et al., 1994). Several researchers have designed ex-
periments to compare erosion models with direct sediment 
measures in order to evaluate specific BMPs (Sawyers et al., 
2012; Wade et al., 2012; Wear et al. 2013; Brown et al., 
2016). However, few studies have evaluated erosion models 
using simple field measures on operational stream crossing 
approaches that do not have specific BMP treatments. 

Overall, researchers indicate that both empirical and 
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physical models are useful tools in predicting erosion, iden-
tifying erosion-prone areas, and ranking forestry BMP per-
formances (Tiwari et al., 2000; Amore et al., 2004; Laflen et 
al., 2004; Croke and Nethery, 2006; Wade et al., 2012). Alt-
hough the USLE, RUSLE2, and WEPP erosion models were 
not specifically developed for forest road applications, nu-
merous researchers have used them to estimate erosion and 
sediment yields (Megahan et al., 2001; Aust et al., 2015; No-
lan et al., 2015). Each model has limitations and a scope of 
usefulness that must be considered for sediment yield esti-
mations (Brazier et al., 2000; Fu et al., 2010). Empirical 
models, such as USLE and RUSLE, may be better suited for 
managers with limited site information. Physical model, 
such as WEPP, require more input parameters but offer op-
portunities to modify the input parameters, which may allow 
closer estimates to observed values than empirical models on 
a wider range of sites. 

STUDY OBJECTIVES 
Previous research clearly indicates that forest stream 

crossings have above-average potential for delivery of sedi-
ment to streams, and erosion models may prove useful for 
identifying erosion-prone areas. Ranking erosion-prone ar-
eas with erosion models could support management deci-
sions to apply additional or more appropriate BMPs. The ob-
jectives of this study were to: (1) evaluate model perfor-
mance of three erosion models using field-informed 
measures by comparing model simulations to trapped sedi-
ment measurements, and (2) assess model utility for identi-
fying stream crossing approaches that may require additional 
BMPs. The models evaluated were versions of USLE-Forest 
(Dissmeyer and Foster, 1984), RUSLE2 (Toy et al., 1999), 
and WEPP (Elliot, 2004). 

METHODS 
STUDY AREAS 

We selected and instrumented all 37 permanent forest 

haul road stream crossing approaches made available to us 
by MeadWestvaco Corporation (now WestRock), Virginia 
Tech, and the U.S. Forest Service. All stream crossing ap-
proaches were located in the Virginia Piedmont and Ridge 
and Valley physiographic regions (fig. 1). These regions are 
generally representative of topography in the Mountainous, 
Piedmont, and upper Coastal Plain regions of the southeast-
ern U.S. and are the primary areas of concern for forest road 
erosion (Aust et al., 1996). All stream crossings were origi-
nally constructed across intermittent or perennial streams 
with road standards that would permit the weight of large 
operational equipment, transport trucks, and log truck traf-
fic. SMZs were used adjacent to harvests, following Virginia 
Department of Forestry (VDOF) BMP guidelines (VDOF, 
2011). 

Twenty-one Piedmont approaches were instrumented in 
Appomattox and Buckingham counties of Virginia in June 
2012. The topography of the Piedmont region is character-
ized by rolling hills with moderate slopes (USDA-NRCS, 
2012). Typical January temperatures near these study areas 
range from -4°C to 8°C, and July temperatures range from 
21°C to 30°C. Average annual precipitation from historic 
weather data (1981 to 2010) is 120 cm occurring over 
120 days (NOAA, 2015). Total rainfall data were collected 
daily from two personal weather stations affiliated with the 
Weather Underground service (WU, 2013) for Buckingham 
and Appomattox counties. Soil series identified along road 
approaches were Appomattox-Cullen complex, Chewacla, 
Codorus-Hatboro complex, Mecklenburg-Poindexter com-
plex, Grassland-Delanco complex, Tatum-Manteo complex, 
Spears Mountain, and Spears Mountain-Bugley complex 
(USDA-NRCS, 2012). Piedmont sites were selected from 
seven intensively managed loblolly pine (Pinus taeda L.) 
plantations made available by MeadWestvaco Corporation 
(now owned by WestRock). Although these roads were pri-
marily constructed for timber management activities, low 
volumes of traffic from hunt clubs were the primary uses of 
most Piedmont approaches during this study. 

 

Figure 1. General vicinity map of the 37 stream crossing approaches and five weather stations in Appomattox, Buckingham, Giles, and Montgom-
ery counties, Virginia (not to scale). Numbers represent the number of stream crossing approaches. 
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Sixteen Ridge and Valley stream crossing approaches 
were instrumented in Montgomery and Giles counties of 
Virginia between July and November of 2012. The Ridge 
and Valley region is characterized by broad valleys sepa-
rated by long linear ridges with low to moderate slopes 
(USDA-NRCS, 2012). Typical January temperatures near 
these study areas range from -6°C to 5°C, and July tempera-
tures range from 16°C to 28°C. Average annual precipitation 
from historic weather data (1981 to 2010) is 104 cm occur-
ring over 130 days (NOAA, 2015). Total rainfall data were 
collected daily from three personal weather stations affili-
ated with the Weather Underground service (WU, 2013) 
within Giles and Montgomery counties. The following soil 
series were identified along road approaches in this region: 
Jefferson, Berks and Weikert, Oriskany, Laidig, and Craigs-
ville (USDA-NRCS, 2012). Sites were selected from 
12 stream crossings on two haul roads (Turkey Nest Road 
and White Rocks Road) in the George Washington and Jef-
ferson National Forest and four stream crossings in the Vir-
ginia Tech Fishburn Forest. The current purpose of the For-
est Service roads is recreation (restricted public vehicle ac-
cess), crop tree release activities, and small firewood cutting, 
although the roads were originally constructed for timber 
harvests. The Virginia Tech school forest road serves as ac-
cess for periodic teaching exercises and maintenance of the 
municipal water system and private cellphone towers, but 
the road has served for three separate timber harvests. The 
most recent maintenance to road surfaces on both the Na-
tional Forest and Virginia Tech school forest roads was two 
to five years prior to project installation. 

TREATMENT INSTALLATION AND  
SEDIMENT MEASUREMENTS 

Stream crossing approaches were defined as the road ar-
eas sloping toward stream crossings. At the lowest elevation 
nearest the stream crossing, a narrow trench was hand-exca-
vated at a 30° to 45° angle across the road, and a thick rubber 

conveyor belt was partially buried in the trench, leaving ap-
proximately 15 cm of belt exposed above the road surface 
(fig. 2). Water and sediment generated by overland flow 
were diverted from the road surface by the belt into a road-
side silt catchment area. This design allowed vehicular traf-
fic while approximating the sediment delivery to the stream. 
Prefabricated non-biodegradable silt fences with a permittiv-
ity rating of 0.05 s-1 (TerraTex, Hanes Geo Components, 
Winston-Salem, N.C.) were used for the silt catchment areas. 
Additional wooden grade stakes were used to support the 
fabric. We assumed that sediment caught within the silt 
fence traps would have otherwise been deposited into the 
stream due to the close proximity. The conveyor belts were 
installed over a six-month period (June to November 2012). 

