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ARTICLE INFO ABSTRACT

Keywords: Conservation agriculture, and in particular no-till systems, generally yield improvements in both soil char-
Conservation agriculture acteristics (e.g. structure, and water holding capacity) and soil processes (such as runoff and hence erosion).
Tillage Nevertheless, during the first years of no-till, the soil is prone to compaction due to the poor structure, missing
R““_Off ploughing activities, and passage of tractors and machinery, thus favouring surface runoff and soil erosion. Little
:Z?;‘;T;‘t loss information exists about the effect of no-till when applied during the transition period from conventional to

conservation agriculture. This study aimed at analysing runoff and soil erosion in a non-tilled field in comparison
with a tilled field during the transition period. The study was conducted at the Padova University Experimental
Farm, in northeast Italy. Six sub-plots (2.5 m X 5 m) were established, three in a tilled field (CT plot) and three
in a non-tilled field (NT plot). Each sub-plot was equipped with a runoff water collection system. Runoff was
monitored during two sampling seasons: from May to October 2017 and May to September 2018. Runoff water
volume was measured at each rainfall event, and the amount of sediment was quantified by drying the runoff
samples. This technique is simple and inexpensive and suitable to be applied also in rural areas with inadequate
infrastructures and economic resources. Two indices, runoff reduction benefits (RRB) and sediment reduction
benefits (SRB), were computed. During the monitoring period, 24 runoff events occurred. NT practices coincided
with reductions of over 50% in runoff volumes and 50% to 95% in sediment losses. Only the runoff event just
after the CT soil harrowing produced a significantly lower runoff and sediment loss in CT than in NT field, due to
the effect of soil tillage on surface roughness and rainfall infiltration. The average sediment concentration in NT
was only 47% of CT. The RRB and SRB values confirmed a reduction in runoff and sediment loss in the NT
compared with the CT plot, but SRB was greater than the RRB, indicating that the no-till regime showed a better
control of sediment loss than it did the runoff amount. The reduced runoff and sediment yield in the NT plot
could have important on-site benefits in terms of both sustainable soil management and surface water quality.

1. Introduction

Conservation agriculture was recently promoted in the European
Union’s Common Agricultural Policy (CAP, Rural Development
2014-2020; Basch et al., 2011) as a means of tackling primary en-
vironmental problems, such as the increasing levels of atmospheric
carbon dioxide (CO,), decreasing biodiversity, and limited water
availability (Armengot et al., 2015; Bouma and McBratney, 2013). This
approach consists of practices aimed at achieving sustainable and
profitable agriculture through the application of three fundamental
principles: (1) minimising mechanical soil disturbance (reduced tillage
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or no-till), (2) maintaining permanent soil cover by using crop residues
and cover crops, and (3) adopting crop rotations (Hossain, 2013).
Limiting mechanical soil disturbance in crop management is a main
factor in enabling soil structure and organic matter to be maintained.
The reduction or elimination of tillage enables the minimal soil dis-
turbance and permanent soil cover to be achieved (Shahzad et al., 2016;
Tarolli et al., 2019). The benefits for soil and water conservation have
been well documented in the literature (Bogunovic et al., 2018; Jordan
et al., 2010; Nyssen et al., 2008; Sun et al., 2015; Wang et al., 2015).
Positive outcomes worth mentioning include the maintenance of a
stable soil structure and biological activity, improvements in soil

Received 6 April 2020; Received in revised form 28 September 2020; Accepted 7 October 2020

0341-8162/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03418162
https://www.elsevier.com/locate/catena
https://doi.org/10.1016/j.catena.2020.104972
https://doi.org/10.1016/j.catena.2020.104972
mailto:paolo.tarolli@unipd.it
https://doi.org/10.1016/j.catena.2020.104972
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2020.104972&domain=pdf

L. Carretta, et al.

fertility and micro-climate due to permanent organic soil cover, water
infiltration enhancement, and reduction of runoff and soil erosion
(Berger et al., 2010). Higher infiltration rates can in turn reduce surface
water losses from fields and improve water holding capacity
(Thierfelder and Wall, 2009). Several studies have quantified how
conservation tillage practice reduces runoff and soil erosion (Armand
et al., 2009; Jia et al., 2019; Leys et al., 2010; Maetens et al., 2012;
Montgomery, 2007; Shipitalo and Edwards, 1998; Wang et al., 2015).
To fully appreciate the benefits of conservation agriculture for soil and
water conservation, the soil has to be “mature”, a state it achieves by
undergoing a transition period from conventional to conservation
agriculture, lasting approximately five to seven years, during which
non-tilled soil is gradually subjected to a series of changes and adap-
tations to the new management system (Hobbs et al., 2008). The
transition period presents some major difficulties. The lack of me-
chanical weed control means that weed abundance and density may be
higher than in a conventional system, and weed management relies
mainly on chemical inputs (Armengot et al., 2015; Knowler and
Bradshaw, 2007). Furthermore, owing to its low organic matter content
and poor structure, combined with the effect of the missing ploughing
activities and the passage of heavy tractors and machinery, the soil
tends to be prone to compaction (Piccoli et al., 2016), resulting in a
potential increase in surface runoff and soil erosion during the transi-
tion period compared with conventional management. Soil compaction,
combined with intensified herbicide use, dramatically increases the risk
of herbicide loss in runoff and surface water contamination (Cessna
et al., 2013). Thus, the vulnerability of non-tilled (NT) soil to runoff and
soil loss during the transition period plays a critical role in both the
agricultural and environmental sustainability of this system.

