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No-tillage and soil mulching with pruning residues, applied in olive groves of the semi-arid Mediter-
ranean environment, as erosion control practices still practice not fully studied. This study has evaluated
the saturated hydraulic conductivity (Ksat), surface runoff (SR) and soil erosion (SL) under rainfall at plot
scale throughout two years in four different management practices, total soil cover with a net (SP),
mechanical tillage (MT) and mulching by vegetal residues at 3,5-10° and 17,5-10° kg ha~! of dry matter
(NTR350 and NTR1750), in an olive grove of Southern Italy. Kyt varied between 1.6 (MT) and 25.1
(NTR1750) mmy/h. A clear reduction in runoff and soil losses was detected for the mulch-based practices
when compared to MT, from 20 to 32% in the runoff coefficient and 75—80% in SL, with higher reductions
in the NTR1750. This reduction in SL can be mainly explained by the reduction in SR and rain-splash,
interrill and rill erosion, due to protection by mulch residues, which increased the vegetal cover and
organic matter content of mulched plots. The vegetal cover was on average higher in SP (33%), NTR1750
(25%) and NTR350 (22%), and lower in MT (12%). The mean organic matter content of soil was 2.01%,
1.69%,1.34% and 0.82% for NTR1750, NTR350, SP and MT respectively.

Overall, the results quantify the impact of soil mulching with pruning residues at different doses,
which will provide guidelines to control and mitigate the hydrological response of clayey and steep soils
in Mediterranean olive groves, analysing the associated environmental and economic benefits.
© 2020 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In Mediterranean areas, olive is often cultivated on steep hill
slopes (Beaufoy, 2002; Gomez et al., 2003, 2011; Ibanez et al., 2014),
taking advantage of the capacity of this tree to grow on sloping
areas in a condition of water shortage. These areas are particularly
prone to high runoff and soil loss rates, due to the intrinsic climatic
conditions, heavy and infrequent storms with intense and often
destructive floods (Fortugno et al, 2017; Zema et al, 2018).
Furthermore, when olive growing is cultivated in soils with high
clay content (where other crops cannot grow or grow with diffi-
culty), the runoff and erosion rates may be unsustainable. This leads
to negative on-site (e.g., loss of cultivated land and productivity)
and off-site (e.g., offsite contamination, damage to infrastructures,
etc.) effects generating severe environmental concerns on olive
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cultivation (Gomez, 2017). These impacts can be even aggravated
by inadequate soil management practices (hereinafter indicated as
“SMPs”), only focused on increasing crop productivity.

The most common soil management practice in the Mediter-
ranean croplands is still being mechanical tillage (Gomez et al,
2014a, 2017, 2018; Beaufoy, 2002; Xiloyannis et al., 2008), which is
used to improve nutrient (by incorporating fertilizer and OM into
the soil) and soil water balance (by reducing the soil evaporation),
as well as to facilitate harvest. However, this SMP, if intensively
done, may results in rapid oxidation to CO, and loss to the atmo-
sphere (Kassam et al., 2009), worsening the soil structure and thus
its hydrological response with increased runoff and erosion rates,
particularly in the wetter periods when the runoff and erosion risks
are higher (Sastre et al., 2018). This can be explained because tillage
decreases soil organic matter content through increasing mineral-
ization rates and CO; loss to the atmosphere (Garcia-Diaz et al.,
2016; Garcia-Ruiz, 2010; Kassam et al., 2009). Tillage also reduces
infiltration capacity due to soil structure degradation (Palese et al.,
2014), and destroys olive roots in the plough layer reducing the tree
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water uptake capacity (Sastre et al., 2018).

