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HIGHLIGHTS

e Effective hydraulic conductivity (K.) predictive equations in all RHEM versions have satisfactory performance.
e New K., predictive equations were developed for RHEM applications over broader rangeland conditions.
e K, values on most rangelands can be estimated through readily measurable ground cover and soil texture data.

ABSTRACT. Effective hydraulic conductivity (K.) is an important parameter for the prediction of infiltration and runoff by
the Rangeland Hydrology and Erosion Model (RHEM). Three sets of equations to predict K. have previously been used in
RHEM. These equations are mainly based on rainfall simulation data representing undisturbed sites and have not under-
gone comprehensive evaluation for various rangeland conditions, particularly after disturbances. The goal of this research
was to evaluate these equations using independent data obtained from rainfall simulations conducted at multiple rangeland
sites. Additionally, we developed and evaluated a new set of K. predictive equations applying readily measurable cover and
soils data spanning a wide range of vegetation, soil textures, and disturbance conditions. The results show that all previous
K. equations in RHEM have a “satisfactory” performance with index of agreement (d) > 0.75 and R*> > 0.4. The new
K. approach resulted in “very good” performance with d > 0.9 and R* > 0.5. The new set of equations enhances RHEM for
applications over broader rangeland conditions, including sparse vegetation cover following disturbances or community

transitions.

Keywords. Disturbed Rangelands, Hillslope Runoff, Infiltration.

he Rangeland Hydrology and Erosion Model
(RHEM) (Al-Hamdan et al., 2015; Hernandez et
al., 2017) is an event-based model that estimates
runoff, erosion, and sediment delivery rates and
volumes at the spatial scale of the hillslope and the temporal
scale of a single rainfall event. To effectively predict the ero-
sion component, the model must first accurately predict the
associated runoff. In RHEM, runoff is modeled as Hortonian
overland flow, where it is assumed to exist only when the
rainfall rate exceeds the infiltration rate (Horton, 1933). The
infiltration component in RHEM is computed using a three-
parameter infiltration equation (Parlange et al., 1982), in

Submitted for review on 30 April 2023 as manuscript number NRES
15652; approved for publication as a Research Article by Associate Editor
Dr. Prem Parajuli and Community Editor Dr. Kati Migliaccio of the Natural
Resources & Environmental Systems Community of ASABE on 18 October
2023.

Mention of company or trade names is for description only and does not
imply endorsement by the USDA. The USDA is an equal opportunity
provider and employer.

which the models of Green and Ampt (1911) and Smith and
Parlange (1978) are included as two limiting cases. In both
cases, RHEM uses the effective hydraulic conductivity (K.)
as the key parameter for modeling infiltration rate. The
K, parameterization approaches in RHEM utilize commonly
available soil and vegetation data, such as vegetation cover
and soil texture class (Al-Hamdan et al., 2015; Hernandez et
al., 2017). The existing parameterization methods in RHEM
were designed to estimate K, for a fairly broad spectrum of
soil textures, vegetation types, and undisturbed ground cover
conditions. Nevertheless, there is a scarcity of studies that
have thoroughly evaluated these approaches using field data
across diverse rangeland conditions, particularly after dis-
turbances. While RHEM includes a method to estimate the
impact of salinity on K., it lacks specific parameterization
approaches for predominantly bare or disturbed conditions,
like those occurring immediately after a wildfire or with pro-
longed woody plant encroachment. The purpose of this study
was to assess and enhance infiltration parameterization for
the application of the RHEM tool over diverse rangeland
conditions. The specific objectives of this research were to:
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1. Evaluate three existing sets of equations, used in the
RHEM model to predict K..

2. Develop and evaluate an alternative set of K. parameter
estimation equations that uses readily measurable vegeta-
tion data for a wider range of vegetation, ground cover,
and soil conditions.

3. Establish a parameterization approach to estimate K, for
RHEM for diverse rangeland conditions.

INFILTRATION MODEL DESCRIPTION

To compute the infiltration rate, RHEM applies an ap-
proach based on the kinematic runoff and erosion model
(KINEROS2) (Smith et al., 1995), which utilizes a three-pa-
rameter infiltration equation (Parlange et al., 1982):

o

f=K, |1+ (1)

exp

(oot
(G+h)(6; -6;)

where
f= the infiltration capacity (m s™)
K. = the soil effective saturated hydraulic conductivity
(ms™)

o = a parameter between 0 and 1

exp = exponential function with base Euler's number (e)

I = the cumulative depth of the water infiltrated into the

soil (m)
G = the integrated capillary head across the wetting
front (m)

h = the depth of surface flow (m)

0, = the soil porosity (m* m™)

6; = the initial (antecedent) soil moisture content (Smith

et al., 1993).

