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Scale Effects on Plot Runoff and Soil
Erosion in a Mediterranean Environment

V. Bagarello* and V. Ferro

Explaining scale effects for runoff and erosion improves our understanding
of hydrological and erosion processes. In this investigation, plot-scale effects
on event runoff per unit area, Q,, sediment concentration, C,, and soil loss
per unit area, SL,, were checked at the Sparacia (ltaly) site. Similar informa-
tion on the scale effects was obtained with different dependent variables,
i.e., individual values of Q, C,, and SL,, for each plot or the mean of their
replicated values, and scale indicators, i.e., plot length, I, or plot area, A. The
most common result, occurring for 57 to 62% of the events depending on the
considered variable, was the lack of any scale effect. When scale effects
were defected, they indicated that longer plot lengths yielded smaller Q
and SL values and larger C,, values. Scale effects were more variable for
erosion than runoff. Rainfall characteristics did not explain the occurrence
of significant scale effects nor were they able to describe changes in the
scaling exponent for C, and SL.. However, there was some sign that scale
effects for plot runoff decreased as rainfall amount or its erosivity increased.
The collected data were not always sufficient to support the description
of scale effects by the theoretically based power relationship. Additional
investigations on plot-scale effects are advisable to both explain with more
confidence what factors control the response of plots differing in length and
establish the most appropriate way to summarize the data.

Investigating the scale dependency of plot runoff and soil erosion is impor-
tant for different reasons. A fundamental reason is that explaining scale effects implies
better understanding of the hydrological and erosion processes. For example, Chen et
al. (2016) recently suggested that scale effects for Hortonian runoff were mostly due to
run-on processes that increase infiltration with spatial heterogeneities in soil properties and
runoff travel distances. They also showed that scale effects are smaller as rainfall intensity
increases and they should become insignificant beyond a certain threshold scale. With
reference to erosion, Loch (1996) suggested that three basic responses in erosion per unit
area occur as slope length increases, i.e., little, moderate, and large increase determined by
failure of rills to develop, slight rill development, and strong rill development, respectively.
Parsons et al. (2006) suggested that sediment yield per unit area first increases as plot
length increases but then subsequently decreases. Yair and Raz-Yassif (2004) reported
positive relationships between slope length and deposition rates for an arid environment,
and they suggested that the response of long hillslopes depends on both the concentra-
tion time required for continuous flow and the duration of the effective rain showers.
According to Kidron (2011), contributing areas in arid zones can mainly be confined to
a narrow belt at the bottom of the slope, and scale effects are an inherent outcome of
rain properties due to the intermittent character of rain spells. Bagarello et al. (2011)
noted that length effects on soil loss per unit area were small for highly erosive events. Of
course, an improved understanding of the mechanisms responsible of the scale effects also
has modeling implications. For example, Yair and Raz-Yassif (2004) also concluded that
positive relationships between slope length and runoff and erosion rates should not be
applied in arid to semiarid areas. Establishing scale dependency also has practical interest
for a variety of reasons such as determining how agricultural field lengths influence areal
water infiltration (Chen et al., 2016) or making decisions on the appropriate length of a
plot to maintain soil erosion at tolerable levels (Di Stefano and Ferro, 2016) in a given

environment. For this purpose, Bagarello and Ferro (2010) suggested that plot shortening
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represents an effective soil erosion control practice when rill ero-

sion is the dominant subprocess.

The present approaches to establishing the existence of a contrib-
uting area imply some preliminary hypotheses that influence the
obtained results. For example, Rejman et al. (1999) needed to
assume that the smallest investigated plot contributed entirely to
sediment yield, whereas Kidron (2011) assumed a constant and
homogeneous expected infiltration rate across the entire plot. A
challenge of this study was to see if the presence of a contribut-
ing area within the plot can be detected without any hypothesis
simplifying the analysis.

Scale effects on soil hydrological and erosion variables have been
tested under varying experimental conditions. A factor generally
differing from one investigation to another is the range of the sam-
pled slope lengths, for example, 10 to 60 m (Lal, 1997), 5 to 20 m
(Rejman etal., 1999), 1 to 5 m (Chaplot and Le Bissonnais, 2000),
0.5 to 10 m (Joel et al., 2002), 2.5 to 20 m (Rejman and Usowicz,
2002; Rejman and Brodowski, 2005), 0.2 to 0.4 m (Bagarello and
Ferro, 2004), 24 to 72 m (Yair and Raz-Yassif, 2004), 2 to 28 m
(Parsons et al., 2006), 1 to 4 m (Xu et al., 2009), 0.25 to 44 and
11 to 44 m (Bagarello and Ferro, 2010), 1 to 15 m (Moreno-de
las Heras et al., 2010), 11 to 22 m (Bagarello et al., 2011), 1 to
10 m (Thomaz and Vestena, 2012), and 2 to 25 m (Sadeghi et al.,
2013). Within these ranges, two plot sizes (e.g., Chaplot and Le
Bissonnais, 2000; Bagarello et al., 2011; Thomaz and Vestena,
2012) or more than two (e.g., Rejman et al., 1999; Parsons et
al., 2006; Bagarello and Ferro, 2010) were sampled. Soil surface
conditions also varied with the investigation. In particular, some
plots were maintained bare during the experimental period (e.g.,
Bagarello and Ferro, 2010; Bagarello et al., 2011; Rejman et al.,
1999). In other cases, plots differing in length had similar levels of
vegetation cover (Moreno-de las Heras et al., 2010) or a mixture of
desert pavement and vegetation cover (Parsons et al., 2006). Plots
were cropped with different tillage methods during the experimen-
tal period in other investigations (Lal, 1997). Scale effects on both
runoff and erosion were simultancously tested in many investiga-
tions (Lal, 1997; Chaplot and Le Bissonnais, 2000; Parsons ct al.,
2006; Xu et al., 2009; Bagarello and Ferro, 2010; Moreno-de las
Heras et al., 2010; Bagarello et al., 2011; Kidron 2011; Thomaz
and Vestena, 2012) but only runoff (Joel et al., 2002; Yair and Raz-
Yassif, 2004) or crosion variables (Rejman et al., 1999; Rejman and
Usowicz, 2002; Rejman and Brodowski, 2005) were considered
in other cases.

The large variety of experimental conditions could be viewed as
an obstacle to comparison of different investigations, but it also
represents an opportunity to test hypotheses under different situ-
ations and hence to develop theories of large validity. Reaching
this perhaps ambitious objective could be easier if some questions
related to experimental testing of scale effects are answered. In par-

ticular, one of the still unsolved tasks is to establish if the chosen

independent variable applied to check scale effects (plot length or
area) affects the results of the analysis.

