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Abstract: Terraces are a common Mediterranean feature influencing soils, slopes and subsurface
hydrology; however, little is known about their impact on erosion processes, especially in humid
regions. The purpose of this study was to assess how terracing after a fire affected erosion processes
such as splash erosion. For 8 months, the study monitored splash erosion in three terraced plots, one
plot under pre-fire conditions and the other two under post-fire conditions. Assessment of the impact
of the terracing treatment in such plots was carried out by the installation of two different splash
erosion quantitative systems: cups and funnels. An analysis of the splash data obtained in 17 rainfall
events and meteorological data collected during each one of those periods was then performed. A
significant positive correlation between the amount of rainfall and the splash erosion was observed.
The two splash sampling systems show a high degree of concordance; however, the funnel-type
model seems to be the most appropriate when it comes to preventing loss of splashed soil samples.
The post-fire treatment with terracing leads to a smaller stability of surface soil aggregates, causing
higher splash erosion rates. Sampling using the funnel system collects three times the amount of
splashed soil than that collected by the cup system, although both systems correlate appropriately
with the meteorological parameters.

Keywords: splash erosion; rainfall; terraces; funnels; cups

1. Introduction

Fires produce a wide range of impacts on the soil, depending on factors such as
soil characteristics (moisture, organic matter content, etc.), fire intensity or duration [1].
Ferreira et al. (2009) found that soil erosion was associated with increased soil vulnerability
to erosion [2], mainly due to changes in the physical properties of soil. These changes
are directly related to the effect of fire on organic matter [1] and with the elimination of
vegetation and litter during combustion, favoring the destabilization of aggregates and
subsequent disintegration [3,4]. The stability of aggregates is one of the factors that most
influence the susceptibility of soil to erosion [5,6], as well the loss of vegetation after the
fire, which leads to bare soil, so raindrops can produce a sealing of soil pores, increasing
runoff rates [7,8].

In addition to fire, erosion can be aggravated by the type of management that is carried
out [9-11]. One of the most aggressive management techniques in northern Portugal is
the shallow cutting, which is carried out quite extensively in the Iberian Peninsula, both
in burned areas and in productive farms [12]. In addition to this, deep plowing with
ripper and terracing are very common, sometimes recommended to avoid the problem
of erosion and sometimes accused of contributing to soil degradation and soil loss [13].
Indeed, terracing has been one of the most widely used techniques in forest improvement
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for afforestation and reforestation [14], culturally implanted in the Iberian Peninsula [15]
and other Mediterranean areas [16,17]. Terracing maintains a dual purpose: on the one
hand it improves the soil conditions of depth and soil drainage [18], while on the other, it
limits the runoff of the surface [19-22]. However, this technique involves the modification
of many ecological and environmental factors, such as water storage, water purification,
changes in aquifer recharge and changes in erosion rates [23-25].

Terracing produces the mechanized translocation of the soil, burying the surface
soil layer and raising the regolith layer during the creation of the terraces and therefore,
causes a considerable impact that has received little attention [26]. Furthermore, different
studies carried out in Spain have shown the negative influence of terracing on the soil ero-
sion [3,27-29] and there are doubts about its suitability in Mediterranean conditions [12,20].
Some authors have said that terraced land is not recommended due to its high impact on
soil horizons and physiography, except when applied on skeletal, low-evolved soil or in
areas with gradients of slope between 30% and 65% [30,31]. However, others have shown
that the correct execution of a terraced land prevents the runoff, as it causes an increase
of infiltration that favors edaphic evolution [32] and allows the settlement of introduced
or natural vegetation [23,33]. However, at the same time, it cuts the natural channels and
limits the mobility of the material through the slope [34]. Indeed the treatment of terracing
is controversial and has both admirers and detractors, even among authors who defend
that no clear decrease in sediment deposition occurs after the terracing process [31,35].