When o = 0, equation 1 is reduced to the familiar Green
and Ampt infiltration model (Green and Ampt, 1911), and
when a =1, the equation simplifies to the Smith and Parlange
model (Smith and Parlange, 1978). Poulovassilis and Argy-
rokastritis (2020) presented the values of parameter a across
various soil types, revealing a trend of increasing o value as
the soil becomes finer. However, they proposed to use a
fixed a value for practical purposes and thus convert the
equation into a two-parameter equation. Demonstrations in
Parlange et al. (1982), and other experimental and numerical
results, indicate that a value of « on the order of 0.8 to 0.85
is commonly a best fit for most natural soils (Smith et al.,
1993; Hernandez et al., 2017). For RHEM, the default value
of a for the versions RHEM V2.2, RHEM V2.3, and RHEM
V2.4 is 0.8, while earlier versions of the model have the de-
fault value of a as 0.03.

To calculate infiltration rate for a given initial soil mois-
ture, and fixed a value, equation 1 requires the values of G,
and K.. RHEM applies values of G based on soil texture,
consistent with KINEROS?2 (Hernandez et al., 2017). There-
fore, K. is the parameter that is used to characterize sites for
calculation of infiltration based on vegetation cover.
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K. PARAMETERIZATION APPROACHES IN RHEM

Based on two parameterization approaches, RHEM has
previously used three sets of equations to calculate K, (mm
hr'!) which are utilized in RHEM V2.1, V2.3 and V2.4. As a
first approach, K, is calculated using equation 2 from Near-
ing et al. (2011), as applied in RHEM V2.1:

InK, =0.174+2.975V, +0.923V ; —1.450cl ©)

where
Ve = the fraction of total ground cover underneath and
outside of the vegetative canopy (m? m) inclusive
of rock and gravel >5 mm, litter in contact with the
soil surface, plant basal area, and cryptogams
Vr = the fraction of standing live and dead foliar cover
(m? m?)
cl = the fraction of clay content of surface soil (g! g™).
In the second approach, K. is calculated using baseline
hydraulic conductivity (K3) adjusted exponentially based on
plant basal cover and litter ground cover, as shown in equa-
tion 3:

K c(basal+litter) 3)

e = Kype
where

K, = the baseline saturated hydraulic conductivity (mm

hr!) for a given soil texture class

e = Euler's number

¢ = adjustment coefficient for a given soil texture class

basal = the plant basal area cover fraction (m? m)

litter = litter cover fraction (m?> m?).

In RHEM V2.3, K, is estimated using a set of equations
that are based on equation 3, in which K, is the 25" percen-
tile saturated hydraulic conductivity for each soil textural
class, as reported by Rawls et al. (1998), and c is the natural
log of the ratio of the geometric mean to the 25" percentile
values of saturated hydraulic conductivity (Hernandez et al.,
2017). RHEM V2.4 uses a modified set of equations in
which certain K, and ¢ were obtained from Stone et al.
(1992), who used and adjusted the values based on values
reported by Rawls et al. (1982).

In both approaches (all three sets of equations), the
K. value is adjusted based on the associated vegetation com-
munity, with K, multiplied by 0.8, 1.0, 1.0, and 1.2 when
applying the equation for sod grass, bunch grass, forb, and
shrub communities, respectively (Nearing et al., 2011; Her-
nandez et al., 2017).

MATERIALS AND METHODS

To achieve the objectives of this study, three data sets
from different rainfall simulation field experiments were
used. Subsequent sections describe each data set.