An obvious issue to be taken into account is the effect of the avail-
able experimental information on the reliability of a scale-effect
analysis. For example, Kinnell (2008) questioned the analysis by
Parsons et al. (2006) because a small number of events (10) was
considered and data from some plots were missing. To explain
his criticism, Kinnell (2008) reanalyzed the data of Parsons et
al. (2006) by considering only the events for which data were
recorded on all large plots. In this case, runoff and sediment yield
per unit area decreased as plot length, /, increased, and /had a
nonsignificant effect on sediment concentration. Without want-
ing to get involved in the specific question (Parsons et al., 2008),
the reasoning of Kinnell (2008) induces a belief that a data set for
scale-effect analysis should be developed taking into account, at
least, the following requirements: (i) sampling the largest possible
number of erosive events; (ii) considering all soil erosion relevant
variables, i.e., runoff, sediment concentration, and soil loss; and
(iii) using data when plots of the prescribed sizes are simultane-
ously operating for an event. According to Chen et al. (2016), a
power law relationship can be used to describe scale effects, with
the exponent representing a measure of these effects. Therefore,
an additional requirement for checking scale effects is including
more than two plot sizes in the data set so that a reliable fitting of
the scaling model to the data can be performed.

In any case, the scale analysis developed by Chen et al. (2016) is
empirically based, as is common in this kind of investigation. The
link between scaling relationships and the self-similarity concept
(Barenblatt, 1979, 1987) suggests that a new theoretically based
approach could be developed.

Another point needing consideration is establishing if; for plots
having a regular shape (c.g., rectangular), scale effects should be
established in terms of plot length or plot area, taking into account
that plots can vary both in length and width. For example, the
Sparacia (Sicily, Italy) database includes data collected on plots of
44 m? and there are plots with this area of both 11 by 4 m and 22
by 2 m (e.g., Bagarello and Ferro, 2017). Clearly, a scale effect could
be checked for these plots by reasoning in terms of plot length but
not of plot area.

Approaches different from using a scaling relationship should
be tested taking into account that the considered hydrological
variables (runoff, sediment concentration, and soil loss) are char-
acterized by a natural variability (Nearing, 1998). In other terms,
cach hydrological variable has a probability distribution that can
be estimated for each plot size. These distributions could be effec-
tively used to compare measurements of a given variable in plots
of different size. In other words, the scale effects can be detected
by comparing the sequence of historical events rather than values

corresponding toa single event.
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The general objective of this investigation was to check scale effects
on event runoff and soil erosion variables for the 11- to 44-m-long
plots established at the Sparacia experimental area. The specific
objectives were to: (i) establish a comparison among different scenar-
ios, developed by describing the scale in terms of either plot length
or plot area; (ii) determine the prevailing scale effects with reference
to runoff, sediment concentration, and soil loss; and (iii) verify the
relationships between scale effects and rainfall characteristics.

Materials and Methods
Field Site and Data Collection

The experimental station for soil erosion measurement, Sparacia,
of the Agricultural, Food and Forest Sciences Department of
Palermo University, is located in western Sicily, southern Italy,
approximately 100 km south of Palermo. The soil has a clay texture
(62% clay, 33% silt, 5% sand). The study area and the experimental
installation and procedures were described in more detail in other
studies (Bagarello et al., 2008, 2010; Bagarello and Ferro, 2004,
2010), and they were omitted here for brevity reasons.

All data used in this investigation were collected on the 11- to
44-m-long plots established on a 14.9% sloped hillslope, having a
width of 2 m (11- and 22-m-long plots), 4 m (11-m-long plots), or
8 m (22-, 33-, and 44-m-long plots). In particular, the number of
replicated plots varied from two (11 by 2, 11 by 4, 22 by 2, 33 by
8, and 44 by 8 m) to six (22 by 8 m). Scale effects were tested at
the event temporal scale with reference to total runoff, Q. (mm),
sediment concentration, C, (kg m~3), and soil loss per unit area,
SL, (gm~2). Individual plots yielding simultaneous measurements
of these variables were considered to develop the database. An
additional constraint to including an event in the database was
the simultancous functioning of at least one plot for each of the
four lengths, with the aim to obtain reasonably homogeneous and
comparable data. A total of 21 erosive events, occurring in the
period September 2004 to March 2015, were selected according
to these criteria, and N =275 Q, C, and SL_ values were used in

this investigation.

The restrictive criteria applied in this investigation to develop
the database implied that another 14 events and 212 plot soil
loss data collected in the same period were disregarded for dif-
ferent reasons, such as lack of runoff data or lack of data for a
particular plot length. More in general, the data used in this
investigation were extracted from a database including 56 ero-
sive events sampled from January 2000 to March 2015. For these
events, the mean rainfall depth and single-storm erosion index
were 42.4 mm and 158.8 MJ mm ha™! h™! (medians of 36.7 mm
and 102.0 MJ mm ha™! h71), respectively.

All considered plots were maintained in a bare condition during

the sampling period. Hand implements were used for periodically

tilling the upper soil layer, i.c., to remove weeds and after erosive
events determining the development of rills.

Rainfall was generally measured for each event at a I-min tem-
poral resolution by a recording rain gauge located at the plot site,
and both the rainfall depth, P, (mm), and the single-storm erosion
index, El;; (MJ mm ha™! h™1) (Wischmeier and Smith, 1978),
were determined. Additional information on the characteristics
of the erosive event was gathered for a reduced data set (17 out
of the 21 rainfall records). In particular, the following variables
were extracted from each record: (i) mean rainfall intensity, 7 4
(mm h~1), which was determined by considering only the 1-min
steps with rain; (i) maximum rainfall intensity, /___ (mm h1),
i.e., the intensity of the highest rainfall amount in a I-min time
period; (iii) the highest rainfall amount falling without interrup-

-1
max max’ Ihmax (mm h )
Unfortunately, these data were not obtained for four events

tion, » (mm); and (iv) the intensity of »
because the original hyetograph was lost due to a malfunctioning
of the storage device (16 Nov. 2004) or rainfall data were collected,
at least for a part of the event, at a 10-min temporal resolution
because the events occurred during the maintenance period of the
rain-gauge station and data from a nearby station, working at the
longer time interval, were used in order to not lose all data for the
event (18 and 28 Jan. and 17 Feb. 2015).

Determining Scale Effects by
Dimensional Analysis and Self-Similarity

For checking the scale effects the following power law can be

considered:
y _[2)
2 | 1
Pr [1] .

where y is the dependent variable (runoff, sediment concentration,
or soil loss) measured on the plot havingalength /, y_ is the depen-
dent variable measured on the reference plot havingalength /, and
m is the scaling exponent.

Equation [1] can be deduced using dimensional analysis and the
self-similarity theory. In particular, using the event soil loss corre-
sponding to a given plot length, SL , the scaling phenomenon can
be represented by the following functional relationship:

F(SL,, [,SL .1, gp, ) =0 (2]

where SL o iS the soil loss of the reference plot in the same event, ¢

is acceleration due to gravity, and p  is the sediment density.