To reduce erosion and improve water storage and physical
properties of soils in olive orchards, several studies during the last
five decades have demonstrated the possibility of substituting con-
ventional tillage for less impacting agricultural practices, such as
temporary cover crops (Gomez et al., 2014a; Sastre et al., 2017) or
mulching with pruning residues (Repullo et al., 2012). These alter-
native management methods are inspired by the conservation
agriculture paradigm, a system of principles and practices capable of
building sustainability into the agricultural production system,
which has been proposed for decades, in order to protect soil, water
quality and biological resources. Conservation agriculture also in-
cludes environmental-friendly SMPs, aiming at, ideally: a) main-
taining year-round organic matter cover over the soil, including
specially introduced cover crops and intercrops and/or the mulch
provided by retained residues from the previous crop; b) minimizing
the soil disturbance by tillage and if possible seeding directly into
untilled soil, c¢) diversifying crop rotations, sequences and associa-
tions, adapted to local environmental conditions (Kassam et al.,
2009). The presence of dead or living vegetation (i) shields the soil
from raindrops impact (reducing splash erosion), (ii) reduces soil
surface sealing (e.g. Francia et al., 2000; Gomez, 2017; Lopez-Vicente
et al., 2016), (iii) enhances water infiltration in soil by the increase in
organic matter and soil roughness that slows down the overland
flow, and (iv) maintain soil roughness, which reduces the velocity of
overland flow (Franzluebbers, 2002; Pikul & Zuzel, 1994). Moreover,
in the Mediterranean semi-arid environment, these conservation
practices can improve the infiltration capacity of the soil, thus
increasing the water availability for crops which might reduce the
risk of water competition between this main crop and the cover
crops (Bombino et al., 2019). In the Mediterranean olive groves, cover
crops are usually temporary, emerging in fall or winter (mostly from
spontaneous vegetation) growing up between the rows allowing soil
protection when the rainfall has a higher erosion potential. After-
ward, this cover crop is chemical or mechanically killed, in late
winter or early spring creating a mulch that does not compete with
the main crop (Gomez, 2017).

Besides these hydrological benefits, the vegetal cover of soils
increases carbon storage (in the form of organic matter) and re-
duces CO; emissions (Qingren et al., 2010; Repullo et al., 2012). In
olive groves, as well as in other tree crops of the Mediterranean
semi-arid environment, for successful adoption by farmers, SMPs
should be targeted at increasing the vegetal cover of the soil. At the
same time, the main agronomic goals of common practices should
be maintained in order to balance soil conservation and water
availability on one side and crop production and efficient harvest-
ing on the other side.

To our knowledge, many researchers have studied the hydro-
logical effects of the SMPs aimed at increasing the vegetal cover of
soils (e.g. Hernandez et al., 2005; Milgroom et al., 2007) often in
comparison to mechanical tillage or no-tillage combined with
herbicide use. To summarise, the results of these studies have
highlighted that vegetal cover in the rainy season, when properly
implanted, often limits the soil loss to tolerable rates compared to
the bare soil and plays beneficial effects on biodiversity (Gomez,
2017; Gomez et al., 2011). For instance, it has been demonstrated
through field measurements or modelling approaches that runoff
volumes and soil losses, particularly soil losses, are up to 50 times
higher on bare soils than on covered soils (Sastre et al., 2017). In
olive groves cultivated over steep areas, reduction in erosion rates
between 50% and 80% has been observed compared to conventional
SMPs based on bare soil (e.g., Francia et al., 2000; Gomez et al,,
2014; Sastre et al., 2017; 2018). However, in different conditions,
particularly in rain-fed plantations, cover crops, even if temporary,
might compete for water and nutrients with trees, introducing risk
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of decreasing yields (Gomez et al., 2014; Repullo et al., 2012). This
hampers the introduction of BMPs based on cover crops in the most
water-limited environments such where some of the Mediterra-
nean olive orchards are.

To enhance the adoption of these BMPs it is necessary to
properly document the hydrological impacts of soil mulching with
pruning residues, particularly the effect of different amounts of dry
matter.

Quantitative information based on experimental activities is
currently very limited in this regard, especially in soils with low
permeability and high slope gradient (Prats et al., 2015; Moreno-
Garcia et al., 2018). To our knowledge, only Bombino et al. (2019)
has addressed this topic. These authors determined in a clayey
and steep olive groves soil of Calabria (Southern Italy) cover by
pruning residues, the runoff generation.

Giving continuity to the above-mentioned research, the present
study evaluates the hydrological effects of different SMPs (of which
two are based on soil mulching with pruning residues) in a Medi-
terranean olive orchard with steep and clayey soil. For this, surface
runoff and soil loss were measured during 2.5 years in four plots
managed with four different SMPs (standard protection, mechani-
cal tillage, cover with pruning residues at two dry matter rates). The
initial hypothesis is that mulching with pruning residues, together
with a grass cover naturally growing under the mulch layer, will
significantly reduce runoff and erosion as compared to the tradi-
tional practice of conventional tillage, obtaining a reduction close to
a full cover by synthetic material. If this hypothesis is confirmed, a
suitable BMPs model can be proposed to olive farmers for sup-
porting soil conservation issues providing an alternative, or a
compliment, to cover crop-based strategies.

2. Materials and methods
2.1. Study area

The experimental site was located in an olive grove close to Locri
(38.2671° N, 16.1872° E, Southern Calabria, Italy) at a mean altitude
of 114 m a.s.l. (Fig. 1a). The olive grove, about 10—12 years old at the
start of the experiment, was planted in 2006 with trees of Olea
europea (cultivar Geracese) at 6 m x 6 m spacing (Fig. 1b).

