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ABSTRACT. Soil erodibility is a key factor for estimating soil erosion using physically based models. In this study, a new
parameterization approach for estimating erodibility was developed for the Rangeland Hydrology and Erosion Model
(RHEM). The approach uses empirical equations that were developed by applying piecewise regression analysis to predict
the differences of erodibility before and after disturbance (i.e., wildfire, prescribed fire, and tree encroachment) and across

a wide range of soil textures as a function of vegetation cover and surface slope angle. The approach combines rain splash,

sheet flow, and concentrated flow erodibilities into a single parameter for modeling erodibility in most cases. We evaluated
the new approach for sites representing different degrees of disturbance associated with burning and tree encroachment.

Our results show that the new erodibility approach in RHEM predicts erosion at the plot scale with a satisfactory range of
error in all cases. The new approach extends the applications of RHEM to a greater scope of landscapes and soil texture.
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he Rangeland Hydrology and Erosion Model
(RHEM) (Nearing et al., 2011; Al-Hamdan et al.,
2015) is a process-based model that estimates run-
off, erosion, and sediment delivery rates and vol-
umes at the spatial scale of the hillslope and the temporal
scale of a single rainfall event. RHEM model parameteriza-
tion represents erosion processes on undisturbed rangelands
as well as rangelands that exhibit some disturbance, such as
fire or woody plant encroachment (Nearing et al., 2011; Her-
nandez et al., 2013; Al-Hamdan et al., 2015; Williams et al.,
2016). In RHEM, soil detachment is predicted as a combina-
tion of two erosion processes: rain splash and thin sheet flow
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(splash and sheet) detachment, and concentrated flow de-
tachment. Splash and sheet detachment is calculated by (Wei
et al., 2009):

1.052_0.592
Dgg =Kgg (1 q ) (1)

where

Dss = splash and sheet detachment rate (kg s' m?)

Kss = splash and sheet erodibility

I = rainfall intensity (m s™)

g = discharge per unit width (m? s).

Concentrated flow detachment is a function of concen-
trated flow detachment capacity (D., kg s”' m?), which is
calculated by (Al-Hamdan et al., 2012a):

D, =K () ()

where

Ko = concentrated flow erodibility (s> m?)

® = stream power (hydraulic parameter) (kg s7).

Hence, in order to estimate the total soil sediment yield,
RHEM requires two erodibility factors: Kgs and Ko.

The current erodibility parameterization in RHEM is
based on rainfall simulation data representing undisturbed
and disturbed rangelands. Nearing et al. (2011) used rainfall
simulation data (3.06 m wide by 10.7 m long plots) collected
as part of the Water Erosion Prediction Project (WEPP)
Rangeland Field Experiment (Simanton et al., 1991; Laflen
et al., 1991) and by the Interagency Rangeland Water Ero-
sion (IRWET) and National Range Study Teams (NRST)
(Franks et al., 1998) to develop estimation equations of
splash and sheet erodibility (Kss) for undisturbed rangeland.
Soil loss in undisturbed rangeland is dominated by splash
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and sheet erosion in which bare patches between plant can-
opies are sources for runoff generation and soil detachment
by rain splash. In these situations, patches of ground cover
intercept and store rainfall and overland flow and facilitate
infiltration and sediment retention (Pierson et al., 1994; Dav-
enport et al., 1998; Wilcox et al., 2003; Puigdefabregas,
2005), which reduces the chance of overland flow becoming
concentrated (Al-Hamdan et al., 2012b, 2013). However, the
same landscapes with a broad-scale disturbance that results
in loss of understory plants and ground cover often experi-
ence significantly more runoff and soil loss from a similar
runoff event due to increased connectivity of bare soils and
formation of well-organized concentrated flow paths (Wil-
liams et al., 2016). These accentuated flow paths rapidly ac-
celerate runoff velocity and the ability of water to erode and
transport sediment downslope (Wilcox et al., 1996; Pierson
et al., 2008, 2009; Urgeghe et al., 2010; Pierson et al., 2013;
Williams et al., 2014, 2016).