The IT Theorem or Riabucinski-Buckingham theorem of dimen-
sional analysis states that the functional relationship representing
a physical phenomenon that does not depend on the choice of the
measurement units of the involved variables can be expressed in a

dimensionless form (Barenblatt, 1987). In more detail, according



to the IT Theorem of dimensional analysis (Barenblatt, 1979,
1987), if a physical process can be mathematically represented by
an equation relating # dimensional variables that involve £ funda-
mental physical quantities, the same process can be represented by
a functional relationship in which #z— dimensionless groups IT,
(i=1, ..., n—k) of variables appear.

Applying the IT Theorem, the functional relationship in Eq. [2] can
be expressed by three dimensionless groups: Hl’ Hz, H3:

o(11,,11,,I1; ) =0 (3]
where ¢ is a functional symbol.

Using as fundamental physical quantities /[, g and Pe the Hl

dimensionless group has the following expression:
I, =SL" ] [4]

where o, 3, and v are numeric constants. Substituting into Eq. [4]
the measurement units of each variable, the following relationship

is obtained:
I, =kgm > m® m” s kg™ s> m [5]

Because the IT; group is dimensionless, the numerical values of
the constants a, 3, and ~ are calculated by solving the following

system of three equations:

0=1+~ [6a]
0=—2+a+B—4 [6b)]
0=—28+2~ [6¢]

The solution o = —1, 3 = ~1, and «y = —1 establishes that I, is
equal to the following ratio:

SL
I, =— (7]
L.gp,

Using a similar procedure, the following expression of the dimen-
sionless groups I, and I1; can be obtained:

H = — 8
2= (8]
1 Sl o
3
L.gp,

Barenblatt (1987) suggested combining the original dimension-
less groups to obtain new similarity parameters I1. The number

of groups can be reduced because Barenblatt (1987, p. 104)
established, “formulate the similarity law using as few similarity
parameters as possible.” According to this statement, using Eq. [7]

and [9], the following dimensionless group is obtained:

I :&: SL. /. gp, _ SL, [10]
" H3 lrgps SLe,r SL

e,r

Taking into account that some groups were combined to deduce
other dimensionless variables, the functional relationship Eq. [3]

can be rewritten in the following explicit form:
Hl,szf(nz) (11]

where fis a functional symbol. Introducing into Eq. [11] each
dimensionless group, the functional relationship can be rewritten

in the following form:

SL,
SL

- f[i] 12
c,r lr

A physical phenomenon is defined as self-similar in a given
dimensionless group II when the functional relationship IT;
= &(II,, IT5, ..., IT)) representing the physical phenomenon is
independent of IT . The self-similar solutions of a problem must
be found in accordance with the boundary conditions, that is,
the behavior of the relationship ¢ must be solved for IT, — 0
and for IT, — 0o. When the relationship ¢ has a limit equal to
0 or 00, the physical phenomenon is expressed by the following
functional relationship:

I, =11, ¢, (T0,, T, .., I, ;) [13]

where € represents a numerical constant. This instance is named
incomplete self-similarity (ISS) in the parameter IT (Barenblatt,
1979, 1987). Taking into account that when ///_ — 0, then SL_/
SL, . — Oand when ///, — +00, then SL /SL_ . — +00, the ISS
condition occurs for the dimensionless group ///, and Eq. [12] has

the following mathematical form:

SL, :ﬂ[i] 14

SL., L

where 2 and 7 are coefficients to be determined by experimental
measurements. The boundary condition corresponding to ///, —
+00 can be physically explained taking into account that when
sediment delivery processes do not occur at the plot scale then the
soil loss is always increasing with the plot length (Wischmeier and
Smith, 1978). Then, taking into account that when /=/ also SL_ ,
=SL_ , the 4 coefficient of Eq. [14] is equal to 1:

e,r

SL
SL

e,r

L] [15]

¢




Equation [15] is also applicable to the mean value of the consid-
ered variable.

Chen et al. (2016) suggested to check scale effects at the event
temporal scale using common regression analysis techniques to fit
the following relationship to the data:

y:boxbl [16]

where y is the dependent variable (individual values or means of
Q.. C,, or SL_ for a given plot length or area, depending on the
considered scenario), x is the independent variable (/ or 4), and
by and b, are empirically derived coefficients. Equation [16] can
be rewritten as

y (=)
= )

Therefore, the coefficient 4, is the value of the selected variable
for the reference plot, which is assumed to have an area of 1 m?
or alength of 1 m. The power exponent, bl’ which is the scaling
exponent, represents a measure of the scale effect on the con-
sidered variable. Equation [17] applied by Chen et al. (2016) is
coincident with Eq. [15] deduced by dimensional analysis and
self-similarity theory.

Determining Scale Effects by
Frequency Analysis of Soil Loss

The proposed statistical check of scale effects aimed to establish
if the probability distribution of the soil loss, SL_, for a given plot
length was able to reproduce the empirical frequency distribution
of the measured soil loss values in plots having a different length.
In particular, the check implied establishing if the probability
distribution of SL, for the 44-m-long plots was overlaid on the
frequency distribution of the measured soil loss values correspond-
ing to /= 11 m and, conversely, if the probability distribution of
SL, for the 11-m-long plots was able to reproduce the empirical
frequency distribution of the measured soil loss values correspond-

ingto/=44m.

For a given plot length, the probability distribution of SL, (g
m~2) was generated by multiplying the theoretical probability
distribution of the concentration, C, (kg m~3), by the theoreti-
cal probability distribution of runoff, Q_ (mm). For obtaining
the probability distribution of SL,, repeated simulations were
performed using randomly obtained values of the input vari-
ables C_ and Q.. In particular, for each simulation, the input
values of C_and Q_ were chosen using their known and pre-
determined probability distributions. The simulation process
was repeated for a number of iterations sufficient to estimate
the probability distribution of the output variable SL, to be
compared with the empirical frequency distribution of the mea-

sured soil loss values.

At first, for a given plot length, the theoretical probability distribu-
tion that could be fitted to the empirical frequency distribution
of both C, and Q, was established. A lognormal distribution
with two parameters was fitted to the measured C, and Q. values.
Then, each simulation was performed, drawing at random a con-
centration C, and a runoff Q_ from their lognormal distributions
to calculate the soil loss SL,. Each subsequent simulation was
repeated 20 times and a mean probability distribution function

was obtained.

