
UN
CO

RR
EC

TE
D

PR
OO

F

Soil & Tillage Research xxx (2018) xxx-xxx

Contents lists available at ScienceDirect

Soil & Tillage Research
journal homepage: www.elsevier.com

Effectiveness of the application of rice straw mulching strips in reducing runoff and soil
loss: Laboratory soil flume experiments under simulated rainfall
João R.C.B. Abrantes ⁠a⁠, ⁠⁎, Sérgio A. Prats⁠b, J. Jacob Keizer⁠b, João L.M.P. de Lima⁠a

a MARE - Marine and Environmental Sciences Centre, Department of Civil Engineering, Faculty of Sciences and Technology of the University of Coimbra, Coimbra, Portugal
b CESAM - Centre for Environmental and Maritime Studies, Department of Environment and Planning, University of Aveiro, Aveiro, Portugal

A R T I C L E I N F O

Keywords:
Rice straw mulching strips
Runoff and soil loss
Laboratory simulated rainfall

A B S T R A C T

The use of mulch has a management tool has shown one of the highest effectiveness/cost ratios for improv-
ing agricultural soil fertility, crop productivity, soil restoration in badlands and post-fire soil erosion mitigation.
Some researchers have suggested that mulching costs can be reduced by applying it in strips rather than over
the entire area. However, the implications of strip-wise mulching on the effectiveness to reduce soil erosion are
poorly known. This study aimed to evaluate, in laboratory experiments, the effectiveness of strip-wise mulching
with rice straw in reducing runoff and soil loss for a highly erodible sandy loam soil at a steep slope of 40%. Six
mulching application schemes were compared against a bare soil. The six schemes combined two surface cover
rates of 50 and 70% and three spatial patterns: mulch over the entire flume length and two strips of 1/3 and
2/3 of the flume length, both located at the bottom part of the flume. The runoff-erosion experiments involved
the simulation of a sequence of three rainfall events, the latter one combining the application of concentrated
flow from upslope of the soil flume. Overall, mulching was more effective in reducing soil loss than runoff (50
vs. 25%) and was significantly more effective during the first rainfall event than during the following two events
(83 v. 16% for runoff and 92 vs. 53% for soil loss). During the third event, mulching effectiveness dropped signif-
icantly with increasing rates of upslope concentrated flow. Overall, mulching was more effective when applied
over the entire flume length than over the 1/3 and 2/3 flume’s length strips, both in terms of runoff (24 vs. 21
and 13% at 50% soil cover and 41 vs. 33 and 16% at 70% soil cover) and of soil loss (44 vs. 50 and 33% at
50% soil cover and 71 vs. 60 and 39% at 70% soil cover). Even so, these differences were not significant. There-
fore, strip-wise mulching can be an effective approach to substantially reduce costs or to maximize the area that
can be treated. Its main disadvantage may be that it does not avoid runoff generation and associated transport
process in the slope areas where no mulch is applied.

1. Introduction

For a long time, soil and water conservation practices, such as
mulching, have been used to improve agricultural soil fertility and
crop productivity (Kader et al., 2017) and to promote soil restora-
tion in degraded or vulnerable areas, such as badlands (Bochet and
García-Fayos, 2004) and forest lands following wildfire (Bautista et al.,
1996). Mulching can improve soil fertility and crop productivity in
various manners, such as by increasing water availability through in-
creasing infiltration and reducing evaporation (Adekalu et al., 2007;
Montenegro et al., 2013a; Mupangwa et al., 2007), by reducing soil nu-
trient losses (Qin et al., 2015), by decreasing soil temperature fluctua

tions (Cook et al., 2006) and by controlling weed infestations
(Yordanova and Gerasimova, 2016). In recently burnt areas, mulching
has typically been found to be more effective in reducing post-fire ero-
sion than other emergency stabilization measures, such as seeding and
construction of log and shrub erosion barriers (Robichaud et al., 2000;
Lal, 1976, MacDonald and Larsen, 2009). Furthermore, by reducing mo-
bilization of wildfire ashes and associated transport of pollutants such
as metals and PAHs (Campos et al., 2012, 2016) as well as nutrients
(Ferreira et al., 2016a,b), mulching can also be expected to reduce the
risk of contamination of downstream water bodies.

The effectiveness of mulching in reducing runoff and soil loss can
be attributed to three main aspects. Firstly, mulch confers protection to
the soil surface against the direct impact of raindrops, reducing splash
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erosion and soil detachment and, thereby, limiting the availability of
detached soil readily transported by runoff (Gholami et al., 2013) as
well as reducing soil surface crusting, sealing and compaction (Cook et
al., 2006; Jordán et al., 2010; Montenegro et al., 2013a,b; Zonta et al.,
2012). Secondly, mulch increases the hydraulic roughness of the soil
surface, thereby reducing surface flow velocity and its transport capac-
ity (Montenegro et al., 2013a,b; Shi et al., 2013). Thirdly, mulch en-
traps water and soil (Cerdà et al., 2016; Foltz and Wagenbrenner, 2010;
Groen and Woods, 2008; Pannkuk and Robichaud, 2003; Prats et al.,
2012, 2016b; Robichaud et al., 2013), especially in the beginning of a
rainfall event when the mulch is dry and its capacity to retain water and
soil particles is highest.

Existing studies have addressed the effectiveness of a wide range of
mulch types. This includes a multitude of straw mulches of different
species, such as elephant grass (Adekalu et al., 2007), rice (Gholami et
al., 2013; Montenegro et al., 2013a,b), wheat (Jordán et al., 2010), soy-
bean (Cook et al., 2006), maize (Mupangwa et al., 2007) and barley
(Cerdà et al., 2016), and also other materials such as eucalypt chopped
bark (Prats et al., 2012, 2016b), wood strands (Foltz and Wagenbrenner,
2010) and pine needles (Pannkuk and Robichaud, 2003; Hosseini et al.,
2017). Surface application of polyacrylamide (Prats et al., 2014) and hy-
dromulch (Prats et al., 2016a) were also studied. All of these studies,
however, tested the effectiveness of a single mulch application rate ap-
plied in a homogeneous way over the entire area to be treated.

