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Comparing Two Applicative Criteria of the
Soil Erosion Physical Model Concept

Vincenzo Bagarello, Vito Ferro, and Vincenzo Pampalone*

The physical model represented by a replicated plot has been suggested
to be the best possible, unbiased, real world model to predict plot soil ero-
sion. The aim of this investigation was to compare the original applicative
criterion of the physical model concept proposed by Nearing with that
later suggested by Bagarello et al. The comparison was performed by using
three empirical soil erosion models (the Universal Soil Loss Equation [USLE], a
modified USLE [USLE-MM], and the Central and Southern Italy [CSI] model)
and plot soil loss data collected at the experimental station of Sparacia, in
Sicily (southern Italy). The investigation showed that (i) the new criterion was
generally more restrictive, i.e., less prone to accept the similarity hypothesis
between predictions and measurements, than the original one; (i) the new
criterion gave asimilarnumber of acceptable predictions as the originalone
when absolute differences between measured and predicted soil losses by
the replicated plot were associated with a frequency occurrence factor of
0.87; (iii) for both tested criteria, the percentage of acceptable predictions
could be considered time independent, and consequently, the checked
performances of the three soil loss models could be considered generally
representative of their capability in predicting soil losses at the sampled site;
(iv) with the exception of the calibrated USLE, the hypothesis that, according
to the original criterion, an effectiveness coefficient greater and lower than
0.6 could be expected for a calibrated and uncalibrated model, respec-
tively, was confirmed; and (v) the new criterion allowed establishment of an
effectiveness coefficient of 0.12, which discriminates between uncalibrated
and calibrated models.

Abbreviations: CSI, Central and Southern Italy; USLE, Universal Soil Loss Equation; USLE-
MM, a modified Universal Soil Loss Equation.

Predicting soil 0SS is necessary to establish appropriate soil conservation strategies,
but the quality of the predictions is often unknown due to poor knowledge of the applica-
bility of a selected soil erosion model in an area of interest. Erosion prediction technology
can be characterized as empirically based and process oriented and/or physically based.
Although process-oriented models produced major advancements in erosion prediction
technology, they require many input parameters and, in addition, do not guarantee a gain
in prediction accuracy compared with empirical models (Tiwari et al., 2000). Therefore,
empirical soil loss models are still popular because they combine acceptable accuracy with
the ability to use quite basic data (Risse et al., 1993).

Soil loss measurements have to be used to test the applicability of soil erosion models and
particularly the empirical ones because their applicability is limited to the conditions (e.g.,
geographic conditions, rainfall regimes, temporal scale) for which they were developed.

The most common approach to test model capability in predicting soil loss is to compare
estimated against measured values of plot soil loss. Nearing et al. (1999) stated that soil
loss measurements are affected by a natural variability that determines an unexplained
variance in runoff and soil loss measurements from plots having the same size, crop cover,
soil type, and treatments and subjected to the same rainfall event. In other words, Nearing
etal. (1999) hypothesized that the unexplained variance in measurements is due only to
natural variability between replicated plots such as the heterogeneous properties of the

soil covering the investigated area. They neglected the influence of the human factors
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that can affect the measured values. The effect of the human factor
variability, which should be dependent on the soil loss measure-
ment technique used, is mitigated by the use of a dimensionless
variable such as the relative difference, R difp defined according
to Nearing (2000). In addition, the use of a calibration curve in
soil loss measured by a storage tank system (Bagarello and Ferro,
1998, 2017; Bagarello et al., 2004) allows systematic errors in sedi-
ment concentration measurement to be avoided. In other words,
a systematic error in soil loss does not affect the R ;¢ variable.
Therefore, it has to be expected that a portion of any difference
between measured and predicted erosion rates will be due to model
error, while another portion will be due to unexplained variance
of the measured sample value from the representative mean value
for a particular treatment (Nearing et al., 1999). A limit to the
accuracy of both empirical and process-oriented erosion models
is their deterministic nature, which makes them unable to explain
the natural variability of soil loss measurements. Nearing (1998)
suggested that the best possible model to predict erosion from an
area of land is a physical model of the area that has similar soil
type, land use, size, shape, slope, and erosive inputs. Therefore, the
physical model represented by a replicated plot has to be considered
the best possible, unbiased, real world model. Some recent inves-
tigations (Bagarello and Ferro, 2012; Kinnell, 2016) supported

this conclusion.