The climate of the area is typically semi-arid Hot-summer
Mediterranean climate, Csa class, according to Koppen, classifica-
tion. Winter is mild and rainy, while summer is dry and warm. The
annual average rainfall and minimum/maximum temperatures are
1350 mm and 11/28 °C, respectively (historical observations of
1923-2017).

The soil of the olive grove, with a slope of 20%, is a Eutric
cambisol (FAO, 2006). Its texture is mostly clayey (28% of sand, 28%
of silt and 44% of clay, w/w) without rock fragments over 2 mm. The
soil depth is about 0.8 m across all horizons (Ap, BW1 and BW2). An
impervious nearly uniform layer appears at a depth of 1.15—1.2 m.
The soil quickly saturates also after moderate intensity rainfall
events.

Spontaneous grass cover the soil of the olive grove. This cover is
usually mowed twice a year, in April and August, while the olive
trees are pruned each year. After mowing and pruning operations,
the residues (around 1-10% and 1.8-10% kg ha—! yr! of dry matter
for chopped vegetation and pruning residues respectively) are left
on the surface of the whole plot under the tree canopy and in the
inter-row areas as mulching cover.

2.2. Experimental site and design

In 2015, four plots (each one of 42-m long and 6-m wide,
covering an area of 252 m?) were hydraulically isolated, using 0.3-
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m high metallic sheets inserted up to 0.1 m below the ground
surface, in order to avoid the inflow of water (Fig. 2). The bottom
side of each plot was equipped with a transverse channel, inter-
cepting the flows of water and sediments, which were collected
through a pipe into a 1000-litre tank. The four plots were subjected
to the following SMPs: (i) Standard Protection of soil (hereinafter
indicated as SP); (ii) Mechanical Tillage (MT); (iii) and (iv) No-
Tillage and Retention of pruning residues at dry matter doses of
350 g/m? (NTR 350) and 1750 g/m? (NTR 1750).

For the SMP SP, which was assumed as the control practice, the
plot was covered by a horizontal net (mesh of 1 mm?), placed 10 cm
over the ground. This practice represents the optimum soil pro-
tection, since the plot cover shadows soil from the direct raindrop
impact (thus reducing the splash erosion) and intercepts a share of
the precipitation. In this SMP, living vegetation, mainly composed
of grass and short shrubs, grows under the net.

The MT, carried out in autumn and spring by a rotary tiller, is the
reference practice, since this is the most common SMP adopted by
the farmers of Southern Italy, who, however, complain about high
soil losses in their olive groves. To respond to these farmers’ needs,
a soil cover with pruning residues of olive groves were simulated in
NTR 350 and NTR 1750 plots as soil conservation model. Under
these SMPs, the vegetal residues were distributed as mulching
cover at a dose of 3.5-10° and 17.5-10% kg ha~! in NTR350 (in spring)
and NTR1750 (in spring and autumn) plots.

2.3. Hydrological measurements

Hydrological measures started one-year after implementing
SMPs, lasting from January 2016 to June 2018. Rainfall depth and
intensity were measured at the gauging station of Antonimina
(327 m a.s.l.), 1-km far from the experimental site. The rain gauging
station provided the sub-hourly data, which we totaled in daily
precipitation. In this observation period of about 2.5 years, the
annual rainfall was between 815 and 1275 mm yr— |, and the
maximum daily precipitation was 183 mm. Twenty-six rainfalls
were recorded in the monitoring period with depths between
16.6 mm (March 25, 2018) and 183 mm (November 25, 2016). All
these rainfalls were classified as erosive events (that is, with depth
over 13 mm), according to Wischmeier and Smith (1978).

Saturated hydraulic conductivity of the soil (hereinafter “Ksa")
was measured immediately after each precipitation, by a double-
cylinder infiltrometer, consisting of two coaxial cylinders having
inner and outer diameters of 0.32 and 0.57 m, respectively, and
height of 0.30 m, and driven into the soil to a depth of 150 mm.

The Kg;¢ was measured following the NRCS Survey NRCS Soil
survey manual (2017). Before each measurement, the soil was
completely saturated, filling up the infiltrometer several times until
an apparent steady infiltration rate was reached. After this, the
infiltration test measured the time needed for the infiltration of
20 mm of water in the cylinders filled with 50—70 mm of water. The
ratio between the water depth of 20 mm and the time recorded for
water infiltration gave the Kg;.. The timing of each measurement
ranged between 20 and 40 min, and the water head was 150 mm.