A possible manner to reduce the costs of mulching or, alternatively,
to increase the area that can be mulched, is to apply it in a strip or
strips covering only a part or parts of the slope rather than over the en-
tire slope. Such strip-wise mulching has been compared with whole-area
mulching in burnt as well as unburnt forest areas, in field experi-
ments under natural rainfall conditions (Cawson et al., 2013) and in
field experiments of applied concentrated flow from upslope (Harrison
et al., 2016). Bhatt and Khera (2006) studied a variety of mulch ap-
plication schemes (over a whole plot, over the lower one-third of a
plot, in horizontal and vertical strips) for reducing agricultural soil loss.
Martinez-Raya et al. (2006) compared the erosion reduction effective-
ness of different strip schemes of cover crops in agricultural lands. Xu
et al. (2017) studied, in laboratory experiments, the reduction of runoff
and erosion originated by a cornstalk buffer strip. Are et al. (2011)
assessed the impacts of different mulching schemes on the quality of
the runoff water as well as on soil nutrient status. Prats et al. (2015,
2017), in a similar laboratory experimental set-up as in the present
study, used mulch of forest logging residues to compare the effective-
ness of different strip-wise application schemes in reducing runoff and
soil loss, under simulated rainfall as well as concentrated flow from ups

lope. From the above-mentioned studies testing strip-wise mulching of
Bhatt and Khera (2006), Cawson et al. (2013), Harrison et al. (2016)
and Prats et al. (2015, 2017), it was found that treating the entire plot
with mulch resulted in lower runoff and erosion rates than treating parts
of the plot only, but that at the same time, these runoff and erosion rates
did not differ substantially.

Most studies on the effectiveness of mulching to reduce runoff and
erosion were carried out in the field. They involved natural rainfall
conditions (Are et al., 2011; Bhatt and Khera, 2006; Cawson et al.,
2013; Cook et al., 2006; Martinez-Raya et al., 2006; Mupangwa et al.,
2007; Prats et al., 2012, 2014, 2016a,b; Robichaud et al., 2013) as
well as simulated rainfall (Cerdà, 1997; Cerdà et al., 2016; Groen and
Woods, 2008; Jordán et al., 2010; Mayor et al., 2009; Montenegro et
al., 2013b; Robichaud et al., 2013) and applied concentrated flow from
upslope (Robichaud et al., 2013; Harrison et al., 2016). Field studies
and, in particular, those under natural rainfall conditions, are typically
very time-consuming and demanding in resources, as they often require
many years to obtain representative results of the targeted soil and rain-
fall conditions (Lal, 1994). Therefore, laboratory experiments using soil
flumes have been widely used to study runoff and soil erosion processes
(de Lima et al., 2003, 2013; Marzen et al., 2016; Prats et al., 2018), in-
cluding to determine the impacts of mulching (Foltz and Wagenbrenner,
2010; Gholami et al., 2013; Montenegro et al., 2013a; Pannkuk and
Robichaud, 2003; Prats et al., 2015, 2017; Xu et al., 2017). Arguably,
the main advantage of such laboratory experiments is that they allow
systematic replication of a wide range of rainfall and terrain conditions
(e.g., rainfall spatial and temporal characteristics, surface slope, soil
roughness, initial soil moisture content, initial soil water repellency).

As a follow-up study of Prats et al. (2017), this study had as main
goal to evaluate the effectiveness of strip-wise mulching the bottom part
of the slope with rice straw in reducing runoff and soil loss under lab-
oratory conditions of elevated erosion risk. To this end, a soil flume
filled with highly erodible substrate and placed at a steep slope of 40%
was subjected to a sequence of three intermittent high-intensity rainfall
events, the latter event also involving the upslope application of increas-
ing, strong to extreme concentrated flow rates.

2. Material and methods

2.1. Laboratory setup

The laboratory setup schematized in Fig. 1 was used to study the
effectiveness of rice straw mulching strips in reducing runoff and soil
loss. The setup comprised, besides a free drainage rectangular soil
flume, a rainfall simulator and a water inflow system installed at the

Fig. 1. Schematic representation of the laboratory setup used in the experiments (not to scale).
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upper part of the soil flume. Similar setups were used in Abrantes et
al. (2017), de Lima and Abrantes (2014a,b), de Lima et al. (2003),
Montenegro et al. (2013a,b) and Prats et al. (2015, 2017, 2018).

The flume was placed at a steep slope of 40% and filled with a
highly erodible substrate to simulate conditions of elevated erosion risk.
Similar conditions can be found in badlands (Cerdà and García-Fayos,
1997), recently burnt hillslopes in the study region (Prats et al., 2012;
Martins et al., 2013; Malvar et al., 2016) and marginal agricultural lands
(Janeau et al., 2003). The substrate material used in the experiments,
characterised as sandy-loam (USDA, 1993), was collected from the left
bank of River Mondego in Coimbra, Portugal. Similar substrates, col-
lected from the same region, have been used to study runoff and soil
erosion processes in laboratory (de Lima et al., 2003, 2013; Prats et
al., 2018), including the effectiveness of mulching (Montenegro et al.,
2013a,b; Prats et al., 2015, 2017). Prior to the experiments, the sub-
strate was air-dried, sieved through a 5mm mesh screen and well-mixed
to ensure uniformity and minimize differences between replicates (Lal,
1994).

The rainfall simulator used a steady single downward–oriented
full-cone nozzle (1/4-HH-14W FullJet from Spraying Systems Co), with
an orifice diameter of 3.6mm and with an spray angle of 120°, that was
positioned at 2.2m above the geometric centre of the soil flume sur-
face. A submerged pump installed in a constant head reservoir and an
electric retention valve allowed a steady operating pressure of approxi-
mately 1.4bar at the nozzle. The rainfall simulator produced rainfall (R)
with a mean intensity of 56.9±2.6mm h⁠−1 (mean±standard deviation)
over the soil flume, with a uniformity coefficient of 85.8±0.7%, calcu-
lated according Christiansen (1942) from measurements with 40 rain
gauges (plastic cups) spread uniformly over the flume. This rainfall in-
tensity was selected for being similar to the maximum hourly rainfall for
a 100-year return period observed in north-central Portugal (Brandão et
al., 2001). Raindrops mean diameter and mean velocity, calculated from
measurements with a distrometer (Thies Laser Distrometer from Adolf
Thies GmbH & Co.), were 0.52±0.21mm and 1.41±1.03m s⁠−1, respec-
tively.