Data Analysis

Initially, the complete data set, including 21 erosive events, was
considered for the analysis. For each considered variable (Q,,
C,, and SL ), scale effects were checked at the event temporal
scale by considering four different scenarios. In particular, both
plot length, /, and area, A, were chosen as the independent vari-
able because cither of these two variables were used in previous
investigations (Xu et al., 2009; Moreno-de las Heras et al., 2010;
Cerdan et al., 2004; Asadzadeh et al., 2012; Chen et al., 2016).
Both the individual data points, i.c., the data collected from each
particular plot, and the means for a given treatment (i.c., indi-
vidual data averaged by / or 4) were considered as the dependent
variable. The individual data points were used to avoid giving the
same weight to the different treatments (lengths or areas), which
instead occurred when the means were considered. For example,
even cight data points from the 22-m-long plots but no more than
two data points from the 33- or 44-m-long plots were available for
an event. With the use of the individual data, the difference in the
available amount of information among the considered treatments
was taken into account. On the other hand, it was also considered
that plot data having the same treatment show a natural variability
that is still not fully understood and may be considered random
from a practical point of view (Wendt et al., 1986; Nearing, 2000;
Bagarello and Ferro, 2004, 2010). Using the means was expected
to offset heterogeneities, yielding a more representative informa-
tion for a given treatment. In summary, the following scenarios

were considered:

Scenario 1: individual values of the considered variable (a value
for each plot operating at the time of the event) against plot

length, /

Scenario 2: means of the considered variable for a given plot length
against /

Scenario 3: individual values of the considered variable against

plot area, 4

Scenario 4: means of the considered variable for a given plot area
against 4

The statistical significance of the correlation (Eq. [16]) was
checked by a one-tailed #test at P = 0.05 (Spiegel, 1961). A com-
parison among the four scenarios was then performed and the
scenario yielding the highest number of detectable scale effects
was considered in the subsequent stage of the investigation.



For a given variable (Q,, C,, or SL_), two groups of events were
obtained, depending on the statistical significance of the cor-
relation coefficient, R (events with a significant correlation and
events with a nonsignificant correlation). A two-tailed #-test at
P = 0.05 was then used to compare rainfall depths and single-
storm erosion indices for these two groups of events in an attempt
to establish if the existence or nonexistence of scale effects was
related to the rainfall characteristics. For the events with a sta-
tistically significant scale effect, the correlation between bl and
both P, and EI,, was also checked. A seasonal influence on the
scale effects was finally investigated by determining, for each
month of the year, the number of events with significant and
nonsignificant correlations.

With reference to the reduced data set, i.c., 17 erosive events, two
groups of events were developed, depending on the statistical
significance of R, and a two-tailed £test (P = 0.05) was applicd
to compare [ 4, 1. . b

ed Lnaxe and [, for these two groups of

max’
events. For the events with a statistically significant scale effect,

the correlation between by and 1 4, I,
also checked.

hmax, and I . was
Presentation of runoff and soil loss data as volume and mass per
unit area, respectively, was questioned by some researchers because
the contributing area can be expected to be confined to a narrow
belt at the bottom of the slope (Kidron, 2011). However, this kind
of presentation is consistent with most modeling procedures yield-
ing, for example, soil loss per unit area (Wischmeier and Smith,
1978). Moreover, there is evidence that this way to proceed is appro-
priate to improve our physical understanding of scale effects (e.g.,
Parsons et al., 2006; Chen et al., 2016). Finally, it is still necessary
to establish potentials and limitations of the suggested alternative
ways to present the data, such as quantities per unit width of the
slope (Kidron, 2011).

Results

General Characteristics of the Data Set
With reference to the 21 sampled events, both P, and El;, varied

by approximately one order of magnitude (maximum/minimum
=9.9 and 11.6, respectively, Table 1) but @, C_, and SL_ varied
by more than three (Q,, maximum/minimum = 1535) or four
(C,, maximum/minimum = 17,881; SL_, maximum/minimum
= 23,757) orders of magnitude. These wide ranges of variation
suggested a satisfactory representativeness of the considered data
set for the Sparacia site. Variability of the plot response in terms
of both runoff and soil erosion variables was much higher than
variability of the rainfall determining that response. Regardless
of plot length, soil erosion variables varied more than runoff
amount (Table 1), indicating a greater complexity of the soil par-
ticle detachment and transport process than the runoff process
(Bagarello et al., 2010).

Table 1. Summary statistics of the event rainfall depth, P . single-storm
erosion index, EI30, runoff, Q. sediment concentration, C i and soil
loss per unit area, SL, used in the investigation.
Plot length (m)
Variable Statistic 11 22 33 44
P, mm N 21
min. 14.8
max. 145.8
mean 48.4
median 43.0
CV, % 61.4
El,p, MJmmha=thl N 21
min. 29.5
max. 341.6
mean 144.3
median 111.3
CV, % 66.7
Q. mm N 73 120 42 40
min. 0.07 0.06 0.03 0.14
max. 41.63 40.16 9.54 6.88
mean 8.47 6.33 4.66 2.42
median  3.05 5.29 4.02 1.51
CV, % 127.6 93.2 81.8 98.0
C, kgm™ N 73 120 42 40
min. 0.20 0.34 1.82 0.33
max. 1063.97 472.32  1028.30 3546.11
mean 79.03 69.31 123.28  208.20
median  17.80 26.53 33.84 20.42
CV, % 208.8 150.2 172.7 283.8
SL,,gm~2 N 73 120 42 40
min. 0.48 0.74 1.16 0.16
max. 3805.38 2546.54 3533.13 1974.23
mean 349.12 29157 41973  264.78
median  141.94  94.25 67.94 31.43
CV, % 185.0 168.3 178.4 160.3

Testing Scale Effects by Plot Length and Area

Visual examination of the individual Q, C_, and SL_values against
both / (Fig. 1a, 1b, and 1c) and A (Fig. 1d, e, and 1f) (sample
size N = 275 for each graph in the figure) suggested a scale effect
with reference to Q_ because this variable appeared to decrease
as plot size (/ or A) increased. A weak increasing trend with both
[ and A was detected for C. and an independence of SL, from
plot size (/ or A) was also noticed. Reasoning in terms of means,
Q. decreased as /and A increased, C, showed a non-monotonic
increase with the two scale indicators, and SL appeared to be prac-
tically independent of both /and 4. With the medians, both Q.
and C. first increased and then decreased, while SL, decreased as/
and A increased. Therefore, this initial check of the collected data
suggested a similarity between /and A4 as scale indicators. Longer
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Fig. 1. Plot of the event runoff, Q. sediment concentration, C ” and soil loss per unit area, SL - against the plot length, /, and area, 4 (sample size,
N =275 data pairs in cach graph). White circles are mean values; white squares are median values).

or larger plots yielded more or less clearly a decreasing runoff per
unit area, an increasing or nearly constant sediment concentration,
and a constant or decreasing soil loss per unit area, depending on

the statistic (mean or median) used to summarize the data.