DATA USED FOR TESTING PREVIOUS APPROACHES
AND DEVELOPING NEW K. EQUATIONS

Two data sets were used to evaluate the three sets of equa-
tions. The first set included rainfall simulation experiment
data collected by the Water Erosion Prediction Project
(WEPP) (Johnson and Blackburn, 1989; Simanton et al.,
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1991; Laflen et al., 1991), the Interagency Rangeland Water
Erosion Team (IRWET) (Franks et al., 1998), and the Na-
tional Range Study Team (NRST) (Franks et al., 1998;
Pierson et al., 2002) studies. In these studies, a rotating-
boom rainfall simulator (Swanson, 1965) was used to simu-
late rainfall for 30 minutes at about 60 mm hr! intensity.
Each plot was pre-wet 24 hours earlier by conducting a ro-
tating-boom rainfall simulation at the initial soil moisture for
one hour at 60 mm hr! intensity. The data include Natural
(undisturbed) and Bare (standing vegetation was removed to
the ground by clipping and ground cover was removed by
hand) treatments (Johnson and Blackburn, 1989). The plots
were 10.7 m long and 3.05 m wide, with the long borders
oriented perpendicular to the hillslope contour. Ground
cover, foliar cover, and foliar life form were measured for all
plots using a point-frequency-frame. The vegetation com-
munity of each plot was decided based on the dominant

measured life form. The combined data sets cover a wide
range of soil textures and vegetation types (table 1). Soil tex-
ture, ground surface slope, sediment rates, and runoff were
measured for each plot. For the current study, K. was opti-
mized based on the total volume of runoff for each plot. By
using optimized K. values, average total runoff converged
within less than a 0.02 mm of the average of the measured
total runoff for all plots. Optimized K. was used to develop
the new K, estimating equation.

DATA USED FOR EVALUATING PREVIOUS
APPROACHES AND NEW K. EQUATIONS

A third set of data was used to evaluate the previous and
new parameterization approaches in RHEM. Those data
were obtained from independent rainfall simulation experi-
ments conducted by the United States Department of Agri-
culture- Agricultural Research Service (USDA-ARS)

Table 1. Experimental sites used to test previous sets of equations and develop the new K. parameterization approach.

No. of Average Calibrated
Site Location Soil Texture Plots Treatments Slope K, (mm h')
A1871 Tombstone, Arizona Sandy clay loam 4 Natural, Bare 0.1 12.4,0.3
A287 Tombstone, Arizona Sandy loam 1 Natural 0.04 7.6
C187t Sonora, Texas Silty clay 3 Natural, Bare 0.083 4.4,0.4
Coyote87% Coyote Butte, Idaho Silt loam 4 Natural, Bare 0.101 19.6, 4.6
D187 Chickasha, Oklahoma Sandy loam 3 Natural, Bare 0.05 4.6,0.4
D287 Chickasha, Oklahoma Sandy loam 4 Natural, Bare 0.05 5.5,0.6
E2871 Freedom, Oklahoma Loam 3 Natural, Bare 0.06 16.8, 1.5
F1874 Sidney, Montana Loam 4 Natural, Bare 0.103 21,4.6
G187 Meeker, Colorado Silty clay 2 Bare 0.1 4.7
H1871 Cottonwood, South Dakota Clay 1 Bare 0.09 0.6
H287™M Cottonwood, South Dakota Clay 4 Natural, Bare 0.118 3.5,0.4
118714 Los Alamos, New Mexico Loam 4 Natural, Bare 0.068 72,1.6
J1871 Cuba, New Mexico Sandy loam 4 Natural, Bare 0.07 14.3,3.7
K187 Susanville, California Loam 2 Natural 0.11 26.9
Nancy871 Reynolds, Idaho Silt loam 4 Natural, Bare 0.059 10.5, 6.5
Summit87 Summit, Idaho Sandy loam 4 Natural, Bare 0.09 16.0, 13.8
D188®! Chickasha, Oklahoma Sandy loam 4 Natural, Bare 0.05 16.1,1.3
D288 Chickasha, Oklahoma Sandy loam 4 Natural, Bare 0.048 10.8, 1.8
E288M! Freedom, Oklahoma Loam 4 Natural, Bare 0.06 272,1.9
E588Mt Woodward, Oklahoma Loam 3 Natural, Bare 0.06 18.6, 5.6
H188M Cottonwood, South Dakota Clay 2 Natural 0.08 6.5
H288! Cottonwood, South Dakota Clay 1 Natural 0.12 2.6
K188l Susanville, California Loam 3 Natural, Bare 0.117 29.5, 6.6
B190 Wahoo, Nebraska Clay loam 2 Natural 0.1 2.2
B290™ Wahoo, Nebraska Clay loam 5 Natural 0.11 12.1
1900 Amarillo, Texas Clay loam 5 Natural 0.03 10.6
290! Amarillo, Texas Loam 3 Natural 0.02 10.0
E191 Eureka, Kansas Silty clay 6 Natural 0.05 17.3
E2910 Eureka, Kansas Silty clay 2 Natural 0.05 16.9
E3911¢ Eureka, Kansas Silty clay 5 Natural 0.03 34
F191® Akron, Colorado Sandy clay loam 5 Natural 0.074 4.6
F291® Akron, Colorado Sandy loam 6 Natural 0.08 13.9
F3911 Akron, Colorado Sandy clay loam 5 Natural 0.066 5.0
G1910] Newcastle, Wyoming Sandy loam 6 Natural 0.06 28.1
G291 Newcastle, Wyoming Sandy loam 5 Natural 0.084 29.7
G391 Newcastle, Wyoming Sandy loam 5 Natural 0.074 114
H1920 Killdeer, North Dakota Sandy loam 4 Natural 0.123 4.5
H292! Killdeer, North Dakota Sandy loam 6 Natural 0.113 20.2
H3920! Killdeer, North Dakota Sandy loam 6 Natural 0.01 16.9
11920 Buffalo, Idaho Clay loam 6 Natural 0.011 9.7
12920 Buffalo, Idaho Clay loam 4 Natural 0.068 10.7
J1920 Blackfoot, Idaho Silt loam 6 Natural 0.077 21.2
1292001 Blackfoot, Idaho Silt loam 5 Natural 0.08 19.5
K192 Prescott, Arizona Loam 6 Natural 0.052 12.0
K292 Prescott, Arizona Loam 6 Natural 0.05 10.5
[ Predominantly Shrub.
(] Predominantly Bunch Grass.
(] Predominantly Sod Grass.
' Predominantly Forb.
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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. The plot length in this
group varied from 6 m to 7 m and width varied from 2 m to
5 m, again with the longer borders oriented perpendicular to
the hillslope contour. The rainfall intensity and duration var-
ied among sites (table 2). Usually, plots were pre-wet by ap-
plying rainfall simulation for a specific period of time under
dry antecedent soil moisture conditions.

