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A b s t r a c t. Intensive soil management in vineyards makes 
them vulnerable to the degradation of physical characteristics 
and soil erosion. Sustainable management practices in young 
vineyards should be adopted to ensure soil longevity and ecosys-
tem stability. The aim of this research was to compare the effects 
of grass-covering and straw-mulching on the mitigation of soil 
degradation through the reduction of chemical and physical soil 
degradation and initial soil erosion. The soil sampling and rain-
fall simulations were performed in an immature vineyard, which 
was established in Stagnosol, in a semi-humid climate in order 
to study the intrinsic relationships between soil properties and 
soil degradation/erosion. The grass-covering treatment signifi-
cantly increased the values of soil organic matter, mean weight 
diameter, water-stable aggregates, ponding and runoff times, and 
significantly reduced the values of water runoff, sediment con-
centration, sediment loss, carbon loss, phosphorous loss and as 
a consequence, increased the available phosphorous, and soil 
water content. The opposite result was observed for the tilled 
treatment. Straw-mulching did not affect soil properties, however 
it decreased water, soil, and nutrient losses. Grass-covering is 
highlighted as the most sustainable soil management strategy as it 
mitigates water, sediment and nutrient losses in young vineyards.

K e y w o r d s: Croatia, soil erosion, rainfall simulation, grass-
covering, straw-mulching

INTRODUCTION

The unsustainability of current land management 
practices has been recognized in this research and is at 
the forefront of movements and legislation designed to 

ensure soil sustainability. United Nations Sustainable 
Development Goals include life protection, restoration, and 
the promotion of the sustainable use of terrestrial ecosys-
tems as one of their goals, while the Soil Health and Food 
Mission Board proposed a mission "Caring for soil is car-
ing for life", which aims to ensure that 75% of soils are 
healthy by 2030. Additionally, one of the main elements 
of EU Soil Policy for land and soil in the EU Biodiversity 
Strategy for 2030 is that "it is essential to step up efforts to 
protect soil fertility, reduce soil erosion and the overuse of 
nutrients while increasing soil organic matter levels" this 
may be achieved through the adoption of sustainable soil 
management practices. Vineyards constitute an especially 
endangered type of land use from the point of view of soil 
degradation as the intensive soil management they are 
subjected to is inducing the degradation of certain physi-
cal characteristics and soil erosion. This may be observed 
in the higher reported soil erosion rates in vineyards in 
comparison with other orchards (Rodrigo-Comino, 2018), 
that produce olives (Taguas and Gomez, 2015; Bogunovic 
et al., 2020b), almonds (Martinez-Hernandez et al., 
2017), apricots (Keestra et al., 2016), citrus (Cerda et al., 
2009), avocados (Atucha et al., 2013), and also croplands 
(Schweizer et al., 2017; Bogunovic et al., 2018; Bogunovic 
et al., 2020b). Even though soil management characterized 
by the use of tillage and herbicide accelerates degradation in 
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all environments (Bogunovic et al., 2019b), these effects are 
more pronounced in vineyards as vineyards are often estab-
lished on steep slopes which have a bare soil surface. This 
is especially evident in young vineyards as previous work 
has revealed that higher soil erosion rates occur during the 
years immediately after vine plantation (Rodrigo-Comino 
et al., 2017). The reason for higher soil erosion rates in 
young vineyards is the bare soil before the leaf cover grows 
and roots systems are developed (Rodrigo-Comino et al., 
2018). In addition, land levelling activities that are often 
performed with the planting of new vineyards were found 
to produce high runoff rates and soil losses (Ramos and 
Martinez-Casanovas, 2006), while contour-slope oriented 
rows showed a significant role in reducing runoff and soil 
losses (Bagagiolo et al., 2018).