In the Iberian Peninsula, there are more than 80 studies on terraces, and despite being
a traditional technique used to avoid the loss of agricultural soil, in the last 20 years, it has
started to be considered as an erosion producer [36]. In the Mediterranean area, the mosaic
of landscapes of terraces and abandoned agricultural lands would explain the enormous
increase in both forest fires and splash erosion [9,37]. In the Atlantic zone, ploughing and
terracing are common practices in degraded areas, or where a fire has occurred [38]. For
this reason terracing is often a technique associated with fires [20]. However, the turning of
the horizons is when terracing makes quantifying the fire effect difficult, since the most
fire-damaged surface horizons are buried after terracing.

Terraced areas show greater vulnerability to initiating processes of erosion such as
splash erosion [39,40]. There are about sixty papers on terracing, erosion and fire, half of
them published in the last 10 years, but when the study refers specifically to the effect of
terracing fired areas in splash erosion, the number decrease to two papers only [10,41],
according to the Web of Science, published by Clarivate Analytics, with the first of them
published in 2010. If we consider all the papers on splash erosion and terracing, removing
the fire influence, there are twenty-two papers, which began doing studies where the
splash erosion was one factor in terracing effects, using specific systems to measure the
influence, such as splash cups [42] or the splash boxes [43]. In 2003, the first paper on
terraces with several splash erosion devices was published [44], followed to date by several
other authors [41,45]. Currently, the discussion has evolved to measures that avoid the use
of terraces and prevent erosion by leaving the litter layer and an understory in crops and
tree plantations, as strategies for a sustainable land use [8,46].

Nevertheless terracing is not the main factor that affects splash erosion. Indeed, the
power of the drops which fall on the soil is equally important on the splash erosion problem
because it may affect the soil condition [47]. The impact of the droplets not only modifies
the soil surface characteristics [48], but also causes the separation and subsequent emission
of particles from the soil matrix and the consequent redeposition that can occur towards
close areas or the transport by runoff to more distant areas [49,50]. The stability of the
aggregates of the soil surface greatly affects the separation, transport and deposition of
the soil particles, that is, their erosionability [51,52]. This stability expressed as a mean
weight diameter (MWD) can be a good measure of the energy that a raindrop will need to
be able to detach particles from the soil surface, thus initiating the process called splash
erosion [53].
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Since the beginning of the study of splash erosion [54], there has been two main
difficulties: firstly, it is very difficult to separate splash erosion from other erosive processes,
and secondly, erosion depends on the soil and precipitation characteristics, which are very
local [55]. As a result, it is difficult to extrapolate the results to areas that are far from where
they have been studied [56] and only two field studies on splash erosion have been carried
out comparing several places around the world [41,57]. One is the study of Zambom [57],
which was done at two sites in Austria and one in the Czech Republic, representing only
part of center Europe, and the other is that of Fernandez-Raga [41], done at two sites in
Spain and Portugal. Both of these studies were conducted without terraces not burned,
so they have very different results from our proposal in this paper. It should be noted,
however, that some authors have done comparative studies analyzing soils with different
degrees of vulnerability [58,59]. Therefore, it is very important when looking at a splash
study to search for previous studies of splash erosion data in the area, in order to determine
its evolution. In the chosen studied area there were several splash studies, which placed
the recorded values in a range 96-119 mg m~2 mm ™! for the zone that was burned a long
time ago and 1248-1717 mg m 2 mm~! for the zone recently burned [41,60].

The main aim of this paper was to assess the effect of terracing on splash erosion by
comparing three recently burned areas, one that suffered a fire after having been previously
terraced whereas two others were terraced after the fire. In addition, we will determine
the effect of rainfall on splash erosion and compare two different methods of measuring
splash erosion.

