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Soil erosion is recognized as a threat to humankind and to natural ecosystems

when sustainable limits are exceeded. Several researchers have used various

tools, such as rainfall simulators, to assess extreme rainfall events and non-

sustainable soil management practices. However, combinations of two

different devices of different sizes has not been tested before, especially in

vineyards. The aim is to verify whether plot size, connectivity processes and

rainfall distribution affect the activation of soil erosion. In this research on soils

cultivated with vineyards in the Moravia Region in the south-eastern part of the

Czech Republic, we have performed various rainfall simulation experiments

with a small device (1 × 1 m) and with a large device (8 × 1 m). Our results show

that the surface runoff was approximately 30% higher on the small plot than on

the large plot. The large rainfall simulator produced sediment concentration

that was up to 3 times higher, and soil loss that was up to 1.5 times higher, even

when the surface runoff was 30%–50% lower for the large rainfall simulator. We

therefore conclude that there is a clear influence of surface length and plot size

on surface runoff, soil loss and sediment concentration activation. When

planning their experiments, researchers need to consider that the type of

device can have a drastic influence on the final results. Two devices

subjected to the same rainfall intensity (60 mm h−1) can produce very

different results, e.g., depending on plot size and kinetic energy. Our results

can be effectively used to plan soil protection measures and to inform local

authorities about areas prone to flooding and about loss of sediments.
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1 Introduction

Soil erosion, especially in cultivated fields, is a big concern for

humankind because it threatens soil fertility, food security and

rural economies, and also biodiversity (Le Bissonnais et al., 2002;

Boellstorff and Benito, 2005; Labrière et al., 2015). Several

research groups have been working on new policies and

strategies for preventing or mitigating unsustainable soil

erosion rates (Boardman et al., 2003; Panagos et al., 2015b;

Taguas and Gómez, 2015). Verheijen et al. (2009) defined the

maximum limit of tolerable soil erosion as equal to soil formation

of about 1.4 t ha−1 yr−1. Montgomery (2007) stated that

conventionally managed agricultural fields (tillage, herbicides,

bare soils, etc.) register an average of 1–2 orders of magnitude

greater than the rates of soil production under native vegetation.

Montgomery (2007) stated that these rates can reach as high as

≈1 mm yr−1. Recently, Rodríguez Sousa et al. (2019) estimated

the Soil Loss Tolerance in olive orchards, and concluded that

even with severe erosion and irrigation, these plantations may be

viable for about 150 years with 0.41 t ha−1 yr−1. In China, several

authors, e.g., Feng et al. (2018), demonstrated that adjusting the

vegetation position along the slope could play a crucial role in

surface runoff and soil erosion generation, but this is only

effective when precipitation events are fully understood (Yu

et al., 2022).

However, the real situation in cultivated fields varies

significantly, and the soil erosion rates registered by recent

studies are continually rising. The erosion rates are especially

high in vineyards, in some cases reaching higher levels than for

olives, almonds, citrus fruits and abandoned lands (Rodrigo-

Comino, 2018). In traditional viticultural territories such as Spain

(e.g., Martínez-Casanovas and Ramos, 2009; Ben-Salem et al.,

2018; Mirás-Avalos et al., 2020), Italy (e.g., Napoli et al., 2017;

Bagagiolo et al., 2018; Novara et al., 2019), France (e.g., Blavet

et al., 2009; Morvan et al., 2014; Quiquerez et al., 2014) and

Germany (Hacisalihoglu, 2007), researchers have been

registering dramatic erosion rates, with the use of methods

such as in situ measurements and experiments, modelling and

monitoring. However, some new advances related to the use of

cover crops (Marques et al., 2020; Novara et al., 2021), reduction

of tillage practices (Arnaez et al., 2007; Lieskovský and

Kenderessy, 2014; Bogunovic et al., 2020), mulches

(Nachtergaele et al., 1998; López-Urrea et al., 2020), catch

crops (Cerdà et al., 2021), terraces (e.g., Ramos and Porta,

1997; Pijl et al., 2019) buffer strips and grass cover (Novara

et al., 2013; Capello et al., 2019; Diti et al., 2020) have reduced the

erosion rates, and are even improving specific soil

physicochemical properties. The effect of soil grass cover

compared to bare soil on surface runoff and percolation rate

have been observed in detail by other authors in land degraded

areas, for example, grazing areas (Minea et al., 2019).