Within the silt catchment areas, ten rebar pins marked the 
locations for elevation measurements of trapped sediment 
(fig. 3). Additional pins were added as sediment accumu-
lated in order to better estimate the deposited sediment. The 
pin placement was generally an X by Y grid with adjustments 
as necessary where prohibited by rock. We assumed that the 
silt fence efficiencies (i.e., the amount of sediment trapped 
compared to the amount that passed through the silt fence) 
were constant at each location. Elevations behind pins were 
measured using differential leveling with a total station 
(model SET-520, Sokkia, Tokyo, Japan). Sediment deposits 
were measured approximately every two months over a one-
year period, with all sites measured exactly one year after 
installation. Elevation change (sediment deposits in m) and 
depositional area (m2) were recorded during each site visit 
and multiplied to calculate the sediment volume (m3). Three 
bulk density samples were collected after one year of sedi-
ment accumulation using the soil core method (Grossman 
and Reinsch, 2002) for each sediment catch area and ana-
lyzed. Sediment volume accumulation was multiplied by 
mean bulk density (Mg m-3) to calculate sediment mass 
(Mg). Sediment mass corresponding to each repeated meas-
ure was expressed as mass per unit area (Mg ha-1) by divid-

 

Figure 2. Rubber conveyor belt used to divert runoff into a silt fence catchment area. Arrows indicate the direction of surface runoff from the 
road surface to the silt fence catchment area. Sandbags (circled) were used to prevent flow from escaping around the edge of the silt fence. 
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ing the measured sediment deposit by the road surface area 
(area from the conveyor belt to the nearest water control 
structure) and later summed over one year to express poten-
tial sediment delivery on an annual basis (Mg ha-1 year-1). 

Following installation of the conveyor belt, approach 
characteristics and attributes hypothesized to influence ero-
sion were recorded. Road prism dimensions (distance to wa-
ter control structure, width, slope, and cutslope ratio) were 
surveyed using a total station. Width of SMZs and depth of 
gravel were measured with a tape. Bare soil percentages 
were collected seasonally and quantified by walking a zigzag 
pattern on the road running surface to the nearest water bar 
and counting the number of steps where the toe of the boot 
contacted bare soil (i.e., count of bare soil steps / total num-
ber of steps × 100 = percent bare soil) (Brown et al., 2013). 
Percent cover on the road surface was determined during 
four seasonal measurements and then averaged to account 
for the effect of vegetative growth and tree litterfall. Gravel 
coverages were quantified in a similar manner. Canopy 
cover was measured seasonally using a spherical densitom-
eter (Strickler, 1959). Surface soil composites were collected 
from running surfaces and anticipated sediment source areas 
(i.e., bare soil areas along the approach that were not on the 
running surface, such as cutslopes). Soil samples were ana-
lyzed for particle size classes using the hydrometer method 
(Gee and Or, 2002). Approach categorical variables were 
road template (insloped, outsloped, or crowned) and road 
shape (flat, concaved, convex, and S-shaped). 

USLE-FOREST 
The forestland version of the USLE is comprised of six 

factors that are multiplied together to estimate the amount of 
soil displacement to the bottom of a slope (Dissmeyer and 
Foster, 1984). The six components are rainfall and runoff 
factor (R), soil erodibility factor (K), slope length factor (L), 
slope steepness factor (S), cover and management factor (C), 
and support practice factor (P). The factors were computed 
in English units, and subsequent USLE equations presented 

are also in English units. Final soil loss results (A) were con-
verted from English to metric. The rainfall and runoff factor 
(R) for the Piedmont and Ridge and Valley sites was 180 and 
145 hundreds of ft tons acre-1 year-1, respectively. These val-
ues were derived from the isoerodent map provided in the 
USLE-Forest manual (Dissmeyer and Foster, 1984). A soil 
erodibility factor (K) was calculated for each approach using 
two methods. USLE-Roadway used the percent sand, silt, 
and clay determined in the particle size analysis (Gee and 
Or, 2002). The following equation was used to calculate K 
for this method: 

 
( ) ( )

( ) ( )3025.020325.0

12101.2 614.1

−+−+
−×= −

cb

aMK
 (1) 

where M = (percent silt + very fine sand) × (100 − percent 
clay), a is the percent organic matter, b is the structure code, 
and c is the profile permeability class. The second method 
(USLE-Soil Survey) used the USDA-NRCS soil survey 
erodibility values given for the B horizon identified at each 
approach, as the road construction process removes the top-
soil and exposes subsoils. A total station was used to meas-
ure slope length (L) and steepness (S). The values collected 
were used in the following equation to calculate the LS fac-
tor: 

 ( ) ( )065.0sin65.4sin41.656.72/ 2 +θ+θλ= mLS  (2) 

where λ is the slope length (feet), θ is the slope angle (de-
grees), and m is 0.2 for <1% slopes, 0.3 for 1% to 3% slopes, 
0.4 for 3.5% to 4.5% slopes, and 0.5 for ≥5% slopes (Diss-
meyer and Foster, 1984). The cover, management, and sup-
port practices (CP) values for a tilled soil were used to ap-
proximate topsoil disturbance and traffic effects of haul 
roads. CP subfactors include: (1) bare soil, residual binding, 
and soil reconsolidation, (2) canopy effect, (3) steps, (4) on-
site storage, (5) invading vegetation, and (6) contour tillage. 
The bare soil, residual binding, and soil reconsolidation sub-

 

Figure 3. Silt fence catchment area with rebar pins marking the measurement locations. 
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factor was estimated using the bare soil estimates measured 
seasonally during site visits. The remaining CP subfactors 
were estimated according to each approach condition. Ero-
sion rates were calculated seasonally for each approach. This 
provided four erosion rates per approach over one year. The 
four erosion rates of each approach were averaged to deter-
mine the mean annual erosion rate (Mg ha-1 year-1). 

RUSLE2 
Erosion estimates were calculated using RUSLE2 (ver. 