Regardless of the considered scenario (1-4), a negative 4, value of Eq.
[16] was the most frequent result for both Q_ (90-95% of the cases,
depending on the scenario) and, to a lesser degree, SL, (57-71% of
the cases) (Table 2). On the contrary, a positive &, value was most
common with reference to C, (71-81% of the cases). However, R >
0 was detected for a minor part of the sampled events, regardless of
the considered variables and scenarios (19-43%). With reference
to the statistically significant relationships, &, was always negative
for Q. and most often negative (S0-75% of the cases) for SL_. With
reference to C,, a positive b, exponent was obtained in most cases
(80-89%). Therefore, the four different scenarios consistently indi-
cated that the lack of any scale effect was the most common result

with reference to the three tested variables. When a significant scale

effect was detected, the indication was that runoff always decreased,
sediment concentration generally increased, and soil loss per unit
area most frequently decreased in longer or larger plots.

The similarity of the information obtained with different scenarios
was an encouraging result because it implies that investigations per-
formed with different approaches (individual plot values or means
of replicate determinations, plot length or area as a scale indicator)
should yield comparable information from a qualitative point of
view. However, the suggested similarity did not imply a perfect
equivalence of the four scenarios. In particular, with reference to
both C, and SL, significant scale effects were more frequently
detected when the individual values of the considered variable were
used (Scenarios 1 and 3) instead of the means (Scenarios 2 and 4)

(Table 2). The opposite result was obtained for Q..

With reference to the events with a significant scale effect for both
the first (individual values vs. /) and the third (individual values vs.



Table 2. Summary of the scale effects for event runoff (QE),
sediment concentration (C,), and soil loss per unit area
(SL,): number of positive and negative exponents, 4;, of Eq.
[16], number of statistically significant and nonsignificant
correlations, and number of positive and negative &, values for

the statistically significant correlations (V= 21 erosive events).
b, R b, forR>0

Variable Scenariot Positive Negative >0 =0 Positive Negative

2, 1 2 19 8 13 0 8
2 1 20 9 12 0 9
3 2 19 6 15 0 6
4 1 20 8§ 13 0 8
C, 1 17 4 9 12 8 1
2 16 5 5 16 4 1
3 15 8§ 13 7 1
4 17 4 7 14 6 1
SL, 1 6 15 8§ 13 2 6
2 7 14 516 2 3
3 7 14 9 12 4 5
4 9 12 4 17 2 2

t Scenario 1: individual values of the considered variable (a value for cach plot
operating at the time of the event) against plot length, /; Scenario 2: means of
the considered variable for a given plot length against /; Scenario 3: individual
values of the considered variable (a value for each plot operating at the time of
the event) against plot area, 4; Scenario 4: means of the considered variable
for a given plot arca against 4.

A) scenario, the relationship between the two scaling exponents for
an event was independent of the considered variable (Fig. 2), and the
ratio between the two scaling exponents for an event (b, for Scenario
1/b, for Scenario 3) had a low variability (coefficient of variation, CV
= 13.1%) around the mean value of 1.93. This last result supported
the assumption by Chen et al. (2016) of 4 ~ /2 to compare investiga-
tions using either / or A to check scale effects. In addition, using the
Chen etal. (2016) assumption, Eq. [15] can be rewritten as

2 m/2 m/2
il il
% 4

r

SL

<

SL

e,r

Equation [18] states that the scaling exponent for the area is half of
the scaling exponent for length. Moreover, the data also indicated
that the relationship between the two estimates of b, was indepen-
dent of the considered hydrological or erosion variable.

The overall largest number of scale effects was detected with refer-
ence to Scenario 1, i.e., individual values of the considered variable
against plot length (25 cases, Table 2), compared with the other
scenarios (<23 cases), and therefore the former scenario was con-

sidered in the subsequent analysis.

Plot Length Effects on Individual Values

of Hydrological and Erosion Variables
Detection of scale effects for a given event was generally (i.c., in
the 62% of the cases) variable dependent, in the sense that these

1.5

o0 ! ) *
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Fig. 2. Relationship between the scaling exponent &, for Scenarios 1
(individual values of the considered variable against plot length) and 3
(individual values of the considered variable against plot area) for the
variables event runoff, Q. sediment concentration, C i and soil loss
per unit area, SL, o

effects were noticed for one or two variables but not for the other
one or two variables (Table 3). The lack of any statistically sig-
nificant relationship with / was the most common result for all
considered variables (57% of the cases for C_ and 62% for both
Q. and SL,, Table 3). In the other cases, runoff always decreased
as plot length increased (4, of Eq. [16] ranging with the event
from —1.24 to —0.49, Table 4). For C,, an inverse relationship
was detected only once (5, = —1.30), whereas an increasing rela-
tionship, with 4, values varying with the event from 0.32 to 1.99,
was most common (89% of the significant relationships). With
reference to SL,, an increasing relationship was detected twice
(b; = 0.91-1.24) but a decreasing relationship, with &, values
varying with the event from —2.26 to —0.68, was most common
(75% of the significant relationships). Therefore, the general ten-
dency was to not detect significant scale effects at the sampled
field site. When these effects were detectable, they implied a
clear decreasing trend with / for Q. and a less clear trend (i.e.,
with a few exceptions) for both C. generally increasing, and SL,,
generally decreasing.

The most frequent condition determining the lack of any statisti-
cally significant relationship between SL_and / (46% of the cases)
was that both @, and C, did not depend on / (Table 3). The most
frequent condition determining an inverse relationship between
SL. and /(50% of the cases) was that Q, decreased with /and C,
did not change with the plot length. However, statistically nonsig-
nificant relationships between SL_and /were also detected when
longer plots yiclded less runoff but a similar sediment concentra-
tion compared with shorter plots (events of 18 and 28 Jan. 2015),
and inverse relationships between SL_ and / were detected even if
both Q_and C, were unaffected by plot length (event of 3 Sept.
2013). Moreover, qualitatively similar scale effects with reference
to runoftand sediment concentration, such as a decreasing Q_ and
an increasing C,, determined all possible results in terms of soil
loss, such as increasing (10 Dec. 2005), unvarying (9 Feb. 2010),
and decreasing (16 Dec. 2004).
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Table 3. Coefficients of determination, R2, of the tested relationships
between the hydrological and sedimentological variables (event runoff
Q. sediment concentration C, and soil loss per unit area SL ) measured
on each individual plot and plot length, I (i.e., Scenario 1), and values of
the &, exponent of Eq. [16] for the statistically significant correlations.
Sample < Ce S
Event size b, R? b, R? b, R?
16 Sept. 2004 13 =i 0.091 -1.297 0.733 -1.788 0.620
13 Oct. 2004 13 -1.097 0.841 - 0.224 -1.572 0.600
2 Nov.2004 12 -1.198 0.778 - 0.140 -0.816 0.280
16 Nov.2004 13 - 0.192 - 0.029 - 0.038
9 Dec.2004 13 = 0.106 0.323  0.252 - 0.006
16 Dec. 2004 13 -1.053 0.875 0.320 0.239 -0.733 0.501
28 Feb.2005 11 - 0.096 - 0.083 - 0.035
11 Apr.2005 12 - 0.101 - 0.040 - 0.010
10 Dec.2005 9 —0.489 0.479 1.733 0.615 1.243 0.386
25 Feb. 2006 12 - 0.001 0.691 0.298 - 0.180
25 Sept. 2007 16 —-0.990 0.647 - 0.118 -0.677 0.324
18 Oct.2008 12 - 0.074 0.695 0.635 - 0.103
28 Oct. 2008 14 - 0.173 1.444 0.461 0911 0.214
28 Nov.2008 14 - 0.034 - 0.009 - 0.022
13Jan.2010 16 - 0.139 - 0.001 - 0.046
9 Feb. 2010 16 -1.057 0.598 0.760 0.186 - 0.025
3 Sept.2013 12 - 0.142 - 0.137 —-2.263 0.466
18 Jan.2015 13 -1.244 0.740 - 0.096 - 0.079
28Jan.2015 13 —-1.105 0.247 - 0.025 - 0.019
17 Feb. 2015 16 - 0.180 1991 0.208 - 0.121
16 Mar. 2015 12 - 3x107¢ - 0.031 - 0.020
1 Statistically nonsignificant relationship.