Al-Hamdan et al. (2012a) used data from overland flow
simulation plots (2 m wide and 4 m long) to develop equa-
tions that estimate concentrated flow erodibility (Kw) for
RHEM using readily measureable soil and vegetation data.
Using these Ko estimate equations, Al-Hamdan et al. (2015)
tested RHEM applications on disturbed rangelands and
found that the model was able to predict erosion on disturbed
rangeland within a satisfactory range of error if measured
splash and sheet erodibility (Kss) was used. However, the
model did not perform very well when using the Kss estima-
tion equations that were developed for undisturbed range-
lands. Therefore, new Kss estimation equations are needed
for parameterizing Kss for RHEM application on disturbed
rangeland.

The goal of this study is to develop a new broadly appli-
cable parameterization approach to estimate erodibility on
undisturbed and disturbed rangelands for RHEM. Specific
objectives of this study are: (1) to develop empirical equa-
tions that predict the splash and sheet flow erodibility pa-
rameter (Kss) for undisturbed and disturbed rangeland using
readily measureable vegetation data, and (2) to evaluate the
applicability of the new empirical equations in RHEM in two
cases: with the assumption of insignificant concentrated
flow erodibility, and with the assumption that concentrated
flow erodibility is the dominant erosion process.

METHODS AND MATERIALS

In order to develop the new erodibility parametrization
approach, data from different rainfall simulation field exper-
iments were used. Two sets of data were used: one for de-
veloping the Kss parameterization equation, and one for the
evaluation. The following sections describe each data set.

DATA USED FOR DEVELOPING THE
PARAMETERIZATION APPROACH

The data used for developing the erodibility parameter
equations included rainfall simulation experiment data col-
lected for WEPP (Johnson and Blackburn, 1989; Simanton
etal., 1991; Laflen et al., 1991), IRWET, and NRST (Franks
et al., 1998; Pierson et al., 2002) studies. In these studies, a
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rotating-boom rainfall simulator (Swanson, 1965) was used
to simulate rainfall for 30 min at about 60 mm h-! intensity.
Each plot was pre-wetted 24 h earlier by conducting rotat-
ing-boom rainfall simulation at the initial soil moisture for
1 h at about 60 mm h! intensity. The data include a natural
treatment (undisturbed) and a bare treatment (standing veg-
etation was removed to the ground by clipping, and ground
cover was removed by hand) (Johnson and Blackburn,
1989). Plot sizes were 10.7 m long and 3.05 m wide. Ground
cover, foliar cover, and foliar life form were measured for all
plots using a point-frequency frame. The vegetation commu-
nity of each plot was decided based on the dominant meas-
ured life form. The combined data sets cover a wide scope
of soil texture and vegetation type (table 1). Soil texture,
ground surface slope, sediment rates, and runoff were meas-
ured for each plot. For each plot, the erodibility parameter
Kss was calculated by equation 1 using the measured runoff,
sediment yield, and rainfall intensity.

DATA USED FOR MODEL EVALUATION

The data used to evaluate the new parameterization ap-
proach in RHEM were obtained from independent rainfall
simulation experiments conducted by the USDA-ARS
Northwest Watershed Research Center, Boise, Idaho
(Pierson et al., 2007, 2009, 2010, 2013; Moffet et al., 2007;
Williams et al., 2014). These experiments applied a Colo-
rado State University type rainfall simulator (Holland, 1969)
consisting of multiple stationary sprinklers elevated 3.05 m
above the ground surface (Pierson et al., 2007, 2009, 2010,
2013). Data were obtained for multiple sites, including sage-
brush sites that have been encroached by conifers and/or
burned by prescribed fire or wildfire. Plot length in this
group varied from 6 to 7 m, and width varied from 2 to 5 m.
The rainfall intensity and duration varied among sites
(table 2). Usually, plots were pre-wetted by applying rainfall
simulation for a specific period of time under dry antecedent
soil moisture conditions.

STATISTICAL ANALYSIS

SAS software (SAS, 2007) was used for all statistical
analyses. Multiple stepwise linear regression analysis was
used to derive the relationship between erodibility as de-
pendent variable and ground and foliar cover attributes,
slope, and soil texture as independent variables. The general
linear model was used to test the significance of differences
between erodibility mean values among vegetation commu-
nities. Prior to this analysis, values of erodibility were log
transformed (base 10) to address deviation from normality
as well as to improve homoscedasticity and linearity (Alli-
son, 1999).