Bare soils with a low soil organic matter (SOM) content 
are far more prone to water erosion, as may be observed 
in many studies, e.g. Arnaez et al. (2007), Garcia-Ruiz 
(2010), Novara et al. (2011). On the other hand, SOM is 
a factor closely related to favourable soil structure and 
aggregate stability (Ferreira et al., 2018; Piccolo et al., 
1997), which also enhances infiltration (Gholoubi et al., 
2019; Norton et al., 2006). Furthermore, an increase in 
SOM impacts the reduction of soil sealing and increases 
soil resistance to compaction (Braida et al., 2008), which 
in turn leads to lower soil erosion rates (Gholoubi et al., 
2019; Norton et al., 2006). In addition, vegetation has 
been shown to play a significant role in the reduction of 
soil erosion rates (Gyssels et al., 2005), while grass-cover 
was also found to reduce both water and soil losses during 
extreme events that are predicted to become more frequent 
(Capello et al., 2020). However, the benefits of soil con-
servation only appear once the vegetation has reached its 
mature stage (Smets et al., 2008). The period between 
planting vines and permanent grass cover is recognized as 
being critical to soil and water losses. Therefore, mulches 
are recognized as being promising alternatives for soil con-
servation. Mulches have been shown to reduce soil erosion 
in the persimmon plantations (Cerdá et al., 2015), potato 
fields (Dőring et al., 2005), uncultivated soil (Jordán et al., 
2010) and in vineyards (Prosdocimi et al., 2016). Mulches 
are often used to protect the soil surface during critical peri-
ods of plant establishment (Smets et al., 2008). However, 
their effectiveness depends on many factors like soil type, 
the steepness of the slope, mulch quantity, and rainfall ero-
sivity (Poesen and Lavee, 1991; Smets et al., 2008).

Vine producers in Croatia use similar soil management 
techniques in coastal Mediterranean vineyards and inland 
vineyards under a moderate continental climate (Bogunovic 
et al., 2020a). The removal of the soil cover is performed 
even in humid areas as a common practice, where some 
vine producers have adopted the practice of grass covering 
every second row, that interchanges with the tillage every 
second year.

Regardless of management practices, the current vine-
yard soils in Croatia are endangered by a high degree 
of sediment loss (Bogunovic et al., 20020a; Telak and 
Bogunovic, 2020). It is expected that with climate change, 
the occurrences of high-intensity rainfalls will become 
more frequent and more intense (Panagos et al., 2017) and 
as a consequence there will be an increase in the frequency 
of severe water erosion and runoff processes (Poesen and 
Hook, 1997; Santos, 2000; Borga et al., 2011; Prosdocimi 
et al., 2016).

Therefore, sustainable management practices in young 
vineyards should be adopted to ensure soil longevity and 
ecosystem stability, as stated in the EU Soil Policy, especial-
ly in semi-humid areas where water is not a limiting factor.

This research aims to compare the effects of grass-
covering and straw-mulching on the mitigation of soil 
degradation through a reduction in chemical and physical 
soil degradation and initial soil erosion in the young vine-
yard. An additional benefit of this research is that it was 
conducted on Stagnosol, a soil type with which few ero-
sion studies have been conducted  worldwide. Additionally, 
Stagnosol is the second most represented soil in Croatia, 
where soil erosion studies are rare.

MATERIALS AND METHODS

The research was conducted in a vineyard located in 
Orahovica, Croatia (45°52’N, 17°88’E, average eleva-
tion 240 m a.s.l.) on an average slope of 6.5° facing SW 
(Fig. 1). The study area has a moderate continental climate 
with an average annual precipitation value (1991-2017) 
of 938 mm where at least 50 mm of precipitation occurs 
in each month (Fig. 2). The highest precipitation occurs 
during September (104.1 mm), while February is the dri-
est month with 54.5 mm. The average yearly temperature 
is 11.5°C, with January being the coldest month with an 
average temperature of 0.9°C, while July is the warmest 
at 22.2°C (Meteorological and Hydrological Service of 
Croatia).

Fig. 1. Study area.

A young vineyard (4 years old) was chosen for the rain-
fall simulations in the study area. The grapevine variety is 
"Graševina" on the "Selection Oppenheim 4" rootstock. 
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The vines were planted with 2.4 m spacing between the 
rows and 0.7 m spacing between the plants, while the rows 
were approximately 40 m long (Fig. 3). The traditional 
vineyard management in the area is comprised of shallow 
tillage (up to 10 cm) which was performed using a roto-
harrow machine for the first 2-3 years following vineyard 
establishment. Shallow tillage is performed twice a year as 
a weeding method (depending on grass growth) to reduce 
the competition for water between young vines and grass-
es. After the second or third year, depending on the initial 
growth of the vines, every second row of the vineyard is 
grass-covered, with a yearly rotation with tilled rows.