For evaluating the acceptability of a predictive model taking
within-treatment variability of erosion plots into account, Nearing
(2000) suggested verifying whether the difference between the
estimated soil loss, P, and the measured value, M, falls within the
population of differences between pairs of measured values. In
particular, according to Nearing (2000), the relative difference,
Ryiep s calculated as

P—-M
P+M

(1]

Ryige =

and the effectiveness coefficient, e, is calculated as the fraction of
data points in the considered set for which R ;¢ falls within the
95% occurrence interval. This interval was derived by using plot
soil loss measurements and predictions from the physical model

represented by the replicated plots (Nearing, 2000).

A recent investigation performed at the Sparacia experimental sta-
tion partially supported the conclusion that the method proposed
by Nearing (2000) should be generally applicable for model valida-
tion studies (Bagarello and Ferro, 2012).

An alternative criterion to evaluate plot soil erosion predictions
on the basis of the physical model concept was developed more
recently by Bagarello et al. (2013a), using the plot soil loss data
collected at the Sparacia and Masse stations, in Sicily (southern
Italy) and Umbria (central Italy), respectively. According to this
new criterion, the estimated soil loss P is acceptable if the absolute

, is lower than the

difference with the measured soil loss, |P - M
value calculated by a power equation that predicts, for a given soil
loss value M, the mean absolute difference associated with another

identical sampled plot.

The general objective of this investigation was to compare the two
applicative criteria of the physical model concept through three
soil erosion empirical models (the USLE, USLE-MM, and the CSI
model) and soil loss data collected on plots of different length and

steepness at the Sparacia expcrimcntal station.

Overview of the
Soil Erosion Models

The USLE (Wischmeier and Smith, 1978) and its revised version,
the Revised USLE (RUSLE, Renard et al., 1997), are the most
widely used empirical models for estimating plot soil loss. The
USLE-RUSLE model predicts average annual soil loss but it has
also been used for time intervals shorter than the mean annual
one (Bagarello and Ferro, 2004; Bagarello et al., 2008; Hann and
Morgan, 2006).

For a bare fallow plot with cultivation up and down the slope, the
event soil loss, 4, (M L72), calculated with the USLE-RUSLE is

A, =ElL K LS 2]

where EI30 (ML T_3) is the event erosivity index, given by the
product of the total kinetic energy of the rainstorm, £ (M T~2),
and the maximum 30-min intensity, I, (L T1) (Wischmeier and
Smith, 1978), K (T3 L73) is the soil erodibility factor, Z (dimen-
sionless) is the slope length factor, and S (dimensionless) is the
slope steepness factor. Soil erodibility is dynamic and varies annu-
ally, seasonally, between storms, and within storms (e.g., Meyer
and Harmon, 1992; Sanchis et al., 2007). According to Kinnell
(2007), however, in the context of Eq. [2] the soil erodibility factor
is assumed to remain constant with time, and therefore it coin-
cides with the soil erodibility factor, K, used to predict long-term
soil loss. For the Sparacia’s soil, the nomograph by Wischmeier
etal. (1971) yielded a value of the soil erodibility factor of 0.021
t hah ha™! MJ™! mm~! while a locally calibrated version of the
USLE requires an experimental value of the soil erodibility factor
(Bagarello et al., 2012). The topographic factor, LS, is calculated
according to the relationships proposed by Renard et al. (1997)
and Nearing (1997).

When the runoff amount at the event temporal scale is known,
event soil loss can be predicted using the Oy El;, index, where
Qg is the dimensionless runoff coefficient. By using simultaneous
measurements of runoff and soil loss from individual plots of dif-
ferent lengths operating at the Sparacia site, Bagarello et al. (2010)
proposed the following equation:
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A, =(QgELy )" Ky LS (3]

where b, is an empirical coefficient greater than unity, ( QREI3O)b1
is the erosivity index and Ky, (M L2 per unit erosivity index)
is the soil erodibility factor. Equation [3] represents a modified
version of the USLE-M (Kinnell, 1997, 2003; Kinnell and Risse,
1998) and therefore it was named the USLE-MM. The investiga-
tion by Bagarello et al. (2013b) yielded 4, = 1.45, Ky, = 0.031,
and the following expression of the L topographic factor for use
with the USLE-MM:

>\ 1.88
L:[Z] 4]

where X (m) is the slope length. Therefore, the event soil loss per

unit plot area at the Sparacia experimental site can be predicted by

)1.45

X\ 1.88
A, =(QrEIy, 0.031[5] S (5]

Soil loss for an event, A, (M L_z), is given by the product of the
runoff amount for the event, V. (L3 sz), and the bulk sediment
concentration for the event, C, (M L7):