2. Materials and Methods
2.1. Study Site

The study area was located near the town of Soutelo, in the municipality of Sever do
Vouga, in the north-central area of Aveiro, Portugal (Figure 1). The area is characterized
by a humid meso-thermal climate, with warm and dry summers (Csb in the classification
of Koppen). It is a climate totally influenced by the tempering effect of the Atlantic
Ocean, in the form of strong winds and a humid air mass, producing intense rain with
relative frequency. The average temperature at the nearest meteorological station, Campia,
is 12.1 °C, and the monthly average varies between 6.2 °C for January and 19.3 °C for
August [58]. The average annual rainfall is 1880 mm but it was much lower during the
2006-2007 hydrological year (1656 mm).

Three plots of Eucalyptus globulus were selected in this area called Soutelo, Pessegueiro
I and Pessegueiro II, respectively, located with north exposure in Soutelo (40°40'43” N
and 8°20'48” W) and south exposure in Pessegueiro (40°43'10” N and 8°21'23” W) and
with an average slope of 30%. The three plots are separated by around 5 km of distance,
with the same geology and at a height from 250 m to 320 m. The Soutelo area was burned
in August 2006 and was terraced later in April 2007 (the slope is not mentioned as it is a
terraced area). Pessegueiro I and II was burned in August 2007, but while Pessegueiro I
was terraced in 2006 before the fire, Pessegueiro II was terraced post-fire in September 2007.
In a first visual inspection of the Pessegueiro fires, no differences could be found between
the severities. Some burnt litter and leaves were on the ground after the fire. Ashes were
predominantly black (suggesting it was a moderate severity).
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Figure 1. Study site in Soutelo and Pessegueiro, in North Portugal. (a) Location of disdrometer and pluviometer and

sampling area of erosion. (b) Timeline of the fires and sampling period.

According to the existing soil map (1:1,000,000) [41,59,60], the soil in the study area
is predominantly Humic Cambisols and Dystric Litosols developed on schists and gran-
ites [61]. Soil profiles were profoundly altered by the terracing carried out.
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2.2. Experimental Design

Based on the bibliography, two splash erosion devices were selected because they
were the most suitable for the area, as described in Fernandez-Raga et al. [41,56]: funnels
and cups. Both are relatively simple devices that are cheap and easy to make, install and
monitor at frequent intervals (by substituting paper filters) [52,56]. In the case of the funnel
model, its use in earlier studies in the region [60,61] was also a relevant argument.

In each study area, 5 consecutive terraces were selected, so the sampling area covered
an area of 160 m? (8 m between devices on each terrace and a 20 m distance between
the terraces in the direction of the slope). Therefore, a total of 20 collection devices were
installed in each zone: 10 cups and 10 funnels, distributed between the 5 terraces, starting
the installation from upslope. In each terrace, the two types of devices were placed in
pairs, but the position of each pair of each type of device was selected at random. Each
device was placed 2 m away from the next device (Figure 2), and the upper part of each
cup or funnel was raised 3 cm from the surface. Control zones (devices set on plastic) were
located on one side next to the studied plots at the central terrace of each sampling area.
The surface of the soil was protected against point compression by walking over wooden
boards. The paper filters were collected from the funnels and cups after each rainfall event,
and later dried in an oven at 105 °C and weighed. Table 1 shows the 17 rainfall events. The
design of the devices has been described in more detail in Fernandez-Raga et al. [41].

2.2 7. — Pessegueiro post-fire

Forest road

Soutelo post-fire

Soutelo post-fire I

..

Pessegueiro post-fire Pessegueiro pre-fire

Forest road

Funnel Pessegueiro pre-fire
Cup

Figure 2. Experimental design for splash soil in Soutelo and Pessegueiro areas (all the units are
in meters).
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Table 1. Rainfall events of splash soil and precipitation in Soutelo and Pessegueiro.