Residual plots were used to examine the homoscedastic-
ity and linearity assumptions. Piecewise (segmented) regres-
sion analysis was applied in which two continuous relation-
ships between the log-transformed erodibility and the inde-
pendent variables were fitted to improve the linear relation-
ship (Ryan et al., 2002, 2005). The PROC NLIN analysis
technique in SAS was used to find the breakpoint at which
the relationship between erodibility and ground cover
changed (Ryan and Porth, 2007). A significance level of 0.05
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Table 1. Experimental sites used to develop the erodibility parameterization schemes.

No. of Average Calibrated
Site Soil Texture City and State Plots Treatments Slope K, (mmh™)
Al187 Sandy clay loam Tombstone, Arizona 4 Natural, bare 0.1 12.4,0.3
A287 Sandy loam Tombstone, Arizona 1 Natural 0.04 7.6
C187 Silty clay Sonora, Texas 3 Natural, bare 0.083 44,04
Coyote87 Silt loam Coyote Butte, Idaho 4 Natural, bare 0.101 19.6, 4.6
D187 Sandy loam Chickasha, Oklahoma 3 Natural, bare 0.05 4.6,0.4
D287 Sandy loam Chickasha, Oklahoma 4 Natural, bare 0.05 5.5,0.6
E287 Loam Freedom, Oklahoma 3 Natural, bare 0.06 16.8,1.5
F187 Loam Sidney, Montana 4 Natural, bare 0.103 21,4.6
G187 Silty clay Degater, Colorado 2 Bare 0.1 4.7
H187 Clay Cottonwood, South Dakota 1 Bare 0.09 0.6
H287 Clay Cottonwood, South Dakota 4 Natural, bare 0.118 35,04
1187 Loam Los Alamos, New Mexico 4 Natural, bare 0.068 7.2,1.6
J187 Sandy loam Cuba, New Mexico 4 Natural, bare 0.07 14.3,3.7
K187 Loam Susanville, California 2 Natural 0.11 26.9
Nancy87 Silt loam Reynolds, Idaho 4 Natural, bare 0.059 10.5,6.5
Summit87 Sandy loam Summit, Idaho 4 Natural, bare 0.09 16.0, 13.8
D188 Sandy loam Chickasha, Oklahoma 4 Natural, bare 0.05 16.1,1.3
D288 Sandy loam Chickasha, Oklahoma 4 Natural, bare 0.048 10.8,1.8
E288 Loam Freedom, Oklahoma 4 Natural, bare 0.06 272,19
E588 Loam Woodward, Oklahoma 3 Natural, bare 0.06 18.6,5.6
H188 Clay Cottonwood, South Dakota 2 Natural 0.08 6.5
H288 Clay Cottonwood, South Dakota 1 Natural 0.12 2.6
K188 Loam Susanville, California 3 Natural, bare 0.117 29.5,6.6
B190 Clay loam Wahoo, Nebraska 2 Natural 0.1 22
B290 Clay loam Wahoo, Nebraska 5 Natural 0.11 12.1
C190 Clay loam Amarillo, Texas 5 Natural 0.03 10.6
C290 Loam Amarillo, Texas 3 Natural 0.02 10.0
E191 Silty clay Eureka, Kansas 6 Natural 0.05 17.3
E291 Silty clay Eureka, Kansas 2 Natural 0.05 16.9
E391 Silty clay Eureka, Kansas 5 Natural 0.03 3.4
F191 Sandy clay loam Akron, Colorado 5 Natural 0.074 4.6
F291 Sandy loam Akron, Colorado 6 Natural 0.08 13.9
F391 Sandy clay loam Akron, Colorado 5 Natural 0.066 5.0
G191 Sandy loam Newcastle, Wyoming 6 Natural 0.06 28.1
G291 Sandy loam Newcastle, Wyoming 5 Natural 0.084 29.7
G391 Sandy loam Newcastle, Wyoming 5 Natural 0.074 114
H192 Sandy loam Killdeer, North Dakota 4 Natural 0.123 42.5
H292 Sandy loam Killdeer, North Dakota 6 Natural 0.113 20.2
H392 Sandy loam Killdeer, North Dakota 6 Natural 0.01 16.9
1192 Clay loam Buffalo, Idaho 6 Natural 0.011 9.7
1292 Clay loam Buffalo, Idaho 4 Natural 0.068 10.7
J192 Silt loam Blackfoot, Idaho 6 Natural 0.077 21.2
1292 Silt loam Blackfoot, Idaho 5 Natural 0.08 19.5
K192 Loam Prescott, Arizona 6 Natural 0.052 12.0
K292 Loam Prescott, Arizona 6 Natural 0.05 10.5
Table 2. Experimental sites used to evaluate the erodibility parameterization schemes.
Site State Soil Texture No. of Plots Treatment or Disturbance Slope
Breaks Idaho Sandy loam 28 Natural, fire 0.426
Castlehead Idaho Stoney loam 18 Tree encroachment, wildfire 0.172
Marking Corral Nevada Gravelly loam 22 Tree encroachment, fire 0.097
Onaqui Utah Gravelly loam 29 Tree encroachment, fire 0.16
Steens Oregon Gravelly silt loam 10 Tree encroachment, ten years after tree cut 0.186

