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ABSTRACT

The K factor of the Universal Soil Loss Equation is the most important measure of soil erodibility that was adopted
in many erosion models. The K factor can be estimated from simple soil properties by a nomograph. Later, the
classical K factor equation was published to assist the calculation of K. This equation, however, does not fully
agree with the nomograph, which still has to be used in these deviating cases. Here we show for a large soil
data set from Central Europe (approximately 20,000 soil analyses) that the equation fails in considerably more
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than 50% of all cases. The failure can be large and may amount to half of the K factor. To facilitate the K factor cal-

USLE culation, we developed a set of equations that fully emulates the nomograph and supersedes the cumbersome
RUSLE reading of the nomograph.

Organic matter
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Very fine sand
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1. Introduction

The Universal Soil Loss Equation USLE (Wischmeier and Smith,
1978) and its successors the Revised Universal Soil Loss Equation
RUSLE, version 1 (Renard et al., 1997) and version 2 (Foster, 2005),
are by far the most often used models for soil erosion predictions.
An ISI query (http://apps.isiknowledge.com/) for the years 2003 to
2012 yielded 844 hits for the keywords ‘Universal Soil Loss Equation’,
‘USLE’, ‘Revised Universal Soil Loss Equation’, and ‘RUSLE’. Apart
from the USLE/RUSLE itself there is a large number of other erosion
models (approximately 600 hits between 2003 and 2012 for the
most prominent ones), which can be subdivided in those using
USLE/RUSLE technology to estimate erosion and those following
other approaches. The most well-known ones based on USLE/
RUSLE technology are SWAT (Arnold et al., 1998, 151 hits), (Ann)
AGNPS (Cronshey and Theurer, 1998, 36 hits), Watem/Sedem (Van
Rompaey et al., 2001, 35 hits), and EPIC (Williams et al., 1983; 21
hits), while approaches independent from the USLE are followed by
WEPP (Laflen et al., 1997, 172 hits), LISEM (De Roo et al., 1996, 42
hits), EUROSEM (Morgan et al., 1998, 30 hits), STREAM (Cerdan et al.,
2001, approx. 10 hits), and PESERA (Kirkby et al., 2008, 10 hits).
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Soil erodibility is reflected in the K factor of the USLE and its succes-
sors. A nomograph to estimate the K factor was derived by Wischmeier
etal. (1971) from rainfall simulation experiments and validated with
data from long-term soil erosion plots under natural rain. The K factor
was also included in a number of USLE modifications or extensions like
MUSLE (Williams, 1975), USLE-M (Kinnell and Risse, 1998), or dUSLE
(Flacke et al., 1990) and was also integrated into the more complex
model approaches using USLE/RUSLE technology to estimate erosion
(e.g. SWAT, ANGPS, Watem/Sedem and EPIC). Hence, the K factor is
the most important tool for soil erodibility estimation in erosion model-
ing. In contrast to this importance, Wischmeier et al. (1971) were only
cited 120 times between 2003 and 2012 according to ISI. Only about
10% of those articles using the K factor thus refer to the original article.

The K factor was originally derived from five variables, namely the
silt plus the very fine sand content, the clay content, the organic matter
content, an aggregation index, and a permeability index that have to be
combined in a K factor nomograph (Wischmeier et al., 1971). Later, a
sixth variable, namely rock fragment cover, was added by Wischmeier
and Smith (1978), who also provided the classical K factor equation to
allow calculation of the K factor instead of reading the nomograph.
This equation, however, does not exactly match the nomograph. It dif-
fers from the nomograph for soils that have high silt content, low erod-
ibility or high organic matter content. Also the rock fragment effect is
not included in the K factor equation. Wischmeier and Smith (1978)
stated that their equation did not fully reflect the nomograph and that



in cases of deviation between the results of the equation and the nomo-
graph, the latter has to be used. Given the strong increase in computing
power and computer accessibility and at the same time the cumber-
some reading of the nomograph combined with the low citation rate
of the original publication by Wischmeier et al. (1971) implies that in
many modeling exercises the K factor equation was used neglecting
those cases where the nomograph has to be used.