Period Start End
1 4 October 2007 23 November 2007
2 23 November 2007 6 December 2007
3 6 December 2007 21 December 2007
4 21 December 2007 27 December 2007
5 27 December 2007 4 January 2008
6 4 January 2008 18 January 2008
7 18 January 2008 8 February 2008
8 8 February 2008 22 February 2008
9 22 February 2008 14 March 2008
10 14 March 2008 18 March 2008
11 18 March 2008 25 March 2008
12 25 March 2008 4 April 2008
13 4 April 2008 11 April 2008
14 11 April 2008 24 April 2008
15 24 April 2008 9 May 2008
16 9 May 2008 16 May 2008
17 16 May 2008 30 May 2008

2.3. Climatic Data

The rainfall data between 4 October 2007 and 30 May 2008 come from an automatic
weather station called Davis Weather Link and several PRONAMIC automatic gauges. The
Davis station was installed on the roof of a nearby building, located about 250 m from
the Soutelo area and about 3.5 km from Pessegueiro. In addition, a total of seven rainfall
gauges were sited in the study plots, one in Rosario, next to the disdrometer and the station,
and the other six in pairs in Soutelo, Pessegueiro I or pre-fire and Pessegueiro II or post-fire.
The rain gauges were always located one on the upper part of the terrace, and the other one
on the lower part, to be able to study the variability between precipitations from one point
to another. With the collected data, the maximum precipitation intensity was determined
in 30 min (I3 in cm h~') following the indications described by several authors [62,63].
The total sampling period was divided into 17 periods, and the precipitation volume of
each period is presented in Figure 3.

(a)
ESNAccumulated precipitation Pessegueiro
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Figure 3. Cont.
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Figure 3. Rainfall data registered with the rain gauges in the areas: (a) accumulated precipitation and daily maximum

precipitation (mm) registered in Pessegueiro and Soutelo during 17 rainfall events; (b) comparison between the mean

rainfall per rain gauge situated in the areas of Pessegueiro (in yellow and blue) and Soutelo (in red) in the upper part of the

terrace (darker colors) and at the bottom part (in light colors) in the 17 rainfall events.

2.4. Laboratory Analysis

Soil sample collection took place during an eight-month period, from 4 October 2007
to 30 May 2008. At each of the three study sites, ten soil samples were collected from the
topsoil horizon (0-2 cm). To this end, the litter or ash layer was removed prior to sampling.
The samples were air-dried and subsequently sieved with a mesh size of 10 mm.

Aggregate size distribution was determined by mechanically sieving the smaller-than-
10 mm fractions through sieves of 5, 2, 1, 0.25 and 0.05 mm mesh size, and then weighing
the resulting sub-fractions. Aggregate size distribution was then expressed as the dry mean
weight diameter (MWD) following Kemper and Rosenau [64]. Particle size distribution
was determined using the pipette method [65].

2.5. Data Analysis

Statistical analysis of the soil samples from the three areas, as well as the successive rain
events during the sampling period, were carried out using the Wilcoxon non-parametric
test [36], which allowed the comparison of the data before and after terracing treatment.

It is necessary to examine if the differences among the rainfall characteristics of the
areas are statistically significant. In this study, we used the Wilcoxon signed-rank test
to compare these data because the Wilcoxon test is non-parametric (distribution-free).
To determine whether there were significative differences, we performed the one-tailed
hypothesis test. The null hypothesis (Hy) was that “the two areas have the same rainfall
characteristics”. The alternative hypothesis (H,) was that “the rainfall characteristics were
different in Soutelo and in Pessegueiro”. In the Wilcoxon test, we chose a significant level
of 0.05. Then, the decision to reject the null hypothesis or not was based on the resulting p-
value. If the p-value was greater than 0.05, it failed to reject the null hypothesis. Otherwise,
if the p-value was less than 0.05, the null hypothesis was rejected at a confidence level
of 95%. In this case, the Wilcoxon test was run using the software package SPSS 17.0,
which was used for the statistical analyses, and testing was done against a significance
level x of 0.05. We used again this test to determine if there were statistical differences in
the aggregate sizes and in the soil type present in the experimental plots, with the null
hypothesis (Hy) that “the two areas have the same quantity of splash erosion or aggregates
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I 30 (cm h)

sizes”, and we again repeated the Wilcoxon test to analyze if the splash erosion recovered
in each sample were different when terraced before and after the fire. In this last example,
the null hypothesis was that “the splash erosion recovered from pre-fire areas are similar
than the one recovered from post-fire terraces”.