was used for all statistical tests, including the criteria for in-
cluding the variables in the multiple regressions. Percent
bias (PBIAS; Gupta et al., 1999) was used to evaluate the
applicability of the new parameterization scheme in RHEM:

>y (0= M;)
> 0)

PBIAS = %100 3)

where
O; = ith observation to be evaluated
M; = simulated value by the model for the corresponding
ith observation
n = number of observations.
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Performance of the sediment prediction is considered
“very good” when PBIAS <15, “good” when 15 < PBIAS
<230, “satisfactory” when +30 < PBIAS <155, and “unsat-
isfactory” when PBIAS > +55 (Moriasi et al., 2007).

RHEM SIMULATIONS FOR EVALUATING THE
ERODIBILITY PARAMETERIZATION APPROACH

To test the performance of the new erodibility parameter-
ization schemes, the hydraulic conductivity (K.) was opti-
mized on the total volume of runoff for each plot. By using
optimized K, values (table 1), average total runoff converged
within less than a 0.01 mm of the average measured values
for all plots. The erosion model performance was analyzed
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in two different parameterization schemes for erodibility.

In the first parameterization scheme (scheme 1), the
model performance was tested using splash and sheet erodi-
bility (Kss) parameters estimated by the new empirical equa-
tions developed in this study, while concentrated flow erod-
ibility (Ko) was set as the default value in the current RHEM
version (7.747 X 10 s> m?). This small value of concen-
trated flow erodibility is typical for undisturbed rangeland.
In this scheme, it was assumed that sediment detachment is
dominated by rain splash and thin sheet flow, while the ma-
jor role of concentrated flow paths is transporting the splash-
sheet detached sediments.

In the second parameterization scheme (scheme 2), Kss
was estimated in the same way as in scheme 1 in all plots.
However, Ko was different for plots where it was assumed
that concentrated flow detachment was significantly high.
These plots had two major characteristics: they had been ab-
ruptly disturbed and their overland flow was most likely to
concentrate because of slope steepness (i.e., slope > 0.2; Al-
Hamdan et al., 2013). The concentrated flow detachment ca-
pacity for these plots was calculated as:

D.=P (K u)(max)eﬁqc X(D) + (1 -P )Ku)(m) 4)

where
P = probability of overland flow to concentrate
Komax) = user-calculated maximum concentrated flow
erodibility (s?> m?) at the time of runoff initiation (see
eq. 6)

B = erodibility decay factor (-5.53 m™)

g. = cumulative unit flow discharge (m?)

® = stream power (kg s2).

Ko was also assumed as the default value in RHEM
(7.747 x 10°® s> m?). This means that if P = 0, then scheme
2 becomes similar to scheme 1.

The probability of overland flow to concentrate (P) was
calculated with the following equation (Al-Hamdan et al.,
2013):

_ exp(—6.397+8.3358 +3.252bare + 3440)
1+ exp(— 6.397 +8.335S +3.252bare + 3440q)

)

where

S = slope gradient (expressed as a fraction)

bare = fraction of bare ground

g = flow discharge per unit width (m? s™).