A, =CJV. (6]

Kinnell (1997) suggested that the sediment concentration for
individual rainfall events is linearly dependent on the USLE and/
or RUSLE event rainfall erosivity index, El,(, per unit quantity
of rain, /. According to Bagarello et al. (2010), the relationship
between C_and El;/h_ was not linear for the clay soil of Sparacia
and, for a given value of E1; /b, C, increased with V. Based on
these findings, the following empirical relationship for estimat-
ing sediment concentration was deduced by Bagarello et al. (2011)
using data collected at the Sparacia area on bare plots differing

in length:

EI
Ce :bzl/e0.0203>\[ h30 ] [7]

€

where b, is an empirical coefticient. Therefore, it follows from Eq.

(6] and [7] that

EI
4, :sze1+0.0203x [ h3o ] 8]

The mathematical structure of Eq. [8] suggested that, for a bare
soil, the coefficient b, is influenced by both soil erodibility and
slope steepness, s. The more general form of Eq. [8] was obtained
by Bagarello et al. (2011) by the empirical analysis of a large data
set including measurements collected at three stations located in
central (Masse and Caratozzolo) and southern (Sparacia) Italy.

The analysis developed by Bagarello ct al. (2011) suggested that

the percentage of silt, si (%), can be assumed as an estimator of
soil erodibility and that the 4,/si ratio depends on s according to
a power relationship. Finally, the more general form of Eq. [8] is

El,
)

€

Ae =0.7606si 53.0543V;1+0.0203>\

[9]

The acronym CSI was used for this empirical equation to denote
the origin of the data (central and southern Italy).

Among the three models selected in this investigation, the USLE

differs from the USLE-MM and CSI model as the only one able

to estimate soil loss without using runoff information. Previous

studies performed in different experimental areas confirmed that
the USLE is surely characterized by an estimate performance

worse than that obtainable by an empirical runoff-driven model

(Bagarello and Ferro, 2004; Bagarello et al., 2008, 2010, 2015; Di

Stefano et al.,, 2017a, 2017b; Gao et al., 2012; Kinnell and Risse,
1998; Kinnell, 2016). Even if the availability of all experimental

information for fitting should improve the robustness of an empiri-
cal model, to compare the performance of models calibrated by the

same database, the versions of the CSI model and the USLE-MM
calibrated by Bagarello et al. (2011) and Bagarello et al. (2013b),
respectively, were used. The comparability of the calibrated USLE

with the CSI and USLE-MM was assured by calibrating the USLE

in this investigation with the same database. This last circum-
stance avoided a possible effect of the calibration sample size on the

assessment of the models’ reliability. In this study, the uncalibrated

USLE, i.c., the USLE with the soil erodibility factor calculated

by the nomograph of Wischmeier et al. (1971) and the LS factor
estimated by literature relationships (Renard et al., 1997; Nearing,
1997), was also used. These choices were aimed at, respectively, (i)

comparing versions of the calibrated USLE, USLE-MM, and CSI

models characterized by homogeneity in terms of Sparacia data

used for their calibration, and (ii) testing if the expected level of
error suggested by Nearing (2000) from an uncalibrated erosion

model (i.e., the USLE) was usable in the sampled environment.

Materials and Methods

The experimental station for soil erosion measurement, Sparacia,
of the Department of Agricultural, Food and Forest Sciences of
Palermo University, is located in western Sicily, southern Italy,
approximately 100 km south of Palermo (Bagarello and Ferro,
2004). The area has a typical Mediterranean semiarid climate,
with an average annual rainfall of 700 mm. The soil is a Vertic
Haploxerept (Soil Survey Staff, 2006) with a clay texture and a
negligible gravel content. The depth of the A horizon is approxi-
mately 0.30 m. Two plots of 44 by 8 m, two plots of 33 by 8 m,
six plots of 22 by 8 m, two plots of 22 by 2 m, two plots of 11 by
4 m, and two plots of 11 by 2 m were installed on a 14.9% slope.
This 14.9% slope is equipped with a recording rain gauge operating
at 1-min time intervals. Two additional plots of 22 by 6 m were
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established on a 22% slope and another two similar plots were
established on a 26% slope within the Sparacia experimental area.
These four plots are equipped with another recording rain gauge

operating at 1-min time intervals.