The soil of the study area has a silty clay loam texture, a low 
level of organic matter and is classified as Stagnosol (IUSS, 
2015). The general soil properties are presented in Table 1. 

The study compared three inter-row vineyard treat-
ments (grass-covering, mulching, tillage). For each of the 
three treatments, eight representative plots (0.785 m2) were 
selected (twenty-four in total) following a paired plot strat-
egy to achieve similar geomorphological conditions. Plots 
in different inter-row areas were positioned in line with 
each other, while in the same inter-row areas, the plots 
were located at approximately 2 m distance from each other 

(Fig. 3). The grass on the grass-covered treatment was not 
sown but instead was formed from spontaneously grown 
vegetation. Straw mulching was performed just before the 
rainfall simulations with 157 g of straw per plot (0.785 m2), 
which was equivalent to 2 000 kg ha–1, while in the tilled 
treatment, the last tillage operation was performed approxi-
mately six weeks before the simulations with a roto-harrow. 
A metal ring enclosed all twenty-four plots with a faucet 
(1 m in diameter; 0.785 m2) positioned to collect the over-
land flow. Before the rainfall simulations, at every plot, 
one soil core (100 cm3) and one undisturbed soil sample 
which was placed in rectangular boxes were taken from 
a depth of 0-10 cm, approximately 10 cm downslope of 
the catchment area. In total, twenty-four soil core samples 
and twenty-four undisturbed soil samples in rectangular 
boxes were taken. The soil core sampling was performed 
following the driving hammer method described in Parfitt 
et al. (2010), where soil core rings (widely recognized as 
Kopecky rings) were driven into the soil with hammer per-
cussions. The undisturbed soil samples for the analysis of 
soil structure were taken by cutting the approximate size 
of the sampling box with a shovel to a 10 cm depth, dig-
ging out, and removing the edges by hand to ensure soil 
removal from shovel-disturbed aggregates. Following soil 
sampling, at each plot (eight per treatment; twenty-four 
in total), rainfall simulation was carried out using a cali-
brated UGT Rainmaker Rainfall Simulator (UGT, Munich, 
Germany). Calibration was ensured through the use of 
a plastic vessel and volumetric measurements of the rain-
fall which occurred prior to the actual simulations. Every 
rainfall simulation was performed with a rainfall intensity 
of 58 mm h–1 for 30 min, resulting in 29 mm of rain over 
the 0.785 m2 plot area based on Bogunovic et al. (2020b). 
All simulations were carried out over a two-day period in 
May of 2019. During the simulations, at each plot, pond-
ing time (PT) and runoff time (RT) were measured using 
a chronometer, while the overland flow was collected in 
plastic canisters for further analysis.

Soil core samples were used to analyse soil water 
content (SWC), water holding capacity (WHC), and bulk 
density (BD) following the core method (Casanova et al., 
2016). Canisters containing the overland flow were weighed 

Fig. 2. Monthly average precipitation and temperature between 
1999 and 2018. Data from Orahovica city meteorological station 
(45°32’N, 17°54’E, 183 m a.s.l.). The meteorological station is 
located ~2 km from the studied vineyard.

Fig. 3. Experimental design and treatments.