The variables ¢. and m are derived internally by the model
and applied by RHEM as described by Al-Hamdan et al.
(2012a, 2013, 2015). Concentrated flow paths in RHEM are
spaced in 1 m increments perpendicular to the hillslope an-
gle. This means that concentrated flow paths are always
formed, and the distance between each flow path is 1 m.
Therefore, the interpretation of P becomes the probability
that overland flow will be a significantly highly erosive con-
centrated flow. For a highly eroding concentrated flow
scheme, Kwmax) Was calculated with the following equation
from Al-Hamdan et al. (2012a):
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logyo K y(max) =—3-46 - 1.97(res + bascry)

6
—1.85rock —4.99clay + 6.06silt ©

where res, bascry, rock, clay, and silt are, respectively, the
area fraction of surface litter, sum of basal and cryptogam
covers, surface rock cover, and surface soil clay and silt con-
tent fractions. Ground cover or bare ground fractions, such as
those used in equations 5 and 6, can be estimated using a line-
point intercept procedure (Herrick et al., 2005). For instance, in
the data used to develop these two equations, ground cover pres-
ence and type were recorded for 24 points with 20 cm spacing
along each of nine evenly spaced (20 cm apart, perpendicular to
hillslope contours) transects 4.6 m in length (216 points in to-
tal). The area fraction of cover type was calculated by dividing
the number of points with a particular ground cover by the total
number of the points.

RESULTS AND DISCUSSION
RANGES OF EROSIVITY, ERODIBILITY, AND
SEDIMENT TRANSPORT PARAMETERS

The runoff rates in the data used for developing the erod-
ibility equations varied from 1.4 x 10% to 1531 x 10®¥ m 5!
(0.05 to 55.1 mm h'). Total generated runoff depths for each
rainfall simulation varied from 0.05 to 31.2 mm. Rainfall in-
tensity varied from 44.9 to 70.3 mm h™!. Stream power val-
ues varied from 0.2 x 1073 to 158.3 x 103 kg s3. The transport
capacity per unit width varied from 2 x 10 to 52,200 x 10
kg s m!. The values of measured sediment transport rate to
transport capacity ratio were low, with an average of 12%,
which indicated that in general the erosion process in the ex-
periments was not limited by transport capacity. The values
of probability of overland flow to concentrate varied from
0.002 to 0.112, with an average value of 0.021, which indi-
cated that the dominant soil detachment processes are rain
splash and sheet flow erosion.

SPLASH AND SHEET ERODIBILITY
ESTIMATION EQUATIONS

Splash-sheet erodibility was negatively correlated with
ground cover and canopy cover and was positively corre-
lated with slope. The regression analysis to develop equa-
tions that describe the relationship between Kss as dependent
variable and ground cover, foliar cover, slope, and soil tex-
ture resulted in the following equations:

logjo K5 =4.075-1.767G

) (7)
(n=181, R? =0.57)

logjo K g5 = 4.051—1.241G —0.883F ®
(n =181, R? =0.65)

logj K5 =3.753—1.248G — 0.96F +4.3995 o

(n=181, R? =0.68)

where G is the area fraction of ground cover, and F is the
area fraction of foliar cover. Although adding slope to the
regression only increases R? by 0.03, the regression analysis
for equation 9 shows that Kss is dependent on slope (p <
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0.0001). As Al-Hamdan et al. (2015) suggested, in rangeland
sites that exhibit some kind of disturbance, sites with the
same vegetation cover, but a significant difference in slope
angle, can have very different splash and sheet erodibility
values. Increasing slope steepness decreases the effect of soil
particle weight on detachment resistance, which leads to
larger erodibility (Moody et al., 2005). This phenomenon
might be more important for exposed loose soil where soil
particle weight is the dominant source of detachment re-
sistance. Sediment availability is high immediately follow-
ing disturbance (Al-Hamdan et al., 2015; Nyman et al.,
2013) and declines over time due to repeated winnowing.
This gradual reduction in exposed loose sediment availabil-
ity may reduce the dependency of erodibility on the slope
factor.