Runoff and associated sediments from each plot were intercepted

by a gutter placed along the lower end of the plot and then col-
lected into a storage system consisting of tanks of known geometric
characteristics, each having a capacity of approximately 1 m?3, that
were arranged in series at the base of each plot. Total runoff and

soil loss were measured after each erosive event (i.e., a natural

event producing measurable runoff) or, occasionally, after a series

of events if they were separated by a very short time interval, using
the methods described by Bagarello and Ferro (1998), Bagarello et

al. (2004), and Carollo et al. (2016).

All measurements were performed on bare soil. The knowledge
of the event runoff amount was necessary only for using the
USLE-MM and the CSI model. However, to use the same data-
base, the analysis was developed using only data from individual

plots when both soil loss and runoff measurements were available.

For evaluating the temporal variability of the effectiveness coef-
ficient e calculated by the two applicative criteria of the physical
model concept, three different databases were arranged including
measurements collected until a fixed date (Table 1). In particu-
lar, the first database (Database 1, 2002-2008, sample size N =
352) includes the measurements used for calibrating the USLE,
the USLE-MM, and CSI model; the second database (Database
2,2002-2012, N = 476) includes the measurements used by

Bagarello et al. (2013a) for developing the new applicative criterion
of the physical model concept; and the third database (Database
3,2002-2016, N = 574) includes all available measurements to
date. The databases were compiled pooling together measurements
performed for different \—s combinations, and their summary
statistics are reported in Table 1. The sample size, N, increases
by about 35% from Database 1 to Database 2 and by 21% from
Database 2 to Database 3. The wide ranges of the measured vari-
ables for each database suggest a good representativeness for the
purposes of this investigation. An increasing tendency of the mean
event rainfall amount associated with a decreasing trend of the
mean single storm erosivity index is detectable, while no trend was
detectable for V7, Qp, or 4. The measurement relative variability
is generally independent of the database.

Using Database 1 and the relationships for calculating LS
by Renard et al. (1997) and Nearing (1997), the USLE was
calibrated by the procedure of Foster et al. (1981) (Bagarello
et al., 2012) obtaining a soil erodibility factor value, K, of
0.035 thahha ! MJ™ ' mm™1.

For applying the criterion proposed by Nearing (2000) (original
criterion), the measured and predicted data pairs were listed and
the relative difference was calculated by Eq. [1]. The 95% occur-
rence interval was then computed for each data point using the
following relationships derived by Nearing (2000) from event
values of soil loss from seven sites in the United States, with 2061
replicated storm events in the data set, and also annual values of
soil loss from 13 sites, with a total of 797 replicated pairs of plots:

Rdiff,INF :0236 lOgM—0641 [103]
Table 1. Summary statistics of event rainfall amount (b,), single storm erosivity index
(El4(), event runoffamount (¥,), event runoff coefficient (Qr ), and event soil loss per
unit area (4,) for the three databases used in this investigation. Ryige sup =—0.179 log M +0.416 (10b]
Database  Sampling period Statistic hz ElL, v, Qr 4, where Rdiff,INF and Rdiff,SUP are the lower and the
mm MJmmhalh! mm kgm=2 | upper limits of the interval, and M is the measured soil
1 Jan.2002-Dec.2008 min.  11.8 8.1 0.04 0002 0.0001 | loss (kg m™2). The effectiveness coefficient e was deter-
(V=352)t max. 978 988.8 4026 081 273 mined as the ratio between the number of predictions for
mean 375 1645 s07 013 11 which the calculated R ;¢ value fell within the interval
median 32.8 113.0 283 009 02 (R i ne—Rgifr,sup) and the total number of predictions.
cv 055 103 119 099 235 Nearing (2000) suggested that an effectiveness coeffi-
2 Jan.2002-Mar. 2012 min, 118 8.1 0.04 0002 00001 | ?n the Ordl: °f0d'6 is what Ca; lbe ehxll’ e‘ftedhat the
(N = 476) max. 978 9888 AL O most rom uncali rated erosion models while, in the case
of a calibrated model, ¢ > 0.6 can be expected.
p
mean 40.7 151.6 611 0.5 1.1
di 36 98.3 390 012 0.2 . . .
median For applying the criterion proposed by Bagarello et
v 051 102 L7097 2.25 al. (2013a) (the new criterion), the absolute difference
3 Jan.2002-Oct. 2016 min. 118 8.1 0.03 0.001 10.0001 ¥\ p_ Ar] was calculated and the effectiveness cocfficient
Gr=57) m 145.8 988.8 4163 089 273 - - L
ax : : : : : e was determined as the fraction of data points in the
mean 442 1483 599 014 10 considered set for which | P — M| was lower than the value
median 38 100.2 395 011 02 calculated by (Bagarello et al., 2013a)
Cv 0.62 0.98 1.04 098 235
0.91
t N, sample size. |P_M|:0-356M [11]
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Taking into account that Eq. [11] was developed using Database
2, this database was applied in this study for all analyses with
the only exception of that on temporal stability of the checked
performances. Equation [11] was calibrated using measurements
performed in two Italian sites and the performance of its applica-
bility to other sites is currently not known.