STATISTICAL ANALYSIS

Statistical analyses were conducted using SAS software,
version 9.4 (SAS Institute Inc., 2015). Multiple stepwise lin-
ear regression analyses were used to derive the relationship
between K, as a dependent variable and ground and foliar
cover attributes, slope, and soil texture as independent vari-
ables. The general linear model was used to test the signifi-
cance of differences between K. mean values among vegeta-
tion communities. Prior to this analysis, values of K. were
log transformed to address deviation from normality as well
as to improve homoscedasticity and linearity (Allison,
1999).

Piecewise (segmented) regression analysis was applied,
in which two continuous relationships between the log-trans-
formed K. and the independent variables were fitted to im-
prove the linear relationship (Ryan et al., 2002, 2005). The
PROC NLIN analysis technique in SAS was used to find the
breakpoint at which the relationship between K. and vegeta-
tion ground cover changed (Ryan and Porth, 2007).

A significance level of 0.05 was used for all statistical
tests, including the criteria for including the variables in the
multiple regressions. The coefficient of determination (R?; in
conjunction with the gradient and intercept of the corre-
sponding regression line) and the index of agreement (d)
(Willmott, 1981) were used to evaluate the applicability of
the hydraulic conductivity equations in RHEM. R? was cal-
culated by:

2191~ Oung ) (M; —M

avg )

z?:l (Ol _Mi )2
20 1M = Oung

d=1-

®)
+|0; -0

avg

)2

where

O; = the ith observation to be evaluated

M; = the simulated value by the model for the correspond-

ing ith observation

Ouve = the average of the observed (measured) values

M., = the average of the simulated values by the model

n = the number of observations.

For a good agreement, R? should be close to one, the cor-
responding intercept should be close to zero and the gradient
should be close to one. Performance of the runoff prediction
at the monthly temporal scales is considered “Very Good”
when d > 0.90, “Good” when 0.85 < d <0.90, “Satisfactory”
when 0.75 < d < 0.85, and “Unsatisfactory” when d < 0.75
(Moriasi et al., 2015). Given that event-based predictions are
usually less accurate than monthly ones, using these perfor-
mance levels for this study is considered a more rigorous
performance evaluation.