A water inflow system, installed at the upper part of the soil flume,
was used to simulate upslope concentrated flow, as was applied in the
experiments by Robichaud et al. (2013), Harrison et al. (2016) and Prats
et al. (2017, 2018). This system consisted of a feeder box and a constant
head tank with adjustable height, to allow for distinct rates of water
flow onto the flume’s soil surface (“inflows”). The system was calibrated
in order to deliver three different inflow rates: 1F=0.74±0.04Lmin⁠−1,
corresponding to 55.0±2.9mmh⁠−1, 2F=1.54±0.05Lmin⁠−1, corre-
sponding to 113.8±3.6mmh⁠−1; 4F=3.10±0.09Lmin⁠−1, correspond-
ing to 229.8±6.9mmh⁠−1. These

strong to extreme inflow rates were selected to explore the limits of the
effectiveness of the mulch strips (see Prats et al., 2017).

The organic residues used for mulching consisted of rice straw
(Oryza sativa L.) from the rice fields in the valleys of the Lower Mon-
dego. The same material had been used by Montenegro et al. (2013a,).
Prior to application, the rice straw was air-dried and sieved, excluding
the parts smaller than 0.04m as well as larger than 0.30m.

2.2. Mulching treatments

Besides the control treatment of bare soil, six mulching treatments
with rice straw were tested. These six treatments combined three mulch
application schemes with two mulch application rates, as illustrated in
Fig. 2. The three application schemes comprised mulching the entire
flume and mulching two strips corresponding to the lower 1/3 and the
lower 2/3 of the flume. The two application rates provided a straw
cover of 50 and 70% within the application area. Therefore, the mulch
cover over the entire soil flume was 17, 33, 50, 23, 46 and 70%, respec-
tively, for the six mulch treatments from left to right in Fig. 2b–g.

2.3. Execution of the experiments

At the beginning of each complete experiment, the flume was filled
with 82.5±1.7kg of the air-dried pre-sieved substrate. To this end, the
substrate was manually spread over the flume and compacted, to ob-
tain a smooth top surface and a layer with a uniform thickness of
approximately 0.062±0.001m and a bulk density of approximately
1641±61kgm⁠−3. Substrate samples were collected to perform granulo-
metric analyses (dry sieving for particles larger than 0.05mm and wet
sieving for particles finer than 0.05mm; LNEC, 1966) and to determine
moisture content (after drying at 105°C for 24h; ASTM, 2007) as well as
organic carbon content (loss on ignition method, i.e. after incineration
at 550°C for 4h; Hoogsteen et al., 2015). The results of these analyses
are given in Table 1.

When mulching treatments were tested, air-dried pre-sieved rice
straw was spread uniformly over the soil surface within the area to be
mulched. Mulch was then removed or further mulch added, by trial
and error, to achieve the targeted cover percentages of 50 or 70%. Per-
centage cover was estimated as the relative frequency of visual pin-hits
at the point-intersections of a 0.04m mesh grid that was laid out over
the plot. This involved 483 pin-hits for the full length of the flume,
and proportionally less for the two strips. To achieve the mulch cov-
ers of 50 and 70%, application rates corresponded to 63.2±2.0 and
106.8±2.7gm⁠−2, respectively. Prior to the experiments, mulch sam

Fig. 2. Photographs of the treatments tested in the experiments: a) Bare soil; b) 1/3 flume’s mulch strip with 50% soil cover; c) 2/3 flume’s mulch strip with 50% soil cover; d) 3/3
flume’s mulch strip with 50% soil cover; e) 1/3 flume’s mulch strip with 70% soil cover; f) 2/3 flume’s mulch strip with 70% soil cover; and g) 3/3 flume’s mulch strip with 70% soil
cover. Abbreviations of the different treatments are shown. Differences in colour between photographs are related to differences in the photographic camera, luminosity conditions and
time at which photos were taken (i.e. before or during an experimental run).
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Table 1
Mean±standard deviation (s.d.) of the characteristics of the air-dried and pre-sieved
sandy-loam substrate and rice straw mulch used in the experiments.

Substrate characteristic Mean±s.d.

Gravel (˃2mm, % weight) 8.6±1.4
Sand (0.05–2mm, % weight) 82.6±2.4
Silt (0.002–0.05mm, % weight) 10.7±0.4
Clay (˂0.002mm, % weight) 0.5±0.1
Median particle size (mm) 0.54±0.01
Moisture (% weight) 0.68±0.01
Organic matter (% weight) 0.86±0.05
Mulch characteristics Mean±S.D
Moisture (% weight) 14.83±0.01
Organic matter (% weight) 88.88±0.01
Maximum water retention capacity (Lkg⁠−1 of dry matter) 3.4±0.3

ples were collected to determine maximum water retention capacity af-
ter saturation by sprinkling with the rainfall simulator, moisture content
after drying at 105°C for 24h, and organic matter content after inciner-
ation at 550°C for 4h. Table 1 also gives the results of these analyses.

Each complete experiment comprised the simulation of three consec-
utive events, which were designated as Dry (D), Wet (W) and Wet+in-
Flow (W+F) runs (Fig. 3). The first two events (Dry and Wet runs)
each involved the simulation of rainfall (R) at a rate of 56.9mmh⁠−1

for a duration of 20min. The first event simulated initially dry soil
conditions and the second event, starting 2h after the end of the first
event, simulated initially wet soil conditions. The third event (W+F)
equally started 2h after the end of the second event, simulating ini-
tially very wet conditions, and equally lasted 20min. It involved 20min
of simulated rainfall (R) at the same rate as in the two prior events,
and simulation of inflow with increasing rates at 5min intervals. There-
fore, the third events comprised the following sequence of four sub-runs:
W+0F, with 56.9+0mmh⁠−1 (R+0F) till min 5; W+1F, with
56.9+55.0mmh⁠−1 (R+1F) from min 5 till 10; W+2F, with
56.9+113.8mmh⁠−1 (R+2F) from min 10 till 15; and W+4F, with
56.9+229.8mmh⁠−1 (R+4F) from min 15 till 20.

During the experiments, runoff was monitored at the flume’s outlet
by collecting samples during 10s for each minute that runoff occurred.
The collected samples were analysed for sediment load, following oven
drying at 105°C for 24h (ASTM, 2007).

After each complete experiment, the remaining substrate and mulch
were removed and replaced with new batches of air-dried pre-sieved
substrate and mulch, following the above mentioned procedure. This
ensured similar initial conditions at the beginning of each complete ex-
periment in terms of surface roughness, bulk density and moisture con-
tent.