In this study we firstly will develop a set of equations, which allows
in mimicking the original K factor nomograph and which hence is appli-
cable to the full range of soil characteristics without the limitations of
the classical equation, which was provided by Wischmeier and Smith
(1978) and which is used in almost all USLE based erosion models. Sec-
ondly, we will test the relevance of extending the original equation
while using a large data set of soils.

In agreement with the large number of studies, which use the K
factor, we assume that the K factor nomograph is the best existing
prediction tool to estimate erodibility that lumps the different
aspects of erodibility like runoff disposition, detachability and trans-
portability. We acknowledge that these predictions may be far from
perfect in many cases, e.g. by ignoring seasonality or interaction with
climate. Our rational, however, is that the prediction error likely in-
creases considerably if this tool is erroneously applied by using the
K factor equation in cases where the K factor nomograph is recom-
mended. We quantify how often the use of the K factor equation by
Wischmeier and Smith (1978) leads to results deviating from the K
nomograph by Wischmeier et al. (1971) and how large these errors
will be that result from a misuse of the equation.

2. Material and methods

We choose (tha=! h N~1) as metric unit for the K factor, which
requires one decimal less than the often used unit (t Mj~' hmm™!).
Despite the apparently contrasting units, conversion can easily be
done by (tha='h N™') =10 (t MJ~' h mm™"). For simplicity we
omit the K factor unit in the following text and just report values.

The K factor equation by Wischmeier and Smith (1978), when
adapted to metric units, reads as:

K =K, K, 4 0.043 x (A—2) + 0.033 x (P—3)
and K; = 2.77 5 10”  (fgj, ygsq * (100—fp)) "™ (1)
and K, = (12—fy))/10

where:

fsi + visa mass fraction (in %) of silt plus very fine sand Si + vfSa (2...
100 pm) in the fine earth fraction

fa mass fraction (in %) of clay (<2 pm) in the fine earth fraction

fom mass fraction (in %) of organic matter in the fine earth
fraction

b soil structure index (1...4) increasing from very fine granular

to blocky, platy or massive (for definition of the classes see
Wischmeier et al., 1971)

[ permeability index (1...6) increasing from rapid to very slow
(for definition of the classes see Wischmeier et al., 1971).

Ks with subscript numbers are used here to indicate intermediate
steps in the calculation of K. These subscripts were not used by
Wischmeier and Smith (1978). The product of K; and K, has been
termed “first approximation of K” by Wischmeier et al. (1971).

Eq. (1) has four restrictions for different soil characteristics:

Soils with high silt content
Wischmeier et al. (1971) write: “The relation of K... changes when the

silt content approaches 70 percent. The effect of this change was brought
into the nomograph by bending the percent-sand curves near the 70-
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percent-silt line. This modifies the graphically... K and thereby elim-
inates the need for an additional set of curves” (Fig. 1). This change
has not been described by a numerical equation (Wischmeier and
Smith, 1978). In consequence, the nomograph has to be used in
these cases because the equation does not apply. Fitting an equation
to the readings taken from the nomograph above 70% Si + vfSa leads
to the following equation:

K; = 0.631%2.77 % 10° 5 ((fsiyupsa) * (100—f )™ + 0.0024
* fSiJrvl‘Sa +0.161. (2)

An equation with similar effect has recently been incorporated in the
draft of the RUSLE2 (Foster, 2005). Eq. (2) allows calculation of the first
approximation of K over the entire textural range.

Soils with low erodibility

There is another deviation of the nomograph curves from the K fac-
tor equation that has never been mentioned by Wischmeier but it is rea-
sonable to assume that the same recommendation as for the high silt
soils applies and the nomograph has to be used in these cases as well.
This deviation occurs with soils of low erodibility, for which the first ap-
proximation of K is lower than 0.2 (Fig. 1). For these soils the influence
of the aggregate class changes, which has been described as knee in the
aggregate relationship by Foster (2005).