RESULTS AND DISCUSSION
RANGES OF VARIABLES VALUES

For a as 0.8, optimized K, values that were used to de-
velop the new equations varied from near zero to 38.6 mm
hr!. Measured total runoff values varied from 0.1 to
31.2 mm. Clay texture fraction varied from 0.06 to 0.51. Silt
texture fraction varied from 0.16 to 0.68. Vegetation ground
cover (basal, litter, and cryptograms) varied from 0 to 1.0,
while foliar cover varied from 0 to 0.91. The data used to
develop and evaluate the equations represent a wide array of
ground cover and soil texture variations. The ground cover
data represents all possible values to find on rangelands,
while K, values cover measured geometric mean measure-
ments for most soil texture types in Rawls' et al. (1998) data,
with the exceptions of sandy and sandy loam.

K:ESTIMATION EQUATIONS

A multiple regression equation between the logarithm of
K. as a dependent variable and vegetation ground cover (lit-
ter cover and plant basal cover) (V), vegetation foliar cover,
clay (CI), and silt (S7) amounts as independent variables re-
sulted in the following equation:

R*= - - )
n n = *
\/z (0,0 ) \/Z (M, - M) nK,=0.9717+1.81%V . ©
=\ g = e * * n =180, R =0.52
+1.059*V —3.1325*CI ’ :
and d was calculated by:
Table 2. Experimental sites used to evaluate the K. parameterization approaches.
Average
Soil No. of Treatment or Calibrated
Site Location Texture Plots Disturbance Slope K, (mmh™)
Breaks Reynolds Creek, Idaho Sandy loam 28 Natural, fire 0.426 32,327
Castlehead Owyhee County, Idaho Stoney loam 18 Tree encroachment, wildfire 0.172 24.5,17.6
Marking Corral ~ White Pine County, Nevada Gravelly loam 22 Tree encroachment, fire 0.097 22.2,37.1
Onaqui Tooele County, Utah Gravelly loam 29 Tree encroachment, fire 0.16 30.3,24.8
Steens Harney County, Oregon Gravelly silt loam 10 Tree encroachment, ten years after tree cut ~ 0.186 31.3,22.7
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Applying the segmented regression analysis using the
same variables of equation 6 resulted in the following equa-
tion:

mK, =
0.7211+3.091 1%V
+1.1052*V —3.8344*Cl
4.4624-2.2377*V;
+1.1052%V —3.8344*Cl

if Vs <0.7143 (7)

if Vg >0.7143

Applying the general linear regression analysis, where
plant life form is the categorical variable, along with the
piecewise approach, resulted in the following equations:

Bunch Grass:

nK, =
0.1638+4.6152*V;
+0.6098*V —2.9387*CI
2.3925+0.2202* V4
+0.6098*V —2.9387*Cl

ifV; <05071]  (8)

if Vg >0.5071

Sod Grass:
nK, =
—0.426+4.6152*V;
+0.6098* V' —2.9387*Cl
1.8027 4+ 0.2202*V;
+0.6098*V —2.9387*CI

ifV; <0.5071]  (9)

if Vg >0.5071

Shrub:
nK, =
0.6788+4.6152*V
+0.6098* V' —2.9387*Cl if Vi £0.5071 (10)
2.9075+0.2202*V;
+0.6098* V. —2.9387*CI if Vg >0.5071
Forb:
nK, =
0.6862+4.6152*V
+0.6098* V' —2.9387*Cl if Vi £0.5071 (11)
2.9149+0.2202*V;

+0.6098* V. —2.9387*Cl if Vz > 0.5071

Equation 6 shows that K. is significantly dependent on
vegetation cover and clay (p < 0.05). The equation is similar
to the one applied in RHEM V2.1 in terms of independent
parameters since some of the plots used to develop new
equations were also used in developing equation 2. How-
ever, the new equations were developed using an expanded
dataset (bare treatment). The coefficient of determination in
the single segmented regression analysis (R’ = 0.59) was
greater than in the analysis resulting in equation 6 (R’ =
0.52). Applying the general linear model and segmented
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regression by dominant vegetation life form (shrub, forb,
bunch grass, and sod grass) improved R?, with a slight in-
crease (R’ = 0.64) compared to equation 7.