Table  1. General soil properties

p(x)
Soil texture

pH SOM AP K2O CEC
Sand Silt Clay

mean 5.00 78.00 17.00 4.85 1.73 22.15 17.21 21.67

stdev 1.30 4.20 7.30 0.50 0.24 7.56 4.53 2.50

min 4.00 71.00 10.00 3.97 1.43 11.58 12.42 18.76

max 8.00 82.00 25.00 5.51 2.08 32.35 23.57 25.99
SOM – soil organic matter (%), AP – available phosphorous 
(mg 100 g soil-1), K2O – soil potassium content (mg 100 g soil-1), 
CEC – cation exchange capacity (cmol kg-1).
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and the content was filtrated to quantify water runoff (WR), 
sediment concentration (SC), and sediment loss (SL). The 
values were up-scaled to represent values on a hectare scale 
to facilitate an easier interpretation of the data. Separated 
sediments were dried, milled, and passed through a 2 mm 
sieve in preparation for chemical analysis. Analysis of 
undisturbed soil samples started with a careful separa-
tion of soil from the aggregates, while avoiding breaking 
down formed aggregates and removing all non-soil frag-
ments (Diaz-Zorita et al., 2002). Following the separation 
of aggregates, samples were air-dried until a constant mass 
was achieved, after which they were dry sieved in an auto 
sieve shaker (Impact Test Equipment Ltd., Ayrshire, UK) 
for 30 s (Le Bissonnais, 1996). The shaker was equipped 
with sieves that had the following radii: 8, 5, 4, 2, 1, 0.5, 
and 0.25 mm. Each separated fraction was weighed, while 
the >8 mm fraction was removed from further calculations 
because of the high degree of variability. The obtained data 
were used to calculate the mean weight diameter (MWD) 
using the following formula:

MWD =

n∑

i=1

xi wi ,

where: xi is the mean diameter of any particular size range 
of aggregates separated by sieving, and wi is the weight of 
the aggregates in that size range as a fraction of the total dry 
weight of soil used (Blair et al., 2006). Part of the 1-2 mm 
fraction was separated for water-stable aggregate (WSA) 
analysis, while the rest was milled and passed through 
a 2 mm sieve in preparation for chemical analysis. A wet 
sieving apparatus (Eijkelkamp, Giesbeek, Netherlands) was 
used for the determination of WSA, following Eijkelkamp’s 
wet sieving method based on the procedure of Kemper and 
Rosenau (1986).

A wet combustion procedure using H2SO4 and K2Cr2O7 
was performed according to Walkley and Black (1934), it 
was used to determine SOM, which is in accordance with 
the IUSS (2015). The ammonium lactate extraction method 
developed by Egner et al. (1960) was used to extract the 
available phosphorous (AP). The solution was then ana-
lysed with a spectrophotometer according to a method 
devised by Samadi-Haybodi et al. (2013). In order to ana-
lyse the sediments, 100 mg of each sample was weighed 
in tin foil which was then pressed around them to form 
a capsule, thereby ensuring that all of the air was excluded. 
Sediment analyses were then carried out with an Elementar 
Vario Macro CHNS analyser using a dry combustion 
method. Prepared sample capsules were then put into the 
autosampler of the machine, which carried out analyses by 
burning the samples in a helium oxygen-rich atmosphere, 
after which the gasses were passed through reduction tubes 
into the separation tubes and quantified.

Before data analyses were conducted, the Shapiro-Wilk 
test for normality was used to ensure the normal distribution 
of the data (p>0.05). Out of fourteen measured variables, 
only three followed a normal distribution (BD, WHC, and 
RT). Following failed normality tests, the data sets were 
subjected to several transformation methods from which 
the Box-Cox method showed the highest success rate with 
eleven out of fourteen variables being normally distributed 
(excluding MWD, SOM, and AP). Variables that could not 
be normalized were analysed using the Kruskal-Wallis test, 
while variables that followed a normal distribution were 
analysed with a one-way ANOVA. Following the ANOVA 
and Kruskal-Wallis tests, the identified statistical differences 
(p<0.05) were subjected to the Tukey LSD post hoc test for 
one-way ANOVA and two-tailed multiple comparisons of 
the p-value for the Kruskal-Wallis test, respectively. A prin-
cipal component analysis (PCA) was applied to identify 
associations between the variables. A PCA based on the cor-
relation matrix was performed using Box-Cox transformed 
data (highest normality data set). No rotation procedure 
was applied. All statistical analyses were carried out using 
Statistica 12 (StatSoft, Inc., 2013).  A graphical visualiza-
tion was performed using Plotly (Plotly Chart Studio).