3. Results
3.1. Rain Characteristics

The maximum cumulative precipitation values exceeded 150 mm in both study areas
during the spring in the periods 13 and 14, that is, from 4 to 11 and 11 to 24 April 2008
(Figure 3). The lowest accumulated rainfall values were less than 10 mm and corresponded
with autumn from November 23 to December 6, and two spring periods, from 18 to 25
March and 24 April to 9 May 2008. In most of the periods, the precipitation registered
in Soutelo was slightly higher than in Pessegueiro, although there were seven periods
where this was reversed and more rain was recorded in Pessegueiro. However, when
comparing the values of accumulated precipitation between the Pessegueiro and Soutelo
zones using the Wilcoxon test [36], there were no significant differences (p > 0.05) between
the two zones.

When comparing the maximum daily precipitation, there were two periods (from 27
December to 4 January, and from 16 to 30 May) in which Pessegueiro presented almost
twice as much precipitation as Soutelo, reaching up to 60 mm (Figure 3). However, despite
these two periods, no significant differences were found between the two study areas
(p > 0.05).

Finally, the maximum intensity of precipitation in 30 min was compared (Figure 4).
Again, in this case, the results of both areas were very similar, between 4 cm h~! and
20 cm h™!, except in period 13 (corresponding to 11 April), where the data from Soutelo
was double the value of the data from Pessegueiro and reached 340 mm h~!. There were
seven periods in which the maximum intensity of Pessegueiro was slightly higher than
that of Soutelo, and ten occasions when Soutelo reached a higher intensity of maximum
precipitation in 30 min, but no significant differences were detected between both zones
(p > 0.05) through the Wilcoxon test (Figure 3b).

Pessegueiro W Soutelo

FFFFFFFFFFrey]

&)
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N
N
N
:
N

LB
L ]
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6-Dec
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Figure 4. Maximum intensity of precipitation per 30 min 130 (cm h~!) registered in the two study areas during the 17

rainfall events.
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3.2. Granulometric Composition and Stability of Aggregates

The three study areas had the same textural class, sandy-loam in all cases (Table 2),
however, Pessegueiro pre-fire had 7-8% more sand than the other areas with a lower
quantity of silt and a similar quantity of clay but there were no significant differences
between areas (p > 0.05).

Table 2. Textural class, sand (2-0.005 mm), silt (0.005-0.002 mm) and clay (<0.002 mm) (in %) and
mean weight diameter (MWD, in mm) of the soil surface (0-2 cm) in the three study sites.

Pessegueiro I Pessegueiro II Soutelo
Texture loamy/sandy loamy/sandy loamy/sandy
Sand 67 59 60
Silt 20 25 28
Clay 13 16 12
MWD 2.8 2.1 2.3

The results of the aggregate distribution obtained by dry sieving showed that the
soil had a weak aggregation when the MWD values were between 2.1 and 2.8 mm, where
Pessegueiro I presented the highest value. However, these differences were not statistically
significant (p > 0.05).

By analyzing the different fractions separately (Figure 5), it can be observed that
there are no significant differences among the areas, but in Pessegueiro pre-fire the most
abundant fractions are those between 2 and 10 mm in which almost 50% of their aggregates
are included. However, in Pessegueiro post-fire the most abundant fractions are between
0.05 and 1 mm. Finally, in Soutelo, its aggregates are distributed mainly into fractions with
sizes between 0.05-0.25 mm and 5-10 mm. Smaller-size aggregates are more easily erodible
and increase splash erosion.