For each of the twenty-six measurements over time, K3 mea-
surements was performed in three points per plot dividing the plot
in three sections: upper, medium and lower part. Within each
section measurement points were randomly selected in the lane
area (that is outside the olive canopy projection) avoiding mea-
surements in points that appear disturbed by previous measure-
ments and calculated the mean value among the three
measurements. Since the plot surface characteristics were quite
uniform, a single point per transverse transect was considered for
each part (usually in the plot centre). Soil samples with cracks or
pebbles or previously disturbed, which could lead to unrealistic
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measurements, were excluded. The mulch cover was left on the soil
during the infiltration measurements and removed only inside the
cylinder border to avoid preferential water flow paths.

The surface runoff and sediment produced by the monitored
rainfalls described above were measured. After each storm, runoff
samples were collected by mixing the water in the tank and col-
lecting three successive samples, totalling about 0.5 L. The samples
were brought to the laboratory, where they were dried in oven at
105 °C for 24 h. The dried sediment was weighted and referred to
the sample volume, in order to measure the sediment concentra-
tion (Lucas-Borja et al., 2019). The latter was multiplied by the
runoff volume to estimate the soil loss and thus the erosion after
each precipitation event. The runoff coefficients were calculated as
the ratio of runoff to rainfall.

2.4. Measurements of the vegetal cover and organic matter of soil

The vegetation cover (VC) and soil content of organic matter
(OM) were measured each month and every three months,
respectively, in the four plots throughout the monitoring period.
For VC, the grid method was applied (Vogel & Masters, 2001), using
a0.75 x 0.75-m grid square on three sampling areas (upstream, in
the middle part and downstream of each plot) per plot. The vegetal
species detected in the sampling areas were classified according to
Raunkier’s life forms, in order to evaluate their adaption to the
environment (Raunkiaer, 1934). For each the vegetal species, veg-
etal cover was estimated using the central value of the six cover
classes in the abundance-dominance scale of Braun-Blanquet.

OM was measured in the inter-row areas (out of the canopy
projection), collecting every three months samples of soil in the
top, middle and bottom parts of the plots; each sample was taken at
three depths (5,10 and 30 cm). To avoid soil disturbance in repeated
soil sampling throughout the experiment, the OM samples were
not collected in the same point over time, but in points very close
(40—50 cm) to the previous sampling point. OM content of the
samples was measured using the Loss-On-Ignition (LOI) method
(Cambardella et al., 2001). By LOI method, the soil sample was
burned for 2 h at steps of temperature of 300, 360, 400, 500 and
550 °C and its weight loss was finally measured. The soil content of
OM was calculated in percentage by Schulte & Hopkins equation
(Schulte and Hopkins, 1996). Moreover, SOM stratification index
has been calculated from soil properties (i.e. SOM percentage) be-
tween 0 -5 and 10—20 cm soil depth.

2.5. Data analysis

The statistical significance of differences in the hydrological
variables (Ksa;, surface runoff and soil loss) among the different
SMPs was analysed for the 25 monitored rainfall events using
Kruskal-Wallis test (a non-parametric alternative to the analysis of
variance) with pairwise comparisons (at p-level < 0.05) using
Dunn’s procedure with Bonferroni’s correction for the significance
level. The statistical analysis was carried out by the XLSTAT soft-
ware package (release 2019.2).

3. Results
3.1. Soil hydraulic conductivity

The initial values of Kgy at the start of the experiment were on
average 4 mm/h. During the monitoring period, the values of K¢
varied between 1.6 and 25.1 mm/h (the latter value occurring in the
SMP NTR1750). The lowest Kga¢ (3.59 mm/h) was measured for the
MT plot, while the highest value (7.82 mm/h) for the NTR1750 plot.
The mean values of Kg; under SP (control) and NTR350 were
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intermediate with 6.47 and 4.82 mm/h, respectively, (Figs. 3a and
4a and Table 1). According to the classification reported in NRCS
Survey NRCS Soil Survey Manual (2017), the measured values can
be considered as “moderately high”. Compared to the control
practice SP, the differences in K3 were not statistically significant
(p > 0.05) for the MT and NTR350 treatments, but they were sig-
nificant (p < 0.05) for NTR 1750 (Fig. 4a and Table 1). The low
correlation between Ky and rainfall (r* < 0.45, p < 0.05, for an
exponential function, Fig. 5a) shows that the precipitation did not
affect water infiltration capacity of soil.