Statistically significant scale effects with reference to all tested vari-
ables, i.c., Q. C, and SL,, were only detected for two events (16
Dec. 2004 and 10 Dec. 2005, Table 3). In both cases, the experi-
mental b, value for SL_ (=0.73 and 1.24, respectively) was equal
to the algebraic sum of the 4; values for Q, and C,. This was an
expected result because A4 is given by the product between these
last two variables, and it suggested that scale effects on soil loss
per unit area are a combination of scale effects on both runoffand

sediment concentration.

Regardless of the considered variable (Q,, C., or SL ), events with
significant and nonsignificant scale effects had similar rainfall
depths, P, and single storm erosion indices, El;, (Table 4). In
other words, the two types of response were not explained by dif-

ferences in P, or EL;.

With reference to the events suggesting the occurrence of sig-
nificant scale effects, similar mean and median values of &, were
obtained for each hydrological and erosion variable (Table 4).
On average, both runoff and soil loss per unit area decreased as

[ increased, whereas sediment concentration increased with /. In

Table 4. Summary statistics of the 4; exponent of Eq. [16] for the events
suggesting a significant correlation between the hydrological variable
(event runoff Q, sediment concentration C,, and soil loss per unit area
SL,) measured on each individual plot and plot length (i.c., Scenario
1), comparison between the event rainfall amount (P,) and the single-
storm erosion index (EI,) for the two groups of events (events with
a significant correlation and events with a nonsignificant correlation),
and results of the linear regression analysis between 4, and both P, and
EI, for those events suggesting the existence of a statistically signifi-
cant scale effect (total sample size V = 21 events)

Variable or tested
relationship Note Statistic O, @, SIES
by events with a min. -1.24 -130 -2.26
significant max. —049 199 124
correlation
mean -1.03 0.74 -0.71
median  —1.08 0.70 -0.78
CV, % 22.6 131.3  174.3
P, mm events with a min. 27.0 14.8 14.8
G max. 978 1458 97.8
correlation

mean 55.9at  56.8a 45.6a
median  39.9 76.7 62.4
events with a min. 14.8 24.2 15.8
nonsignificant 1458 570 145.8
correlation
mean 43.8a 42.1a  50.1a

median  76.4 26.4 62.8

by vs. P, events with a intercept —1.4717 - -
significant g 00 00079 - -
correlation
R? 0.5759* 0.2666 0.2127
ns ns
EL,, events with a min. 51.2 57.9 57.9
I [Eotthap gt e S s oG 3l
correlation
mean 158.7a  152.3a 182.2a
median  69.8 63.4 53.3
events with a min. 29.5 29.5 29.5
OEENIENG o sag 5 G
correlation
mean 135.3a  138.2a 120.9a
median  66.2 72.1 75.6
by vs. Ely, events with a intercept —1.2474 - -
mgmﬂc%nt slope 0.0014 - =
correlation
R 0.4280* 0.1180 0.0006
ns ns

* Coefficient of correlation significantly >0 according to a one-tailed £test (P =
0.05); ns, coefficient of correlation not significantly >0.

t For a given variable (QE, Cys SLC), the mean values of a rainfall characteristic
(P, or EI) followed by the same lowercase letter are not significantly differ-
ent according to a two-tailed #-test (P = 0.05).

particular, the mean values of 4, suggested that an increase in
length from 11 to 44 m determined a reduction in runoff and
soil loss per unit area by factors of 4.2 and 2.7, respectively, and
an increase in sediment concentration by a factor of 2.8. In other
terms, the decrease in soil loss was smaller than the decrease in
runoff due to the partially compensating effect attributable to sedi-
ment concentration. Variability of 4, was low with reference to Q.
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(CV =23%) and high for both C_and SL_ (CV = 131 and 174%,
respectively). Therefore, scale effects on both sediment concentra-
tion and soil loss were highly variable, i.c., they varied greatly from
event to event. Instead, scale effects on runoff were comparatively

much more stable, i.c., less event dependent.

Rainfall characteristics (P, and El5;) did not explain the event
scaling exponent for C, and SL, (Table 4), but &, of Q_ increased,
i.e., it became less negative, with an increase in both P, and El;,
(Fig. 3). Therefore, scale effects for runoff were less evident when
heavy rainfall occurred. This last result appeared physically sound
since it suggested that heavy rain reduces the importance of other
factors determiningscale effects on runoff, more related to the plot
conditions at the beginning of the event (Chen et al., 2016). This
conclusion is evidently approximate in this investigation because
the significance of the curves of Fig. 3 was due to a single data
point that could be perceived as an outlier. However, there was not
any reason to exclude this particular data point from the analysis.

A clear seasonality of the scale effects was not detectable for either
Q. or C, (Fig. 4). With reference to the former variable, both the
occurrence and absence of scale effects were detectable in each
month from September to February. No scale effects were detected
in March and April, but only two events occurred in these 2 mo.
For C, both the occurrence and absence of scale effects were
detected in some months (February, September, and October) and
there was also an alternation between months with scale effects

0.4 ,
y = 0.0079x - 1.4717 .
06+ 3 —L ;
R2=0.5759
0.8
)
-1 ' 1
° . ] [ ]
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Fig. 3. Relationship between the scaling exponent 4, of Eq. [16] and
the (a) event rainfall depth, P, (mm), and (b) single-storm erosion
index, EL;, (MJ mm ha=! h=1), for those events suggesting a statis-
tically significant scale effect for runoff according to Scenario 1, i.c.,
individual plot values against plot length (sample size NV = 8).

(December) and months without these effects (November and
January). Some seasonality was perceivable with reference to SL..
In this case, scale effects occurred in early fall and, with winter
approaching, there was the possibility of not detecting these effects
that disappeared completely in winter and early spring.