2.5.7.7). Unlike USLE, RUSLE2 allows additional parame-
ter inputs that can be adjusted to more adequately mimic site 
conditions. First, climate data were accessed from the NRCS 
National RUSLE2 database (USDA-NRCS, 2015) for Ap-
pomattox, Buckingham, Giles, and Montgomery counties of 
Virginia. These datasets included average daily and monthly 
values from 1961 to 1990 for rainfall and temperature. We 
used these datasets because we did not measure rainfall in-
tensity, which is needed to calculate erosivity density within 
RUSLE2 (USDA-ARS, 2008). Second, a soil file can be 
downloaded from the RUSLE2 database or created for site-
specific conditions. Within the soil files, there is information 
on soil texture, soil erodibility index, hydrologic class using 
curve number methodology, and acceptable soil loss rates. 
New soil files were created by modifying generic soil files 
with general soil textures (i.e., sand, silt, and clay combina-
tions) and qualitative levels of soil organic matter (i.e., low, 
moderate, high) and permeability (slow, moderate, fast). For 
this study, soil files for each approach were generated ac-
cording to soil particle size determined in laboratory analysis 
of soil texture. Due to the original construction template and 
traffic, we assumed low soil organic matter and slow perme-
ability for all approaches. All other soil parameters remained 
at default settings. Third, slope topography can be created 
having no breaks or multiple breaks within the slope profile. 
Elevation data were collected at points along each approach 
where obvious changes in the slope shape or grade occurred, 
and these elevations were used to create detailed profiles 
within the model. 

The fourth component was a management file that de-
scribed surface conditions. Within the software, there are 
management files that describe highly disturbed land. The 
gravel surface file most closely approximated forest haul 
roads, but the operations within these files did not specifi-
cally reflect forest road activities (e.g., traffic level, surface 
condition, and road template). Management files were cre-
ated for each road approach by modifying the “gravel sur-
face, fresh” management file. Within this file, two default 
operations are implemented (“blade fill material” and “add 
mulch”). The blade fill material operation can be changed to 
several different options, but only “blade cut material” or 
“blade fill material” seemed suitable for characterizing for-
est haul roads. The “blade cut material” operation generates 
less erosion than “blade fill material”. The second operation 
(“add mulch”) allows users to choose from a variety of 
mulching agents. The type of mulch applied in this study was 
“mulch materials/rock”. The rate of application was adjusted 
until the resulting “cover from addition” described the mean 
approach soil coverage. Application rates used within 
RUSLE2 varied from 11.4 to 700 Mg ha-1 to achieve meas-

ured mean soil coverage. Sediment delivery estimates were 
made for a one-year model run. 

WEPP 
WEPP (ver. 2012.8) was used to estimate erosion at each 

road approach. Files related to slope, climate, soils, and veg-
etation management were modified or created to develop 
hillslope profiles for each of the 37 road approaches. Similar 
to RUSLE2, WEPP contains an extensive database for cli-
mate, soils, and vegetation management files. However, 
there are more adjustable parameters in WEPP than in 
RUSLE2. The user may implement or modify files to fit a 
specific hillslope or watershed. We compared the use of 
WEPP as generally available with little modification 
(WEPP-Default) and WEPP with extensive modifications 
(WEPP-Modified); thus, two methods of attaining sediment 
yield estimates with WEPP were assessed. For both meth-
ods, slope files were created in the WEPP model similarly to 
the slopes created in RUSLE2. In addition to the RUSLE2 
slope profile, WEPP has parameters regarding road surface 
width, road vertical shape (concave, convex, linear, or  
S-shaped), and aspect. These parameters were collected dur-
ing the initial road survey using a total station and were input 
into both WEPP methods. 

For the WEPP-Default method, minimal adjustments 
were made to the soil and management files with the premise 
of using easily accessible field information. Default manage-
ment files were chosen based on their description and were 
not modified. Soil files were chosen based on mapped soil 
survey information. Climate data were simulated for 
100 years using the CLIGEN weather generator. This 
method produces daily time series estimates for climate pa-
rameters in a selected location based on the nearest weather 
station with historic mean monthly measurements. The re-
sulting WEPP-Default files were used in the simulation. 

For the second method (WEPP-Modified), parameter val-
ues for climate, soils, and vegetation management proce-
dures were modified based on measurements of site charac-
teristics and communication with William Elliot (USDA 
Forest Service, personal communication, September 2015). 
Daily rainfall, minimum air temperature, and maximum air 
temperature data were collected from five privately owned 
and operated weather stations affiliated with the Weather 
Underground service (WU, 2013) located nearest the five 
groups of approaches. Data were recorded for the period of 
1 January 2012 to 31 December 2013. To simulate rainfall, 
WEPP requires additional climate parameters, including du-
ration, time to peak intensity, peak intensity, daily solar ra-
diation, wind velocity, and wind direction. These parameters 
were generated using the “add climate location” function in 
WEPP. We selected the nearest weather station with associ-
ated CLIGEN files for each group of approaches to create a 
parameter (PAR) file. This method matches the observed 
data (e.g., rainfall and temperature) and averages the non-
recorded data from the selected weather station climate rec-
ords. The five resulting climate files were used in the analy-
sis. 

Within the WEPP soil database, 16 default files specify 
the term “road surface”. These files are differentiated with 
soil texture, road template, and/or surfacing. Soil files to be 
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modified were selected by the known road surface texture, 
surfacing (e.g., gravel, vegetated, bare), and road template 
for each approach. WEPP-Modified soil files were modified 
by adjusting percent sand, silt, and clay and keeping the de-
fault settings for interrill erodibility, rill erodibility, critical 
shear, and effective hydraulic conductivity. Within the 
WEPP vegetation management database, eight road manage-
ment files could potentially be appropriate for haul roads. 
Management files require input for initial conditions that 
start on January 1. Nine initial condition files could be suited 
for haul roads. Within the initial condition files, 21 parame-
ters may be adjusted. One of the 21 parameters is the initial 
plant condition, which has another subset of 33 parameters 
grouped into plant growth and harvest, temperature and ra-
diation, canopy, leaf area index, root, senescence, and resi-
due parameters. The combined effects of gravel and litterfall 
on the road surface cover were modeled by modifying pa-
rameters within one of the eight default files. The parameters 
values that were adjusted for initial conditions were canopy 
cover, interrill and rill covers, and initial plant. Canopy cover 
(%) was set to the recorded value during winter site visits. 
Interrill and rill covers were assigned the inverse values of 
percent bare soil recorded for winter site visits. Within the 
subset of initial plant parameters, canopy cover coefficient, 
decomposition rate, and biomass energy ratio were adjusted 
by trial and error to mimic canopy and road cover over the 
one-year study period. The resulting management files were 
used in the simulation. 