3.2. Surface runoff

The 26 erosive events generated runoff volumes in the range
from 7.4 mm (March 25, 2018, after 16.6 mm of rainfall) to 146 mm
(November 25, 2016 rainfall depth 183 mm), both recorded values
under the MT treatment (Figs. 3b and 4b and Table 1). On the
average, the runoff produced in the NTR1750 treatment was not
significantly different from the corresponding values of the control
SP and NTR350 treatments, but significantly lower than MT, the
traditional SMP (Fig. 4b and Table 1). For all the SMPs, surface runoff
(r® > 0.95, p < 0.05) and soil loss (r* > 0.58, p < 0.05) were signif-
icantly correlated with rainfall (Fig. 5b).

On the average, the NTR1750 treatment presented the smallest
runoff coefficient RC (about 42%), while the largest value (approx-
imately 62%) was recorded for MT. The runoff coefficient of
NTR1750 was statistically similar as that of NTR350 and signifi-
cantly different of those of MT and SP (Fig. 4c and Table 1).
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Fig. 1. Geographical location (a) and aerial view (b) of the experimental plots (Locri, Southern Italy).

3.3. Soil erosion

Sediment concentration of the runoff collected in the plots was
in the range of 0—165 g/L. On the average, the concentration
measured in the MT treatment was higher than that of the other
SMPs, 39 g/L against 14.4 g/L for SP, 12.8 g/L for NTR1750 and 14.7 g/
L for NTR750 (Fig. 4d, and Table 1), but these differences were not
statistically significant (p > 0.05) (Table 1). Sediment concentration
was not correlated with rainfall (1% < 0.49, p < 0.05), surface runoff
(r? < 0.15, p < 0.05) and soil loss (r* < 0.16, p < 0.05) (data not
shown).

The maximum soil loss produced by the erosive events varied
from 0.04 (NTR1750) to 190 (MT) kg ha-1 (Figs. 3c and 4e and
Table 1). The mean values, ranging from 9 (NTR1750) to 45 (MT) kg
ha-1, were significantly different (p < 0.05) only between the MT,
which was higher, and the SP, NTR350 and NTR1750 treatments
(Fig. 4e and Table 1). Soil loss was noticeably correlated with the
precipitation for all SMPs (1 from 0.65, MT, to 0.86, SP, p < 0.05)
(Fig. 5¢).

3.4. Soil cover and organic matter dynamics

At the start of the experiment, the vegetal cover of soil was
between 18 and 20%. During the monitoring period, the vegetal
cover was generally higher in spring and autumn, when the rainfall
input increased, and lower in winter. The vegetation, mowed in
April and August (except in MT plots), re-grew very quickly in
spring. In late summer, the vegetal growth was much slower, due to

Fig. 2. The experimental plots with the water and sediment collection equipment (Locri, Southern Italy).
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Fig. 3. Mean soil hydraulic conductivity (a), surface runoff volume (b) and soil loss (c)
practices (Locri, Southern Italy).

the water shortage in the dry season (Fig. 6). The vegetal cover was
lower in the MT plots and higher in SP treatment, except for a few
survey dates. Although the two NTRs treatments were mulched
with pruning residues, some living vegetation grew up. Compared

measured after natural rainfalls in the experimental plots subjected to four soil management

to SP (mean vegetal cover of 33.4%), the average vegetal cover was
lower in NTR1750 (average of 25.3%, not significantly different
compared to SP, p > 0.05) and NTR350 plots (average of 21.7%,
significantly different compared to SP, p < 0.05). The lowest vegetal
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Table 1

Statistics (mean =+ standard deviation) of the variables measured in the plots subjected to four soil management practices (Locri, Southern Italy).

SMP Measured variable
Soil hydraulic conductivity (mm/ Surface runoff Runoff coefficient ~ Sediment concentration  Soil loss (t/ha)  Soil vegetal cover  Soil organic matter
h) (mm) (=) (g (%) (%)
MT 358+275b 288 +31.7a 618 + 154 a 39.0+50.7 a 0.045 + 0.056a 11.5+73b 0.82+0.18b
SsP 6.47 + 4.79 ab 26.5 +30.1 ab 56.7 + 15.0 ab 144 + 166 a 0.019 +0.033a 334+ 132a 134+ 028a
NTR 350 4.82 +4.99b 22.1+239ab 49.6 + 13.7 bc 147 £ 178 a 0.011 +0.013a 21.7 +89¢c 1.69 + 030 a
NTR 7.82+581a 19.4 +£254b 422 +12.7 ¢ 128 +15.7 a 0.009 + 0.011 b 25.3 + 9.8 ac 2.00+0.78 a
1750

Notes: Soil Management Practices (SMP): SP = Standard Protection of soil; MT = Mechanical Tillage; NTR 350 = No Tillage and Retention of vegetal residues at dry matter dose
of 350 g/m?; NTR 1750 = No Tillage and Retention of vegetal residues at dry matter dose of 1750 g/m?; different letters indicate statistically significant differences after

Kruskal-Wallis test (at p level < 0.05).

cover was measured in MT soils (average of 11.5%) and this value
was significantly different (p < 0.05) compared to both SP and NTR
treatments (Fig. 8a and Table 1). The correlations between hydro-
logical parameters (sections 3.1, 3.2 and 3.3 above) and the moni-
tored vegetal cover of soil did not generally explain clear trends.
Moreover, the vegetal cover was not correlated with surface runoff
and soil loss (r? < 0.05, p < 0.05), data not shown.