Nowadays, the factors affecting soil erosion in vineyards are

mainly well understood, and the recent literature shows them

clearly. The factors include bare soils, intense tillage, inclination,

vegetation cover, soil surface roughness, and soil properties

(texture, structure, aggregate stability, water retention capacity,

etc.). The parent material and the age of the plantation have been

demonstrated to be major issues (Battany and Grismer, 2000;

Martínez-Casasnovas et al., 2005; Quiquerez et al., 2014). The

European Union, too, is currently focusing on soil erosion

problematics. In the EU Soil Framework Directive (EU, 2019),

Objective 1 aims at soil protection. The European Commission

identified eight threats to soil quality, soil erosion being named as

the one of most severe one. Members states were required to take

specific measures, although each state is free decide how to

implement them. One of the UN sustainable development

goals (UN, 2022), is the Life on Land goal 15.3 of which is to

achieve a land degradation-neutral world. It is therefore

necessary to assess whether a tool such as a rainfall simulator

is a suitable device for assessing the activation of soil erosion

during an extreme precipitation event, and for quantifying the

potential catastrophic larger scale risk.

One of the most widely-used instruments for assessing soil

erosion processes and potential control measures in vineyards is

the portable rainfall simulator. This device has been used even to

compare vineyards under diverse environmental conditions

across Europe from a quantitative point of view (Rodrigo-

Comino et al., 2016a) and from a qualitative point of view

(Rodrigo-Comino et al., 2016b). Portable rainfall simulators

are the key to evaluating soil erosion processes and to

detecting which key factor mainly affects the initiation of

these processes (Cerdà, 1998; Iserloh et al., 2013; Minea et al.,

2021). Small portable rainfall simulators are easy to transport and

enable the determining processes of runoff activation and soil

detachment to be measured on a small scale (Fernández-Gálvez

et al., 2008; Zemke, 2016). The main design issues arise from the

size and the shape of the plot. At pedon scale, using rings or

quadrat plots, it is not easy to recognize other interconnected

processes occurring at larger scales, such as rills or connectivity

dynamics (Iserloh et al., 2017; Szabó et al., 2020). It is clear that

different results might be obtained when the plot size increases.

In vineyards, tests were recently carried out by Rodrigo-Comino

et al. (2019) using ISUM (Improved Stock Unearthing Method)

in the viticultural area of Tierra de Barros (Extremadura, Spain).

The authors demonstrated that measurements of soil loss on

plots from 300 to 900 m2 in size, may result in differences of

about 3 t ha−1 yr−1.

To the best of our knowledge, however, a rainfall simulator in

vineyards has not previously been used for observing in situ

processes and for detecting key factors while the scale of the

rainfall simulator is being varied. The main goal of this

investigation was to shed light on the differences in the

activation of soil erosion processes in vineyards when

experimental plots of different sizes are being used. To

achieve this goal, two different rainfall simulators with

different plot sizes (1 × 1 m vs 8 × 1 m) are used to compare
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runoff, soil loss, sediment concentration and sediment

composition in an experimental area in vineyards in the

Southern Moravia region, Czech Republic.

2 Materials and methods

2.1 Study area

The experimental site is located in the Stará hora vineyard,

near Uherčice village (longitude = 16.67138°, latitude =

48.952612°) at 200 m a. s. l., in the wine-producing region of

Moravia, located in the Velké Pavlovice subregion, Hustopeče

district (approximately 25 km south of Brno) (Figure 1A), Czech

Republic. The grape variety is Muscat Moravian (a combination

of Muscat Ottonel and Prachtraube), which is typical for the

Moravia viticultural region. The soil parent materials are

sandstones with quaternary deposits of clays. The inclination

of the hillslopes of the vineyard ranges from 10% to 22%. The

resulting soils can be classified as calcic Chernozem (IUSS-WRB,

2015). The soil texture was classified as silty loam with 7% clay,

67% silt and 26% sand particle content. The soil contains 1.49%

organic matter and has 7.28 pH values. The vines are cultivated

following a 1.75 × 1 m plantation framework. The soil surface is

covered by grass all year round, and it is treated 5–6 times per

year using a tractor (hammer mulcher and spraying). The climate

is characterized by an annual average air temperature of 9.2°C. In

summer, the average temperature reaches 19°C. There is annual

precipitation of 563 mm yr−1, more than 50% of which falls

between May and September. Estimates of the maximum

average intensities of a 30-min rainfall with return periods of

2 and 10 years are 33 and 62 mm h−1 respectively (CTU, 2022).