Results and Discussion

According to the new criterion, a soil loss prediction P can be con-

sidered acceptable when the following inequality is verified:
|P—M|<0.356M %" [12]
which can be expressed as

—0.356 M7 <P— M <0.356M°7! [13]

The following relationship was obtained by dividing each member
of the inequalities in Eq. [13] by (P + M):

—O.356M°'91<P—M<O.356M°'91
P+M ~P+M~ P+M

[14]

Using Eq. [14] has the advantage of expressing the criterion of
Bagarello et al. (2013a), which was deduced by measurements in two
Italian sites, in a more general form that is dimensionless and directly
comparable with the results of Nearing (2000). In other words, the
criteria of Nearing (2000) and of Bagarello ct al. (2013a), obtained
by measurements in different geographical areas, are now expressed
in the same mathematical shape, which permits a direct comparison.

The new criterion is more restrictive than the original one, that s,
it rejects the similarity hypothesis between P and M in a greater
number of cases, if the upper and lower limits derived by the
inequalities of Eq. [14] fall within the range bounded by Eq. [10a]
and [10b]. This result occurs for the (A, P) pairs satisfying the

following system:
0.91
%<—0.17910g(M)+0.416
S (5]
M>0.23610g<M)—0.641
P+M
which can be rewritten as
P> fi(M)=
0.356M %' — M[—0.179 log( M )+0.416]
—0.179 log(M)+0.416
g(M) 16

P> f(M)=
—0.356M "' — M[0.236 log( M )—0.641]
0.236log( M )—0.641

where f] and £, are two functional symbols. Plotting the P = £, (M)
and P = f,(M) curves in the reference plane (M, P) allows the
region where both the inequalities in Eq. [16] are verified to be
established. Taking into account that P > 0, the relationships
P = f,(M) and P = f,(M) have to assume positive or zero values
[/1(M) > 0 and £, (M) > 0], therefore the straight line P = 0 has
to be considered for /(M) < 0 and £, (M) < 0. Figure 1a shows that
Region 1, bounded by the straight line P = 0 for M < 3.6 kgm™2,
the P = f,(M) curve for M > 3.6 kg m™2, and the axis of the ordi-
nates, is distinguishable on the A vs. P plot, showing the zone
where the new criterion is certainly more restrictive than the
original one. An implication is that the P = f{(M) curve is suf-
ficient to determine that region. In other words, for the (M, P)
pairs falling into that region, the expected effectiveness coefficient
calculated by the new criterion is certainly lower than the origi-
nal one. Applying a mathematical procedure similar to the one
described above, Region 3 (Fig. 1a) is also distinguishable where
the original criterion is certainly more restrictive than the new

one. However, this Region 3 is characterized by measured soil

100 5
f1{M)
80 - - === f2(m)
1. new criterion more
— restrictive than the 3. original criterion
% 60 A e L .
£ original criterion more restrictive than
0 the new criterion
e
o 40 -
2. unpredictable
20 4 relative selectivity
0 36 T ™24 T T 1
0 20 40 60 80 100
(a) M (kg m-2)
30 -
25 4
20 4 1. new criterion more
& restrictive than the
hEn 15 original criterion f1(M)
= === M)
a
10
-]
5 o
0 L] 1 < -~ T 1
0 10 20 30 40 50 60
(b) M (kg m*?)

Fig. 1. (a) Plot of the three regions of the (M, P) reference plane for
comparing the selectivity of the original criterion and the new one,
and (b) plot of the measured event soil loss values, A7, included in
Database 2 vs. the predicted ones, P, by the Central and Southern Italy
(CSI) model.
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loss values >44 kg m™2, which are extremely high and, in practice,
unrealistic at the event scale. An a priori conclusion on the relative
selectivity of the two criteria cannot be drawn for the intermediate
Region 2. Furthermore, Fig. 1b shows, as an example for P values
predicted by the CSI model, that almost all the pairs (M, P) fell
within Region 1 and, as a consequence, it demonstrates that the
new criterion is more restrictive than the original one in the range
of the expected M values.