To our knowledge, little information exists about the effect of no-till
on runoff and soil erosion during the transition period from conven-
tional to conservation agriculture, where changes in soil properties
following the introduction of no-till are not yet fully developed.
Therefore, this study aimed at analysing runoff and soil erosion pro-
cesses (and the complex interrelation among factors that might affect
such processes) occurring in a non-tilled field during a transition period
from conventional to conservation agriculture in comparison with a
tilled (CT) field. The years of the study were the third and the fourth
years of conservation management for the NT field. The main novelty of
this work is that the focus of the study is precisely placed on the
transition period from conventional to conservation agriculture, re-
garding which the existing knowledge suggests a potential increase in
the vulnerability of the soil to runoff and soil erosion compared to the
conventional tillage. The promptness of improving some mechanisms of
soil protection against runoff and erosion after tillage abandonment
could have significant consequences for the vulnerability of drought
and the risk of pollution of surface waters with sediment, pesticides and
nutrients. The gained information will help in filling the current gap of
knowledge about the consequences for runoff and soil loss due to the
soil conversion from conventional to conservation agriculture.

2. Materials and methods
2.1. Site information

The study was conducted during 2017 and 2018 at the Padova
University Experimental Farm in the Po Valley, Northeast Italy
(45°12’N, 11°58’E, altitude 6 m a.s.L.) (Fig. 1).

The local climate is sub-humid with a mean annual temperature of
15.6 °C. Annual rainfall in 2017 was 518 mm with a total of 62 rainy
days; the wettest month was September (146 mm rainfall) and the
driest was February (7 mm). Annual rainfall in 2018 was 853 mm with
a total of 89 rainy days; the wettest month was October (142 mm
rainfall), and the driest was December (12 mm). Six sub-plots (each
2.5m x 5m) (Fig. 1) were established in spring 2017, three in a field
managed under a conventional tillage regime (CT plot), and the other
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Fig. 1. Location map of the study area and layout of the six experimental sub-
plots installed on the CT field (CT1, CT2, and CT3) and NT field (NT1, NT2, and
NT3). The locations of the soil samples collected in CT and NT fields in
November 2017 are also reported (sampling points are indicated with an x).
Three samples sampling locations were selected on the CT field (CT A, CT B,
and CT C), and six from the NT field, among which three on the track position
(NT track A, NT track B, and NT track C) and the other three on the no-track
position (NT no-track A, NT no-track B, and NT no-track C).

Fig. 2. Details of NT plots. The picture was taken in summer 2017 (photo by P.
Tarolli).

three in a field managed using conservation agriculture (NT plot)
(Fig. 2). The NT field was rectangular (200 m X 35 m) and had man-
aged using conservation agriculture since 2014. The CT field was also
rectangular (235 m X 40 m). The slope was 2.7% for both NT and CT
field. The two fields faced each other and were separated by a ditch.
Each sub-plot was bounded on three sides by metal boards that were
inserted 15 cm below-ground, with 15 cm protruding above the surface
to prevent any splash effect or runoff flowing either out of or into ad-
jacent sub-plots. Each sub-plot was equipped with a runoff water col-
lection system with a 55 L tank. High volumes were collected from the
CT plot in some runoff events during the first sampling season, so tanks
on the CT plot were replaced by 100 L tanks in July 2018.
Sub-soiling was performed in the CT field in September 2016, fol-
lowed by harrowing at the end of October. In November 2016, both
fields were sown with wheat, which was harvested in June 2017. In NT,
crop residues of wheat were left on the field. In July 2017, the NT field
was sown with soybean, which was harvested in October, leaving crop
residues of soybean on the field. The CT field was ploughed to a
25-30 cm depth in November 2017, according to local practices. After
ploughing, the CT field had a coarse cloddy surface that did not allow
the installation of the runoff plots and the collection of runoff water,
therefore the sampling was interrupted until the seedbed preparation.
In November 2017, the NT field was sown with horseradish as a cover
crop, which was terminated in April using a herbicide treatment. CT
soil cultivation using a chisel was undertaken at the end of January
2018. Runoff water sampling was restarted in May 2018 when both
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fields were sown with maize. The CT field was harrowed before maize
sowing. The maize was harvested in mid-September, and runoff water
sampling was stopped at the end of October.

In the NT field, crop residues of maize were left on the field,
whereas sowing was performed with specific equipment for sod-seeding
which penetrate the layer of litter/crop residues and the soil, place the
seed at a constant shallow depth, and pack soil around seeds.