30

NN
o u»

Number of aggregates
=
(9]

10
5
0
<005 0.05—0.25 0.25—1 1—2 5—10
Aggregate size class (mm)
W Pessegueiro Pre-fire Pessegueiro Post-fire M Soutelo Post-fire

Figure 5. Distribution of aggregates per class size depending on the diameter length on the soil
surface (0-2 cm) in the three study sites (blue) in Pessegueiro pre-fire (yellow) in Pessegueiro post-fire
and (red) in Soutelo post-fire (n = 10).

3.3. Influence of Time after Terracing in Splash Erosion

When comparing the collection devices of splash erosion, it is observed that funnels
are the ones that collect the most amount of splash soil per millimeter of precipitation
(Figure 6), collecting much more soil than the cup system (Table 3). In fact, the comparison
between cups and funnels, performed using the Wilcoxon test indicates that there are
significant differences between the two systems in all cases (p < 0.05).
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the 17 rainfall events.
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Table 3. Mean, maximum and standard deviation values of splash erosion rates found for the three sampled areas Soutelo
post-fire, Pessegueiro II or post-fire and Pessegueiro I or pre-fire in g-m~2-mm~!.

Cup Funnel
Mean Standard Max Mean Standard Max
(gm—2-mm~1) Deviation (gm2mm-1) (gm—2 mm1) Deviation (gm—2- mm~1)
Soutelo 1.12 0.63 2.30 2.64 1.56 5.60
Pessegueiro II 0.94 0.56 2.20 3.36 1.71 6.40
Pessegueiro I 0.06 0.05 0.22 0.44 0.29 1.20

As shown in Figure 6, the splash rate collected in the Soutelo and Pessegueiro post-fire
is significantly higher (p < 0.05) than that collected in the area that had been terraced in
Pessegueiro pre-fire, regardless of the device used for collection. In addition, the differences
between the soil collected on the different terrace levels from the upper or the bottom part
were not significant (Figure 6), and it was not possible to find any pattern in the maximum
splash soil recovered.

Table 3 shows the rates of splash erosion values for the three areas studied. We
observed a maximum of 2.3 g'-m~2-mm~! of soil collected with cups in Soutelo, with a
mean of 1.12 g-m~2-mm~!, whereas for funnels it increases for Pessegueiro Il up to a
maximum of 6.4 g'm~2-mm~! and a mean of 3.36 g'm >-mm ..

3.4. Influence between Splash Erosion and Precipitation Variables

Figures 7 and 8 show the relationship between splash erosion collected by both cups
and funnels and accumulated precipitation during the seventeen rainfall events.

e Pessegueiro pre-fire
e Soutelo post-fire
o Pessegueiro post-fire
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Figure 7. Relation between splash erosion rate with cups and accumulated rainfall in the three study
sites over the 17 rainfall events.
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Figure 8. Relation between splash erosion rate with funnels and accumulated rainfall in the three
study sites over the 17 rainfall events.

As can be observed in the area of Pessegueiro I, terraced more than a year prior, there
is a very significant relationship (p < 0.05) between the precipitation and the splash erosion
(R? = 0.8 for cups and R? = 0.63 for funnels) even though the accumulated rainfall was
very low.

A significant relationship (p < 0.05) between precipitation and splash erosion also
appears in recently terraced areas. The best correlation always appears in Pessegueiro
II, regardless of the sampling device used. However, differences are detected based on
the sampling device, showing in most cases best relationships with the erosion collected
by the cup system, although it could be caused by the error in R estimates. When all
the values taken in the three areas by each splash erosion device were related with the
accumulated rainfall, a linear model was found, which could fairly accurately predict the
mass of soil sprinkled by a certain amount of precipitation in both the cup (R? = 0.72) and
funnel (R? = 0.67) systems.