For each of the three soil erosion models used, the values of the
effectiveness coefficient e calculated by the two criteria (Table
2) confirm that the new criterion is much more restrictive than
the original one because the differences between corresponding
e values range from 0.29 to 0.54. According to the original crite-
rion, the USLE-MM was the most reliable model, among those
tested, for estimating plot soil loss at the event temporal scale at the
Sparacia station, followed by the CSI model, and the uncalibrated
and calibrated USLE. According to the new criterion, the CSI
model performed slightly better than the USLE-MM, and the two
versions of the USLE were the least reliable models. Therefore, the
order of reliability of the models strictly depends on the criterion
used to rank them. However, for a given criterion, the perfor-
mances of the USLE-MM and CSI model were similar because
differences between the ¢ values were small in both cases (<0.04).
Therefore, the reliability of the two models can be considered com-
parable, regardless of the applied criterion. The better performance
of the USLE-MM and CSI model compared with the uncalibrated
USLE was expected because the former two models were specifi-
cally developed for estimating event soil loss using runoff and they
were calibrated, while the latter model was originally designed to
predict long-term soil loss and it was uncalibrated. Table 2 also

Table 2. Values of the effectiveness coefficient ¢ determined by different
applicative criteria of the physical model concept for three tested soil
erosion models, the Universal Soil Loss Equation (USLE), a modified
USLE (USLE-MM), and the Central and Southern Italy (CSI) model.
Original New New criterion
Model criterion  criterion  (frequency F=0.87) Envelope
Uncalibrated USLE  0.48 0.12 0.50 0.92
Calibrated USLE 0.43 0.14 0.40 0.84
USLE-MM 0.78 0.24 0.73 0.998
CSI model 0.74 0.27 0.78 0.998
Mean 0.61 0.60

shows that only with the new criterion the effectiveness coeffi-
cient value of the uncalibrated USLE was smaller than that of the

calibrated USLE. These two e values (calibrated and uncalibrated

USLE) remain at the lowest levels regardless of the considered cri-
terion because the calibration procedure of the USLE did not yield

an improvement of the lowest soil loss estimates (see the first two

rows of Table 3).

Figure 2 shows the 1468 (M,
by Bagarello et al. (2013a) to develop the new criterion based on

P - M|) experimental pairs used

Eq. [11] and the curve representative of Eq. [11]. In this figure, P
is equal to the soil loss prediction by the replicated plot. Equation
[11] establishes, for a given soil loss value A, what is the mean abso-
lute difference associated with the sampling of another, identical
plot. In this investigation, the least restrictive criterion, using a
relationship enveloping all data points, and an intermediate crite-
rion between the regression line (Eq. [11]) and a data enveloping
line were also tested. The intermediate criterion was developed
by carrying out a frequency analysis of the data divided into half
log-cycle intervals starting at 0.0003 kg m~2 and ending at 10 kg
m~2. The two extreme half log-cycle intervals, which were out-

side this range, were not considered because of their small sample

100 - -
1 4
£
2
= 0.01 +
=
a y = 0.356x09105
3
Q2
©
0.0001 4
- Eq. (11)
= = = = regression line (F=0.87)
.............. envelope
0.000001 T T 1
0.0001 0.01 1 100
M (kg m™?)

Fig. 2. Plot of the absolute difference in measurement of soil loss
between replicated plots, [P — M|, vs. the measured value, M,
(Bagarello et al., 2013a) and of Eq. [11], the regression line associated
with a frequency F = 0.87 and the data enveloping line.

Table 3. Values of the effectiveness coefficient e arranged by using the range of measured soil loss determined by the original and new criteria for three
tested soil erosion models, the Universal Soil Loss Equation (USLE), a modified USLE (USLE-MM), and the Central and Southern Italy (CSI) model.

criterion

Uncalibrated USLE Calibrated USLE
Measured Original New Original New
soil loss N criterion criterion criterion
kgm™>
<0.01 68 0.18 0.00 0.13 0.00
0.01-1 280 0.44 0.15 0.30 0.13
>1 128 0.50 0.13 0.73 0.23

USLE-MM CSI model

Original New Original New
criterion criterion criterion criterion
091 0.28 0.94 0.50
0.76 0.24 0.74 0.26
0.76 0.23 0.62 0.16
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size. For the data points within each division, the value associated
with a given frequency, F, was determined and a regression curve
between these values and the measured ones was fitted (Fig. 2).
The frequency, F, for which the new and the original criterion gave
similar results was found to be 0.87. In detail, for this value of F the
two criteria gave the same ¢ value averaged across the three models
and very similar ¢ values for each model (Table 2). For decreasing
values of the frequency from 0.87 to 0.5, which practically yields
Eq. [11], the new criterion becomes more and more restrictive than

the original one, while the opposite obviously occurs for frequency

values >0.87. The data enveloping line was not selective, i.e., it did
not allow discrimination between acceptable and unacceptable soil
loss predictions because ¢ was always quasi equal to 1 (Table 2).