In November 2017, before ploughing the CT field, soil samples were
collected from both the NT and CT fields next to the runoff plots. Three
sampling locations were selected on the CT and six on the NT field.
Among the six sampling locations on NT field, three were on the no-
track and three on the track position, the latter being the portion of soil
affected by the passage of tractor wheels (Fig. 1). At each sampling
location, two samples type were collected: disturbed and undisturbed.
The disturbed soil samples were collected at 15-20 cm depth, then
placed in a labelled plastic bag, sealed, and transported to the labora-
tory. The undisturbed soil samples were collected at 15-20 cm depth
using cylindrical samplers (height, 7.0 cm; internal diameter, 7.2 cm).
The cylindrical sampler was slowly driven into the soil with a hammer.
Then, the soil around the cylinder was dug to withdraw the cylinder
trying to lead a minimum perturbation into the inner soil. The two ends
of the cylinder were closed with two thin wooden panels, and then the
sample was placed in a labelled plastic bag, sealed, and transported to
the laboratory. Disturbed soil samples and undisturbed soil cores were
analysed at the Laboratory of Soil Hydrology of the Department of
Agricultural Sciences, AFBE Division (University of Naples Federico II,
Portici, Italy). Disturbed soil samples were air-dried, sieved at a particle
diameter of 2 mm, and analysed to determine the soil texture (Gee and
Or, 2002). Undisturbed soil cores were analysed to determine the oven-
dry soil bulk density (BD), saturated soil water content (6s) (Topp et al.,
2002), and saturated hydraulic conductivity (Ks) (Reynolds and Elrick,
2002).

2.2. Runoff sampling

The study was conducted under natural rainfall conditions. The
weather station on the experimental farm, located 30 m from the plots
with a rain gauge recording every 5 min, was used to measure rainfall
events. Runoff was monitored during two sampling seasons, from the
beginning of May 2017 to the end of October 2017 (first period) and
from the beginning of May 2018 to mid-September 2018 (second
period). During the monitoring periods, rainfall events were analysed to
evaluate the relationships among rainfall, the soil hydrological char-
acteristics, and runoff and erosion processes. For each rainfall event, we
obtained the precipitation amount and duration, its maximum intensity
at different time intervals (10, 30, and 60 min), and the cumulative
precipitation (during the previous 7, 15, 30, and 45 days).

The chosen technique for measuring runoff volume and sediment
concentration is rather simple and inexpensive. These characteristics
make it suitable to be applied everywhere in the world, also in rural
areas characterized by scarce infrastructure (e.g. in development
countries), and where sophisticated instruments, trained personnel and
the economic resources to measure runoff and sediment concentration
are not available. The total runoff water volume collected in the tanks
was measured for each rainfall event and, for the sediment analysis,
three 0.5-L water samples were collected from each sub-plot and placed
in aluminium bottles, homogenising the water and sediment. The
samples were then transferred into plastic containers and placed in a
dryer at 60 °C for 48 h. When all the water had evaporated, the samples
were weighed to obtain the sediment yield for erosive events. Sediment
concentration was multiplied by the runoff volume to determine the
sediment yield from each sub-plot at each runoff event. The CT plot was
chosen as the control group. Two indices were selected to assess the
effects of the different tillage methods on runoff and sediment: 1)
Runoff Reduction Benefit (RRB) in %; and 2) Sediment Reduction
Benefit (SRB) in % (Wang et al., 2017; Zhao et al., 2014). The indices
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were calculated for each runoff event and for the entire study period, as
follows:

if (Rer — Ryr) > 0, RRB = 100 X I(R%CTRNT)' .
if (Rer — Ryr) < 0, RRB = 100 X w .
if (Scr — Sxr) > 0, SRB = 100 x w "
if (Ser — Sxr) < 0, SRB = 100 x W "

where R and Ry are the runoff amount (mm) from the CT and NT
plots, respectively, and Scr and Syt are the sediment loss amount (kg
ha™*! event™') from the CT and NT plots, respectively.

These indices, as calculated in the Egs. (1) and (3), provide the
mitigation percentage for runoff volumes and sediment losses under no-
till compared with conventional tillage, assuming that NT provides less
runoff and soil loss than CT at that specific event. However, this may
not necessarily happen in all cases. When no-till provided no mitiga-
tion, i.e. runoff volume or sediment loss was higher in NT than in CT,
the calculations need to be adjusted to correctly estimate the lack of
mitigation (and so the increase) in runoff and sediment loss, as reported
in Egs. (2) and (4).

The rainfall conditions, runoff water samplings, and crops cultivated
in the NT and CT fields during the experimental periods are illustrated
in Fig. 3.

Runoff, sediment loss, and sediment concentration data were ana-
lysed using the TIBCO Statistica 13 software for Windows (TIBCO
Software Inc., Palo Alto, CA, USA). Prior to statistical comparisons, data
normality was tested using a Shapiro-Wilk test (p < 0.05). For each
runoff event, a Student’s t-test (o = 0.05) was used to determine sig-
nificant differences between CT and NT in terms of runoff volume, se-
diment loss, and sediment concentration.