2.2 Rainfall simulators: Description and
procedures

2.2.1 The small portable rainfall simulator
The small portable rainfall simulator (Figure 2B) has four

aluminium legs bearing one flat nozzle (veejet 9550, bspt h1/2u,

Spraying Systems Co.) at a height of 2.5 m above the middle of

the square plot. The experimental plot is 1 × 1 m and is delimited

by metal sheets partially inserted into the soil to a depth of

approx. 4 cm. The rainfall intensity was set to 60 mm h−1, which

FIGURE 1
(A) Location of the experimental area; (B)General overview of the study area; (C) detail of vine plants, and (D) an aerial view of the placement of
the large plot within the rows of vines. *S, small portable rainfall simulator; L, large rainfall simulator. 1 and 2 refer to the number of repetitions.
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corresponds to a high-magnitude rainfall event in this area. The

precipitation intensity was chosen to be consistent with other

rainfall simulators, to facilitate comparisons between different

crops and soil conditions (Ries and Iserloh, 2013). This small

rainfall simulator can operate in swinging mode or in pulse mode

(i.e., with no movements of the nozzle itself, the intensity is

maintained by periodic interruption of the water stream by a

solenoid valve) to reproduce the most realistic natural rainfall

conditions. The usual kinetic energy in this setup (calibrated

previously under laboratory conditions) was 4.14 J m−2 mm−1,

and the spatial distribution Christiansen index was 93%. Further

information about calibration and technical details can be found

in Kavka and Neumann (2021).

2.2.2 The large rainfall simulator
The usual experimental plot layout when operating the CTU

large rainfall simulator (Figure 2A) is a rectangle 8 m in length

and 2 m in width (Kavka et al., 2018). It is enclosed by metal

sheets with a metal funnel at the downhill border for collecting

the surface runoff. In this field campaign, the layout was modified

in order to reflect the specific vineyard conditions. At the

downhill border, two 1 m wide metal funnels were installed,

each of them to collect the runoff from a one row-gap. The

elevated ridge of the vine row acted as a natural border between

the two sub-plots. To reproduce closely a natural rainfall event,

eight nozzles (WSQ40, Spraying System Co.), 2.5 m in height and

1.2 m apart were used. The rainfall intensity reached 60 mm h−1,

with mean kinetic energy of the drops up to 10 J m−2 mm−1. The

required rainfall intensity was achieved by interrupting the

sprinkling of individual nozzles by solenoid valves. The

nozzles operation scheme had previously been calibrated using

a plastic sheet, under laboratory conditions and also in field

conditions.

2.2.3 Experimental procedures
In total, four simulations within 3 days were carried out, two

on the small experimental plots and two on the large plots. Both

small plots were situated in the same inter-row area along the

hillslope (Figure 1B). The first plot was positioned on the

footslope, and the last plot on the backslope (no simulations

were performed at the shoulder or at the summit). Except for the

first experiment with the small rainfall simulator on the

footslope, all the plots were delimited with their side edges

parallel to the vineyard rows. The runoff was collected in a

flat metal funnel, using 1 and 2 L plastic samplers approximately

1 m below the plot. Next to the plot, still within the watered

perimeter, a rain gauge was set up to monitor the temporal

distribution of the sprinkling intensity. Before each experiment

was conducted, the surface cover was evaluated from vertical

surface images by automated classification processed with the use

of a hand-held camera.

Two simulations in different positions were conducted with

the large rainfall simulator. Both large plots were situated along

the same vineyard row, ca 10 m apart from the small plots and

FIGURE 2
The small and large rainfall simulators used for this research. (A) the large rainfall simulator; (B) the small rainfall simulator.
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approximately on the same part of the hillslope. As the large plots

were divided into two subplots (Figures 1C,D), two repetitions of

each simulation were obtained, resulting in a total of four

repetitions. One repetition was excluded from the results,

because the vegetation cover was too high. Grass cover was

therefore not taken into account when comparing the results

among the experimental plots, making all the plots comparable

with each other. The canopy cover was evaluated from vertical

images of the experimental plot(s), with undesired features

filtered out beforehand (bordering metal sheets, adjacent plot

overshoot, etc.). The orthorectified images in 1mm resolution

were processed in ENVI 5.5 (L3Harris Geospatial, 2019) with the

Maximum Likelyhood classifier with single pixels eliminated by

Aggregation. The same sprinkling scenario was used for the small

plots and for the large plots, comprising dry and wet runs. In the

dry run (soil in natural condition), rainfall intensity of 60 mm h−1

was applied for 30 min plus the time to the onset of runoff (TTR),

followed by a 15-min break and then the wet run (fully saturated

soil)—which was again 30 min plus TTR. The undisturbed

samples were collected using standard Kopecky cylinders

(diameter 50 mm, height 51 mm) to characterize the soil bulk

density and the initial soil moisture in the experimental spot (Al-

Shammary et al., 2018). Three samples from each of the specific

conditions were collected and evaluated. For the soil moisture

measurements, the soil water content sensor (Terros TR10, Meter

Group Inc. United States) was installed into the plot and a

Hydrosense probe (Hydrosense 2, Campbell Scientific, Inc.)

was also used.