The R ;¢ vs. M relationship detected in this investigation with the
USLE (Fig. 3a) was similar to the one obtained by Nearing (2000),
suggesting overprediction of low soil losses and underprediction
of the high ones. The R ;¢ vs. M relationships detected with the
USLE-MM (Fig. 3b) and the CSI model (Fig. 3c) also showed a
tendency for the measured plot data to be overpredicted in the
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Fig. 3. Relative difference, R P plotted against the measured value, A7, and absolute difference between predicted and measured values, | P — M| plotted

against M for (a) the USLE, (b) a modified USLE (USLE-MM), and (c) the Central and Southern Iraly (CSI) model.
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lower range and underpredicted in the upper range of the soil loss
values, but the effect was not as apparent as for the USLE predic-
tions because the scatter of the data points was noticeable. The new
criterion using Eq. [11] does not allow detection of this tendency
because it is based on the assumption that | P — M| is enough to
establish the accuracy level of the predictions (Fig. 3).

Both the original and new criteria accept predictions character-
ized by relative maximum errors that decrease as M increases. For
example, Eq. [11] predicts a maximum departure of the predic-
tion from the measured value that decreases from 80 to 27% as M
increases from the minimum (0.00012 kg m~2) to the maximum
(21.7 kg m™2) measured value. For this reason, despite that soil
erosion models are usually able to better predict high soil losses
than low ones, for the USLE-MM and CSI model the effectiveness
coefficient e decreased as M increased. Table 3 lists e values for soil
loss measurements arranged by using three ranges with bound-
aries at 0.01 and 1 kg m~2. For both USLE versions (calibrated
and uncalibrated), instead, according to the original criterion, e
increases as M increases while, using the new criterion, none of
the predictions for M < 0.01 kg m™2 was acceptable and only for
the uncalibrated USLE similar ¢ values were calculated for the
two higher ranges. For M > 1 kg m~2, Table 3 also highlights that,
for both criteria, the USLE-MM is characterized by the highest ¢
values, and the calibrated USLE has effectiveness coefficients that
are practically equal to those of the USLE-MM. Therefore, the e
values listed in Table 3 demonstrate that for estimating the highest
soil loss values (A > 1kg mfz), a runoff-driven model could be less
effective (CSI model) or with a similar effectiveness (USLE-MM)
than an at-site calibrated USLE.

For testing the dynamic behavior of the criteria’s response and the
representativeness of the checked performance of the three soil
erosion models at the sampled site, the effectiveness coefficients
were also calculated by using Databases 1 and 3, and the corre-
sponding values are plotted in Fig. 4. For both criteria, the order
of the models’ reliability did not vary and, for a given model, dif-
ferences in terms of e were relatively low (the difference between
the maximum and the minimum values was 0.01-0.06 for the
new criterion and 0.02-0.07 for the original criterion). Including
additional measurements moving from Database 1 to Database 3
did not appreciably modify the checked performance of the models,
which, according to both applicative criteria of the physical model
concept, can be considered representative of the reliability of these

models at the sampled site.

Finally, these results supported the hypothesis of Nearing (2000)
that, with the original applicative criterion of the physical model
concept, a calibrated model (the USLE-MM or the CSI model,
Fig. 4a) might perform better than ¢ = 0.6. For the uncalibrated
USLE, the effectiveness coefficient of 0.47 to 0.48 was in line
with the suggestion that ¢ = 0.6 is the highest effectiveness coef-
ficient that can be expected with an uncalibrated model (Nearing,
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Fig. 4. Values of the effectiveness coefficient e calculated by (a) the
original (Nearing, 2000) and (b) the new (Bagarello et al., 2013a)
criterion for event soil loss measurements included in Database 1,
Database 2, and Database 3.

2000). Another point to be noted is that using the calibrated USLE
(e =0.40-0.43) does not imply that ¢ > 0.6 should be expected in
any case. This result is due to a calibration procedure that does not
improve the estimate of the lowest soil loss values (M < 1 kg m~2).
Applying the new criterion, ¢ values of 0.11 to 0.12 were obtained
for the uncalibrated USLE and ¢ values of 0.12 to 0.32 for the
calibrated models (Fig. 4b). For the new criterion, the expected ¢
value discriminating uncalibrated from calibrated models is 0.12.
Developing a larger database including other experimental areas
would be necessary to establish what order of effectiveness values
is expected from uncalibrated and calibrated erosion models by

using the new criterion.