3. Results and discussion
3.1. Soil properties

The soils at both sites were determined to be Fluvi-Calcaric
Cambisol (FAO-UNESCO, 1990), classified as silty-loam. The NT soil
comprised 19.5% sand, 60.8% silt, and 19.7% clay, and the CT soil
comprised 25.1% sand, 57.1% silt, and 17.8% clay. The pH was 7.85
and 7.38 for the NT and CT soil, respectively.

Table 1 summarises the results of the tests conducted on un-
disturbed soil samples. When the soil was sampled, the lowest BD and
the highest K, and 0 values were recorded in the CT soil. Tillage should
decrease the degree of soil compaction and increase its porosity,
yielding an increase in hydraulic conductivity, which is what was ob-
served. According to Fraser et al. (2010), tillage can also affect soil bulk
density. The track position in the non-tilled soil showed K, 65, and BD
values lower than those measured in the no-track position. It should be
noted that samples were collected more than one year after the last
tillage of the CT field. Therefore, we can assume that sampling sooner
after tillage might show more marked differences in soil hydrological
properties between CT and NT soil.

3.2. Runoff volumes

During the monitoring period, 24 runoff events (RE1 to RE24) oc-
curred (Fig. 3). A total rainfall of 640 mm was recorded across both
sampling periods, with very high seasonal and interannual variations
(Table 2). From May to October 2017, 263 mm of rainfall was recorded,
with 146 mm concentrated in September. From May to September
2018, 377 mm of rainfall was recorded, distributed throughout the
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Fig. 3. Daily rainfall monitored from May to October 2017 and from May to September 2018. Dotted lines indicate the sampling of runoff water. The crops in NT and

CT plot are indicated at the top.

whole period.

Fig. 4 reports runoff volumes measured for each runoff event in the
NT and CT plots. Measurement variability was higher in the tilled than
no-tilled plots. The runoff amount in the CT plot ranged from 0.08 mm
(RE14) to 8.67 mm (RE18), and in the NT plot from 0.07 mm (RE9) to
3.25 mm (RE20). For runoff events RE9 and RE20, in two out of three
CT sub-plots, runoff exceeded the maximum measurable volume of the
collection tank. Therefore, the actual runoff in this event may have been
higher. The runoff coefficient values ranged from 0.84% (RE14) to
28.16% (RE1) in the CT plot, and from 0.88 (RE5) to 11.19% (RE17) in
the NT plot.

Higher runoff volumes were generally measured in the CT plot, al-
though the difference was only statistically significant in 8 of the 24
runoff events (RE3, RE4, RE5, RE6, RE13, RE15, RE18, and RE20).
Runoff volume was higher in the NT than CT plot in only 4 of the 24
runoff events (RE10, RE11, RE14, and RE24). However, the difference
between runoff in the NT and CT plots was only significant in RE10; this
was the first runoff event of the second sampling period, and it should
be noted that, three weeks before this event, the CT field was harrowed.
The differences in CT and NT runoff volumes observed during this event
can be explained by the higher infiltration rate and surface storage of
the CT soil due to its increased surface roughness in the weeks after
tillage; this surface roughness immediately after tillage operations as-
sisted in rainfall catchment and infiltration. The effect of tillage on soil
morphology is time-variant and tends to decrease with time. A similar
effect was observed by Gomez et al. (2009) and Romero et al. (2007) in
olive orchards, and by Myers and Wagger (1996) in conventional tillage
maize. In particular, Myers and Wagger (1996) observed that, just after
the seedbed preparation, the soil surface was rougher and cloddy
compared to a non-tilled soil, favouring rainfall infiltration. However,
this condition was not permanent. As intense rainfall events occurred,
surface sealing and crusting initiated, with negative consequences for
runoff. This study was conducted on a different type of soil, with a

Table 1

sandy clay loam texture and with a particular tendency to sealing and
crust formation, which may have exacerbated the observed changes in
soil surface throughout the season. However, a similar phenomenon
was also observed by Tarolli et al. (2019) on the same CT and NT fields
as in our research. This work analysed the surface morphology of three
4 m? plots per field using the Structure from Motion photogrammetric
technique. This technique provides a mathematical interpretation of a
sequence of images taken with precise technical rules to construct a
three-dimensional representation of an object (the soil in this case), and
it is a valuable tool to understand the physical processes that underlie
runoff and soil erosion and to plan sustainable interventions (Tarolli
and Straffelini, 2020).

The survey was carried out on both fields 26 days after the seedbed
preparation of the CT field, which had been ploughed a few months
earlier. The high-resolution Digital Elevation Models (2 cm grid cell
size) processed for the plots revealed that after less than one month, the
surface of CT soil, rougher just after seedbed preparation, was smoother
than NT. Because of this smoothing, the CT soil presented less pro-
nounced surface concavities and convexities than the NT soil. As a
consequence, the authors found higher potential water depth in NT
(from 3.4 to 4.1 cm) than in CT soil (from 0.7 to 1.5 cm). That means
that, under the same wetness and rainfall conditions, more water can be
stored for longer in the surface concavities of a non-tilled soil, allowing
more time for infiltration and reducing surface runoff. The generation
of runoff is therefore strongly affected by the surface micro-topo-
graphical structures dictating how water exceeds the storage capacity of
soil surface depressions, therefore spilling out and moving through the
network of depressions (Antoine et al., 2009; Appels et al., 2011; Frei
and Fleckenstein, 2014).