Using a reduced data set (17 erosive events) did not appreciably
alter the mean, median, and CV values of the statistically signifi-
cant scaling exponents for Q. C, and SL, (Table 5) compared
with the complete data set (IV = 21, Table 4), probably because
the two data sets differed by only a few events. Regardless of the
considered variable, the two types of response, i.c., significant or
nonsignificant scale effect, were not a consequence of differences
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Fig. 4. Number of events with significant (yes) and nonsignificant (no)
scale effects in each month of the year for (a) runoff, @, (b) sediment
concentration, C,, and (c) soil loss per unit area, SL, (V= 21 events).




Table 5. Summary statistics of the b; exponent of Eq. [16] for the events suggesting a
significant correlation between the hydrological variable (event runoff @, sediment con-
centration C, and soil loss per unit area SL ) measured on each individual plot and plot
length (i.c., Scenario 1), comparison between mean rainfall intensity (), maximum
. . R . . . . . g
rainfall intensity (Z ), highest rainfall amount falling without interruption (b, . ) and
intensity ofh (7, ), for the two groups of events (events with a significant correlation
and events with a nonsignificant correlation), and results of the linear regression analysis
of bl vs. I g 1, bm - and /, . for those events suggesting the existence of a statisti-

max’ hma:
cally significant scale effect (reduced data set, sample size N'= 17 events).

ax

Variable or tested
relationship Note Statistic  Q, C, SL,
by events with a significant IV 6 8 8
correlation min. -1.20 -1.30 -2.26
max. -0.49 1.73 1.24
mean -0.98 0.58 -0.71
median -1.06 0.69 -0.77
CV, % 25.5 155.8 174.3
I .4 mm h! events with a significant min. 12.0 12.1 12.0
correlation max. 45.0 287 45.0
mean 18.4at 17.4a 22.7a
CV, % 71.4 39.7 56.2
events with a min. 12.0 12.0 12.0
nonsignificant max. 372 45.0 27.9
correlacion mean  189a 19.8a 15.2a
CV, % 45.1 62.5 33.8
byvs. I 4 events with a significant  R? 0.0445 nst 0.0208 ns  0.1602 ns
correlation
I, ., mm h! events with a significant min. 12.0 24.0 12.0
correlation max. 156.0 120.0 156.0
mean 60.0a 63.0a 75.0a
CV, % 93.0 52.7 62.1
events with a min. 12.0 12.0 12.0
nonsignificant max. 120.0 156.0 120.0
otz mean 66.5a 65.3a 54.7a
CV, % 50.6 75.2 65.0
byvs. I events with a significant  R? 0.0005ns  0.0072ns  0.0731 ns
correlation
b g MM events with a significant min. 1.0 1.0 1.6
correlation max. 218 124 21.8
mean 7.1a 6.3a 9.0a
CV, % 107.9 63.3 72.6
events with a min. 0.4 0.4 0.4
nonsignificant max. 152 21.8 12.4
coiiciion mean 6.6a 7.2a 4.9a
CV, % 68.4 96.0 84.0
byvs.h . events with a significant  R? 0.0057ns  0.0031ns 0.2054 ns
correlation
Iy o mm h! events with a significant min. 12.0 12.0 12.0
correlation max. 118.9 52.0 118.9
mean 37.0a 27.9a 40.4a
CV, % 110.5 44.0 86.7
events with a min. 12.0 12.0 12.0
nonsignificant max. 52.0 1189 375
ot mean 28.2a 34.3a 23.2a
CV, % 49.2 99.7 41.8
byvs. Iy events with a significant  R? 0.0116ns  0.2109ns  0.0405 ns

correlation

1 For a given variable (Q, C,, SL,), the mean values of a rainfall characteristic (1.4, [0 h oo
and I, ) followed by the same lowercase letter are not significantly different according to a
two-tailed #-test (P = 0.05).

# ns, coefficient of correlation not significantly >0 according to a one-tailed #-test (P = 0.05).

in mean rainfall intensity, /4, maximum rainfall

intensity, highest rainfall amount falling without

]max’

interruption, hm a0 OF the intensity of » I, o Since

max’
significant differences between the calculated I .o

I b

axe Prna a0 I values for the two groups of data

were never detected (Table S). Moreover, there were no
cases in which the scaling exponent was significantly
correlated with the considered rainfall characteristics.
Therefore, rainfall data were consistently unusable to
discriminate between significant and nonsignificant
scale effect situations. Moreover, they were inappropri-
ate to explain changes in the event scaling exponent.

Testing Scale Effects by

Frequency Analysis of Soil Loss

In this investigation, the way in which data from a
treatment (plot length or area) were summarized (mean
or median) was found to influence the detection of
general trends in scale effects (Fig. 1). Therefore, an
alternative approach was developed for testing scale
effects with reference to the whole of the sampled
events. In particular, a statistical check was performed
establishing if the probability distribution of the soil
loss, SL_, for a given plot length was able to reproduce
the empirical frequency distribution of the measured

soil loss values corresponding to a different / value.

Figure 5 shows the comparison between the prob-
ability distribution of the soil loss values generated by
the described procedure for /= 11 m and the empiri-
cal cumulative frequency distribution of the measured
values for / = 44 m. This figure shows that the prob-
ability distribution of the soil loss generated for the case
/=11 m is not able to reproduce the cumulative dis-
tribution function of the measured values for the case /
= 44 m. Furthermore, Fig. 6 shows that the probability
distribution of the soil loss generated for the case /= 44
m is not able to reproduce the cumulative distribution
function of the measured values for the case /= 11 m.
In conclusion, the discrepancy between the probability
distribution for a given plot length and the empirical
distribution for another plot length indicates that a scale
effect can be detected by the frequency distribution of
the soil loss measured for different plot length values.

Discussion

There was a similarity between this investiga-
tion and the re-analysis of the data of Parsons et
al. (2006) performed by Kinnell (2008) According
to Kinnell (2008), sediment yield per unit area [M
sz] decreased as plot length, /, increased due to the
decrease of the runoff volume per unit area [L3 L72]
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Fig. 5. Comparison between the probability distribution of the soil
loss values generated for a plot length / = 11 m and the empirical
cumulative frequency distribution of the measured values correspond-

ingto /=44 m.
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Fig. 6. Comparison between the probability distribution of the soil
loss values generated for a plot length / = 44 m and the empirical
cumulative frequency distribution of the measured values correspond-
ingto/=11m.

since sediment concentration [M L73] was unaffected by Z. This
was also the most common condition for an inverse relationship
between SL_and /at Sparacia. Therefore, the runoff volume per
unit area changed with plot length, but this circumstance did
not have a detectable effect on the mass of sediments transported
by a given runoff volume. This result appeared explainable in
terms of contributing area (Rejman et al., 1999; Kidron, 2011).
According to these researchers, the area that contributes to the
measured sediment amount (total mass) at the base of the plot
does not coincide with the entire plot area but is confined to a
belt at the bottom of the slope. Therefore, the reasoning could
be that C, did not vary with / because a similar area contrib-
uted to the measured total sediment amount, regardless of the
plot length. The invariability of C, with slope length (Fig. 1)
suggested that an /value of 11 m was sufficient to obtain the max-
imum concentration of sediments transported by flow. Therefore,
a contributing area having a length of 11 m allowed a sediment
concentration to be achieved corresponding to an equilibrium
condition, close to flow transport capacity, which persisted for
longer plots (22-44 m). In these longer plots, sediments were
supplied from a contributing area that was not longer than 11 m
and was localized at the downslope end of the plot.