Fitting an equation to the readings taken from the nomograph for
soils with the first approximation being lower than 0.2 leads to the fol-
lowing equation:

K=0.091-0.34 « K; Ky + 1.79 * (K; * KZ)2 +0.24 K *K, A
+0.033 % (P—3) (3)

High organic matter soils

Wischmeier et al. (1971) write “organic matter percentages ... are
about 1.72 times the percent carbon. ... Earlier studies concluded that
within an organic matter range of 0 to 4 percent ... soil erodibility
tends to decrease appreciably as organic matter increases ... Our recent
analyses confirmed these conclusions ... Whether, or how much, K de-
clines further when organic matter levels exceed 4 percent has not been
determined.” In consequence their nomograph ends at 4% organic mat-
ter and Wischmeier et al. (1971) recommend interpolating between
plotted curves although the soils used for the development had up to
5.5% organic matter (Wischmeier and Mannering, 1969). Also Trott
and Singer (1983) found no additional effect of organic matter content
exceeding 4%. The conservative assumption in agreement with
Wischmeier et al. (1971) hence is that the K factor equation should
also be restricted to 4% organic matter content.

Soils with rock fragments

Wischmeier et al. (1971) write “One soil parameter that can be sig-
nificant is not included in the nomograph: percent of coarse fragments.
Limited data suggest that the K factor... may be reduced about 10 per-
cent for soils with stratified subsoils that include layers of small stones
or gravel without a seriously impeding layer above them. Beyond
some limiting density, stones on the surface would be expected to re-
duce erosion by providing protective mulch. However, no data are avail-
able from which to determine the minimum density required or to
establish numerical relationships for rates of stone cover above that
amount.” Wischmeier and Smith (1978) then found a solution for the
stone cover effect: “Coarse fragments are excluded when determining
percentages of sand, silt, and clay. If substantial, they may have a perma-
nent mulch effect which can be evaluated from the upper curve of the
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Fig. 1. K factor nomograph (Wischmeier et al., 1971) and areas of restrictions where the K factor equation by Wischmeier and Smith (1978) does not apply; note that the original nomo-
graph did not use metric units and the influence of rock fragment cover was not included but added as a separate chart by Wischmeier and Smith (1978).

chart on mulch and canopy effects (p. 19, fig. 6) and applied to the num-
ber obtained from the nomograph solution.”

Converting Fig. 6 from Wischmeier and Smith (1978) into an equa-
tion yields:

c=1
c=1.1 exp(—0.024 « f;)-0.06

for f <1.5%
for f:>1.5% “)
where cis the soil loss ratio needed for the calculation of the C factor and
fi¢is the fraction of the soil surface covered with rock fragments.

In the case of soils that are not under bare fallow f;¢ is not the total
fraction of rock fragments on the soil surface but only the fraction that
is not covered by vegetation or plant residues (Foster, 2005) because
otherwise the protection of the soil surface from the incipient raindrops
would be counted twice. Again, a similar equation was used for the
RUSLE (Rémkens et al., 1997) and the RUSLE2 (Foster, 2005). However,
the equation used there does not have a minimum rock cover below
which there is no effect (1.5% in the case of Eq. (4)). This deviates
from the statement by Wischmeier et al. (1971) that there should be a
limiting density. Without this limiting density, measurement of the
rock fragment cover becomes mandatory even in the case of very little
rock cover and due to the fact that the curve is steepest at f,r = 0% K
will almost always be lower than predicted from the nomograph.

Incorporating the restrictions of the K nomograph to the K factor
equation thus leads to the following extended K factor equation that re-
quires four steps of calculation:

1) Ky =2.77 % 10° % (g ypsa * (100— )™ for fg i, < 70%
Ky = 1.75 % 10° = (fgi,ygsq * (100—f)) "™

for fg;, vsa>70%
+0.0024 « fg;, 5, +0.16

2) K, = (12— fgy)/10
K, =08

for fou<4%
for fou>4%

3) K3 = Ky * Ky +0.043 % (A—2) +0.033 * (P—3) for K, +K,>0.2
K; = 0.091-0.34  K; K, + 1.79 % (K; * K,)*
+0.24 x Ky * Ky * A+ 0.033  (P—3) for K; xK;,<0.2

4) K=K,
K =Ky * (1.1 exp(—0.024 « f,1)—0.06).

for f<1.5%
for f;>1.5%

(5)