Figure 1 shows an example of values obtained from equa-
tions 7 through 11 as a function of vegetation ground cover.
The breakpoints generated by the piecewise regression in
equations 7 through 11 identify a threshold at which there is
a change in the infiltration rate with respect to vegetation
ground cover. Using equation 7 for simplicity instead of
equations 8 through 11 will not change prediction perfor-
mance significantly, given the slight difference in R’ values
between the two methods. However, the variable coeffi-
cients (sensitivity to variables) and the breakpoints are dif-
ferent. The differences are driven by (1) a relatively large
concentration of shrub plots with low cover and high K. and
(2) alarge number of sod grass plots with high cover and low
K.. Hence, when applying the segmented regression for all
data points combined (eq. 7), the best-fit segmented line re-
flects these different diverging ends. These trends indicate
the application of community-specific K. equations may be
useful when comparing hydrologic responses for respective
ecological sites. Even though equations 8 through 11 have
small differences in coefficients, the application of commu-
nity-specific K. equations could still lead to a high percent-
age of difference between two sites with low infiltration val-
ues because they are logarithmic relationships. The K. values
were greatest for shrub and forb cover types, slightly less,
respectively, for the bunch grass cover type, and lowest for
the sod grass cover type (fig. 1). These trends in K. by cover
type were consistent with those reported by Nearing et al.
(2011) for RHEM V2.1. In the current study, K. increased
with vegetation ground cover before reaching a near steady
state and subsequently declining slightly for the highest
cover conditions (fig. 1). The slight decline at high cover
values was potentially due to cover effects at the ground sur-
face and/or alteration of rock cover effects on infiltration.
Substantial live and senesced vegetation lying horizontally
across the ground surface can shed rainfall and facilitate run-
off (Pierson et al., 2008; Williams et al., 2016). Similarly,
ample vegetation and ground cover can alter the effects of
underlying rock cover on infiltration and runoff. The litera-
ture on rock cover effects on infiltration is contradictory

In(K)

--------- Bunch Grass (Equation 8)

e / R — -+ Sod Grass (Equation 9)
0 o A — — Shrub (Equation 10)
05 1 R = = =Forb (Equation 11)
d == « «Average (Equation 12)
-1 T T r T ]
0 0.2 0.4 0.6 0.8 1

Vegetation Ground Cover

Figure 1. Values of In(K-) using equations 7, 8 (Bunch Grass), 9 (Sod
Grass), 10 (Shrub), 11 (Forb), and equation 12 versus vegetation
ground cover when foliar cover is 0.1 and soil clay fraction is 0.1.
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(Kidwell et al., 1997), depending on whether the rock cover
is under a plant canopy or in the interspace area between
plant canopies. Rock cover has been shown to enhance infil-
tration when resting on the soil surface and to impede infil-
tration where embedded in the soil surface (Poesen et al.,
1990). Regardless, an increase in vegetation ground cover
closer to 100% would replace the cover impact of rock. In
the case where dominant plant life forms are known, equa-
tions 8 through 11 can be used. If the dominant plant life
form is unknown or hard to define, then one can apply equa-
tion 7. However, for consistency, the following equation that
gives an average K. value based on the average value of co-
efficients from equations 8-11 can be used:

nkK, =
0.2757+4.6152%V 5
+0.6098*V —2.9387*Cl
2.5044 +0.2202*V 5
+0.6098*V —2.9387*Cl

ifV; <0.5071| (12)

if Vg >0.5071

K:EQUATIONS EVALUATION:

Figure 2 shows the measured In(K,) values for each plot
from the table 1 data set versus the estimated In(K,) using all
sets of equations. Like typical regression results, small val-
ues were overestimated, and large values were underesti-
mated in most cases. However, the respective error was re-
duced the most when using the group-segmented equations
(fig. 2f). The segmented approach and RHEM V2.1 equa-
tions showed the largest R°. In addition, the segmented ap-
proach was more comprehensive since it was an equation
with continuous clay values and not a look-up table based on
soil texture. If each soil texture class is assigned a given clay
value, then equations 6 or 7 could be used to develop a set
of equations similar to the one used in RHEM V2 4. In this
case, each soil texture class has a K, estimation equation as
a function of vegetation cover. For instance, applying equa-
tion 6 to selected soil textures results in the following equa-
tions:

Clay Loam: K, = 0.9%exp(1.81*V; +1.059*V)  (13)
Silt Loam: K,, = 1.7%exp(1.81%V; +1.050*V)  (14)
Sandy Loam: K, =1.9%exp(1.81%V5 +1.059*V ) (15)
Loam: K, =1.4%exp(1.81%V; +1.059* V. ) (16)
Sand: K, = 2.4%exp(1.81%V; +1.059% V) (17)

The corresponding equations for equations 13 through 17
from RHEM V2.4 are:
Clay Loam: K, = 0.5%exp(2.3026*V; ) (18)

Silt Loam: K, =1.2%exp(2.0149*V;) (19)
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Sandy Loam: K, = 5*exp(1.1632*V;) (20)
Loam: K, = 2.5%exp(1.5686* V) (1)
Sand: K, = 64*exp(0.3564*V;) (22)

Similar to RHEM V2.1, equations 13 through 17 include
vegetation ground cover and foliar cover as factors, whereas
RHEM V2.4 only applies vegetation ground cover as a fac-
tor. However, the K, values derived from both sets of equa-
tions are within similar ranges, except for those for sandy
soils. None of the sites in table 1 have sandy soils. This sug-
gests caution in applying the equations to sites with soil tex-
tures outside of the range in which the equations were devel-
oped. Excluding the sandy sites, the new equations still span
a reasonably wide range of soil textures typical of range-
lands.

RHEM APPLICATION EVALUATION

The performance of RHEM in predicting runoff when us-
ing the different sets of K, equations was evaluated using the
independent data of plots with rainfall simulations (table 2).
When using the newly developed equations, the values of K,
were multiplied by 1.3 to account for the bias in the log trans-
formation (Duan, 1983). Results show that all previous
methods have “satisfactory” performance with d values
greater than 0.75 (figs. 3a-c). These results agree with Wil-
liams et al. (2022), who reported that RHEM V2.3 effec-
tively predicted runoff and erosion from 36 patch-scale rain-
fall simulation plots at two sagebrush rangelands. However,
like Williams et al. (2022), in many plots with minimal ac-
tual runoff, the runoff was overestimated at these sites. The
new approach has “very good” results with a d value greater
than 0.9 (figs. 3d-e). In all regressions, the slope between
predicted and measured runoff was below one, while the in-
tercept was large, indicating that the simulations were over-
estimating small values. This error is reduced when applying
the new approach, where the slope is closer to one and the
intercept is closer to zero. However, in some plots with min-
imal actual runoff, the runoff was still overestimated
(fig. 3d). Further examination of the data shows that many
of these plots are in burned canopy areas. This indicates that
the equations’ trend, at which removing vegetation cover de-
creases K, and infiltration, which increases runoff, did not
hold. This means that other potential factors should be inves-
tigated in future work. One possible explanation is the effect
of ash cover. Ash can increase surface retention/storage and
storage, consequently increasing the K. value (Ebel, 2012).
Another source of error could be the assumed default value
of initial saturation (0.25) for some plots, especially those
that were not pre-wetted. If initial saturation was set to a dif-
ferent value (0.1) for those dry antecedent simulations, re-
sults could be improved, where the slope is closer to one and
the intercept is closer to zero (fig. 3e). The saturation value
is perhaps less important for predicting average annual re-
sponses but is likely important for predicting responses in
single-event simulations.
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Figure 2. Measured In(K:) values versus the estimated In(K:) using (a) RHEM V2.1 equations, (b) RHEM V2.2 equations, (¢) RHEM V2.4 equa-

tions, (d) equation 6, (e) equation 7, and (f) equations 8 through 11.

SUMMARY AND CONCLUSION

In this study, three previously developed RHEM sets of
equations for estimating K, were evaluated with no calibra-
tion and showed “satisfactory” performance in estimating
runoff with independent data. A new approach was also de-
veloped and tested using the same independent data. The
new approach showed a “very good” performance in esti-
mating runoff for RHEM at the plot scale. The new approach
expands the applicability of RHEM for degraded or dis-
turbed rangeland conditions with minimum vegetation
cover. However, the new equations could be improved to ad-
dress immediate post-fire conditions and soil textures out-
side the scope of the dataset applied in the current K, param-
eterization approaches, such as for sands and loamy sands.
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