RESULTS

Figure 4A and 4B show that soil management did not 
significantly impact bulk density (BD) and water holding 
capacity (WHC), as similar values may be observed among 
all three treatments. The soil water content (SWC) was sig-
nificantly lower for the grass-covered treatment (35.31%) 
as compared to the straw-mulched (38.02%) and tilled 
(37.95%) ones respectively (Fig. 4C). Soil management 
had a significant impact on mean weight diameter values 
(Fig. 4D) as a significantly higher value may be observed in 
the grass-covered treatment (3.30 mm) as compared to the 
straw-mulch (2.61 mm) and tilled (2.63 mm) treatments. 
There was no significant difference in the water-stable 
aggregates (WSA) among the treatments, as shown in 
Fig. 4E, although the highest range and variability values 
may be observed in the grass-covered treatment. The soil 
organic matter (SOM) content was significantly higher 
in the grass-covered treatment (2.01%) in addition to the 
straw-mulched (1.51%) and tilled (1.52%) one, respec-
tively (Fig. 4F). Finally, Fig. 4G shows a significantly 
lower value of available phosphorous (AP) in the grass-
covered (161.3 mg kg–1) as opposed to the straw-mulched 
(280.9 mg kg–1) and tilled (281.1 mg kg–1) treatments.

Soil management had a significant impact on both 
ponding time (PT) and runoff time (RT) (Fig. 5A, B), where 
a significant difference may be observed between each 
treatment. The PT values were as follows: grass-covering 
(268 s) > straw-mulched (98 s) > tilled (43 s). The same 
pattern may be observed for RT: grass-covered (417 s) > 
straw-mulched (239  s) > tilled (133  s). Figure 5C shows 
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that water runoff (WR) exhibited the opposite pattern of PT 
and RT where the highest value by a significant margin was 
observed in the tilled treatment (163.22 m3 ha–1) this was 
followed by the straw-mulched (139.98 m3 ha–1) one and 
the lowest value was found for the grass-covered treatment 
(85.23 m3 ha–1). The highest sediment concentration (SC) 
by a significant margin was observed in the tilled treatment 
(10.75 g kg–1), this was followed by the straw-mulched 
(4.84  g kg–1) and grass-covered treatments (2.91 g kg–1) 
(Fig. 5D). Figure 5E shows that the measured sediment loss 
(SL) was lowest for the grass-covered treatment (221.3 kg 
ha–1), followed by significantly higher values for the straw-
mulched treatment (671.8 kg ha–1), and the highest value 
by a significant margin was based on the tilled treatment 
(1764.9 kg ha–1). The observed C loss was significantly 
higher in the tilled treatment (19.17 kg ha–1) in addition to 
the straw-mulched and grass-covered one (10.48 and 9.88 
kg ha–1, respectively) (Fig. 5F). Figure 5G shows the high-
est P loss for the tilled treatment (766.8 g ha–1), followed by 
a significantly lower value in the straw-mulched treatment 
(324.7 g ha–1), and the lowest value in the grass-covered 
treatment (149.4 g ha–1).

The principal component analysis (PCA) revealed three 
major factors that explained 84.16% of the total variance, 
where factor 1 explained 59.36% while factors 2 and 3 
explained 16.49 and 8.30% of it, respectively. Figure 5 dis-
plays the relationship between factors 1 and 2. Water runoff 
(WR), sediment concentration (SC), sediment loss (SL), 
C loss, P loss, and available phosphorous (AP) were closely 
related. On the other side, soil organic matter (SOM), mean 
weight diameter (MWD), water-stable aggregates (WSA), 
ponding time (PT), and runoff time (RT) were closely 
related to each other in a different group, which indicated 
a negative correlation between the two groups. Also, bulk 
density (BD) and water holding capacity (WHC) are on 
opposite sides, indicating a negative correlation between 
them (Fig.  6A). Additionally, soil water content (SWC) 
was closer to the WR group, possibly indicating a partial 
relationship to that group of variables.

The projection of the variable cases (Fig. 6) indicates 
different response for each treatment as cases formed sepa-
rated groups. Each group was formed only from the cases 
of one treatment.  We may clearly distinguish between the 
responses in soil properties and overland flow for treat-
ments as groups do not overlap. Additionally, we may 

Fig. 4. Soil property distribution according the treatments. A) Bulk density, B) Water holding capacity, C) Soil water content, D) Mean 
weight diameter, E) Water-stable aggregates, F) Soil organic matter, G) Available phosphorous. Upper hanging bar (high edge), lower 
hanging bar (low edge), upper box line (quartile 3), line (median) and lower box line (quartile 1). Different lower-case letters represent 
significant differences between treatments (p<0.05).
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observe the highest degree of inter-treatment variability 
for the grass-covered treatment as the group which has the 
most spread cases. The tilled treatment cases were loaded 
on the same side as the WR group of variables, indicating 
their high degree of positive correlation. On the other hand, 
the grass-covered treatment cases were loaded positively 
with the SOM group of variables, while the straw-mulching 
cases could be found between the two opposite groups.