We evaluated the failure of using the K factor equation instead of the
K factor nomograph by analyzing 19,055 soils obtained during soil sur-
veys throughout Germany likely providing a spatially representative
sample. The textural fractions and organic matter contents were ana-
lyzed following the accepted methods. The German particle size classes
in our dataset follow the 2/63 system (Ad-hoc-Arbeitsgruppe Boden,
2005) in contrast to the 2/50 system of the US taxonomy (Burt, 2004).
Within the 2/63 system, vfSa ranges from 63 pm to 125 pm. For about
half of the soils vfSa had been determined with an upper limit of
100 pm according to the definition by Wischmeier et al. (1971) and
thus allowed in determining the Si + vfSa fraction accordingly. As-
suming a log-normal distribution of particle sizes (Shirazi et al.,
1988), the class width Ig(125)-lg(2) is 6% larger than the class
width 1g(100)-Ig(2). The Si + vfSa fraction of those texture analyses
that had used 125 pm as the upper boundary were multiplied by 0.94
and the respective sand fractions were increased accordingly to yield
the Si + vfSa fraction in agreement with Wischmeier et al. (1971).

The sites represented by the dataset comprise grassland and
arable land on a large range of parent rocks within a temperate
humid climate (mean annual precipitation varying between 450
and 2000 mm yr~ !; mean annual temperature varying between 5
and 10 °C). For the evaluation of the effect of organic matter we re-
stricted the dataset to top soils under arable use because according
to the definitions of the USLE and its successors, the K factor should
be determined after 3 to 4 years of continuous bare fallow to remove
those effects, which are accounted for in the C factor (Wischmeier
and Mannering, 1969). Our soils were not under continuous bare fal-
low but under ordinary arable use. It is reasonable to assume that the
organic matter content would decrease during 3 to 4 years of contin-
uous bare fallow. We did not account for this decrease because for a
set of soils that had been selected by the soil survey authority to rep-
resent the soils used in this study (Martin, 1988), the decrease in or-
ganic matter content during five years of continuous bare fallow was
small (on average 7% of the initial content; Auerswald et al., 1996)
because microbial biomass decreased under continuous bare fallow
(Weigand et al., 1995). Consideration of this slight decrease in
organic matter content would not have changed the findings of this
study.

Surface cover by rock fragments varies from site to site in otherwise
identical soils (Romkens et al., 1997) and hence is usually not included
in soil surveys and respective analyses taken from soil profiles. To eval-
uate the influence of rock fragment cover we used a large data base of



rainfall simulations on small plots (Fiener et al., 2011a; Seibert et al.,
2011) distributed over Germany following the recommendation by
Foster et al. (2003) that rock cover should best be determined after rain-
fall has exposed the fragments. For 606 plots the rock fragment cover
was available. All plots were situated on arable soils. This restriction is
reasonable as rock fragment cover becomes ineffective under spatio-
temporally continuous vegetation cover (e.g. grassland).

K factor calculations were carried out with the classical K factor
equation and with the set of equations (Eq. (5)) developed here. Subse-
quently we will refer to the K factors calculated with this set of equa-
tions nomograph K factors because the equations mimic all properties
of the nomograph.

3. Results and discussion

The tested soils covered a wide range (Table 1) of soil properties.
Only clay contents >88% and Si + vfSa contents >99% were not in-
cluded. Rock fragment cover reached nearly 60%. Remarkably, even
the narrow fraction vfSa (63 ... 100 um) covered a range from O ...
75% (mean: 6%). Omitting this fraction during texture analysis can
thus potentially cause a large error in the calculation of the K factor.
Even the slight difference in the upper boundary of either 100 pm or
125 um seems not to be tolerable in cases where soil erosion has to be
predicted. The log class width of vfSa varies by almost 50% [lg(125)-
1g(63) vs. 1g(100)-Ig(63)] and thus can potentially create a large dif-
ference in the vfSa content even though the imprecision of sieves
(e.g.,due to wear) or differences in mechanical intensity during frac-
tionation presumably causes errors of the upper boundary in the
same order of magnitude.

About 25% of our soils were beyond the textural range of the
Wischmeier soils (Table 2). We only compared the clay content
that used the same particle size definition in both cases. However,
a similar percentage would also result for the silt fraction or the
sand fraction because also either extreme silt or sand contents
existed in those cases where the range of clay contents covered by
the Wischmeier soils (8 ... 71%) was exceeded. It is not surprising
that our data set exceeded the range of the Wischmeier soils given
the more than two orders of magnitude larger data set. Another
12% of our arable soils were beyond the range of organic matter
(Table 2). However, it is remarkable that Wischmeier and co-
workers had covered with only 55 soils most of the range of our
much larger data set.