DATA ANALYSIS 
Our goal was to compare model estimates to trapped sed-

iment erosion rates. A variety of methods were used to com-
pare trapped sediment and modeled sediment erosion esti-
mates, including: (1) summary statistics and a nonparametric 
analysis, (2) linear relationships, (3) percent agreement 
within erosion categories and tolerable error ranges, and 
(4) a contingency table. 

We tested for statistically significant differences between 
the trapped sediment data and each modeling method. 
Trapped sediment erosion rates were not normally distrib-
uted nor varied equally. Data transformations of the sedi-
ment trap measures did not result in equal variance 
(Levene’s test). Therefore, nonparametric Kruskal-Wallis 
methods were used to compare erosion rates between 
trapped sediment data and modeled estimates (Zar, 2010). 
Separations of significantly different medians were based on 
Wilcoxon each pair tests (Zar, 2010). All statistical analyses 
were completed in JMP (ver. 11, SAS Institute, Inc., Cary, 
NC). 

We categorized the trapped sediment data into four ero-
sion rate categories (very low, low, moderate, and high): 
very low erosion rates were <10 Mg ha-1 year-1; low erosion 
rates were 10.1 to 25 Mg ha-1 year-1; moderate erosion rates 
were 25.1 to 50 Mg ha-1 year-1; and high erosion rates were 
>50 Mg ha-1 year-1. Similar categories of erosion rate were 
reported by Morris et al. (2014) and Nolan et al. (2015) for 
forest haul road stream crossings with various levels of 
BMPs. Next, we assigned tolerance ranges within which the 
model estimates could deviate from the trapped sediment 
data. For the tolerance ranges, we assigned erosion rates of 

±20, ±10, ±5, ±3, and ±1 Mg ha-1 year-1 for trapped sediment 
erosion rates of >100, 99.9 to 50, 49.9 to 10, 9.9 to 1, and 
<1 Mg ha-1 year-1, respectively. These values were chosen 
based on the professional experiences of the authors. For ex-
ample, a measured erosion rate of 75 Mg ha-1 year-1 that was 
modeled between 85 and 65 Mg ha-1 year-1 would be within 
our tolerance range. An erosion rate modeled above 85 Mg 
ha-1 year-1 or below 65 Mg ha-1 year-1 would be above or be-
low the tolerance range, respectively. 

Contingency tables are another method for assessing 
model performance. Contingency tables can be used to re-
port the behavior of environmental models at a specific level, 
known as the “trigger” or “alarm” (Bennett et al., 2013). For 
this study, we chose 11.2 Mg ha-1 year-1 as the trigger. We 
chose the trigger based on the NRCS allowable erosion rates 
(T-factor) for the soil series involved in the study, which 
range from 2.2 to 11.2 Mg ha-1 year-1. The T-factor is the 
tolerable rate of soil loss at which the quality of a soil as a 
medium for plant growth can be maintained (USDA-NRCS, 
2011). Additionally, we examined the literature for high ver-
sus low erosion rates on roads and determined that 11.2 Mg 
ha-1 year-1 generally captured the concept of high versus low 
erosion rates for forest roads. Brown et al. (2013) and 
Kochenderfer and Helvey (1987) found that forest roads 
with adequate BMPs typically produce erosion rates below 
our trigger. We calculated the number of occurrences in 
which the trapped sediment data and model estimates were 
both above the trigger (hits), both below the trigger (correct 
negatives), trapped sediment above and modeled estimate 
below the trigger (miss), and trapped sediment below and 
modeled estimate above the trigger (false alarm). From these 
results, it is possible to derive a number of measures of 
model performance (Bennett et al., 2013). We reported 
model accuracy, bias score, probability of detection, false 
alarm ratio, and success index metrics from the contingency 
table results for each model. From a management perspec-
tive, erosion models that can correctly identify approaches 
above a threshold would be beneficial for determining which 
approaches would benefit from additional BMPs. 

RESULTS 
SUMMARY STATISTICS AND NONPARAMETRIC  
ANALYSIS OF MODEL PERFORMANCE 

Summary statistics of approach characteristics by region 
are provided in table 1. Additional site descriptions and BMP 
levels for the roads in this study were previously reported by 
Lang (2016). In general, approaches in the Piedmont region 
tended to have shorter lengths, wider widths, gentler slopes, 
and greater average bare soil than approaches in the Ridge 
and Valley region. The differences could be attributed to 
management different objectives (e.g., intensive, short-rota-
tion pine silviculture management in the Piedmont and ex-
tensive long rotation hardwood management in the Ridge 
and Valley). 

Trapped sediment data ranged from 291 to less than 
0.01 Mg ha-1 year-1, with a mean and median of 20 and 1.44 
Mg ha-1 year-1, respectively (fig. 4). All models overpre-
dicted trapped erosion rates at the 75th quantile, median, and 
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25th quantile. At the 75th quantile, model estimates were 
greater than trapped erosion rates by more than 9 Mg ha-1 
year-1. At the median, overestimates ranged from 1.59 to 
10.6 Mg ha-1 year-1. At the 25th quantile, overestimates were 
all less than 6 Mg ha-1 year-1. These results indicate better 
model and trapped sediment agreement at lower rather than 
higher erosion rates. Means of modeled erosion rates devi-
ated from the trapped sediment means by 0.7 to 5.5 Mg ha-1 
year-1 and displayed high measures of variance and positive 
skewedness (fig. 4). WEPP-Modified had the closest median 
estimate to trapped sediment data, followed by RUSLE2, 
USLE-Roadway, USLE-Soil Survey, and WEPP-Default. 

For approaches above the erosion threshold (>11.2 Mg 
ha-1 year-1), all models tended to underpredict erosion rates 
for all summary statistics. WEPP-Modified was closest to 
the trapped sediment data at the maximum and mean. 
WEPP-Default was closest to the trapped sediment data at 
the 75th and 25th quantiles. USLE-Soil Survey had the clos-
est median estimate to trapped sediment data (29.5 Mg ha-1 
year-1). For approaches below the erosion threshold, all mod-
els tended to overpredict erosion rates for all summary sta-
tistics. WEPP-Modified was furthest from the trapped sedi-
ment data at the maximum but closest at the median, 75th, 
and 25th quantiles. WEPP-Modified had the closest modeled 
estimates to over half of the approaches with erosion rates 
below the threshold. USLE-Roadway had the closest mean 

estimate to trapped sediment data below the threshold, albeit 
a 7.86 Mg ha-1 year-1 difference. 