The rainfall simulator had performed a short water pressure

stabilization cycle before the simulation was initiated. When the

water pressure in the system had stabilized to the required value,

the stopwatch was started and the experiment began. From this

moment, the soil surface was carefully observed, and when

surface runoff started, it was sampled and the measurements

began. Samples were collected every 2.5 min (resulting in a total

of 12 samples per simulation run), and the time of filling for each

sample was measured and recorded. The runoff rate was

evaluated afterwards under laboratory conditions when the

volume of each sample had been measured.

2.3 Laboratory analysis

The soil samples collected during the experiments were

analyzed in the laboratory. Kopecky cylinders were used to

analyze the bulk density and the organic carbon. Bigger

Kopecky cylinders (diameter 80 mm, height 50 mm) were

employed to assess the saturated hydraulic conductivity

(KSAT). The organic matter was measured by TOC analyzer

Tnb multi N/C2100 with an HT 1300 unit by Analytik Jena. The

samples collected in the bottles during the experiment were

filtered (KA 3M by Czech manufacturer Papírny Pernštejn)

and were dried at 105°C for 24 h and then weighed.

2.4 Statistical analysis

All the results were depicted using an Excel datasheet in the form

of linear graphs and several characteristics of the simulation runswere

calculated. Then, an analysis of the variance in the observed data was

performed using R statistical software (R core team, 2019), in order to

determine the role of the size of each experimental plot and to

separate its effect from the effects of other parameters. R version

3.6.0 and the car 3.0.8 package (Fox andWeisberg, 2019) were used to

perform the variance analysis. Since the number of simulations was

very low, only two variables were considered: plot size SIM and initial

moisture conditions CON. For each simulation characteristic, a

hierarchical set of five linear models was built:

• mod0 null model as a baseline for assessing the

performance of the other models. Represents the dataset

with the mean value;

• mod11 single variable SIM (simulator (plot) size—Small

and Large);

• mod12 single variable CON (initial moisture

conditions—Dry and Wet);

• mod2 model with two variables SIM + CON without their

interaction;

• mod21 model with two variables SIM + CON including

their interaction.

For each model, ANOVA Type III was performed to determine

the statistical significance of particular variables. In contrast to types

I and II, type III of the variance analysis is applicable for unbalanced

datasets and for data where a significant interaction between main

effects may occur. It calculates the sum of squares for each

considered factor (or their interaction term) while taking into

account the role of the other factors.

3 Results

3.1 Soil surface conditions on the
experimental plots

The soil texture in this experimental area was classified as silty

loam. The bulk density values differed between the row and the

inter-row. The mean values of the collected samples were 1.46 ±

0.03 g cm−3 and 1.35 ± 0.02 g cm−3, respectively. The mean

antecedent volumetric moisture content was 34.57 ± 0.9%. The

saturated soil conductivity was 187.72 for the large simulator and

173.5 cm d−1 for the small simulator. Each of the four large

experimental subplots was captured by a series of images along

its length. The mean vegetation cover on the three large sub-plots

was 30.0%, 34.8% and 33.8%. For the small plots, the vegetation

cover was 38.6% and 31.2%. It should be pointed out that there were

similar local inclinations. Mean values of 13.5% were measured in

the small plots (maximum values of 18% and minimum values of

Frontiers in Environmental Science frontiersin.org05

Neumann et al. 10.3389/fenvs.2022.949774

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.949774


9%) and values of 16.5% were measured in the large plots

(maximum values of 20% and a minimum of 12.3%).