Runoff coefficients in the CT plot increased markedly after the first
high-intensity rainfall (RE12), which may have initiated surface sealing
and crusting and promoted roughness loss. Runoff coefficients in the CT
plot then remained high until the last event, except for RE14 and RE16

Mean values ( *+ standard error) of saturated hydraulic conductivity (Ks), saturated soil water content (6s), and oven-dry soil bulk density (BD) measured in the NT

and CT plots.

Field Sample Ks (cm min~1) 65 (cm® cm ™) BD (g cm ™)

CT - 3.34102 ( + 5.52510%) a 0.483 ( %+ 0.0245) a 1.547 (£ 0.0477) a

NT track 9.2410* (£ 7.23110% a 0.419 ( = 0.0078) a 1.663 ( * 0.0389) ab
NT no-track 1.4610° ( = 7.49510% a 0.448 ( = 0.0096) a 1.737 ( £ 0.0397) b

Values in columns differ significantly when labelled with different letters (Tukey post hoc test with p < 0.05; n = 3).
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Table 2
Rainfall characteristics of the events generating runoff volumes.
Runoff Sampling date Rainfall Rainfall ~Maximum Maximum Maximum Maximum Mean Cumulative Cumulative Cumulative Cumulative
event amount  duration rainfall rainfall rainfall rainfall rainfall precipitation  precipitation  precipitation  precipitation
(mm) (hours) intensity in intensity in intensity in intensity in intensity  during the during the during the during the
5 min (mm 10 min 30 min 60 min (mm previous previous previous previous
hour ™) (mm (mm (mm hour™?) 7 days (mm) 15 days (mm) 30 days (mm) 45 days (mm)
hour™ 1) hour™ 1) hour™ 1)
RE1 16/5/2017 10.2 14.33 16.8 13.2 8.0 5.4 0.71 11.2 34.0 74.0 94.0
RE2 29/6/2017 25.6 7.08 33.6 26.4 21.2 11.6 3.61 44.2 44.2 45.0 47.2
RE3 26/7/2017 32.6 33.17 86.4 62.4 32.8 16.4 0.98 32.8 39.4 67.0 86.0
RE4 4/9/2017 42.6 47.25 112.8 100.8 43.2 21.6 0.90 42.6 42.8 50.2 87.2
RE5 11/9/2017 30.2 23.17 12.0 9.6 7.2 5.6 1.30 57.4 100.2 103.8 111.8
RE6 13/9/2017 28.6 19.58 52.8 50.4 33.6 20.6 1.46 64.4 107.0 110.8 114.6
RE7 18/9/2017 12.8 29.33 12.0 9.6 9.6 6.4 0.44 23.2 80.6 123.6 130.8
RES8 20/9/2017 17.0 28.08 7.2 6.0 5.6 5.0 0.61 30.2 94.6 137.4 143.2
RE9 25/9/2017 8.2 10.08 14.4 14.4 6.4 4.2 0.81 22.4 67.4 145.8 149.4
RE10 14/5/2018 10.8 29.08 28.8 22.8 8.0 4.4 0.37 11.4 52.4 52.4 90.8
RE11 23/5/2018 17.4 20.00 12.0 9.6 8.4 7.0 0.87 18.0 29.4 70.4 82.6
RE12 8/6/2018 29.6 15.92 62.4 61.2 42.4 23.4 1.86 38.6 38.6 68.0 109.0
RE13 14/6/2018 40.4 38.58 50.4 49.2 20.0 10.0 1.05 69.0 79.0 97.0 149.4
RE14 25/6/2018 9.8 77.67 12.0 8.4 4.0 2.6 0.13 9.8 50.2 88.8 117.6
RE15 6/7/2018 7.2 9.08 55.2 36.0 12.8 6.4 0.79 10.8 21.4 91.4 101.0
RE16 12/7/2018 9.0 36.67 33.6 19.2 6.8 3.4 0.25 12.6 23.6 52.6 113.0
RE17 16/7/2018 22.2 32.00 100.8 67.2 24.0 12.2 0.69 35.4 49.8 60.4 139.4
RE18 23/7/2018 50.8 58.75 52.8 48.0 43.6 25.8 0.86 50.8 86.2 104.6 151.6
RE19 2/8/2018 16.6 1.50 43.2 38.4 32.8 16.6 11.07 16.8 67.8 114.0 128.2
RE20 9/8/2018 40.4 1.58 84.0 78.0 74.0 40.4 25.52 43.0 60.0 142.6 161.4
RE21 15/8/2018 20.8 29.08 50.4 48.0 25.6 12.8 0.72 24.0 81.2 132.2 182.0
RE22 27/8/2018 12.6 25.50 16.8 15.6 10.4 5.6 0.49 17.4 38.2 98.6 172.6
RE23 3/9/2018 No data” 10.8 28.2 92.6 134.2
RE24 10/9/2018 13.4 10.92 12.0 12.0 8.4 6.0 1.23 13.8 24.6 62.8 123.2

2 On 3/9/2018, no precipitation data could be retrieved due to rain-gauge malfunctioning.

when rainfall intensity was very low. As highlighted by Myers and
Wagger (1996), surface sealing and crust formation appear to play an
important role in surface runoff.