The spread between each modeling method and the trapped 
sediment data was relatively low at the mean and median, 
likely because 78% of the stream crossing approaches pro-
duced low erosion values (<11.2 Mg ha-1 year-1). Each model-
ing method estimated erosion rates within the range of the 
trapped sediment data (fig. 4). WEPP-Default had the highest 
mean magnitude of error at 32.4 Mg ha-1 year-1, where the 
magnitude of error is calculated as the absolute value of the 
difference between the model prediction and the trapped sed-
iment data. The second highest mean magnitude of error was 
for WEPP-Modified at 29.3 Mg ha-1 year-1. The third and 
fourth highest mean magnitudes of error were for USLE-Soil 
Survey and USLE-Roadway at 24.8 and 24.4 Mg ha-1 year-1, 
respectively. The lowest mean magnitude of error was for 
RUSLE2 at 22.9 Mg ha-1 year-1. 

We compared all model erosion estimates to the trapped 
sediment data using the Kruskal-Wallis statistical test (Zar, 
2010). The Kruskal-Wallis statistical test indicated signifi-
cant differences between the trapped sediment data and 
model estimates (p < 0.001). The results of the Wilcoxon 
comparison test showed significant differences between the 
trapped sediment data and USLE-Roadway (p ≤ 0.019), 
USLE-Soil Survey (p ≤ 0.005), RUSLE2 (p≤ 0.010), and 
WEPP-Default (p ≤ 0.001). WEPP-Modified was not signif-

Table 1. Descriptive statistics of stream crossing approaches in the Piedmont, Ridge and Valley, and both physiographic regions. 
Region[a] Measure Maximum Q75 Mean Median Q25 Minimum 
Piedmont Approach length (m) 130 62.5 45.2 30.5 23.3 12.8 

Approach width (m) 6.40 4.57 3.82 3.66 3.20 2.13 
Slope (%) 16.0 8.00 6.62 6.00 4.00 2.00 

Bare soil (%) 93.8 66.3 52.0 50.0 34.4 8.00 
Ridge and Valley Approach length (m) 427 97.5 88.2 61.7 24.0 6.10 

Approach width (m) 3.66 3.28 3.05 3.05 2.74 2.44 
Slope (%) 13.0 11.3 7.19 7.00 5.00 1.00 

Bare soil (%) 42.5 28.1 19.3 14.6 10.7 1.75 
Both regions Approach length (m) 427 80.9 63.8 39.6 23.3 6.10 

Approach width (m) 6.40 3.66 3.48 3.35 2.74 2.13 
Slope (%) 16.0 8.00 6.86 7.00 4.50 1.00 

Bare soil (%) 93.8 53.8 37.9 35.0 14.6 1.75 
[a] Twenty-one stream crossing approaches located in the Ridge and Valley region and 16 in the Piedmont region. 
 

Figure 4. Boxplots of erosion rate estimates for trapped sediment data and each modeling method. Box and whisker plots display first, second, 
and third quartile and maximum and minimum values. Note the log scale. 
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icantly different from the trapped sediment data (p ≥ 0.107); 
therefore, WEPP-Modified performed better than the other 
modeling methods examined. 

LINEAR RELATIONSHIPS 
All models had coefficients of determination (R2) below 

0.5 (fig. 5). Weak linear relationships between the trapped 
sediment data and each model indicated poor overall model 
performances on haul road stream crossing approaches. 
USLE-Soil Survey had the strongest linear relationship with 
the trapped sediment data (R2 = 0.21), followed by USLE-
Roadway (R2 = 0.16). The RUSLE2, WEPP-Modified, and 
WEPP-Default models had coefficients of determinations 
less than 0.10. Overall, the linear relationships between the 
trapped sediment data and model estimates did not justify 
additional exploration of these relationships. These relation-
ships clearly indicate the need for additional development or 
improvement of models for prediction of the erosion associ-
ated with stream crossing approaches. 

PERCENT AGREEMENT BETWEEN MEASURED  
DATA AND MODELED ESTIMATES 

The stream crossing approaches were ranked into erosion 
rate categories (very low, low, moderate, and high) accord-
ing to trapped sediment erosion rates (table 2). For the 
37 stream crossing approaches, 54% were very low, fol-
lowed by low (27%), high (11%), and moderate (8%). All 
soil erosion models had the best agreement at the very low 
level. WEPP-Modified correctly identified 85% of the very 
low approaches, followed by USLE-Roadway (75%), 
RUSLE2 (65%), USLE-Soil Survey (60%), and WEPP-De-
fault (50%). At the low level, all models performed slightly 
worse than at the very low level. WEPP-Modified and 
USLE-Roadway each correctly identified 70% of the low ap-
proaches, followed by RUSLE2 (60%), USLE-Soil Survey 
(60%), and WEPP-Default (50%). All soil erosion models 
inadequately categorized approaches in the moderate and 
high erosion rate categories. Of the seven approaches in 
these two categories, USLE-Soil Survey correctly identified 
three, while the three remaining models correctly identified 
only two approaches. Overall, WEPP-Modified correctly 
identified 70% of erosion-categorized approaches, followed 

(a) (b) 

(c) (d) 

(e) 

Figure 5. Linear relationship between trapped sediment data and (a) USLE-Roadway, (b) USLE-Soil Survey, (c) RUSLE2, (d) WEPP-Modified, 
and (e) WEPP-Default estimates. Filled and hollow data points represent trapped sediment values below and above the 11.2 Mg ha-1 year-1 thresh-
old, respectively. Data above and below the 1:1 line indicate model underestimations and overestimations, respectively. 
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by USLE-Roadway (65%), RUSLE2 (57%), USLE-Soil 
Survey (54%), and WEPP-Default (43%) (table 2). 

Regarding the trapped sediment data from the 37 stream 
crossing approaches, two approaches collected more than 
100 Mg ha-1 year-1, two collected between 99 and 50 Mg  
ha-1 year-1, five collected between 49 and 10 Mg ha-1 year-1, 
ten collected between 9.9 and 1.0 Mg ha-1 year-1, and 18 col-
lected less than 1 Mg ha-1 year-1. WEPP-Modified and 
RUSLE2 had the highest percent agreement (32%), where 
percent agreement is the frequency with which the modeled 
estimates were within the tolerance ranges of the trapped 
sediment data. USLE-Roadway and USLE-Soil Survey had 
the next highest percent agreement (27%), followed by 
WEPP-Default (11%). For WEPP-Default, 67% of estimates 
were above the tolerance range, while fewer exceedances 
were observed for WEPP-Modified (49%), RUSLE2 (54%), 
USLE-Roadway (57%), and USLE-Soil Survey (59%). The 
frequency of estimates below the tolerance ranges was much 
less for all models. WEPP-Modified most frequently under-
estimated trapped sediment values (19%), followed by 
USLE-Roadway (16%), USLE-Soil Survey (14%), RUSLE2 
(14%), and WEPP-Default (14%). 