3.2 Surface runoff

The time to the start of the surface runoff and the dynamics

of the surface runoff during the experiments were evaluated. The

runoff started as follows:

• Small plot in dry conditions—3.5 and 5.5 min

• Small plot in wet conditions—1.5 and 1.5 min

• Large plot in dry conditions—3, 1 and 1 min

• Large plot in wet condition—2, 1 and 1 min

In Figure 3, the runoff from the small lower plot shows a

tendency stabilized at values under both dry and wet conditions

ranging from 0.65 to 0.90 L min−1 m−2, respectively. On the

second plot, the runoff stabilized in the last two intervals,

reaching constant values of 0.63 L min−1 m−2. Under wet

conditions, the runoff reached 0.78 L min−1 m−2. As concerns

the averages for the last three measurements in each run, the

stabilized specific surface runoff from the small plots ranged from

0.62 to 0.91 L min−1 m−2, with mean values of 0.74 L min−1 m−2.

During the first simulation using the large rainfall simulator,

there was a significant difference between the two subplots. The

subplot with considerably higher vegetation cover produced no

surface runoff, not even during the wet run. For this reason, results

were considered only from the other three simulations. During

simulations number 1 and 2, the surface runoff did not show clear

stabilization until the wet run reached values of 0.72 and

0.57 L min−1 m−2, respectively. During the third replication, the

runoff in dry and wet conditions reached 0.29 and

0.42 L min−1 m−2, respectively. The averages for the last three

measurements in each run of the specific surface runoff from the

large plots ranged from 0.29 to 0.72 L min−1 m−2, with mean results

of 0.49 L min−1 m−2. On the small plots and also on the large plots,

the runoff under wet conditions in all cases significantly exceeded

the runoff in the dry runs.

The calculated runoff coefficients for the large plots were:

0.36, 0.3 and 0.22 in dry conditions and 0.63, 0.48 and 0.36 in wet

conditions. For the small rainfall simulator, runoff coefficients of

0.52 and 0.45 in dry conditions and 0.81 and 0.57 wet conditions

were obtained. Overall mean values reaching 0.39 for the large

plots and 0.59 for the small plots were registered.

3.3 Soil loss

The soil loss on the small plots was rather evenly distributed

in time, with systematically higher values in the second

simulation under dry conditions than under wet conditions

FIGURE 3
Surface runoff using different plot sizes: (A) small plots and (B)
large plots, under dry and wet moisture conditions. The time axis
provides the relative time from the start of the surface runoff.

FIGURE 4
Soil loss using different plot sizes: (A) small plots and (B) large
plots, under dry and wet moisture conditions. The time axis
provides the relative time from the start of the surface runoff.
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(Figure 4). As regards, the averages for the last three

measurements in each run, the soil loss on the small plots

ranged from 1.00 to 3.07 g min−1 m−2, with overall averages of

1.83 g min−1 m−2. The soil loss rates observed in the large plots

were more variable. The values from the second simulation were

2–3 times higher than the values from the first and third

simulations. With the exception of the third simulation, the

soil loss for both dry and wet conditions stabilized very close

to those, which is in contrast with the pattern for surface runoff,

where the results are quite different. The averages for the last

three measurements in each run show that the soil loss in the

large plots ranged from 1.37 to 6.06 g min−1 m−2, with total mean

values of 3.46 g min−1 m−2. Therefore, no general soil loss

patterns were observed when small and large plots were

compared. The soil loss from the large plots seems to reach

higher values, except in the case of the second simulation.

3.4 Sediment concentration

Similarly to the soil loss results, the sediment concentration

in the small plots was almost constant during all the experiments,

except for one outlying value at the start of the second dry run

(Figure 5). The concentrations from the second simulation were

systematically higher when compared with the same moisture

conditions and with the concentrations from the dry runs, which

always exceeded the concentrations for the wet runs. As regards

the average values for the last three measurements in each run,

the sediment concentration on the small plots ranged from 1.1 to

4.92 g L−1, with mean values of 2,63 g L−1.

The sediment concentrations in the large plots showed more

distinctly decreasing and later stabilized dynamics in all

experiments. As on the small plots, the sediment

concentration from the dry runs mostly exceeded the

concentrations for the wet runs. In this case, however, there

was a more distinct trend towards a decreasing gap, actually

approaching zero difference in the second simulation. As regards,

the averages for the last three measurements in each run, the

sediment concentration from the large plots ranged from 3.13 to

15.35 g L−1, with mean values of 7.83 g L−1.

In contrast to the soil loss results, there was a distinct pattern

in sediment concentration for both the small plots and the large

plots. In all cases, the concentration in the dry runs exceeded

or—in one simulation—approached the values for the wet runs.