In total, 24 complete experiments were carried out in this study, six
for the bare-soil control treatment and three for each of the six mulching
treatments.

Fig. 3. Rainfall (R) and upslope inflows (1F, 2F and 4F) applied during each complete
experiment.

2.4. Statistical analysis

A pair-wise comparison was performed using one-way analysis of
variance (one-way ANOVA) with post hoc Tukey-Kramer honestly sig-
nificant difference (HSD) test to examine if total runoff, total soil loss,
runoff coefficient, sediment concentration in runoff, and runoff start
time differed significantly between the different six mulching treatments
and the bare soil (control treatment). This was done for results of a com-
plete experiment (without considering the results of W+4F, for rea-
sons explained underneath) and for individual runs and sub-runs, i.e.,
separately for D, W, W+0F, W+1F and W+2F. One-way ANOVA
followed by Tukey-Kramer HSD test was also carried out to determine
for each of the seven treatments (control plus six mulching treatments)
if runoff coefficient, sediment concentration in runoff and runoff start
time differed significantly between the different runs and sub-runs (ex-
cept W+4F for the same reasons as before). A two-way ANOVA was
performed to test if application scheme (1/3, 2/3 and 3/3 of flume’s
length) and/or application rate (percentage mulch cover) had a signif-
icant impact on total runoff and total soil loss. This was done for each
run and sub-run separately (except W+4F, as before). All statistical
analyses were done with IBM SPSS Statistics 22.0 (IBM Corp., 2013),
testing significance at α’s of 0.05 and 0.01.

3. Results and discussion

The temporal evolution of the average runoff as well as the average
soil loss produced in the course of the experiments are presented in Figs.
4 and 5, respectively. The experiments’ runoff and soil loss figures are
summarized in Table 2. A noteworthy feature of all hydrographs in Fig.
4 is a marked decrease in runoff during the two last sub-runs (W+2F
and W+4F) of the third event. In both sub-runs, this decrease was due
to a strong increase in drainage as a result of rill formation, with rills in-
cising down to the geotextile at the bottom of the layer of substrate fill-
ing the flume. This phenomenon is illustrated by the photograph of Fig.
6a. The results of the W+4F sub-run were excluded from further analy-
sis as rill formation was extreme and the resulting excessive drainage
considered to be largely an artefact of the experimental design.

3.1. Runoff

All six mulching treatments reduced total runoff amount for a com-
plete experiment, as shown in Table 2 and Fig. 7. On average, 50 and
70% mulch strips reduced total runoff in 19 and 30% as compared to
bare soil conditions. However, such reductions were only significant
for the 1/3 and 3/3mulch strips at 70% soil cover, with figures of
33 and 41%, respectively. Lower runoff reductions were observed for
the two 2/3 strip length treatments at 50 and 70%, with figures of 13
and 16%, respectively. The runoff reductions could, at least in part,
be attributed to the protection provided by the mulch against the di-
rect impact of raindrops, promoting the dispersion of the kinetic en-
ergy of the raindrops, preventing the destruction of soil aggregates and
the compaction of the soil surface layer (Gholami et al., 2013). How-
ever, the mulch could also have decreased runoff by increasing the hy-
draulic roughness of the soil surface and by increasing water retention,
thereby retarding runoff generation and enhancing infiltration (Cook et
al., 2006; Jordán et al., 2010; Montenegro et al., 2013a,b; Zonta et al.,
2012; Shi et al., 2013). This was suggested by the fact that the differ-
ences in total runoff between mulching and bare soil treatments were
more pronounced for the Dry run (first rainfall event on initially dry
soil and mulch), with more treatments showing significant reductions,
than for the subsequent runs and sub-runs (Table 2). In fact, for the
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Fig. 4. Runoff hydrographs (average of three repetitions) observed for the bare soil (BS) and the three strip lengths (1/3, 2/3 and 3/3 of flume’s length) of rice straw mulch at: a) 50%
cover; and b) 70% cover. Rainfall+inflow rates are also shown.

Fig. 5. Soil loss (average of three repetitions) observed for the bare soil (BS) and the three strip lengths (1/3, 2/3 and 3/3 of flume’s length) of rice straw mulch at: a) 50% cover; and b)
70% cover. Vertical axis in logarithmic scale (base 10) to better visualisation of results.

Wet run (W) and for the initial 5min of the Wet+inFlow run (i.e.
W+0F, before inflow took place) runoff slightly increased for the
mulch strips of 1/3 and 2/3 at 50% and 2/3 at 70%; however, this in-
crease was not significant.

Average runoff coefficient observed over the consecutive runs and
sub-runs (Dry, Wet and Wet+inFlow subdivided in W+0F, W+1F
and W+2F) is shown in Fig. 8 and Table 3. As it can be seen, the
hydrological response of the bare soil and six mulching treatments dif
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Table 2
Runoff (mm) and soil loss (kgm⁠−2) amounts (mean±standard deviation) observed for all runs and sub-runs and total observed for a complete experiment (except W+4F). For each run
and sub-run, values for mulching treatments in bold (p<0.05) or bold with asterisk (p<0.01) are significantly different from the bare soil according to Tukey-Kramer HSD pair-wise
comparison test.

Treatment D W W+0F W+1F W+2F Total

Runoff (mm)
Bare soil 4.58±3.09 10.95±1.76 2.08±0.63 8.22±2.12 12.34±1.93 38.17±7.49
1/3–50% 1.61±0.25 10.59±0.37 2.09±0.12 5.24±0.47 10.81±0.67 30.33±1.30
2/3–50% 1.23±0.65 11.27±0.83 2.42±0.14 6.75±0.26 11.56±0.29 33.22±1.97
3/3–50% 0.17±0.25 9.09±0.79 1.71±0.34 5.71±0.61 12.36±1.32 29.06±2.75
1/3–70% 0.87±1.23 7.26±2.83 1.42±0.62 5.83±0.51 10.12±0.47 25.51±4.38
2/3–70% 0.85±0.60 10.16±1.16 2.21±0.48 6.54±0.59 12.34±0.41 32.10±2.62
3/3–70% 0±0 7.6±0.64 1.42±0.10 5.07±0.46 8.33±0.76* 22.43±0.45*