The regression analysis shows that Kss was not dependent
on soil texture. This could be because cover is the first and
major factor affecting erodibility, where it acts like a protec-
tion shield for soil particles from raindrops. Soil texture may
exert a greater influence on erodibility when the ground sur-
face is bare and exposed to raindrop impact. At this point,
soil texture will be an important factor for overland flow
erodibility, such as in equation 6.

The residual of the regression analysis of equation 9
(fig. 1a) shows that even though log transformation im-
proved the homoscedasticity and linearity, these assump-
tions were not totally satisfied since the equation is still un-
derestimating high erodibility values at low ground cover. In
order to address this problem, piecewise regression analysis
was applied to develop two continuous linear relationships
that intersect at a breakpoint. The piecewise regression anal-
ysis showed that the best two-piece regression occurs when
a ground cover value of 0.475 is the break point:

logjo Kgs =
4.1229-2.4334G - 0.829F +3.1048
if G<£0475 (10)
3.2289975-0.5515G - 0.829F +3.1048
if G >0.475

The coefficient of determination in the piecewise regres-
sion analysis was greater (R?> = 0.708) than in the analysis
resulting in equation 9. Homoscedasticity was also improved
by applying the piecewise regression approach, as the
model’s ability to predict Ky (i.e., range of residual values)
at low and high ground cover becomes more similar (fig. 1b).
The breakpoint generated by the piecewise regression iden-
tifies a threshold at which there is a substantial change in the
rate of erodibility increase with respect to bare soil area and
therefore provides an objective means for detecting changes
between natural and disturbance phases. The value of 0.475
corroborates with several studies which concluded that the
erosion to runoff ratio (erodibility) increases substantially
when bare ground exceeds 50% (e.g., Al-Hamdan et al.,
2013; Pierson et al., 2013). This is supported by extensive
reviews of the literature on rangeland cover by Gifford
(1985) and Weltz et al. (1998), which concluded that ground
cover should be maintained above a critical threshold of 50%
to 60% to adequately protect the soil surface. The general
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linear model analysis showed that the mean value of erodi-
bility is significantly different in at least one of the vegeta-
tion communities. Applying the general linear regression
analysis along with the piecewise approach for four different
vegetation communities resulted into the following equa-
tions:

Bunch grass:

logjg Kgg =
4.154-2.547G - 0.7822F + 2.5535S8
if G <0475 )
3.1726975-0.4811G —0.7822F + 2.5535S8
if G>0.475
Sod grass:
logjg Ks5 =
4.2169—-2.547G —0.7822F +2.5535S
if G<£0475 (12)
3.2355975-0.4811G —0.7822F +2.55358
if G>0.475
Shrub:
logjg Ks5 =
4.2587 -2.547G —0.7822F +2.5535S
if G <0.475 (13)
3.2773975-0.4811G —0.7822F +2.55358
if G >0.475
Forbs:
logjg Ks5 =
4.1106—-2.547G —0.7822F +2.5535S
if G <0475 (14)
3.1292975-0.4811G —0.7822F + 2.55358
if G>0.475

Dividing the data into four groups based on the dominant
vegetation community by applying the general linear model
improved the coefficient of determination with a slight in-
crease (R? = 0.713) compared to equation 10. Using equa-
tions 11 through 14 in lieu of equation 10 did not change the
performance of the prediction significantly. However, it can
be seen that the variable coefficient values in equation 10 are
different from those in equations 11 through 14. For in-
stance, the ground cover coefficients changed from 2.4334
and 0.5515 in equation 10 to 2.547 and 0.4811, respectively,
in equations 11 through 14, which could change the resulting
Ksg values (fig. 2). In addition, using different equations for
different vegetation communities might be necessary when
comparing hydrologic and erosion responses for different
undisturbed ecological sites. At these sites, the slight differ-
ence in the log scale could indicate a high percentage of dif-
ference between two sites with low erosion values.
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Figure 1. Ground cover versus regression analysis residual associated with (a) equation 9 and (b) equation 10.