A lower Q, was obtained on longer plots because the total runoff
volume was averaged across the entire plot area. This area included
a non-contributing and a contributing part. The latter part was
nearly constant among plots but the former one had an increas-
ing weight in the calculation of Q, for longer plots. To partially
support this interpretation, the five events signaling a decreasing
effect of /on Q, and a sediment concentration that was not related
to / (Table 3) were analyzed in more detail. For these events, the
relationship between the cumulative runoff volume per unit plot
width (m? m~!) and the plot length was investigated. The R?
values ranged from 0.012 to 0.125, depending on the event, and R
was never significantly greater than zero. The fact that, for a given
plot width, the total runoff volume did not vary significantly with
[ could be viewed as a confirmation that the plot contributing area

remained nearly constant, regardless of the plot length.

An implication of a contributing area that does not coincide with
the entire plot area is that the conventional way for runoff and
sediment yield presentation as volume or mass per unit area leads
to theoretical misconceptions because only a limited portion of
the plot actually participates in runoff and sediment production
(Parsons et al., 2006; Kidron, 2011). However, as noted above, this
kind of presentation of soil erosion data is common, especially in
soil erosion models. For example, plot soil loss is presented as mass
per unit area in the USLE and USLE-type models, including
the USLE-M and the USLE-MM that was originally developed
at Sparacia (Wischmeier and Smith, 1978; Renard et al., 1997;
Kinnell and Risse, 1998; Bagarello et al., 2010). In these last two
models, the erosivity term is given by the product between the
runoff coefficient, Qp, and the single-storm erosion index of the
USLE, El,. In a recent investigation by Bagarello et al. (2015),
the specific function for the plot length topographic factor of the
USLE-MM confirmed that soil loss per unit area should increase
with /and it did not differ appreciably from other, more accepted,
relationships (e.g., Renard et al., 1997). The fact that SL, . decreased
or did not vary with / in this investigation could be viewed as a
reason for perplexity in the robustness in the developed analy-
ses, also taking into account that most of the data used here (i.c.,
excluding the most recent ones) were also included in the database
of Bagarello et al. (2015). The current version of the USLE-MM
makes use of the measured runoff coefticient because Qp estimat-
ing procedures have still not been tested or developed. This is a
practical limitation to the use of the model. However, this neces-
sity has the advantage that the hydrological response of the plot is
directly taken into account for predicting soil loss. In other terms,
an erosivity term including a scale-dependent runoff coefficient
appears appropriate to predict soil loss per unit area that does not

necessarily increase with the plot length.

In this investigation, a power law relationship was considered to
check scale effects because it is theoretically based and it represents
a rather diffused approach (e.g., Bagarello and Ferro, 2010; Xu et
al., 2009; Moreno-de las Heras et al., 2010). Another reason was
that Chen et al. (2016) demonstrated its usability with numerically



simulated data and they also suggested to consider the exponent of
Eq. [16] as a measure of the scale effect. However, other relation-
ships (e.g., linear or polynomial) have also been used to check scale
effects (e.g., Lal, 1997; Kinnell, 2008). The data do not always
yield a clear indication of the scale relationship that should be
used. As an example, Fig. 7 shows, for the event of 13 Oct. 2004
at Sparacia, that the scale effect for runoff could indifferently be
described by a linear and a power relationship. The fitting to the
data is similar for the two relationships (R? = 0.81-0.84) but the
information is very different. Moving from /= 11 to 44 m, runoff
decreases by 4.6 and 9.1 times according to the power and the
linear relationship, respectively. The scale effect appears to become
insignificant beyond a certain threshold value in the former case
(Chen et al., 2016) but not in the latter one. Therefore, predicted
scale effects could depend on the relationship used to summarize
the data. Developing this issue in future research could make data

interpretation more robust in general.

Scale issues should explicitly be taken into account in the compari-
son between two treatments (e.g., runoff from vegetated and bare
plots). For example, a comparison made at a given plot scale could be
invalid for another plot scale if the scaling exponent of Eq. [16] dif-
fers greatly between the two treatments. In the absence of a specific
testing of scale effects, it seems prudent to assume that a comparison
made at a given scale is only valid at the tested plot scale.

Conclusions

Plot-scale effects on event runoff per unit area, Q_, sediment con-
centration, C,, and soil loss per unit area, SL_, were tested at the
Sparacia (south Italy) experimental area using a power relation-
ship in which the scaling exponent represents a measure of the
scale effect for the considered variable within the sampled plot
sizes. The application of dimensional analysis and self-similarity
theory allowed recognition that the power scaling relationship can
be theoretically deduced.

Similar information was obtained by considering different
dependent variables, i.e., individual values for each plot or mean
of the replicates, and scale indicators, i.c., plot length, /, or plot
area, 4. In particular, the developed analysis showed that the
scaling exponent for the plot area is half of the scaling exponent
for the length. Using individual values of the considered variable
against plot length yielded the highest number of significant scale
effects in this investigation. The theoretical assumption A4 ~ 2
was experimentally supported and the relationship between the
scaling exponents for /and 4 was independent of the considered
hydrological or erosion variable.

The most common result was the lack of any scale effect (57-62% of
the cases, depending on the considered variable). When these effects
were detectable, they suggested a decreasing trend of Q. with /. The
C, values generally (i.c., most of the time) increased with / whereas
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Fig. 7. Runoff, Q. vs. plot length, / for the event of 13 Oct. 2004 at
the Sparacia experimental station.

SL. generally decreased. Scale effects were highly variable from one
event to another with reference to the latter two variables, but they

showed a reduced variability with the event for runoff.

Rainfall characteristics did not explain the occurrence or not of
significant scale effects nor were they able to describe changes in
the scaling exponent for C, and SL,.For Q. scale effects on plot
runoff should be expected to decrease as rainfall amount or its

erosivity increase.

The hypothesis that the area that contributes to the total mass of
sediments reaching the base of a plot could not coincide with the
entire plot area but is confined to a narrow belt at the bottom of
the slope was supported in this investigation by a runoff per unit
area that decreases as plot length increases and a sediment concen-

tration that does not vary with /.

Finally, a new statistical approach was proposed to check scaling
effects using the probability distribution of the involved variables.
This method has the advantage of using entire historical sequences

instead of comparing single event values.
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