Conclusions

Testing the applicability of soil erosion models should take into
account that, when comparing measured erosion rates to predicted
values, a portion of any difference between the two is expected to
be due to model error but a portion will be due to unexplained
variance of the measured sample value from the representative
mean value for a particular treatment. The physical model, repre-
sented by a replicated soil loss measurement, is able to quantify the
natural variation of the plot soil loss. In the present investigation,
two different applicative criteria of the physical model concept for
evaluating predictions by soil erosion models were compared. The



original criterion was developed in the United States and is based
on the relative differences between the predicted and the measured
soil loss, while the new one was recently developed by using an
Italian database and is based on the absolute difference between

the predicted and the measured soil loss.

Three soil erosion empirical models (the USLE, the USLE-MM,
and the CSI model) were applied to estimate soil losses, which were
measured, at the event temporal scale, on plots of different length

and steepness at the Sparacia station.

The greater selectivity of the new criterion compared with the
original one was analytically demonstrated and empirically quan-
tified. The order of reliability of the three models depended on
the evaluation criterion, but, in both cases, minor differences in
the performance of the calibrated USLE-MM and CSI model
were detected and the calibrated and uncalibrated versions of
the USLE performed worse than the other two models. A fre-
quency occurrence of absolute difference between measured and
predicted soil loss by the replicated plot of 0.87 was determined
to be the discriminating value between the relative selectivity of
the two compared criteria. For decreasing values of the frequency
occurrence from 0.87 to 0.5, which practically yields Eq. [11], the
selectivity of the new criterion increases, i.c., it becomes more and
more restrictive than the original one, while the opposite occurs
for frequency values >0.87.

For both criteria, the effectiveness coefficient for the USLE-MM
and CSI model was found to decrease with the measured soil
loss, while it tended to increase for the two versions of the USLE.
Therefore, for the USLE-MM and CSI model, although the pre-
diction relative error generally decreased as the soil loss magnitude
increased, the rate of this reduction was lower than that of the
maximum error allowed by the evaluation criteria. Predictions by
the uncalibrated USLE were always poor, while the performance of
the calibrated USLE was high for the highest measured soil losses.
For these last values, a runoff-driven model could be less effective
(CSI model) or similarly effective (USLE-MM) than the at-site
calibrated USLE.

A time independence of the effectiveness coefficient was detected
for both criteria, which implies that the checked performance of
the three tested models could be considered representative of their
capability in predicting soil losses at the sampled site.

The present investigation established that, when the original crite-
rion is used, the expected effectiveness coefficient for a calibrated
model can be >0.6, while it is surely <0.6 for an uncalibrated
model. In other words, the general validity of the discriminating
value suggested by Nearing (2000) was supported.

With reference to the new criterion, developing a larger database

including other experimental areas would be necessary to establish

what order of effectiveness values is expected for uncalibrated and
calibrated erosion models. More generally, this is advisable to con-
firm the general validity of the new criterion because it was based
on data collected only in two experimental stations, both located
in Italy. However, the new criterion allowed to determine that an
effectiveness coefficient of 0.12 discriminates between uncali-
brated and calibrated models for the sampled site of Sparacia.

In principle, both the original and the new criterion, although
characterized by a different selectivity level, are useful to evaluate
soil loss predictions. Thus, use of the original or the new criterion
should depend on the desired accuracy level of soil loss estimates
for the purposes of the model’s application. For example, erosion
models should be able to very accurately predict the highest soil
loss values, which are responsible for large fractions of the total
soil loss from an area of interest over long periods of time. These
predictions have practical importance because they could allow
improvement of the design of soil conservation practices in that
area, and thus the best soil erosion model among the available ones
has to be used. In principle, because the models” accuracy rank-
ing depends on the evaluation criterion, and the new criterion is
more restrictive than the original one, the former is advisable to be
used in this case. This conclusion was confirmed by the developed
analysis based on all measured data, while a different result was
derived from analysis of the highest soil losses. In this latter case,
both criteria gave the same accuracy ranking of the applied models.

The two physical model criteria considered in this investigation
were deduced by two different databases. To increase the strength
of this comparison, it is advisable to calibrate the two criteria using
a single database including all available measured soil loss data.
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