Cumulated runoff was lower in the first than in the second sampling
period, for both the NT plot (5.6 and 20.1 in the first and second period,
respectively) and CT plot (18.8 mm and 42.1 in the first and second
period, respectively). However, the observed differences can partly be
explained by the higher total rainfall amount registered in the second
period, and by the occurrence of some brief and very intense rainfall
events during the summer. Considering the entire study period, the
cumulated runoff was higher in the CT than the NT plot (60.9 and
25.7 mm, respectively). Overall, NT practices yielded an average

T: tillage 23/11/2017

reduction of about 58% in runoff volumes compared with the tilled
plot. Similar results, showing a substantial reduction of runoff in con-
servation agriculture compared with conventional tillage schemes, have
been obtained in other geographical areas and different croplands, such
as wheat and teff in Ethiopia (Araya et al., 2011), wheat/lupine rotation
in Australia (Zhang et al., 2007), a 4-yr corn/wheat/meadow/meadow
rotation in Ohio, USA (Shipitalo and Edwards, 1998), and a corn
planting simulation in Kentucky, USA (Seta et al., 1993).

3.3. Sediment losses and concentrations

Larger sediment losses were generally measured in the CT than in

wheat| soybean

maize

wheat /

—_
(=}

maize

Runoff (mm)
N W R LN X O

Runoff Event (RE)

Fig. 4. Runoff volumes (expressed in mm) sampled from NT and CT plots at each runoff event. Vertical bars indicate standard error; the crops in CT and NT fields and
the date of the tillage operation performed on CT field are indicated at the top. The dotted columns represent the events in which runoff volumes exceeded the
capacity of the tanks for one or more CT sub-plots, so the runoff volume could not be precisely quantified. Asterisks indicate statistical significance levels: *** =

p < 0.00L;** =p < 0.01;* = p < 0.05.
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Fig. 5. Sediment loss from NT and CT plots at each runoff event. Vertical bars indicate standard error; the crops in CT and NT fields and the date of tillage operation
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Fig. 6. Sediment concentration from NT and CT plots at each runoff event. Vertical bars indicate standard error; the crops in CT and NT fields and the date of tillage
operation performed on CT field are indicated at the top. The dotted columns represent the events in which runoff volumes exceeded the capacity of the tanks for one

or more CT sub-plot, so the sediment concentration could not be precisely quantified. Asterisks indicate statistical significance levels:

p < 0.01;* =p < 0.05.

the NT plot, although the difference was statistically significant in only
10 of the 24 runoff events (RE1, RE4, RE6, RE7, RE10, RE13, RE15,
RE17, RE18, RE20, and RE23). Sediment losses measured in the NT and
CT plots at each runoff event are reported in Fig. 5. The sediment loss in
the CT plot ranged from 0.63 kg ha™! event ™! (RE14) to 884 kg ha !
event™ ! (RE18), whereas in the NT plot from 0.29 kg ha~?! event ™!
(RE14) to 86 kg ha' event™' (RE3). Measurement variability was
higher in the CT than in the NT plot. Sediment loss was higher in the NT
than in the CT plot only in RE10, but this was due to the higher runoff
volume measured in the NT plot during this event and not to the se-
diment concentration, which was lower in the NT than the CT plot
(sediment concentrations are reported in Fig. 6). The cumulative sedi-
ment loss was higher in CT (3368 kg ha~1) than in NT (406 kg ha™h).
Higher total sediment losses were measured in the second (2782 and
247 kg ha™! event ™! for CT and NT, respectively) compared with the
first (586 and 159 kg ha™' event™! for CT and NT, respectively)
sampling period. Overall, NT practices coincided with a 50% to 95%
reduction in sediment losses. In other geographical areas, TerAvest
et al. (2015), Araya et al. (2011), Tiessen et al. (2010), and Schuller
et al. (2007) (in Malawi, Ethiopia, Canada, and Chile, respectively)

=p < 0.001; ** =

reported similar values of sediment loss reduction under a conservation
tillage regime, despite the fact that the NT soil sampled in our study was
an immature conservation soil still within a transition period.
Sediment concentration also appears to have been affected by soil
management. The concentration in runoff was lower in the NT than CT
treatment for the majority of runoff events, although the difference was
only statistically significant for nine (RE12, RE13, RE15, RE17, RE18,
RE19, RE20, RE21, and RE23) (Fig. 6). The sediment concentration was
higher in NT than CT for only five events in the first sampling period
(RE1, RE3, RE7, RE8, and RE9), but none of these showed a statistically
significant difference. The average sediment concentration in NT was
only 47% of CT. Indeed, reductions in runoff rate and volume have been
shown to decrease the capacity of surface runoff to carry sediment
(Araya et al., 2011; Myers and Wagger, 1996; Tarolli et al., 2019; Vaezi
et al., 2017). What is also interesting is that the average sediment
concentration from NT in the second sampling period (1.05 g L) was
lower than that recorded in the first (3.51 g LY, whereas for CT there
were no differences between the two periods. These lower concentra-
tions may have resulted from the ongoing consolidation of the un-
disturbed soil surface during the period of our research, leading to a
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Fig. 7. Examples of rainfall events causing runoff with pluviometer data (5 min step). R(5 min)

lower sediment detachment during rainfall events.