DISCUSSION

The lack of significant differences in bulk density (BD) 
between the treatments may be attributed to machinery 
traffic. Although tillage loosens up the soil and reduces 
BD (Osunbitan et al., 2005; Bogunovic et al., 2019a), the 
state of soil BD changes with tractor traffic as the weight 
of the machinery compresses the soil even with a light trac-
tor weight (Bogunovic et al., 2019a), thereby increasing 
BD during wheeling. Following tillage operation, the vine-
yard was crossed by machinery during the plant protection 
period, which increased BD in the tilled and straw-mulched 
plots, as observed by Capello et al. (2019). In the grass-
covered treatment, BD was most likely already higher due 
to the absence of tillage and both natural (Telak et al., 2020) 

Fig. 5. Overland flow properties distribution according the treatments, A) Ponding time, B) Runoff time, C) Water runoff, D) Sediment 
concentration, E) Sediment loss, F) Carbon loss, G) Phosphorous loss. Upper hanging bar (high edge), lower hanging bar (low edge), 
upper box line (quartile 3), line (median) and lower box line (quartile 1). Different lower-case letters represent significant differences 
between treatments (p<0.05).

Fig. 6. A) Projection of variables through relation between Factors 
1 and 2. Abbreviations: Bulk density (BD); water holding capacity 
(WHC); soil water content (SWC); mean weight diameter (MWD); 
water stable aggregates (WSA); soil organic matter (SOM); available 
phosphorous (AP); time to ponding (PT); time to runoff (RT); water 
runoff (WR), sediment concentration (SC); sediment loss (SL); Carbon 
loss (C loss), and available phosphorous loss (P loss). B) Projection of 
variable cases through relation between Factors 1 and 2.
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and machinery induced compaction (Soracco et al., 2015). 
The changes in BD were connected with water holding 
capacity (WHC) changes (Dec et al., 2008) as soil compac-
tion modifies the pore system through changing pore size, 
shape, tortuosity, and continuity (Horton et al., 1994; Dec 
et al., 2008), which accounts for the lack of significant dif-
ference in WHC. The significantly lower soil water content 
(SWC) in the grass-covered treatment can be attributed to 
water usage by spontaneously grown vegetation, as the soil 
was only sampled in the upper 10 cm of the soil, which is 
the main zone of grass root growth. Similar results were 
reported by Zhang and Schilling (2006), while the opposite 
case may also be found (Biddoccu et al., 2017; Telak et al., 
2021) as grass-cover increases albedo, reduces the heat flux 
into the soil, vapour flux, and evaporation (Lascano and 
Baumhardt, 1996). The significantly higher mean weight 
diameter (MWD) in the grass-covered treatment results from 
tillage in the other two treatments, which breaks down soil 
structural aggregates and exposes them to the air (Zhang et 
al., 2013). As the structural aggregates encase soil organic 
matter (SOM) inside of them, their exposure to the air also 
increases the mineralization of the SOM through microbio-
logical activity and increases the losses of SOM through soil 
respiration (Lal, 2013). Additionally, SOM acts as one of the 
main binding agents that cement soil particles into aggre-
gates (Bronick and Lal, 2005; Šimanský et al., 2019), where 
the loss of SOM additionally impacts aggregate stability 
which may be seen in the reduction of the MWD and water-
stable aggregates (WSA). Furthermore, grasses increase 
SOM through rhizobium-deposition of different organic 
exudates and the degradation of dead leaves and plants at 
the end of their life cycle (Olson et al., 2014; Poeplau and 
Don, 2015). The fertilization of the soil is generally per-
formed followed by tillage to incorporate fertilizers into the 
soil, as was the case in this vineyard, which explains the sig-
nificantly higher level of available phosphorous (AP) in the 
straw-mulched and tilled treatment. The ponding time (PT) 
is a point in time during rainfall simulation and/or during 
natural rainfall where the precipitation exceeds the current 
infiltration rate of the soil and ponds begin to form on the 
surface. The increased infiltration rate also increases the PT 
as more water can permeate the soil before the threshold is 
reached. In this sense, BD was linked with changes in the 
infiltration rate (Horton et al., 1994; Green et al., 2003) that 
would eventually affect both PT and the runoff time (RT). 
These reported changes were due to the modification of 
the soil pore system under the effects of increased compac-
tion, where, for example, larger pores that are temporally 
unstable cave in under the strain of increased compaction, 
modifying differential porosity, tortuosity, and pore orienta-
tion (Keller et al., 2017). In this study case, no significant 
differences in BD were observed among the treatments, but 
the different infiltration rates may be observed through sig-
nificantly different PT, RT, and water runoff (WR) values. 
The different infiltration rates in this study were most likely 