Soil loss (kg m ⁠−2)
Bare soil 0.35±0.23 1.72±0.96 0.17±0.08 7.04±2.91 13.99±1.62 23.27±4.66
1/3–50% 0.09±0.08 1.47±0.75 0.17±0.07 1.25±0.48* 8.76±1.07* 11.73±2.14*
2/3–50% 0.03±0.02 0.99±0.32 0.16±0.08 3.56±0.70 10.84±1.10 15.57±1.62*
3/3–50% 0±0 0.29±0.07 0.06±0.05 1.32±0.83* 11.31±2.38 12.98±2.44*
1/3–70% 0.02±0.03 0.37±0.18 0.02±0.01 1.33±0.74* 7.62±1.31* 9.37±0.77*
2/3–70% 0.03±0.03 0.63±0.05 0.14±0.10 2.35±0.98* 11.01±0.82 14.17±1.77*
3/3–70% 0±0 0.25±0.17 0.04±0.03 0.92±0.57* 5.51±2.35* 6.73±3.03*

Fig. 6. Photographs of the soil flume: a) Detail of geotextile fabric exposure originated due to extreme erosion; b) Bare soil after W run; c) 1/3–50% after W run; d) Detail of soil deposition
on mulch; e) Bare soil at the end of W+F run; f) 1/3–50% at the end of W+F run; g) 2/3–50% at the end of W+F run; and h) 3/3–70% at the end of W+F run. Differences in colour
between photographs are related to differences in the photographic camera, luminosity conditions and time at which photos were taken (i.e. during or after an experimental run).

fered between the different runs and sub-runs, indicating the important
role of initial soil and mulch moisture contents on runoff (Montenegro
et al., 2013a,b; Zonta et al., 2012; Prats et al., 2015, 2017). For bare
soil, the average runoff coefficient significantly increased (more than
doubled) between the Dry and the Wet and Wet+inFlow runs. This in

crease in average runoff coefficient was even more significant and larger
in the case of the various mulching treatments, ranging from a fac-
tor between 4–50 times higher. Overall, for all treatments, no signifi-
cant differences were observed in runoff between the Wet and the first
5min of the Wet+inFlow runs (i.e,. W+0F, before inflow took place).
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Fig. 7. Total runoff amounts (average and standard deviation bars from three repetitions)
observed during a complete experiment. Mulching treatments (1/3, 2/3 and 3/3 of flume’s
length at 50 and 70% cover) with asterisks (p<0.05) or double asterisks (p<0.01), sig-
nificantly differ from the bare soil (BS) according to Tukey-Kramer HSD pair-wise compar-
ison test.

However, when inflow started (i.e., W+1F), runoff coefficient again in-
creased significantly for all treatments. This increase between W+0F
and W+1F sub-runs can be explained by the additional inflow, basi-
cally doubling the rate of water input (from 56.9mmh⁠−1 in R+0F to
111.9mmh⁠−1 in R+1F). Nonetheless, this increase was more marked
under the bare soil (45 to 90%) than under mulching (40 to 60%).

On average, for both the bare soil and mulching treatments, runoff
started significantly later during the Dry run (initially dry soil and
mulch) than the subsequent Wet and Wet+inFlow runs (initially wet
soil and mulch, under or close to saturation), as shown in Fig. 9. Since,
in these experiments, runoff was generated mostly by soil saturation,
initial soil moisture conditions play a crucial role in the hydrological
response (Montenegro et al., 2013a,b; Prats et al., 2015, 2017). Be-
sides this, runoff start time results also show the relevance of mulching
(Gholami et al., 2013; Shi et al., 2013). During the Dry run, runoff start
time increased significantly from the bare soil (average of 10min) to
the mulching treatments covering 1/3 and 2/3 of the flume’s length
(average of 17min). In the case of the mulching treatments covering
the entire flume, no runoff occurred during the Dry run (except in one
replicate of the 3/3–50% treatment). In case of the Wet and Wet+in-
Flow runs, runoff started later under bare soil than under mulching,

but differed only slightly between the various mulching treatments.
Later begin of runoff in mulching treatments occurred because mulching
increases the hydraulic roughness of the soil surface, thereby enhancing
infiltration and retarding runoff generation. These differences in hydro-
logical timing between bare soil and mulching treatments were also ob-
served with respect to runoff end time. Time between the end of rainfall
and the end of runoff was shorter for the bare soil (1–2min) than for the
mulching treatments (1–4min), because the mulch retains water that,
after the end of rainfall, is slowly released which was also observed by
Prats et al. (2015, 2017).

3.2. Soil loss

All six mulching treatments significantly reduced soil loss for a com-
plete experiment, as shown in Table 2 and Fig. 10, with an average re-
duction of 50% in total soil loss as compared to the bare soil. As in the
case of runoff, higher soil loss reduction was observed for the mulching
treatment covering the entire flume, followed by the 1/3mulch strip,
both at 70% soil cover, with figures of 71 and 60%, respectively. Lower
soil loss reductions were observed for the two 2/3 strip length treat-
ments at 50 and 70%, with figures of 33 and 39%, respectively. Like in
the case of runoff, a significant reduction in soil loss was observed for
the Dry run, amounting to 90 and 95% for the 50 and 70% mulch strips.
However, no clear differences were observed in soil loss between the
various mulching treatments, except that the reduction in total loss was
largest for the two mulching treatments covering the entire soil flume
at 50 and 70% cover (99% and 100%, respectively). A significant re-
duction was also observed for the Wet+inFlow run, after inflow started
(i.e., W+1F), amounting to 75% for both 50 and 70% mulch strips.

The impacts of mulching on the erosive response are illustrated in
Fig. 6. Comparison of Fig. 6b and c illustrates well that mulching re-
duced and delayed rill formation, in particular by decreasing runoff ve-
locity and its sediment transport capacity (Montenegro et al., 2013a,b;
Shi et al., 2013). Also, by protecting the soil surface from the direct im-
pact of raindrops, mulching reduced soil detachment by splash erosion
and the amount of soil available for mobilization by runoff (Cerdà et

Fig. 8. Runoff coefficient (average and standard deviation bars from three repetitions) observed for all runs and sub-runs. Within each run and sub-run, mulching treatments (1/3, 2/3 and
3/3 of flume’s length at 50 and 70% cover) with asterisks (p<0.05) or double asterisks (p<0.01), significantly differ from the bare soil (BS) according to Tukey-Kramer HSD pair-wise
comparison test.