4. Discussion

After analyzing the results obtained, it appears that the time at which the terracing
was made has a clear influence on MWD, and is therefore crucial for estimating splash
erosion, which is always significantly higher in areas recently terraced and with smaller
aggregates [56]. In a number of papers, a reference was made to the fact that any tillage
in the soil affects the organic matter content of the soil adversely and, consequently, the
stability of its aggregates [66,67]. The disturbance of the soil strata produced during
the construction of the terrace causes a decrease in fertility during the first years and
a considerable loss of soil due to erosion processes [68,69]. In addition, the removal of
the protection from the vegetation cover is another variable that induces this increase in
erosion [43,70], although this is not so important in our case study because the vegetation in
all the areas after fire is always quite sparse. The two most recently terraced areas showed
a similar behavior, with no significant differences in observed erosion, whereas there were
differences with the area terraced a longer time before the fire. In Table 3, it can be observed
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that the most recent terraces are those that always show a greater erosionability, whereas the
terraces made one year before have stabilized, and this tendency is shown independently
of the erosion device used. However, the erosion values of the two most recently terraced
areas, Soutelo and Pessegueiro II, have peaks much higher than previously recorded in
the area by Shakesby et al. [60]. Soutelo was terraced six months after Pessegueiro I, but it
was terraced after a fire, and Soutelo showed much more splash erosion than Pessegueiro
L. During the eight months of measuring at the three sites, which was done six months
after terracing in Soutelo, we did not find a decrease over time in the production of splash
erosion, so the time cannot explain all the differences found between terraced areas pre-
fire and post-fire (Figure 6). As a result, the time from which the terracing was done is
important, but not the only factor. The effect of being terraced before or after the fire
seems to also have a big influence and other aspects such as the differences in rainfall
characteristics or the conditions of the soil may have an effect.

A dry soil condition is much more sensitive to splash erosion and therefore, the
timing of rainfall events can affect it [60]. From the analysis of different splash erosion
recovered during different events, Shakesby found in their research also done in Portugal
in a close area, that in drought conditions, a higher rate of erosion by splash was detected.
This influence can be seen in our work, since the data of splash erosion indicate how the
conditions of the special drought of the periods of 23 November and 21 December provided
higher splash rates than during the other periods with more rainfall. However, in other
periods such as 18 January, 11 April or 24 April, when precipitation was more abundant
and frequent, less erosion by precipitation occurred per millimeter of precipitation. This is
because the splashed soil recovered was divided into the rainfall received, to calculate the
rate of precipitation, and although this allowed the comparison between different periods
and areas, it assumed that the quantity of splash soil was much less with higher rainfalls.
With this in mind, it is worth asking whether precipitation is similar in the two areas
studied, or there is a space variation due to the distance between Soutelo and Pessegueiro.
Because of the distance between both areas is only 5 km and the main wind direction
coincides with the line connecting the two locations, the characteristics of the rainfall will
be similar with more than 82% probability [71]. The numerous data registered by the rain
gauges situated in both areas confirmed that there was no difference in the rainfall in both
areas (Figures 3 and 4). In any case, we could avoid this problem by analyzing only the
data from the two Pessegueiro areas that are together, with the same rainfall characteristics,
exposition, soil and fire intensity with the only difference between them being that one
was terraced before the fire and the other after it. By doing so, we had a great and unique
opportunity of comparing the 40 sampling splash erosion points and their medium size
of aggregates. This comparison suggested that Pessegueiro pre-fire always showed less
splashed soil that Pessegueiro post-fire, no matter the height of the terrace level compared
or the event of rainfall considered. Therefore, all our data confirmed that terracing prior to
the fire produces less splash erosion than the soil recovered in the area terraced after the fire.
Furthermore, the data from the Soutelo area, terraced post-fire, confirmed this tendency,
because we recovered a similar quantity of splash soil than in Pessegueiro post-fire. This
effect was detected for all the sampling points compared, independently of the splash
device used. As a result, it is important to delay the terracing after the fire to decrease
the splash erosion produced. It is not possible to compare this result with other articles
because we could not find any other articles with splash erosion data from terraced and
burned areas.