the result of a more complex process like a change in pore 
orientation or tortuosity which results in no change in soil 
volume, e.g. BD (Horn et al., 2003; Soracco et al., 2015), 
as well as the positive impacts of soil cover (Jordan et al., 
2010) along with better soil structure which was observed 
through higher MWD values in the grass-covered treat-
ment. The larger average size of the aggregates resulted in 
larger pores between the aggregates, which could account 
for the most favourable infiltration rate in the grass-covered 
treatment, as observed through the highest PT, RT and the 
lowest WR values as compared to the other treatments. Soil 
cover (mulch or grass) intercepts the kinetic energy of the 
raindrops, thereby protecting the soil aggregates from its 
destructive force. As Stagnosols, which are soils defined 
by a high content of silt, are prone to surface crusting, we 
postulate that surface cover also reduced crusting under the 
effects of rainfall, which protected the surface pores from 
collapse and resulted in the higher temperature infiltration 
of covered treatments. Similar results were reported by 
Biddoccu et al. (2013), where hydraulic conductivity in the 
inter-row area of the tilled plot was low due to soil crusting 
and compaction. Additionally, soil cover serves as a bar-
rier that slows down water flow, resulting in the soil having 
a longer contact period with water and the ability to infil-
trate it, resulting in higher RT values (Telak and Bogunovic, 
2020). The significantly higher PT and RT values with 
significantly lower WR in the grass-covered treatment as 
compared to the other covered treatment (straw-mulched) 
which may be attributed to the higher density of the cover 
in grass-covering, and also better soil structure increased 
infiltration. The significant reduction in sediment concen-
tration (SC) between the treatments from the tilled one to 
the grass-covered one may be attributed to the WR differ-
ences in surface cover and the sieving effect (Keesstra et al., 
2016). In the tilled treatment, WR had its highest value by 
a significant margin, with a higher kinetic energy of water 
flow (higher sediment detachment capabilities) and a lack 
of the surface cover, which resulted in the highest SC value. 
Following tilled treatment, the straw-mulched treatment 
was characterized by a lower WR value and the presence 
of surface cover, which both reduced SC. Finally, in the 
grass-covered treatment, dense surface cover and the low-
est WR value by a significant margin resulted in the lowest 
SC by a significant amount among the treatments. Sediment 
loss (SL) is a simple mathematical product derived from the 
multiplication of SC and WR, and as such, it is governed 
by the already stated explanations for both SC and WR, 
which resulted in significant differences of SL between all 
treatments as follows: tilled>straw-mulched>grass-covered. 
Despite the result of the highest impact of grass-covering 
on the reduction in SL, the lack of significant differences 
between grass-covered and straw-mulched treatments with 
regard to C  loss is attributed to the significantly higher 
values of SOM in the grass-covered treatment where, the 
carbon content in the sediment was also relatively higher. 
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On the other hand, P  loss differences were mainly attrib-
uted to the differences in SL, where the differences between 
treatments in both properties followed the same pattern.