3.5 Comparisons of the runoff dynamics

The ratio of the explained variability was determined by

comparing the RSS of a model with RSS of mod0. If needed,

model pairs were also compared to assess the role of an extra

variable or an extra model term (especially for an assessment of

the interaction term). Table 1 presents the resulting statistical

significance of the considered variables and the ratios of the

explained variability.

In TTR, a combination of SIM + CON variables is needed to

explain a significant part of the variability. Taken separately, the

individual variables are not enough. TTR is the only variable

where there is a significant interaction between SIM and CON at

the level α = 0.1, while from the twomain effects only the plot size

proves to be significant (α = 0.05). For one level of conditions

(Dry), the effect of plot size is different than for the other level

(Wet). The explanationmay be that, under wet conditions, runoff

is usually initiated immediately on the plots on both scales.

However, under dry conditions, it takes some time for runoff

to form, and the plot size therefore plays a significant role. With a

single exception, the two variables completely fail to explain a

significant part of the variability in sediment transport

characteristics. As regards the exception, the FSedConc

characteristic also partially reflects the runoff, and this might

be the reason why one of the variables was shown to be

significant. If we consider only the initial conditions (CON),

they explain a significant part of the Specific Total Runoff

(STRunoff) only, and on a lower level of significance (α =

0.1). When we consider the size of the experimental plot

(SIM), it proves to be significant for the two runoff

characteristics (STRunoff and FSDischarge) and for one

sediment transport characteristic (FSedConc). Combining the

FIGURE 5
Sediment concentration results using different plot sizes: (A)
small plots and (B) large plots, under dry and wet moisture
conditions. The time axis provides the relative time from the start
of the surface runoff.
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SIM + CON characteristics provides significantly better

predictions of the runoff characteristics than the use of just

one of these characteristics. In these three models (with a slight

deviation in TTR), both variables are more significant than in the

single-variable models.

4 Discussion

Rainfall simulator devices are widely used in research carried

out in vineyards on estimating soil erosion activation processes

(Prosdocimi et al., 2016b; Bogunovic et al., 2020). This type of

research is undertaken especially in countries with extensive

vineyards (Prosdocimi et al., 2016a). However, although the

eastern part of the Czech Republic is known as a traditional

wine-producing region, little experimental research has been

performed on this topic. (Burg et al., 2017; Cizkova et al.,

2019; Ragasová et al., 2019). Scientists around the world focus

on soil erosion in vineyards, but studies in the Czech Republic are

still scarce. The research presented here is focused on the erosion

rates in vineyards in the Moravia region, and we have

demonstrated that these steep slope vineyards are at risk of

activating intensive rainfall-runoff processes.

In the past, soil loss and surface runoff have also been studied

using different plot sizes by researchers in other countries

investigating vineyards (Rodrigo-Comino et al., 2019) and

other land uses, such as grasslands and subtropical

environments (Thomaz and Vestena, 2012; Mayerhofer et al.,

2017). We have reported that runoff on a small plot was about

30% higher in our experiments than on large plots, but that the

soil loss was approximately the same for small and large plots

under natural rainfall. Boix-Fayos et al. (2006) highlighted how

difficult it is to encapsulate the complexity of system interactions

and to represent these interactions using field plots. They

introduced the term “complexity” to analyze at different plot

scales the connectivity of water and sediment fluxes and the

interaction between processes and patterns of vegetation and

surface components. Parsons et al. (2008) also did not find higher

soil loss for longer plots, although an active debate arose (Kinnell,

2008). One of the main points of discussion has been the

influence of connectivity processes, the generation of rills

(from 8 up to 10 m), and the influence of agricultural

management systems on larger scales (Kinnell, 2016; Cerdà

et al., 2018).

The use of a rectangular plot in comparison with a circular

plot can also be a good starting point for a discussion. The

interface between the soil surface and the collecting funnel is a

troublesome spot. If the edge of the soil collapses, a false soil loss

value can appear (high values in one interval). We encountered

this phenomenon during the second run on the dry plot

(Figure 5A) although we had been aware of the potential

problem and this connection had been carefully prepared. The

surface runoff was low, but there was extremely high soil erosion.

With a circular plot, the connection between the funnel and the

soil also has to be precisely prepared. However, the interface is

only a few centimeters in length, so the peaks will be reduced

(Iserloh et al., 2013; Ries and Iserloh, 2013).