Table 3
Mean±standard deviation of runoff coefficient (%) observed for all runs and sub-runs (except W+4F). Within the same treatment, values for a run or sub-run, followed by a lowercase
letter (p<0.05) or uppercase letter (p<0.01) are significantly different from the run or sub-run corresponding to that letter, according to Tukey-Kramer HSD multiple comparison test.
Lowercase letters a, b, c, d and e and uppercase letters A, B, C, D and E correspond to runs D, W, W+0F, W+1F and W+2F, respectively.

Treatment Runoff coefficient (%)

D W W+0F W+1F W+2F

Bare soil 24.17±16.31bDE 57.79±9.28ad 43.82±13.30DE 88.17±22.73AbC 86.73±13.56AC
1/3–50% 8.48±1.34BCDE 55.85±1.94AcE 44.06±2.48AbdE 56.20±5.01AcE 76.01±4.73ABCD
2/3–50% 6.47±3.44BCDE 59.43±4.38AdE 51.08±2.93ADE 72.45±2.84AbC 81.25±2.01ABC
3/3–50% 0.92±1.30BCDE 47.95±4.15AE 36.18±7.11AdE 61.28±6.53Ace 86.93±9.25ABCD
1/3–70% 4.60±6.51bDE 38.32±14.92ae 29.93±13.10de 62.53±5.46Ac 71.18±3.30Abc
2/3–70% 4.47±3.17BCDE 53.61±6.14AE 46.68±10.11AdE 70.12±6.36Ac 86.78±2.86ABD
3/3–70% 0±0BCDE 40.10±3.40AdE 30.01±2.20ADE 54.42±4.93AbC 58.57±5.32ABC
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Fig. 9. Runoff start time (average and standard deviation bars from three repetitions) for
the Dry, Wet and Wet+inFlow runs. Within each run, mulching treatments (1/3, 2/3 and
3/3 of flume’s length at 50 and 70% cover) with asterisks (p<0.05) or double asterisks
(p<0.01), significantly differ from the bare soil (BS) according to Tukey-Kramer HSD
pair-wise comparison test.

Fig. 10. Total soil loss amounts (average and standard deviation bars from three repe-
titions) observed during a complete experiment. Mulching treatments (1/3, 2/3 and 3/
3 of flume’s length at 50 and 70% cover) with asterisks (p<0.05) or double asterisks
(p<0.01), significantly differ from the bare soil (BS) according to Tukey-Kramer HSD
pair-wise comparison test.

al., 2016; Foltz and Wagenbrenner, 2010; Gholami et al., 2013; Groen
and Woods, 2008; Montenegro et al., 2013a,b; Pannkuk and Robichaud,
2003; Prats et al., 2012, 2014, 2015, 2017; Robichaud et al., 2013).
Fig. 6d depicts the deposition of sediments within a mulch

strip (in this particular case, a 1/3–70% mulch strip), showing that
mulch also affects erosion processes by entrapping soil particles trans-
ported by runoff. At the same time, however, Fig. 6d illustrates that
the capacity of sediment entrapment by the strip is limited, so that the
effectiveness of a mulch strip can be expected to decrease with suc-
cessive erosion events. Fig. 6e–h give an impression of the cumulative
impacts of the three different mulch strip lengths (1/3, 2/3 and 3/3
of the flume’s length) over the course of the three events (rainfall or
rainfall+inflow) of a complete experiment. Clearly, all mulching treat-
ments markedly reduced the extensive rill formation observed under
bare soil. At the same time, however, the treatments involving partial
mulching of the soil flume revealed a marked contrast between exten-
sive rill formation in the upslope non-mulched part and its absence in
the lower mulched part.

The temporal evolution of sediment concentration in runoff during
the experiments is presented in Fig. 11. Average sediment concentra-
tion observed over the three consecutive runs is shown in Fig. 12 and
Table 4. These experiments under controlled conditions clearly demon-
strated the importance of initial soil and mulch moisture content on
soil loss (Montenegro et al., 2013a,b; Zonta et al., 2012; Prats et al.,
2015, 2017). For bare soil, the Wet run produced, on average, five
times more total soil loss than the Dry run (1.72 and 0.35kgm⁠−2, re-
spectively) and twice the peak soil loss (13.46 and 6.79kgm⁠−2h⁠−1, re-
spectively). For mulching, these differences were even higher, with val-
ues of, on average, 21 times for total soil loss (0.65 and 0.03kgm⁠−2)
and 11 times for peak soil loss (6.0 and 0.55kgm⁠−2h⁠−1). However,
these differences were mainly due to differences in runoff response, as,
on the contrary to runoff coefficient, differences between the average
sediment concentration of the Dry and Wet runs, and also of the first
5min of the Wet+inFlow runs (i.e., W+0F, before inflow took place),
were never significant. When inflow started (i.e., W+1F), both total
and peak soil loss, as well as sediment concentration, increased signif-
icantly for all treatments. Like in the case of runoff, this increase be-
tween W+0F and W+1F sub-runs can be explained by the additional

Fig. 11. Sediment concentration in runoff (average of three repetitions) observed for the bare soil (BS) and the three strip lengths (1/3, 2/3 and 3/3 of flume’s length) of rice straw mulch
at: a) 50% cover; and b) 70% cover. Vertical axis in logarithmic scale (base 10) to better visualisation of results.
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Fig. 12. Sediment concentration (average and standard deviation bars from three repetitions) observed for all runs and sub-runs. Within each run and sub-run, mulching treatments (1/
3, 2/3 and 3/3 of flume’s length at 50 and 70% cover) with asterisks (p<0.05) or double asterisks (p<0.01), significantly differ from the bare soil (BS) according to Tukey-Kramer HSD
pair-wise comparison test.

Table 4
Mean±standard deviation of sediment concentration in runoff (gl⁠−1) observed for all runs and sub-runs (except W+4F). Within the same treatment, values for a run or sub-run, followed
by a lowercase letter (p<0.05) or uppercase letter (p<0.01) are significantly different from the run or sub-run corresponding to that letter, according to Tukey-Kramer HSD multiple
comparison test. Lowercase letters a, b, c, d and e and uppercase letters A, B, C, D and E correspond to runs D, W, W+0F, W+1F and W+2F, respectively.