The NTR350 treatment showed a vegetal cover that was lower,
by 14%, than NTR1750, presumably limited by the low OM content
of the soil in NTR350 plot (Fig. 8a and Table 1). The vegetation of
plots mainly consisted of scapose therophytes (Amaranthus sp.,
Solanum sp., Chenopodium sp., Sonchus sp.) and cespitose hemi-
cryptophytes (Hedysarum sp., Lolium sp., Vulpia sp.).

The soil OM content generally did not follow the meteorological
input, but seasonal variations were observed, with expected de-
creases in spring and summer and increases during the wet season
(Fig. 7 and Table 1). The initial value of OM content of soil was, on
average, 1.10% during the monitoring period, the mean content of
NTR1750 (2.00%) and NTR350 (1.69%) treatments were higher
compared to the soil in SP (1.34%), but not significantly. The soils
subjected to MT showed an OM content significantly different
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(p < 0.05) from that of the NTR treatments, but statistically similar
(p > 0.05) to SP (Fig. 8b and Table 1).

The topsoil (0—5 c¢cm) was the layer with highest OM (on the
average 1.64%) compared to deeper layers (5—10 cm, 1.46%, and
10—30 cm, 1.32%, in average). The decrease of OM content with
depth was more noticeable in the MT and SP compared to NTR
treatments (Fig. 8b). The average stratification index of SOM varied
from 0.82 (MT) to 1.20 (NTR1750). The index increased with
decreasing mean annual precipitation, and decreased with
increasing mean annual temperature. The stratification ratio had
lowest value in MT compared with SP but the difference among
SMPs were higher between MT and NTR1750 and lower between SP
and NTR350.

4. Discussion
4.1. Water infiltration and runoff generation
For the experimental soil and climate conditions, it is clear that

surface runoff volumes were linearly correlated to the precipitation
for all the investigated SMPs (12 > 0.93, p < 0.05). This indicates that
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the hydrological response of the soil is based on Hortonian flow
type, and showed to be strongly dependent on daily precipitation in
the four SMPs evaluated. This might be predicted using relatively
simple, but well tested, hydrological models, such as the SCS-Curve
Number method, successfully validated for olive orchards previ-
ously (Gémez et al., 2009).

As expected, the tilled treatment (MT) presented the highest
runoff and erosion rates, since the soil is left without vegetal cover
and tillage has worsened some of the soil physical properties (e.g.,
aggregate stability and infiltrability). Compared to MT, the runoff
volume produced under the other SMPs treatments was lower (on
average —33.6% in NRT1750, -23.5% in NTR350 and -8.1% for SP,
although not significantly different between SP and NTR 350). A
temporary increased infiltration after tillage can be expected, but
the soil was subject to a very quick compaction few weeks after MT,
due to its clayey texture and low OM content, and this compaction
may have worsened its hydrological response. Covering the soil
surface with the highest dose of pruning residues (NTR1750)
resulted in the lowest runoff rate, significantly lower than MT. This
reduction can be attributable to higher infiltration rates, as re-
flected by changes in Ksy: as compared to MT or SP, although in all
cases these rates remained relatively low (Zhu et al., 2019), because
of the clayey texture of the experimental soils. The lowest K, was
measured in MT, while the maximum Ks,;; was measured in SP and
NTR1750 treatments. The differences in Kyt were statistically sig-
nificant only between NTR1750, and NTR350 and MT. It is well
known that K¢ is influenced by the root system of plants that
creates preferential pathways for water infiltration (Cui et al., 2019;
Ghestem et al., 2011). Besides, the higher OM content in the soil, the
larger the Ksy, increase because the aggregate stability - and
therefore the equilibrium between micro and macropores - im-
proves (Atkinson et al.,, 2010; Jordan et al., 2010). Therefore, the
variations of K3 measured among the SMPs can be linked to these
variables, explaining why the NTR350, NTR1750 and SP, treatments,
where the vegetal cover and OM of soil were significantly higher
compared to MT, showed a higher K. The highest Kgy¢ (+20%,
although this difference was not significant) of NTR1750 plot
(where the vegetal cover is lower, —24%) compared to SP soil can be
explained by the increase (+44%, although not significant) of the
soil OM, due to the decomposition of the chopped pruning residues.
Gomez et al. (2009), who measured in no-tilled clayey soil with
cover crops infiltration values very close to those measured in the
NTR1750 treatment, highlighted the positive correlation between
organic matter and mean infiltration rate. The significant Ky in-
crease in the NTR1750 plot, where the highest dose of pruning
residues has been supplied to the soil, is in accordance with other
authors (e.g. Bissett & O’Leary, 1996; Murphy et al., 1993). They have
shown how the retention of vegetal residues on soil leads to an
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Fig. 7. Organic matter content [%]of the soil surveyed in the experimental plots subjected to four soil management practices (Locri, Southern Italy).