ERODIBILITY PARAMETERIZATION EVALUATIONS

Figure 3a shows the measured logioKss values for each
plot from the evaluation data set versus the estimated
logi0Kss using equation 13. The shrub equation was used to
estimate Ky for this evaluation since the evaluation data set
is dominantly shrubland or tree-encroached shrubland. It can
be seen that equation 13 performed within a reasonable mar-
gin of error (PBIAS = 3.26) given that the data set used for
the evaluation had a different experimental design. Another
source of error could be that the assumption of splash and
sheet sediment detachment dominance was not satisfied in
some of the evaluation plots, especially in steeply sloped,
highly disturbed sites. Under these conditions, plots with ex-
tensive bare soil would exhibit a greater likelihood for over-
land flow concentration (Al-Hamdan et al., 2013). For in-
stance, the average value of the probability, calculated by
equation 5, of overland flow to concentrate into incised flow
paths in this data set varied from 0.006 to 0.579, with an av-
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erage value of 0.112. Moreover, these concentrated flow
paths, especially on sites that exhibit some kind of abrupt
disturbance, are most likely filled with loose sediments.
Therefore, in these plots, taking concentrated flow erodibil-
ity (Ko) into account is merited.

Estimating Kss by weighted averaging between equa-
tions 11 through 14 based on the percentage of life form pre-
sented reduced the values of Kss (fig. 3b). Because the shrub
equation generated the highest erodibility values, weighing
in the other equations reduced the estimated erodibility.
However, the margin of error was still reasonable (PBIAS =
4.5).

RHEM SIMULATIONS

The results when applying parameterization scheme 1
show that the overall performance of RHEM using the esti-
mated Kss had a satisfactory PBIAS value of 41.8 (fig. 4a).
In general, model simulations overestimated low sediment
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Figure 2. Values of logi0Kss using equations 10 through 14 versus ground cover when slope is 0.15 and foliar is 0.5.

yield values and underestimated high sediment yield values.
The bias at the two ends of the erosion rates is typical for all
erosion models because of the limitations in representing the
random components in measured data within replicates
(Nearing, 1998). However, the simulations were still able to
match more than 50% of the measured sediment yield at
highly disturbed sites. The margin of error is considered rea-
sonable, given that the data set used for developing the pa-
rameterization scheme and the data set used for the evalua-
tion were obtained using different rainfall simulators. The
model was also evaluated when using Kgs estimated by
weighted averaging between equations 11 through 14 based
on the percentage of life form present in each plot. The re-
sults show that model performance was still satisfactory,
with a PBIAS value of 54.9 (fig. 4b).

Two possible sources of error drive the model bias. The
first source of error is the range of error in the measured values
of sediment yield and total runoff. The second source of error
is in the hydrology component. Erosion is highly dependent
on runoff (Pierson et al., 2010, 2013; Williams et al., 2014),
and decreased accuracy in predicting runoff decreases the ac-
curacy of erosion predictions. Even though the model was op-
timized for total runoff, runoff starting time and the shape of
the hydrograph (e.g., peak time, rising limb, and recession
limb) were not always matched with the experimental values.
Given the cumulative uncertainty associated with measured
data in rainfall simulation and soil erosion experiments, the
model still performed with a reasonable margin of error.

Caution should be taken against using the procedure with
data that fall outside the range of slopes from which the re-
gression equations were developed (table 3). For example,
figure 5 shows the boundaries of ranges of Kss values from
the shrub equation when slope equals 0.1 and when foliar
equals 0.05. It can be seen that use of the equation at high
slope values may overestimate the Kss values in well covered
sites, as one would expect that the Kss values would not be
sensitive to slope at these sites. However, Kss values at low

60(1): 85-94

cover would be sensitive to slope, which means that apply-
ing the equations on such sites would be acceptable. An ex-
ample of steep slope with high cover and low cover cases
can be seen in the Breaks site, where the model performed
very well at lower cover (after fire) but overestimated K in
the well protected area before fire.

Applying parameterization scheme 2 improved the over-
all performance of the model, with a lower absolute value of
PBIAS (fig. 4c). However, the model still predicted about
50% of the measured sediment yield for highly erodible ar-
eas, which means that adding equation 4 for these sites did
not change the prediction significantly.