In our study area, two different devices were used. There was

one small rainfall simulator with a plot 1 m2 in size, and a large

rainfall simulator with a plot two times 8 m2 in size, with the

same rainfall intensity. However there were some differences in

kinetic energy, which was somewhat higher for the large plot. The

small rainfall simulators usually need different nozzles than the

big simulators. These nozzles produce a more even spatial

distribution of the droplets, with lower working pressure and

water consumption, but they may show lower kinetic energy.

Nevertheless, we consider the differences in kinetic energies

to be negligible in comparison with the differences in plot size

and the concentration of the processes in the small device. It

should be taken into account that the kinetic energy might also

have been reduced due to spatial layout of the experimental

setup. The nozzles produce highest kinetic energy in the central

part of the spray cone, i.e., right above the vine plants. The

percentage of vegetation cover of the plots was calculated in order

to provide added information the grass cover, excluded the vine

plants. In the case of small rainfall simulator there was no effect

TABLE 1 ANOVA Type III, considering the results obtained with the rainfall simulation experiments and hydrological parameters. Themeanings of the
variables are: SIM, Simulator (plot) size; CON, initial moisture conditions. Y, yes, variable is significant; N, not a significant variable. Percentages
show the fraction of explained variability. Significance levels denoted as: ** (α=0.01), * (α= 0.05), + (α= 0.1), - (not significant). Inmodels withmultiple
variables, the order of the alpha levels corresponds to the order of the variables, interaction term provided in the last position.

Characteristics Denoted as Unit SIM CON SIM +
CON

SIM × CON
(interaction incl.)

Time to runoff TTR min N 27% N 25% Y ± 52% Y*/± 73%

Specific Total Runoff STRunoff mm Y* 47% Y+ 32% Y**/* 79% Interaction NOT signif.

Final Specific Discharge FSDischarge mm·min−1 Y* 48% N 26% Y**/* 74% Interaction NOT signif.

Specific Total Soil Loss STSoilLoss g·m−2 N 19% N 0,6% N 20% Interaction NOT signif.

Final Sediment Concentration FSedConc g·l−1 Y + 31% N 2% N 33 % Interaction NOT signif.

Final Specific Sediment Flux FSSedFlux g·min−1·m−2 N 26% N 0,2% N 26% Interaction NOT signif.
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of the vine plants. The interception for the large rainfall simulator

was therefore also higher than in the small rainfall simulator

experiments, where the nozzle was placed in the inter-row. This

is a key parameter that other researchers have also highlighted in

connection with the reduction in the splash effect due to leaf

interception (Crokford and Richardson, 2000; Abdo, 2018). Due

to the design of the large rainfall simulator and the spatial pattern

of the vine plants, it was not possible to place the rainfall

simulator and the respective nozzles in the middle of the

inter-rows. It is therefore complicated to determine the ideal

rainfall intensity that will ensure that the experiments simulate

identical artificial meteorological conditions. Another potential

weak point is the limited number of repetitions. We needed to

limit the number of repetitions because we used a large rainfall

simulator that requires a lot of time and a considerable number of

people on the field at the same time (4–6 people). The experiment

is expensive to organize, due to the amount of water that is

required and the number of cars needed to transport the

materials. In addition, the experiment is labor-demanding to

install. It is not easy to find suitable positions due to: the size of

the experimental area, the need for a representative area without

cracks and spillways, the need for large amounts of water for the

experiments (1–3 m3 of water per simulation hour), and also the

need to obtain the consent of the vineyard owner. However, a

major advantage of the setup used in our research was that we

were able to obtain results from two experimental plots that were

placed next to each other within a single experiment. In addition,

the formation of rills could be observed during the experiments.

The generation of rills and ephemeral gullies drastically increases

the concentration of the runoff and the activation of soil loss (Ben

Slimane et al., 2016; Asadi et al., 2017), and allowed us to better

observe the connectivity processes from the different parts of the

plots to the outlet. This also enabled the inclusion of more

accurate measurements of the time to ponding and the time

to runoff generation, both of which are key parameters for

characterizing the soil-water interactions. The use of this

device is innovative, especially in vineyards.

When similar devices and research plans have been used on

agricultural fields or on experimental plots under laboratory

conditions, successful results have been obtained (Williams

et al., 1998; Esteves et al., 2000; Strauss et al., 2000;

Schindewolf and Schmidt, 2012). We therefore selected

homogeneous surfaces in a conventional vineyard with similar

slopes, similar vegetation cover and the same soil management. A

comparison between the results obtained for the small plots and

for the large plots demonstrated that the small plots provided a

higher runoff coefficient (0.59) than the large plot (0.39). This

may be associated with the generation of the sheet processes that

is observed in small plots (Ghahramani et al., 2011; Kinnell, 2012;

Khaledi Darvishan et al., 2013). The large rainfall simulator

recorded up to 3 times higher sediment concentration and up

to 1.5 times higher soil loss, even when the surface runoff was

30%–50% lower. This may be directly related to the rills that

generated some peaks during specific intervals. Hypothesizing a

similar situation, Bagarello et al. (2011) tested the influence of

plot sizes 11 and 22 m in length. However, they did not find any

differences, and their results were not in agreement with the

results of our experiments. Both plots tested by Bagarello et al.