3.1. High silt restriction

About 20% of all soils had more than 70% Si + vfSa (Table 3) and thus
had a lower nomograph K factor than the equation K factor. This per-
centage depended on the landscape and was considerably higher in
loessial landscapes. The deviation from the nomograph already started
at a first approximation of about K = 0.5 (Fig. 2). On average of all
soils, the nomograph K factor was lower than the equation K by 0.03
but the effect was much stronger (up to 0.18) for individual soils.

Table 1
Sample size, texture and organic matter ranges (percentages denote mass in the fine earth
fraction) and rock fragment cover.

n Minimum  Mean  Maximum
(%) (%) (%)
Clay <2 pum 19,055 0 20 88
Silt + very fine sand 2... 100 pm 19055 0 58 99
Sand without very fine sand 100... 19055 0 31 100
2000 pm
Organic matter (Corg * 1.74) 1709 04 4.7 18

Rock fragment cover 606 0.0 8.4 58
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Table 2

Range of properties of the 55 soils used by Wischmeier and Mannering (1969) and
Wischmeier et al. (1971) for the development of the K factor and range of soils used in
this study (reported as mass percentage in the fine earth fraction); ‘outside’ denotes the
percentage of soils used in this study that were beyond the range of the Wischmeier soils.

Wischmeier This study

(n=155)

Min Mean Max Min Mean Max Outside

(% (%) & (%) (%) (%) (%)
Clay <2 pm 8 25 71 0 20 88 22

Organic matter (Corg + 1.74) 09 2.2 55 04 47 18 12

3.2. Low erodibility restriction

The low erodibility restriction applied in 29% of all cases (Table 3).
Again, this depended on the landscape with a higher frequency of failure
in landscapes of low Si + vfSa content. Hence both, the high silt restric-
tion and the low erodibility restriction affect different landscapes. Thus,
the use of the K equation causes a misjudgment of individual soils but
also a misjudgment of entire landscapes. As both errors affect different
soils, the probabilities of failure can be added and let us expect that in
almost 50% of all cases the K equation does not agree with the nomo-
graph. On average of all soils the nomograph K was higher by 0.02
than the equation K, but for individual soils the deviation may be up
to 0.15 (Fig. 3). The erodibility of the low erodible soils depends mainly
on the permeability while the first approximation and the aggregation
lose importance. This causes the K factor of low erodible soils to split
up into six groups reflecting the six permeability classes.

The maximum effect of aggregation above a first approximation
0of 0.2 is 4 = 0.043 = 0.172. This effect is lowered to 0.064 below a
first approximation of 0.2. From a practical point of view, this is ad-
vantageous because the aggregation index, which should not reflect
the tillage induced clod sizes but the natural aggregation under long-
term fallow, is especially difficult to predict for very sandy or very
clayey soils, which usually have a first approximation <0.2.

3.3. High organic matter restriction

The mean organic matter content of the arable topsoils was 3.5%
and thus, even the mean was already close to the upper boundary
of the nomograph. About 30% of all arable topsoils had organic mat-
ter contents >4% (Table 3). This percentage was slightly higher for
loamy soils but still rather similar for all textural classes. On average,
K, was 0.887, 0.923, 0.922 and 0.903 for loamy, silty, clayey and
sandy textures, respectively. The combined percentages of failure
thus yield 64% (Table 3). On average the nomograph K was 0.02
higher than the equation K but the differences would be larger for in-
dividual soils. Ignoring the organic matter restriction may even lead
to negative K factors depending on the value of the first approxima-
tion and the organic matter content. The percentage of failure and
the effect of failure would become considerably larger, if also the
grassland soils would have been included in this analysis. Given
that grassland soils usually have higher organic matter contents

Table 3
Percentage of failure when applying the classical K factor equation in comparison to the
nomograph solution combined with the chart on mulch effects.