increase in infiltration rates by about five times, compared to
conventional farming practices, because of soil structure modifi-
cation at high experimented dose.

In the NTR350 treatment, where the vegetal cover was lower
than in SP (—35%, not a significant difference) the soil OM content,
as compared to SP (+26%, but not significantly), is presumably in an
insufficient amount to achieve a Kg,¢ similar to that of SP. Moreover,
the lower Ky of NTR350 was presumably due to lower improve-
ment of soil properties and protection against soil sealing and
compaction due to the lower mulch cover (Li et al,, 2018). It is
possible that in the soil type of our experiment (Eutric Cambisols
with clay-rich A horizon), the absence of tillage and the subsequent
soil sealing and compaction might counteract the protective effect
of a moderate mulch and vegetation cover, as in NTR350, as
compared to NTR1750 and SP.

In our study, a variability of the infiltration rate was observed
between the wet season, and spring and summer of each year,
when Ky was generally higher. Ky increased from spring to
summer with peaks in the late dry season thanks to the plant
seasonal cycle and management practices, and also partially to
increase of soil water potential as the soil dries up. During summer
many species complete their life cycle, and the returning dry matter
provides organic matter to the soil to improve also soil physics
characteristics (Thompson et al., 2010). Furthermore, the pruning
residues generated in spring and left on the soil decompose in the
dry season, adding residues to the top layer. This variability is
presumably due to the changes in soil characteristics (i.e., roots of
spontaneous vegetation, improvement in soil structure, increase in
its macro-porosity etc.).

Several authors report that surface runoff generation, besides
the Ksy¢ variations, is more affected by the vegetal cover and
secondarily by OM content of soil (Gomez et al, 2009;
Pagenkemper et al., 2014). Over time, the vegetal residues gradually
decomposein the top layer, allowing increases in infiltration, but
the presence of organic matter stabilizes the soil properties after
many years (Zhang et al., 2007). This trend was not evident in this
study, probably because the 2.5-year duration of the experiment
did not provide enough time for that process to become relevant.

Although being a major factor, the Ks,¢ increase in the NTR350
and NTR1750 plots was not the only reason for the runoff reduction
compared to the other SMPs of this study. Other beneficial effects of
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soil cover contributing to the reduction in runoff volumes found in
SP, NTR350 and NTR1750 is the interception of precipitation and
increased surface roughness, which simultaneously increased sur-
face storage and reduces overland flow velocity allowing for an
increase in infiltration (Gholami et al., 2013; Gomez et al., 2009,
2011). The presence of the intricate mesh of wood sticks branches
and grass on the ground in the NTR350 and NTR1750 plots (absent
in SP) probably created a higher surface roughness maximizing the
impact of these processes (Diaz-Ravina et al., 2012).

This can explain the highest reduction in runoff coefficient rate
for the NTR1750 treatment as compared to the other SMPs, which
are reduced by 32%, 26%, and 15%, compared to MT, SP, and NTR350,
respectively.

4.2. Erosion

As expected, the soil losses measured in the three plots with an
additional ground cover were significantly lower (—57% for
SP, —75% for NTR350 and -80% for NTR1750) compared to the MT
treatment. The lack of statistical significance of differences in
sediment concentration suggests that the reduction in soil losses
detected among the SMPs is mainly linked to the general reduction
of surface runoff as compared to MT. Nevertheless, the large vari-
ability in sediment concentration among events might mask sta-
tistical detection of an overall trend to reduced sediment
concentration for mulched treatments (SP, NTR350 and NTR1750),
(Table 1 and Fig. 4d). We hypothesize that a reduction of splash, rill
and interrill erosion might be also an important reason for the
general reductions of the measured erosion rates in SP, NTR350 and
NTR1750. This can be due to the soil protection by the different
synthetic and organic materials as well as living vegetation, which
prevented surface sealing observed after intense rainfalls in the MT
treatment (Gholami et al., 2013).