Treatment Sediment concentration in runoff (g l⁠−1)

D W W+0F W+1F W+2F

Bare soil 151.55±128.19DE 172.55±107.22DE 84.36±35.66DE 826.35±259.44ABCe 1165.21±232.27ABCd
1/3–50% 48.31±42.26E 136.82±65.28E 78.08±29.62E 237.95±83.71E 809.63±80.49ABCD
2/3–50% 24.86±9.9DE 87.69±29.91DE 66.23±31.05DE 527.62±97.1ABCE 940.41±115.28ABCD
3/3–50% 1.96±2.78E 33.25±10.32E 30.46±21.23E 219.88±116.14E 906.91±124.17ABCD
1/3–70% 7.68±10.86E 69.35±57.86E 18.3±3.85E 224.75±113.6E 749.84±103.38ABCD
2/3–70% 26.08±22.47dE 63.42±12.03dE 58.53±32.42dE 356.88±146.89abcE 895.62±98.1ABCD
3/3–70% 0±0E 34.03±22.46e 31.33±21.56e 176.56±100.61e 671.53±315.23Abcd

water input. With the start of the second inflow (2F), during the W+2F
sub-run, sediment concentration, again, increased significantly for all
treatments, as opposite to runoff coefficient which remained approxi-
mately the same. Overall, all the above mentioned differences in soil
loss and sediment concentration between runs were more significant un-
der bare soil than under mulching. Also, they tended to be less signifi-
cant with increasing amount of mulch applied on the soil flume.

These findings suggest that at the initial stage of a complete exper-
iment, a sediment-limited effect was stronger in the soil loss process,
since a significant increase in runoff coefficient between the Dry and
Wet runs did not result in a significant increase in sediment concentra-
tion. This sediment-limited effect was observed for both bare soil and
mulching treatments but was clearer in the last, as a result of the sedi-
ment trapping capacity of the mulch. A similar sediment-limited effect
was also found in Shi et al. (2013) for straw mulch applications above
a threshold of 50% soil cover. Under this value, and also for bare soil,
a transport-limited effect was dominant. After the start of the inflow in
the W+1F sub-run, a significant increase in both runoff and sediment
concentration was observed for both bare soil and mulching treatments,
due to the high increase in water input. With the start of the second in-
flow in the W+2F sub-run, a significant increase in sediment concen-
tration was observed for both bare soil and mulching treatments. At this
point, runoff did not increase significantly because it was already close
to the maximum of 100%. During these rainfall+inflow events, the sed-
iment-limited effect lost importance in the soil loss process, due to the
inability of the bare soil to restrain sediments and due to the limited
capacity of the mulch to trap sediments. Even so, overall, this increase
in sediment concentration was less pronounced in the mulching treat-
ments.

3.3. Effectiveness of mulching treatments

The effectiveness of the six mulching treatments in reducing total
as well as peak runoff and soil loss is presented in Fig. 13, as percent-
age of the deviation from the bare soil conditions. Here, the mulching
treatments are represented by their overall mulch cover, i.e., the com

bined cover of the mulch strip and the upper bare soil part (as given in
the materials and methods section).

Overall, effectiveness of mulching was more pronounced in the
case of soil loss than runoff, in line with the findings of prior stud-
ies, both in the laboratory as in the field (Foltz and Wagenbrenner,
2010; Gholami et al., 2013; Groen and Woods, 2008; Montenegro et al.,
2013a,b; Pannkuk and Robichaud, 2003; Prats et al., 2012, 2015, 2017;
Robichaud et al., 2013; Shi et al., 2013). All six mulching treatments
were effective in reducing soil loss for a complete experiment. However,
in the case of runoff, only two treatments (1/3–70% and 3/3–70%) were
effective in reducing runoff with significant results. Furthermore, effec-
tiveness in this study tended to be higher when mulch cover was 70%,
but this was not observed for all simulated rainfall and rainfall+inflow
events.

Mulching effectiveness in terms of total and peak runoff (blue lines
in Fig. 13a and b, respectively) revealed a distinction between the Dry
run and the subsequent Wet and Wet+inFlow runs. In the case of
the Dry run, mulching effectiveness was higher and clearly increased
with overall mulch cover. In the case of the Wet and Wet+inFlow
runs, mulching effectiveness was lower and only slightly decreased with
mulch cover (W and W+0F) or even appeared unrelated with mulch
cover (W+1F and W+2F). Mulching effectiveness in terms of total
and peak soil loss (red lines in Fig. 13a and b, respectively) revealed a
clear tendency to be higher for rainfall-only runs and sub-runs (D, W
and W+0F) than when inflow was added (W+1F and W+2F). Previ-
ous studies simulating series of multiple intermittent rainfall events also
found that mulch effectiveness tended to decrease in subsequent events
(Prats et al., 2015, 2017; Montenegro et al., 2013a,b; Zonta et al., 2012).
The authors attributed this to a decrease in the capacity of the mulch to
retain water and sediments. However, positive feedbacks between ero-
sion/deposition processes could also play an important role.

The present laboratory study shows that strip-wise mulching reduced
runoff and especially soil loss almost as effectively as mulching of an
entire plot. This finding is in agreement with other field (Bhatt and
Khera, 2006; Cawson et al., 2013; Harrison et al., 2016; Martinez-Raya
et al., 2006) and laboratory studies (Prats et al., 2015, 2017). In a
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Fig. 13. Effectiveness (average and standard deviation bars from three repetitions) of the six mulching treatments in reducing: a) Total runoff and soil loss; and b) Peak runoff and soil
loss. Values are presented as percentage of deviation from the bare soil, as function of overall mulch cover over the entire soil flume (For interpretation of the references to color in the
text, the reader is referred to the web version of this article).