Error type Failure (%)
Individual Accumulated
Silt + very fine sand restriction 20 20
Low erodibility restriction 29 49
Organic matter restriction 30 64
Rock fragment cover restriction 82 93
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Fig. 2. Deviation of the nomograph K factor from the classical K factor equation due to the
Si+ vfSarestriction (first approximation of K calculated with a constant 2% organic matter
content in both cases to exclude other influences); only soils with K > 0.4 are shown;
dashed line denotes unity.

because they are usually found at the wetter sites (Wiesmeier et al.,
2012), an organic matter content >4% would be maintained for
grassland soils even after 3 to 4 fallow years.

3.4. Rock fragment restriction

Most of the soils (82%) had a rock fragment cover >1.5% (Table 3),
which would lead to an accumulated probability of failure of 93% for
the equation K factor. The rock fragment restriction, however, is more
difficult to assess because the cover by plants and plant residues has
to be taken into account as well (Romkens et al., 1997). For most con-
ventional rotations the mean plant cover averaged over all seasons
will be about 50% (e.g., Fiener et al., 2011b). Under such a plant cover
only half of the rock fragments will be effective. Thus more than 3%
rock fragment cover is required for an initial effect. A cover >3% was
found on 63% of all soils. At 3% cover the rock fragments start to become
effective. For lowering the K factor by 10% an effective rock fragment
cover of 10% would be necessary, which would be the case with a
total (visible plus covered) rock fragment cover of 20%. Such cover
was exceeded only by 5% of all cases (Fig. 4). The assessment of the

0.3 -

Nomograph K factor (t ha™' h N )

0 I I I
0 0.1 0.2 0.3

Classical equation K factor (t ha' h N 1)

Fig. 3. Deviation of the nomograph K factor from the classical K factor equation due to the
K < 0.2 restriction; only soils with K < 0.3 are shown; dashed line denotes unity.
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Fig. 4. Accumulated percentage of soils with increasing rock fragment cover (solid line).
The dashed line indicates the relative soil loss for such rock fragment cover if visible.

rock fragment restriction thus depends largely on the conditions. How-
ever, the assumption that rock fragment cover is negligible seems not be
given in at least Middle European landscapes. They experienced a long
history of soil use during which rock fragments including brick frag-
ments were scattered on virtually all soils by manure applications, till-
age translocation and other mixing processes.

Combining all effects except for the rock fragment effect, the dif-
ference between the equation and the nomograph were close to zero
only in 40% of all cases (Fig. 5). Overestimations by the equation
(negative values in Fig. 5) were rather small and rare (in total 7%),
because in some cases the effect of disregarding the Si-vfSa restric-
tion that causes overestimation was (partly) compensated by
disregarding the organic matter restriction that causes underestima-
tion. Underestimations caused by disregarding the organic matter
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Fig. 5. Frequency distribution of the total error (K factor nomograph minus classical equa-
tion K factor) resulting from the combination of the Si + vfSa restriction, the K > 0.2 re-
striction and the organic matter restriction.



restriction and the K factor < 0.2 restriction thus constituted the main
share of false predictions. In 20% of all cases, the underestimation was
0.1 or larger; even on average of all cases including the correct predic-
tions, the K factor was still underestimated by 0.05. The largest devia-
tions resulted from the organic matter restriction. It is important to
note that this was not because of unusual high organic matter content.
Only 11% of our arable soils were above the organic matter range of the
Wischmeier soils (Table 2).

We did not consider seasonality of soil erodibility, which was first
suggested by Mutchler and Carter (1983) and later confirmed and elab-
orated by others (Auerswald, 1993; Coote et al., 1988; Imeson and
Kwaad, 1990). The seasonality of K has to be considered in addition to
the baseline K factor as treated in this analysis in cases where the C fac-
tor is not derived from local and seasonal measurements. It likely de-
pends on the local climate and land use and modifies the K factor but
does not replace it (Foster, 2008).

4. Conclusions

The K factor nomograph is the most important tool in soil erosion
modeling for assessing the soil erodibility. Substituting the nomograph
with the classical K factor equation should be done with care because
in considerably more than 50% of all cases wrong predictions will result
from the classical K factor equation. Instead of using the classical equa-
tion we recommend to use a set of equations, which mimics the nomo-
graph even in cases where the classical equation fails.
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