Sediment concentration was not correlated with soil loss;
although soil loss results from the product of runoff by sediment
concentration, the first component is much higher compared to the
second. Therefore, high soil loss can be generated by high runoff
also when sediment concentration is limited.

OM has a great influence on sediment concentration and soil
loss (e.g. Wang et al., 2007) and it is also positively correlated with
increasing vegetation and mulch covers. This explains why the
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plots with higher OM compared to MT soil (SMPs SP, NTR350 and
NTR1750) were less prone to erosion. Moreover, in soil with a cover
of pruning residues (NTR350 and NTR1750), the high density of
grass with thick and high stems (which was lower in SP plot, due to
the presence of the net) prevented the complete and spontaneous
burying of the pruning residues, due to the weather agents. Un-
buried residues limit the soil loss in the early stage of the runoff
process.

4.3. Vegetation cover and organic matter content

The advantages of the soil cover with pruning residues and
living vegetation, were also evident not only because these SMPs
help to reduce runoff generation, but also because the two NTR
SMPs, at the rates tested, increased the vegetation cover and OM
content of the soil as compared to MT. Subsequently, its physical-
chemical properties linked to the OM dynamics (e.g., the aggregate
stability and fertility, Gonzalez-Rosado et al., 2020) were improved.
Pruning residues slowly decompose and humificate the soil thanks
to their high content of cellulose and lignin, medium to low content
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of moisture and a high C/N ratio, which makes it possible to ensure
long-lasting soil protection (Repullo et al., 2012). This is particularly
beneficial for the Mediterranean soils, whose OM content can be
low and variable among seasons (Waldrop & Firestone, 2006),
particularly for bare soil managements like MT, and the use of
pruning residues can address those two issues. Olive grove soils
generally have a low content of organic matter, up to 50% less
compared to natural areas of vegetation (Alvarez et al., 2007). Cover
crop and mulch with organic residues allow an increase in OM
along with the soil profile, although the OM content tends to be
stratified and concentrated in the top centimetres of the soil profile
(Franzluebber, 2002). This increase in soil OM allows an increase in
fertility of the rhizosphere, which can improve the growth dy-
namics of surface roots of olives trees, the soil structure and water
storage in the topsoil (Sastre et al., 2018). In our study, mulching
with pruning residues at a moderate rate (NTR350) facilitates the
maintenance of some green vegetation, particularly in the drier
seasons, when vegetation is desiccated due to the water shortage
and hot temperature in Mediterranean areas. The combination of
mulching with better conditions for the growth of vegetation
thanks to the cover of pruning residues at a moderate rate
(NTR350) reduces erosion in spring and autumn when rainfalls
have a higher intensity. In fact, all plots (except for MT) were mainly
populated by scapose hemicryptophytes, which usually provide
efficient soil protection and sediment yield reduction in Mediter-
ranean conditions since their epigean parts are present in autumn/
winter (Taguas et al., 2015).

5. Conclusions

The hydrological monitoring of mulched plots in comparison
with tilled soils has shown that, the use of mulching residues at a
moderate amount combined with temporary cover crops, seem to
be the best strategy to protect clayey soils in olive groves in steep
areas and water limiting conditions. In the experimental study, this
practice significantly improved water infiltration and OM content
of the soil as well as reduced surface runoff and erosion. It also
allows the maintenance of some green vegetation, which has a
positive effect on the provision of other ecosystem services. Our
study clearly demonstrates the need to minimize as much as
possible tillage operations, which occasionally might be necessary
for agronomic purposes.

Our study also shows clearly how a higher amount of mulching,
increasing the amount of pruning residues, results in higher ben-
efits in terms of reduction of runoff / soil losses and enhancement of
soil properties. Therefore, our initial hypothesis — no-tillage and
soil mulching with pruning residues over the soil may significantly
reduce runoff and water erosion losses and improving topsoil
properties as compared to the conventional tillage - has been
confirmed. The experimented SMPs (particularly the one at the
lower rate) can be suggested to local farmers as a viable cultivation
model supporting soil conservation while preserving the yields
expectations. Nevertheless, an open question might be the evalu-
ation of the maximum slope length, at which pruning residues
remain effective against erosion, before being washed away due to
runoff concentration downslope. Future researches may answer
this question, preferably on clayey olive orchards with different
profile slopes and mulching doses and rates, in order to identify the
optimal doses using the pruning residues produced by the orchard
without external sources.
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