(2011) were longer than the plot of the large rainfall simulator in

our work, so the scaling is different. This may account for the

differences in results. We suppose that there is a limit length

where the soil loss is less dependent on the length of the plot. We

have already pointed out that 8 m could be the limit length to

create a rill (Kinnell, 2016). Bagarello et al. (2011) showed that

both plots in his experiments were longer than 10 m when the

rills were formed in both experiments. This could be the reason

why the soil loss was similar for both experiments. Another

reason could be the higher kinetic energy for the large plot, where

Bagarello used natural rainfall with plots next to each other. The

energy of a drop falling to the surface was therefore similar,

unlike in our research.

In our study, we have confirmed that the influence of plot

length is a topic that requires further study with in situ

experiments (Smets et al., 2008), because soil properties

such as rock fragments, porosity and roughness, and

vegetation/root cover may vary substantially within a scale

of a few centimetres. Modelling studies can focus on this topic,

but not on other highly used equations e.g. RUSLE (Revised

Universal Soil Loss Equation; Efthimiou et al., 2014; Karpilo

and Toy, 2004; Panagos et al., 2015a). This model does not take

in to account the variation in surface cover and properties

when the length increases by a few centimeters at pedon scale.

We therefore consider that a small rainfall simulator can be

more appropriate for supplementing research with specific

information about certain parts of a hillslope and with physical

soil properties (Seeger, 2007), and a large rainfall simulator

can be more suitable for simulating a micro-environment,

taking into account rills, various vegetation patterns and

differences in soil properties at pedon scale. It would be

interesting to check nozzles to obtain a linear relationship

among the plot sizes in order to test both rainfall simulators

under the same conditions. The runoff and soil loss could then

be recalculated to obtain final results independent from plot

size. This would make future experiments easier to conduct

and to compare, because experiments with large rainfall

simulator on the edge of a vineyard are really complicated

to conduct. It is almost impossible to establish the nozzles with

the same intensity and to conserve the kinetic energy in the

middle of the inter-row.

5 Conclusion

This study has investigated the influence of the size of the

plot under a rainfall simulator on the soil loss in vineyards. It

was a first attempt to determine whether experiments in
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vineyards with large rainfall simulators are manageable,

whether the use of small plots is comparable with the use

of large plots, and can provide similar results, or whether the

results for small plots can just provide supplementary

information for a limited number of parameters. More

research on the influence of small and large rainfall

simulators should be carried out to understand the

influence of plot length in vineyards. Especially the large

rainfall simulator should be placed with the nozzles in the

interrow to avoid the effect of the vine leaves. A comparison

of the results obtained with small and large plots

demonstrated that the small plot experiments resulted in a

higher runoff coefficient than the large plot. This may be

associated with the generation of the sheet processes observed

in the small plots. The large rainfall simulator recorded an up

to 3 times higher sediment concentration and up to 1.5 times

higher soil loss, even in cases when the surface runoff was

30%–50% lower for the large rainfall simulator. This may be

directly related to the rills that generated some peaks during

specific intervals. All the results were considered after steady-

state values had been reached after the tenth minute. We have

confirmed that the length of the plot is important for

determining the erosion rates valid for longer flow paths

in later phases of rainfall events, even when small simulators

are used to study the initial phase of surface runoff and soil

loss. A large rainfall simulator can provide results that more

closely reflect the real conditions of erosion initiation.

Nevertheless, more research should be carried out on the

influence of the different kinetic energies between small and

large rainfall simulators, in order to avoid differences when

different plot sizes are tested and to understand better the

influence of plot length in vineyards. However, the related

logistics make it significantly more complicated and more

expensive to perform considerable numbers of repetitions.

The relevant authorities should take into consideration the

findings of research on experimental plots in their attempts to

quantify and assess erosion risks and to establish sustainable

and efficient agricultural funding policies. These on-site

experiments can provide accurate data to complete the

global models which work with the mean annual values.
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