Another characteristic is that the size of aggregates was found to be smaller in areas
terraced post-fire than in areas terraced pre-fire, and this may also influence the splash
erosion. In the zone that had been terraced prior to the fire, after the fire the aggregates
with a size larger than 2 mm were dominant, while in the zones terraced after the fire, the
dominant size was smaller than 1 mm (Figure 5). According to Boix-Fayos et al. [72], the
1 mm aggregates are negatively related to the organic matter content and positively to
the finer fractions of the soil, and this agrees with the texture results found in our study
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(Table 2). This result is interesting when interpreting splash erosion, since, as the energy
required to displace a smaller aggregate is smaller, in the soils terraced as a post-treatment,
a greater mobilization of the aggregates will occur with the same rainfall. The greater
existence of small aggregates in the post-fire terraced areas may be an effect of fire and
subsequent terracing [73]. The effect of the fire itself on the organic matter content and
the MWD of the aggregates [74] was added to the effect of the terracing [11]. Pessegueiro
I or pre-fire had a higher percentage of sand that Pessegueiro II or post-fire. This little
difference could be have been produced by a different intensity of the fire in Pessegueiro
I, because temperatures higher than 400 °C could have caused a thermal fusion of clay
particles [75], but it is not possible to be sure if this was the reason. In any case, there was
an increase in sand fraction, which may somehow influence the size of aggregates [76].

The last objective was to conclude on the influence of the splash erosion device used,
comparing the funnel and the cup. The funnel designed by Terry to avoid underestimating
splash erosion [59] had a significant increase in the mass collected with respect to the cup
device, as it was also detected in a previous analysis done in close areas [41]. In a previous
work done in Soutelo, Ferndndez-Raga [41] found more soil collected with the funnel than
with the cup, despite the fact that the funnel had a larger sampling area than the cup, and
Torri and Poesen [77] observed a decrease of splash rates when increasing the sampling
area. Our findings also show the largest mass of soil collected by the funnel, so the funnel
prevents the loss of soil collected and possible washing of the samples. The funnel collects
a triple amount of soil mass compared to the cup, but it is the latter that presents rates of
soil splashed within the values collected by Shakesby et al. [60] and Terry [59] in a nearby
area. Therefore, the last conclusion we can draw after these results, is that Pessegueiro
I, a terraced pre-fire area, is the one with less splash erosion, no matter the devices used.
Terracing can be a solution for areas with sites with a high fire recurrence, as a means of
preventing erosion by splashing after future fires. However, it is not an advisable technique
in recently burned areas, which are very sensitive to the use of heavy machinery and have
very small aggregate sizes.

This work contributes to the sustainable development goals (SDG) 13 and 15, of
climate action and life in terrestrial ecosystems, as it helps to increase knowledge in order
to design optimal management treatments in areas with a high frequency of fire. It analyzed
the impact that different management techniques may have on natural spaces, as well as
assessed the benefit of choosing the most suitable time for the terracing of slopes, as an
existing management alternative to minimize the loss of soil, which is the basic sustenance
of any ecosystem after a forest fire.

5. Conclusions

From the analysis of the data collected during this sampling campaign in the three
burned areas in Soutelo and Pessegueiro (Portugal) for eight months, the following points
are concluded:

o  The treatment of terraces was stabilized over time, increasing the mean weight diame-
ter of the aggregates after eight months, which implies a greater stability.
The highest rates of splash erosion always occurred in areas recently terraced.
Burned areas terraced after fire had greater splash erosion than areas terraced before
fire, independently of the method of measurement and rainfall intensity.

e  There were no significant differences in splash erosion production between the upper
and lower terraces.

e Inany case, the analysis of the relationship between accumulated precipitation and
splash erosion reflected the existence of a positive correlation, detected by both cups
and funnels, with a dependence index higher than 0.6.

e Regarding the sampling devices, the funnel always collected three times more soil
than the cup. This is due to the specific design of the funnel to avoid the washing and
therefore, the loss of the splashed soil collected by the device.
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