Four cases of runoff deriving from rainfall events are shown in
Fig. 7, two in 2017 and two in 2018. Fig. 7a represents a late summer
rainfall on 13/9/2017 (rainfall, 28.6 mm; maximum 5-min intensity,
52.8 mm h™ 1), which caused considerable runoff volumes from both
the CT and NT plots. Measured runoff coefficients and sediment yields
were 12.3% and 52.9 kg ha™! event ™! in the CT plot and 3.3% and
9.0 kg ha™! event ! in the NT plot. Fig. 7b shows a rainfall event on
25/9/2017 for which light runoff was measured (rainfall, 8.2 mm;

rain intensity at 5 min step; P(cum) = cumulative rainfall.

maximum 5-min intensity, 14.4 mm h™1), which caused little soil
erosion. However, this event was preceded by several others in the
previous 30 days, giving a cumulative precipitation of 146 mm. These
previous events would have increased the soil water content, with the
final event then causing soil surface saturation and generating a light
saturation-excess runoff in both CT and NT. The runoff coefficients and
sediment yields were 3.5% and 3.5 kg ha~! event ! in the CT plot and
0.9% and 1.0 kg ha™ ! event ! in the NT plot. Fig. 7c shows a summer
rainfall event on 14/5/2018 (rainfall, 10.8 mm; maximum 5-min
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intensity, 28.8 mm h™ 1), three weeks after harrowing the CT field. Low
runoff was measured in both plots but, as mentioned in Section 3.2,
runoff was higher in NT than in CT. The runoff coefficients and sedi-
ment yields were 1.0% and 3.1 kg ha~! event™! in the CT plot and
3.1% and 6.3 kg ha™ ! event ! in the NT plot. The observed values were
attributed to the effect of tillage operations on CT soil morphology and
conductivity, which is assumed to increase after tillage (Biddoccu et al.,
2017, 2016). Erosion was detected in both plots, but in NT was twice
that in CT. Fig. 7d represents a summer storm on 9/8/2018, which
accounted for 40.4 mm of rainfall in a very short time (one hour), with
a maximum 5-min intensity of 84.0 mm h~'. This event occurred
15 weeks after tillage of the CT soil. It is likely that this short and in-
tense rainfall increased the soil water content very rapidly in both soils.
However, as the CT soil had a lower infiltration rate and surface storage
capacity, it may have reached soil saturation earlier than in NT. Thus, a
higher runoff caused by infiltration excess occurred in CT (8.67 mm)
than in NT (3.25 mm). Sediment yield was very high in the CT plot
(606.4 kg ha™! event™!) and low in NT (24.4 kg ha™! event™ ). As
mentioned by Pefia-Angulo et al. (2019), increased frequency of short
and intense rainfall event can have a significant impact on the hydro-
logical and erosion response and the export of sediment, and this im-
pact could be much higher under conventional than conservation
agriculture.

3.4. Evaluation of no-till practice on runoff and sediment loss reduction

The RRB and SRB values reported in Fig. 8 confirm a reduction in
runoff and sediment loss in the NT compared with the CT plot for most
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runoff events. As mentioned above, the different treatments (tillage and
no-till) produced a different surface morphology in the two soils. The
NT soil, having not been subjected to tillage for four years, was un-
affected by mechanical disturbance factors and its surface morphology
was consolidated over time, improving its surface concavities and water
storage capacity, and consequently its ability to attenuate both runoff
and soil erosion. As mentioned in the Section 3.2, Tarolli et al. (2019)
found that the potential water depth in NT was roughly three times that
in CT due to the more pronounced concavities and convexities on the
NT surface. These high storage capacity concavities retained rainfall
water and runoff flow, thus delaying runoff. Rainfall was therefore
more likely to infiltrate the soil and produce less runoff. Conversely, on
the CT soil, tillage initially induced a rougher surface after seedbed
preparation, but the surface became smoother over time and more
subject to crust formation. As the season advanced, the CT soil devel-
oped a reduced ability for infiltration and resistance to detachment,
resulting in the potential for greater yields of runoff and sediment. In
NT, micro-depressions can readily intercept and trap sediments, which
greatly affects the influence of sediment output; this highlights the
importance of a rougher surface. These observations are also supported
by Potter et al. (1995), Bewket and Sterk (2003), Barbosa et al. (2009),
and Wang et al. (2017).