CONTINGENCY TABLE ASSESSMENT 
Model performance is seldom evaluated by a single met-

ric; thus, we calculated five model performance metrics  
(table 3), as provided by Bennett et al. (2013). The five se-
lected metrics were accuracy, bias score, probability of de-
tection, false alarm ratio, and success index. All five metrics 
require a “trigger”. We established a trigger (Bennett et al., 
2013) rate of 11.2 Mg ha-1 year-1 for the 37 stream crossing 
approaches. We determined that 29 approaches had trapped 
erosion rates below this trigger, while eight approaches had 
erosion rates greater than the trigger. 

Model accuracy ranged from 0.54 to 0.78 (table 3). 
WEPP-Modified had the best accuracy (0.78), followed by 
RUSLE2 (0.70), USLE-Roadway (0.68), USLE-Soil Survey 
(0.65), and WEPP-Default (0.54). Bias scores (Bennett et al., 
2013) indicate whether the model will underestimate (bias 
<1) or overestimate (bias >1). All models tended to overes-
timate more frequently than underestimate in instances 
where trapped sediment rates were less than the trigger. 

WEPP-Default had the highest bias score (2.38), followed 
by USLE-Soil Survey (2.13), USLE-Roadway (1.75), 
RUSLE2 (1.63), and WEPP-Modified (1.25). The probabil-
ity of detection rate (Bennett et al., 2013) was greatest for 
WEPP-Default and USLE-Soil Survey (0.75), while the 
other three models had equivalent detection rates (0.63). 
False alarm ratios ranged from 0.50 to 0.79. WEPP-Default 
most frequently overestimated erosion rates below the trig-
ger (0.79), followed by USLE-Soil Survey (0.65), USLE-
Roadway (0.64), RUSLE2 (0.62), and WEPP-Modified 
(0.50). The success index was greatest for WEPP-Modified 
(0.73), followed by USLE-Soil Survey (0.69), RUSLE2 
(0.67), USLE-Roadway (0.66), and WEPP-Default (0.62) 
(table 3). Based on these metrics of model performance, 
WEPP-Modified was the “best” model in four of the five 
metrics (accuracy, bias score, false alarm ratio, and success 
index), and WEPP-Modified was second best in the proba-
bility of detection. However, it is important to note that 
WEPP-Default was the poorest performer based on these 
five metrics and was the “worst” performing model in all 
other metrics of model performance. 

OVERALL MODEL RANKINGS 
Another objective of the study was to evaluate the perfor-

mance of the erosion models with different levels of field-
informed detail by comparing model simulations to trapped 
sediment measurements. We used twelve model perfor-
mance metrics to compare the ability of the five models for 
prediction of erosion from forest road stream crossing ap-
proaches. Table 4 provides the findings from the nonpara-
metric analysis and model rankings for the remaining eleven 
model performance metrics. Overall, USLE-Roadway, 
USLE-Soil Survey, and RUSLE2 had similar cumulative 
rankings (26, 30, and 26, respectively), where the best pos-
sible ranking could be 11 and the worst potential ranking 
could be 55. However, WEPP-Modified had the best overall 
ranking with a cumulative score of 15 and was the “best” 
model for nine of the eleven metrics. Kruskal-Wallis non-
parametric analyses revealed that WEPP-Modified sediment 
estimates were not significantly different from the trapped 
sediment data (p ≥ 0.107), and WEPP-Modified better ap-
proximated the trapped sediment volumes than did all other 

Table 2. Percentage of correct BMP category identifications by each soil erosion model. 

Erosion Rate 
Category 

Erosion Rate 
Range 

(Mg ha-1 year-1) n 

Trapped Sediment 
Data Range 

(Mg ha-1 year-1) 

Correct BMP Category Placement (%) by Model[a] 
USLE- 

Roadway 
USLE- 

Soil Survey RUSLE2 
WEPP- 

Modified 
WEPP- 
Default 

Very low <10 20 <0.1 to 2.9 75 60 65 85[b] 50 
Low 10.1 to 25 10 3.6 to 12.6 70[b] 50 60 70[b] 40 

Moderate 25.1 to 50 3 21.8 to 43.1 0 33[b] 33[b] 0 33[b] 
High >50.1 4 73.6 to 290.7 50[b] 50[b] 25 50[b] 25 

All categories - 37 <0.1 to 290.7 65 54 57 70[b] 43 
[a] BMP categories based on Nolan et al. (2015) and Brown et al. (2013). 
[b] Greatest percent correct within the row for each BMP category. 

Table 3. Model performance metrics that compare trapped sediment data with model estimates. 
Estimation Method Accuracy[a] Bias Score[a] Probability of Detection[a] False Alarm Ratio[b] Success Index[a] 

USLE-Roadway 0.68 1.75 0.63 0.64 0.66 
USLE-Soil Survey 0.65 2.13 0.75 0.65 0.69 

RUSLE2 0.70 1.63 0.63 0.62 0.67 
WEPP-Modified 0.78 1.25 0.63 0.50 0.73 
WEPP-Default 0.54 2.38 0.75 0.79 0.62 

[a] Ideal value = 1. 
[b] Ideal value = 0. 
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models. In contrast, WEPP-Default was found to have the 
highest cumulative score, which indicated that this model 
was the least desirable of the five models that we evaluated. 

DISCUSSION 
The overall goal of this project was to evaluate the sedi-

ment delivery potential from forest stream crossings and 
compare results to model estimates. Compared to the trapped 
sediment erosion data, all soil erosion models tended to over-
estimate median sediment values. However, all soil erosion 
models frequently performed sufficiently well to place the 
erosion estimates into the correct erosion categories. This 
proper erosion category placement corresponds well with 
other forest road studies in Virginia that compared measured 
erosion with modeled estimates of erosion. Brown et al. 
(2013) measured and modeled sediment delivery from 
stream crossing approaches and reported measured sediment 
delivery rates of 10 to 16 Mg ha-1 year-1 for graveled ap-
proaches and 34 to 287 Mg ha-1 year-1 for bare soil ap-
proaches. They concluded that both USLE-Forest and 
WEPP performed well in identifying problem road ap-
proaches, but WEPP performed better than USLE-Forest. 
Wade et al. (2012) reported mean erosion rates of less than 
32 Mg ha-1 year-1 for bladed skid trails with seed, mulch, or 
slash closure BMPs and 138 Mg ha-1 year-1 for bare soil with 
water bar control treatments. Similarly, USLE-Forest, 
RUSLE2, and WEPP adequately ranked soil erosion rates 
for trails with and without BMPs. However, WEPP did not 
perform as well as RUSLE2 and USLE-Forest. Sawyers et 
al. (2012) compared trapped sediment data to WEPP and 
USLE-Forest for overland skid trails and found that WEPP 
performed better than USLE-Forest, but both models gener-
ally agreed with trapped sediment data. Our results and those 
from other similar studies clearly indicate that forest opera-
tions with inadequate BMPs or poor maintenance have po-
tential to produce excessive erosion, yet BMPs often reduce 
sediment yield to the stream to amounts similar to geologic 
rates (Patric, 1976). Additionally, versions of the USLE and 
WEPP models perform sufficiently well to identify problem 
areas but have varying results in adequately quantifying sed-
iment from forest roads. 