field study, Cawson et al. (2013) found that a unburnt strips at the bot-
tom of a prescribed burnt plot were highly effective in reducing soil
erosion but less so in reducing runoff. The authors further observed
that the strip’s effectiveness decreased with increasing rainfall inten-
sity, in line with the decrease in effectiveness reported here between
consecutive runs. In another field study, Harrison et al. (2016) found
that 1.25m strip of a 5m long plot mulched with forest residues re-
duced soil erosion by 97%, a value that was obtained in this study only
by mulching the entire soil flume. Martinez-Raya et al. (2006) found
similar reductions with four plant-cover strips of 3m across their 24m
long plots (97% erosion reduction). Bhatt and Khera (2006) reported
a considerably reduction in agricultural soil erosion when mulching
their entire 5m long plot with straw mulch at 600gm⁠−2 (66%) but,
in the same experiment, a rather similar effectiveness when mulching
just the plot’s lower 1.67m (52%). Prats et al. (2015, 2017) observed
that mulching (1/3, 2/3 and 3/3 flume’s length) with 70% ground
cover significantly reduced soil loss, but not runoff. For the 50% ground
cover, only the application over the whole plot was able to reduce
soil loss significantly. Sieved forest residue mulch was less effective in
reducing runoff (10%) but more effective in reducing erosion (65%),
as compared to the straw mulch in this study (25 and 50% runoff
and soil loss reduction, respectively). Again, the authors observed that
mulching effectiveness decreased with water input. In contrast with
the present findings and those of the above-mentioned studies, Are et
al. (2011) observed that mulching a single strip was more effective in
trapping sediments and associated nutrients than mulching the entire
plot, even though the difference was only minor. The authors suggested
that this deviant finding could be due to the fact that soil stability on
strip-mulched plots was significantly lower than that of the completely-

mulched plots, reflecting factors unrelated with the mulching itself.
Cerdà (1997) and Mayor et al. (2009) observed that sediment trapping
zones created by vegetated patches can reach a limit for sediment stor-
age capacity and, therefore, their effectiveness will decrease over time.
Xu et al. (2017) found that a cornstalk buffer strip (1m wide in a 10m
long soil flume), placed immediately above an initial rill head, more
than doubled time to runoff, reduced total runoff in 6% and reduced to-
tal soil loss up to 29%. Early application of the buffer strip (i.e., before
the first rainfall event) had a larger reduction in soil loss than later ap-
plication (i.e., after the first rainfall event).

The individual influence of the strip length (1/3, 2/3 and 3/3 of
flume’s length) and strip cover (50 and 70%) factors in runoff and soil
loss is shown in Table 5. For a complete experiment (except W+4F),
both factors had a significant influence on the variations of the hy-
drologic and erosive responses of the different mulching treatments. In
the case of the Dry run, neither the strip length nor the strip cover,
individually, played a significant role in the differences in runoff and
soil loss of the different mulching treatments, i.e., only the combina-
tion of both factors (strip length and cover) had an influence on those
differences. In the subsequent Wet and Wet+inFlow runs, either the
strip length or the strip cover, individually, played a significant role in
runoff and soil loss differences except in the case of soil loss observed
in W+0F. Therefore, the effectiveness of the mulching strips in reduc-
ing runoff and soil loss depended, in almost equal proportions, either
on the strip length, on the strip cover or on a combination of both fac-
tors. Moreover, it should be noticed, that, overall, the strip length factor
showed higher values of significance than the strip cover factor. In Prats
et al. (2017), variations in the hydrologic response (e.g., runoff, time
to runoff, percolation) depended mostly on the strip cover, while varia
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Table 5
F values of the two-way ANOVA to evaluate the individual influence of the strip length (1/3, 2/3 and 3/3 of flume’s length) and strip cover (50 and 70%) factors in runoff and soil loss
differences between mulching treatments. Test was performed for results of each run and sub-run (D, W, W+0F, W+1F and W+2F) and total observed for a complete experiment
(except W+4F). F values in bold (p<0.05) or bold with asterisk (p<0.01) denote a significant influence.

Strip factor Runoff

D W W+0F W+1F W+2F Total

Length (1/3, 2/3 and 3/3) 3.73 3.26 4.72 7.62* 5.93 7.62*
Cover (50 and 70%) 1.36 6.24 3.55 0.19 9.60* 8.02

Strip effect Soil loss

D W W+0F W+1F W+2F Total

Length (1/3, 2/3 and 3/3) 2.01 3.92 2.40 7.66* 3.47 6.81
Cover (50 and 70%) 0.95 6.12 2.45 1.44 5.74 7.71

tions in the erosive response (e.g., soil loss, sediment concentration in
runof, rill erosion) depended mostly on the strip length.

4. Conclusions

The main conclusions regarding the soil flume laboratory experi-
ments carried out in this study, considering a sequence of simulated in-
termittent rainfall events with the addition of an upslope inflow (as con-
centrated flow), under bare soil and six different rice straw mulching
treatments, are:

• The effectiveness of mulching to reduce runoff (25%) was lower than
to reduce soil loss (50%). The effectiveness was significantly higher in
the first simulated rainfall event, when soil and mulch were initially
dry (83% and 92%, respectively) and dropped in the subsequent wet
scenarios (16 and 53%, respectively). This drop was mainly attributed
to saturation of soil pores, which increased the runoff coefficient and
sediment concentration, and to the higher inflow shear stress which
strongly increased soil detachment and sediment transport, which ex-
ceeded the mulch capacity to retain water and sediments;

• The effectiveness of strip-wise mulching was, in overall terms, lower
than that of mulching the entire soil flume. Mulch strips of 1/3 and
2/3 of the flume’s length, placed at the bottom part of the slope, re-
duced runoff in 21 and 13% at a 50% soil cover and 33 and 16% at
a 70% soil cover; the corresponding soil loss reductions were 50 and
33% at 50% soil cover and 60 and 39% at 70% soil cover. Mulching
the entire flume at 50 and 70% soil covers reduced runoff in 24 and
41% and soil loss in 44 and 71%. Even so, differences tended to be-
come smaller during the successive events, or, in other words, with
increasing water input amounts (i.e. cumulative rainfall and increas-
ing upslope inflow rates).

In summary, the present results suggest that the application of mulch
in strips at the bottom part of the slope rather than over the entire area
can be an effective approach to reduce costs or to maximize the area to
be treated, especially if some level of erosion is considered acceptable
(e.g., if downslope values at risk are limited) or if mulching material is
in short supply. It should be noticed that, strip-wise mulching the bot-
tom part of the slope leaves the upslope untreated area prone to runoff
and erosion processes, with negative consequences on site and, possibly,
also off-site, at least over the long run.

The present findings would seem to plainly justify follow-up test-
ing under field conditions, both in less sloped intensively-managed agri-
cultural areas with elevated erosion risk and in recently burnt areas.
Future work should include alternative strip-wise mulching application
schemes, allowing to assess where mulch strips (upper, middle and/or

bottom parts of the slope) would be more efficient if mulching the entire
slope is not an option (for logistical, cost- and/or time-related reasons).
Also, future work should be carried out to verify the advantages and dis-
advantages of using strip-wise mulching in the context of agricultural
soil fertility and crop productivity.
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