The lack of soil disturbance is an essential factor that contributes to
reducing the runoff and soil erosion from a non-tilled field, but it is not
the only one. In the complex framework of conservation agriculture
practices, also the crop residues have to be considered. As pointed out
by Saco et al. (2020), surface runoff and vegetation cover are deeply
connected with topography, slopes, and flow paths, and they
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columns). The dotted columns represent the events in which runoff volumes exceeded the capacity of the tanks for one or more CT sub-plot.
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continuously change influencing each other. The role of crop residues
played as a protective cover in no-till systems has been widely re-
cognized in the literature (Blanco-Canqui and Lal, 2009; Cerda et al.,
2016; Kurothe et al., 2014; Leys et al., 2010; Lindstrom, 1986;
Mostaghimi et al., 1988). From a physical point of view, crop residues
preserve the soil from erosion by protecting the soil below the residues
from the direct raindrop impact, and increase soil roughness, delaying
runoff generation and reducing runoff velocity (Afyuni et al., 1997;
Jordan et al., 2010; Keesstra et al., 2019). From a chemical point of
view, an increase in infiltration and resistance to detachment can also
be given by the release of organic compounds during the decomposition
of crop residues, which can bind soil particles, improving aggregate
structural stability of the soil and preventing the collapse of macropores
(Blanco-Canqui, 2011; Mhazo et al., 2016; Rhoton et al., 2002). SRB
was greater than the RRB over the entire study period. This indicated
that the no-till regime showed a better control of sediment loss than it
did the runoff amount. Several studies have suggested that conservation
cropping systems appear to be more efficient in decreasing soil loss than
runoff at a plot scale (Armand et al., 2009; Leys et al., 2010; Maetens
et al., 2012; Montgomery, 2007; Wang et al., 2017). As mentioned
above, soon after seedbed preparation, a tilled soil is characterised by
micro-depressions or furrows that can store water and sediment during
a rainfall event. However, this artificially created surface morphology is
not as stable as it can be in non-tilled soil, and it is soon smoothed out
by the action of rainfall. During rainfall events, eroded sediment is
transported with runoff and it accumulates in surface depressions or
furrows. This results in the smoothing of the soil surface, as these
concavities are filled with sediment, and in less space at a later stage for
retention of sediment. This is not the case in NT soil, because surface
morphology and soil aggregates are assumed to be more stable and
consolidated over time when the soil is not tilled for several years (Paul
et al., 2013). Thus, for NT, the benefits for sediment reduction were
greater than those for runoff. During the first sampling period, RRB was
always greater than 50% whereas, during the second period, 4 out of 15
runoff events showed a negative value of RRB, and overall the RRB was
lower. This behaviour was not observed for SRB values, which were
similar in the first and second sampling period except for RE10, which
was an isolated case. The variability in runoff ratio and soil loss ratio
between different years was described by Maetens et al. (2012), who
explored the effectiveness of soil and water conservation techniques
(including no-till) on runoff and soil erosion in Europe and the Medi-
terranean, analysing 65 time-series of annual runoff and sediment loss.
The authors showed that the runoff ratio, calculated as the annual
runoff ratio between no-till and conventional tillage plots, tended to
increase over a six-year period following first application of the no-till
technique, suggesting that the effectiveness of no-till in reducing runoff
decreases over time. Since we studied the third and fourth years of no-
till in our research, it appears likely that a slight and gradual decrease
in runoff reduction effectiveness in NT is beginning, and further mon-
itoring could confirm this hypothesis. Similarly to what we observed,
Maetens et al. (2012) did not identify such a trend for sediment loss
ratio, attributing this to increased surface sealing when the soil is not
tilled for several years.

4. Conclusion

In this study, we investigated the effects of no-till on runoff and soil
erosion under natural rainfall conditions in field plots. Higher runoff
volumes and sediment losses were generally measured in the CT than in
NT plot. Only the runoff event occurred just after the CT soil harrowing
produced a significantly lower runoff and sediment loss in CT than in
NT field, evidencing the effect of soil tillage on rainfall infiltration and
sediment detachment. After four years of using NT practices, reductions
of over 50% in runoff volumes and 50% to 95% in sediment losses were
achieved. Although the studied field was still in the transition period,
NT was beneficial in reducing runoff and soil erosion, in turn promoting
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rainfall water and soil conservation. The RRB and SRB values confirm a
reduction in runoff and sediment loss in the NT compared with the CT
plot, but the no-till regime showed a better control of sediment loss
than it did the runoff amount as indicated by the SRB greater than the
RRB over the entire study period.

In a tilled field, surface morphology and soil hydrological properties
are subjected to considerable variations over time, due to tillage op-
erations and field management. For this reason, further and frequent
monitoring of hydrological properties and soil morphology, with the
use of remote sensing techniques and digital terrain analysis, are re-
quired to provide a more solid basis from which to draw conclusions.
This could provide useful information and shed some more light when
modelling water fluxes and identifying their hydrological connectivity
as well as characterising the pesticide transport in tilled and non-tilled
soils.
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