Our trapped sediment data indicated that erosion rates on 
haul road stream crossing approaches vary from negligible 

to hundreds of Mg ha-1 year-1. Four of the 37 stream crossing 
approaches eroded at high rates (>50.1 Mg ha-1 year-1)  
(table 2). These approaches had evidence of water control; 
however, the water control structures were no longer effec-
tively controlling stormwater runoff and were directly con-
nected to the stream channel. Approaches categorized as 
high would benefit from road maintenance and would re-
quire extensive corrective BMPs to control erosion. Croke et 
al. (2005) described direct connectivity in their study as oc-
curring when channels or gullies formed, leading directly to 
stream channels, typically below cross drains with excessive 
contributing areas. Direct connections to stream channels in 
this study stemmed from the road surface. The combination 
of the four most eroded approaches contributed 573 Mg ha-1 
year-1, which is 3.4 times greater than the sum of all erosion 
from the remaining 33 stream crossing approaches. Nolan et 
al. (2015) used USLE-Forest to estimate erosion at haul road 
stream crossings across Virginia and found that erosion rates 
were 13 times greater for sites with inadequate BMPs as 
compared to sites with correctly implemented BMPs. 

The general WEPP model incorporates numerous param-
eters that are intended to reflect the environment, such as cli-
mate, hydrology and water budget, plant growth, soil com-
position, and various forestry and agricultural operations 
(Amore et al., 2004). The intention of WEPP was to succeed 
the USLE method, as the demand for greater accuracy in-
creased (Flanagan et al., 2007). Numerous researchers have 
found that WEPP performed well for agricultural (Abaci and 
Papanicolaou, 2009), rangeland (Simanton et al., 1991), con-
struction (Moore et al., 2007), and various forest operations 
(Forsyth et al., 2006; Dun et al., 2009; Wade et al., 2012; 
Elliot, 2013), yet considerable modifications to input param-
eters and calibration are generally required to achieve satis-
factory model performance. Even when model estimates are 
consider satisfactory, uncertainty and equifinality remain an 
issue (Brazier et al., 2000). Brown et al. (2016) evaluated the 
uncertainty in WEPP estimates of sediment yield from forest 
road stream crossing approaches and concluded that 
WEPP’s utility for estimating BMP effectiveness is limited 
to predicting relative differences in vastly different BMP 
treatments. Additionally, they were unable to confidently 
recommend parameter ranges specific to bare or gravel sur-
face treatments for forest road approaches. However, our re-
sults for most model performance metrics and statistical 

Table 4. Model rankings for twelve performance metrics (1 = best performing model and 5 = poorest performing model; identical numbers indicate 
equal performance). 

Performance Metric 
Model 

USLE-Roadway USLE-Soil Survey RUSLE2 WEPP-Modified WEPP-Default 
Descriptive: All 2 4 3 1 4 

Descriptive: Above 2 2 3 1 1 
Descriptive: Below 1 2 2 1 2 
Linear relationships 2 1 3 3 3 

Correctly placed erosion categories 2 4 3 1 5 
Percent agreement with tolerable error ranges 2 2 1 1 3 

Contingency table: Accuracy 3 4 2 1 5 
Contingency table: Bias score 3 4 2 1 5 

Contingency table: Probability of detection 2 1 2 2 1 
Contingency table: False alarm ratio 3 4 2 1 5 

Contingency table: Success index 4 2 3 1 5 
Nonparametric analysis Significantly 

different 
Significantly 

different 
Significantly 

different 
Not significantly 

different 
Significantly 

different 
Total cumulative score 26 30 26 15 39 
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analyses indicated that WEPP-Modified had the greatest po-
tential of the models evaluated to estimate soil erosion for 
forest road stream crossing approaches. The reasons why 
WEPP may have performed better than the empirical models 
include greater model specificity (e.g., incorporation of ob-
served rainfall, soil, road dimension, ditch, and vegetative 
parameter details). Greater model specificity is known to 
lead to greater uncertainty and equifinality (Brazier et al., 
2000; Brown et al., 2016). Brazier et al. (2000) evaluated 
WEPP performance on two data sets and concluded that 
there was significant uncertainty in WEPP’s input parame-
ters and model structure. Skaugset et al. (2011) found that 
WEPP and RUSLE2 overestimated soil erosion on roads in 
the Pacific Northwest region of the U.S. by 2 to 8 times be-
cause the road surface hydrology was not adequately repre-
sented by the models. They suggested that further consider-
ation of the hydrology component is necessary for forest 
roads. In the current study, we were able to incorporate ob-
served precipitation data into WEPP-Modified, which likely 
led to better model performance compared to the other tested 
models. The ability to increase the specificity of physical 
models is promising for the future of soil erosion estimation, 
but better, easier, and enhanced methods are needed to meas-
ure the parameters that drive these models. Oreskes et al. 
(1994) identified parameter scale as an important considera-
tion of model uncertainty. They stated that multiple scales 
are used in the development model parameters, which affect 
their relationships and are always uncertain. 

WEPP-Default had the lowest potential to model soil ero-
sion as compared to the other models in this study. Modified 
versions of WEPP have been successfully applied in previ-
ous studies without characterization of the climate data (Liu 
et al., 1997; Tiwari et al., 2000). Tiwari et al. (2000) applied 
WEPP in an uncalibrated method and compared model esti-
mates with USLE and RUSLE. Each model had Nash-Sut-
cliffe model efficiency values greater the 0.71, which indi-
cates exceptional model performance. Wade et al. (2012) 
concluded that the greatest strength and weakness of WEPP 
is its flexibility of parameters, and that the default parame-
ters may not be suited for a particular purpose. Forestry prac-
titioners require a soil erosion model with readily attainable 
parameters to estimate site-specific road conditions. There-
fore, WEPP is better suited for researchers and government 
agencies that have the capability to measure the most influ-
ential parameter data. This suggests that additional sensitiv-
ity analysis is needed to better understand the influences of 
default parameters for forest roads within WEPP. Erosion 
models are representations of scientific hypothesis and 
therefore guide future research. The primary value of WEPP, 
USLE, and RUSLE2 is heuristic (Oreskes et al., 1994). In-
corporating physical models such as WEPP into BMP in-
spections and assessments of management alternatives 
would be difficult because of the number of parameters and 
the calibration required. 