RECOMMENDED APPLICATIONS INRHEM

The performance of the model with the new parameteri-
zation schemes indicated that using Kss alone as the indicator
of erodibility in RHEM works reasonably well as long as
concentrated flow paths function only for transport of the
splash and sheet-sourced sediments, as opposed to function-
ing also as significant sediment sources. In order for concen-
trated flow paths on rangelands to generate sediment detach-
ment, they need to have high erodibility values (i.e., high
availability of erodible sediment) and high erosivity (i.e.,
stream power that increases with slope steepness). An abrupt
disturbance that exposes loose sediments on a gentle slope,
such as the bare treatment plots in this study, would increase
the erodibility. However, the stream power may be too small
to cause significant soil detachment, and the transport capac-
ity would be used for moving the splash and sheet loose sed-
iments. Gradually disturbed sites, such as the tree-en-
croached plots in this study, have minimum loose sediments
in the concentrated flow paths, as they have been eroding at
reasonably high rates for years. Therefore, the only case in
which concentrated flow erodibility is not negligible is when
an abrupt disturbance exposes loose sediments on a steep
slope. At these sites, the P value in equation 5 would be too
large to assume zero.
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Either equation 10 or equations 11 through 14 can be used
to estimate Kgg without significant performance difference.
However, equation 10 provides a less complex approach.
Plant life forms (grass, forbs, shrubs) and growth habit (sod-
grass, bunchgrass) exhibit significant effects on factors that
determine surface hydrology, such as K. (Spaeth et al., 1996;
Pierson et al., 2002). Because the hydraulic conductivity (K.)
in this study was optimized on total volume of runoff, further
investigation is needed to check the impact of incorporating
equations 11 through 14 when surface hydrology is also
modeled.

SUMMARY AND CONCLUSIONS

In this study, new parameterization schemes for erodibil-
ity were developed for the application of RHEM on undis-
turbed and disturbed rangelands. In most cases, only one
erodibility parameter (Kss) is needed to run the model, min-
imizing the error that can be generated from the parameteri-
zation process. Empirical equations were developed that pre-
dict Kss in terms of readily available parameters of ground
cover, vegetation cover, and slope. Both erodibility parame-
ters (Ko and Kss) might be needed only in the special case of
abrupt disturbance with steep slopes and high silt. Evalua-
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to estimate Kss while assuming no significant eroding concentrated
flow, and (c) using weighted averaging between equations 11 through
14 based on the percentage of life form to estimate Kss while concen-
trated flow detachment rate was calculated using equation 4.

tion of RHEM with the new parameterization schemes indi-
cated the ability of the model to predict erosion at the plot
scale within a satisfactory range of error. The new parame-
terization approach expands the applicability of RHEM to a
greater scope of landscapes and soil textures.
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Table 3. Ranges of variables used to develop Kssestimation equations.

Variable Mean Minimum Maximum
Foliar cover 0.358473 0 0.908163
Ground cover 0.648806 0.02 0.995918
Rock cover!? 0.016224 0 0.26
Vegetation cover!?! 0.606251 0 0.995918
Slope 0.075116 0.02 0.13
Dgs 2.92E-05 1.67E-08 0.000378
I(ms?) 1.6E-05 1.25E-05 1.95E-05
g (m*s™) 4.78E-06 1.39E-08 1.53E-05
K 3063.82 34.70589 29838.19
K 12.7 ~0 46

[ After dropping two outlier points with high rock value.
I Calibrated on measured Dsg.
[J Calibrated on total runoff (mm h™).
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Figure 5. Boundaries of ranges of values of logi0Kss estimated by equa-
tion 13 at (a) fixed slope value of 0.1 with foliar ranges from 0 to 1 and
(b) fixed foliar of 0.05 with slope ranges from 0.02 to 0.2.

The new approach for estimating Kgs for RHEM has sev-
eral advantages. First, the results of this study indicate that,
in most cases, the model will be dependent on only one erod-
ibility parameter. Second, the approach addresses the phe-
nomenon that erosion rates become larger at a specific
threshold point. Third, the equations use readily available
data for estimating erodibility values. Fourth, the approach
covers continuously a wide range of ground cover and foliar
cover. For future work, adding more data that represent
unique cases, such as sites with saline and sodic soils and
sites dominantly covered with biological soil crusts, would
expand the applicability of the equations.
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