The projection of the variables (Fig. 5A) has confirmed 
the correlation between SOM, MWD, WSA, PT, and RT. 
Water-stable aggregates and MWD increases with the 
increase in SOM (Bandyopadhyay et al., 2010; Karami et 
al., 2017; Yilmaz and Nmez, 2017), while the PT and RT 
correlation may be explained through an increase in the 
infiltration rate in better-structured soil. WR, SC, SL, AP, P 
loss, and C are negatively correlated on the opposite side of 
SOM, MWD, WSA, PT, and RT. This data aligns with the 
previously stated correlations, where SOM was described 
as a key factor for a better and more stable structure that 
increases infiltration and reduces WR, which is responsi-
ble for the sediment and nutrient losses. SWC was partially 
linked with unfavourable soil properties since a higher soil 
moisture content reduces the time before the soil reaches 
maximum WHC at which point, the infiltration rate was 
reduced, while WR increased. Even with organic P compris-
ing 20-80% of the total soil phosphorous (Alamgir et al., 
2012), it was negatively correlated with SOM due to fertili-
zation that preceded tillage in the tilled and straw-mulched 
treatments. The same analysis also confirmed the previously 
mentioned negative correlation between BD and WHC.

The straw-mulched cases formed a group between the 
two groups which have already been described indicating 
the positive drift from tilled towards grass-covered treat-
ments in their response. Based on their PCA loading values, 
the clear distinction between the groups may be noted in 
the projection of the variable cases (Fig. 5B). The tilled 
treatment was loaded on the same side as the WR group of 
variables, indicating the strong positive correlation of tilled 
treatment to the aforementioned variables. Conversely, 
grass-covered cases were loaded on the opposite side and 
closely correlated to the SOM group of variables. This 
is mainly due to the positive impacts of surface cover on 
reducing water, sediment, and nutrient losses, as no signifi-
cant changes in soil properties were previously observed.

The abovementioned results imply that both soil man-
agement techniques that included soil cover are superior 
to the bare tilled soil in the study area from the point of 
view of soil and water conservation, where grass-covering 
should be highlighted as the optimal technique as it reduces 
the physical degradation of the soil as compared to straw-
mulched. Even though grass-covering significantly reduced 
SWC, this soil management technique should still be used, 
as the area is under a semi-humid climate where at least 
50 mm of precipitation occurs every month of the year.

Despite the clear results of this study, its shortcom-
ings should be addressed. The research was carried out on 
a small scale (one vineyard) using a rainfall simulator in 
only one season. Larger scale results are more useful for 
the scientific community, including studies carried out over 
many seasons, as in previous works, measured properties 

varied between the seasons. Additionally, rainfall simula-
tor data is difficult to compare between the research studies 
due to the unstandardized methods and devices.

Nevertheless, the results of this study are still important 
to the scientific community. They provide insight into soil 
erosion rates in this specific area where there is a severe 
lack of data; they include a specific type of soil which is 
not well studied from the point of view of soil erosion; 
they describe in detail the intrinsic relationships of soil 
management, soil chemical and physical properties and the 
losses of water, soil and nutrients. This combination may 
prove beneficial in bridging the gaps in our understanding 
of soil degradation/erosion, and help with the design of 
more precise future models of soil erosion, and also help 
with decision-making policies such as the EU Soil Policy, 
and reaching the United Nations Sustainable Development 
goals of protecting life on the land.

CONCLUSIONS

1. Soil sampling and rainfall simulations were per-
formed in the young vineyard established on Stagnosol 
in a semi-humid climate to study intrinsic relationships 
between soil properties and soil degradation/erosion and to 
ensure soil longevity and ecosystem stability. It was found 
that tillage degraded soil structure and soil organic mat-
ter, while grass-covering enhanced it. The grass-covering 
treatment significantly increased the values of soil organic 
matter, mean weight diameter, water-stable aggregates, 
ponding and runoff times, and significantly reduced the val-
ues of water runoff, sediment concentration, sediment loss, 
carbon loss, phosphorous loss, available phosphorous and 
soil water content. The opposite result was observed for the 
tilled treatment. Straw-mulching did not affect soil proper-
ties, but it did decrease water, soil, and nutrient losses.

2. The young vineyards established on Stagnosols have 
a high degree of potential erodibility and susceptibility to 
degradation, which may be mitigated with appropriate soil 
management that increases soil cover, reduces soil distur-
bance, and increases soil organic matter content.

3. From the point of view of environmental safety, 
ecosystem stability and soil longevity, the grass-covering 
treatment should be highlighted as the optimal choice as it 
reduces water, soil and nutrient losses, as well as the physi-
cal degradation of the soil, while increasing soil carbon 
stocks and preserving soil structure.
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