USLE is the most widely used soil erosion model for a 
variety of sites and management conditions (Kinnell, 2010). 
The different levels of parameter detail within USLE-Road-
way, USLE-Soil Survey, and RUSLE2 did not improve the 
model estimates when compared to the trapped sediment 
data (p < 0.10). Sheridan et al. (2008) simulated rainfall over 

forest roads, compared mapped erosivity values with ob-
served data, and found that observed data for model K values 
did not provide greater accuracy than modeled erosivity val-
ues. Using the soil particle size data to calculate the erosivity 
factor (K values) in USLE-Roadway and RUSLE2 margin-
ally improved the model estimates over USLE-Soil Survey, 
which simply used K values from the soil survey for site sub-
soils. USLE-Soil Survey was the easiest and simplest of the 
methods evaluated to estimate soil erosion. USLE-Soil Sur-
vey is a useful method for field comparisons as compared to 
RUSLE2, which requires computer access (Christopher and 
Visser, 2007). However, RUSLE2 offers a database that al-
lows users to download and store a variety of soil, climate, 
and management files that can be used repeatedly thereafter. 
Compared to USLE-Forest, RUSLE2 allows users to incor-
porate more complex surfaces, slopes, and soils and ob-
served precipitation files. However, WEPP appears to have 
greater potential than RUSLE2 to quantify sediment above 
11.2 Mg ha-1 year-1. 

The empirical models in this study did not perform well 
in quantifying sediment at stream crossings. Empirical mod-
els estimate erosion over a long-term (10+ years) continuous 
basis and were not intended to be applied to single events or 
short-term estimates, as in our study. They continue to be 
applied in such studies because of their ease of use and un-
derlying theory. One of the limitations of USLE and its mod-
ifications for forest road erosion modeling is that its devel-
opment was based on agricultural soils. Road surfaces are 
highly compacted and have variable surface roughness ratios 
depending on traffic level (Sheridan and Noske, 2007). Traf-
fic level and specific BMPs are not directly considered in 
USLE models but are important factors in soil erosion from 
forest roads (Reid and Dunn, 1984; Fu et al., 2010). Croke 
and Nethery (2006) reported that RUSLE overestimated soil 
loss by nearly an order of magnitude during a 10-year storm 
event on skid trails. Furthermore, they concluded that further 
research on the major erosion factors and subfactors is nec-
essary for RUSLE to be applicable to forest road conditions. 
It is important to note that models give results within the 
range of conditions for which they were developed, and they 
therefore have different levels of utility depending on the in-
tended use and available data. 

We also used this project as an opportunity to assess the 
utility of the models for identifying stream crossing ap-
proaches that reflected different categories of BMP imple-
mentation. For example, what level of erosion might occur 
for forest roads that have either poor or excellent levels of 
BMP implementation? This type of information could be 
useful for state agency personnel attempting to strategically 
inspect forest harvest operations or for forest managers who 
are tasked with ensuring BMP implementation with limited 
resources. Furthermore, these models could have utility for 
instructing students in the general effects of BMPs on stream 
sediment. Ideally, a model would provide good estimates 
and be relatively straightforward to use. Unfortunately, the 
best model (WEPP-Modified) requires extensive parameter 
adjustments before it can perform well, and such adjust-
ments require extensive knowledge of erosion processes, of 
the WEPP model, and of how WEPP responds to adjust-
ments. Such adjustments are simply beyond the time con-



60(2): 393-408  405 

straints and qualifications of many organizations, yet 
WEPP-Default does not appear to be an acceptable substi-
tute. Commonly, forest managers do not have sufficient time 
or expertise to evaluate and modify model components and 
change default settings. Therefore, the standard WEPP 
model is often too onerous to use for simply identifying sit-
uations that may require additional BMPs. We evaluated the 
benefits and problems associated with the three remaining 
models and concluded that USLE-Forest (i.e., USLE-Soil 
Survey and USLE-Roadway) is the simplest and most time-
efficient model, while it provided the second best ability to 
place erosion values within the correct BMP category  
(table 2). 

CONCLUSIONS 
After several decades of forest BMP research, there are 

still numerous information gaps that confound our ability to 
accurately assess the impact of forest BMPs on stream sedi-
ment. Models could help us fill these gaps in an expeditious 
manner. Research indicates that forest BMPs generally min-
imize erosion from forest operations, yet forest stream cross-
ings may have higher sediment delivery potential than all 
other forest operations. Thus, we evaluated the performance 
of five variations of three common erosion models for 
stream crossing approaches. Despite the importance of 
stream crossings, few research projects have evaluated the 
effects of stream crossings across a range of erosion poten-
tials, and few projects have evaluated the use of erosion 
models for stream crossings. Our major conclusions are: 

• The soil erosion models evaluated in this study esti-
mated erosion and sediment delivery within 5 Mg ha-1 
year-1 for most approaches with erosion rates less than 
11.2 Mg ha-1 year-1, while model estimates varied 
widely for approaches that eroded above 11.2 Mg ha-1 
year-1. Based on the results from 12 evaluations of 
model performance, WEPP-Modified consistently 
ranked higher than the other models, yet its performance 
in estimating erosion above 11.2 Mg ha-1 year-1 clearly 
needs additional improvement. WEPP requires input 
parameters that are not readily available and easily 
measured, yet modifications to the input parameters are 
necessary to fit the site conditions. Using the default pa-
rameters to simulate erosion (WEPP-Default) ranked 
worst in 75% of the model performance metrics com-
pared to all other models. WEPP-Default overpredicted 
erosion by ≥5 Mg ha-1 year-1 for 82% of approaches with 
erosion rates less than 11.2 Mg ha-1 year-1 and correctly 
placed only 43% of erosion estimates into the appropri-
ate erosion category. 

• Additional field evaluations and improved erosion 
models are needed for stream crossings. Sensitivity 
analyses are needed to better understand the influences 
of default parameters for forest roads within the WEPP 
and USLE models. 

• Two models, WEPP-Modified and USLE-Roadway, 
correctly placed ≥70% of approaches into the very low 
and low erosion categories. Due to the complexity of 
input parameters and scaling issues with WEPP-Mod-

ified, USLE-Roadway may be a more practical choice 
for many forest managers and agency personnel. Us-
ing the soil survey to obtain K values may be mislead-
ing for roads because road construction changes the 
soil composition. Determining the soil texture in the 
field or laboratory will better characterize the site. 
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