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ABSTRACT

Rill erosion is a significant problem worldwide as it determines relevant amounts of soil loss on hillslopes. Although, in the last
few years, many studies have focused on rill erosion and biochar as soil amendment, their influence on soil hydrological proper-
ties and relevance on soil conservation strategies is still uncertain. In this paper, the effects of rill formation and biochar addition
on the physical and hydraulic properties of a clay-loam soil were assessed by laboratory measurements (water retention, hydrau-
lic conductivity, minidisk infiltrometer data and 'H Nuclear Magnetic Resonance (NMR) relaxometry with the fast field cycling
(FFC) setup) and field tests (rill formation tests at the plot scale). The rilled and non-rilled soils did not show any difference in the
volume of pores with a diameter (d) > 300 um, but the former showed a smaller volume for the pores in the size range between 300
and 0.2um. As compared with an untreated rilled soil, the addition of 5% (w w~!) biochar in the soil in which the rill is incised
did not change the volume of pores with d>300um, while there were more pores of both 30<d <300pum and 0.2<d <30um.
Moreover, there were less pores with d <0.2um. Shaping the rill did not influence the hydraulic conductivity of the nearly sat-
urated soil (pressure head, h=—1cm), while it determined a significant decrease of the soil ability to transmit water in more
unsaturated conditions (h <—3cm). The addition of biochar to the soil improved, in general, the soil aptitude to transmit water,
regardless of the pore size. However, this improvement was statistically irrelevant in the case of a transport process governed by
larger pores. The hydrological measurements also demonstrated that the addition of a large amount of biochar (5%) impedes soil
characteristics alteration as the changes due to rilling are balanced by adding biochar in the soil. NMR was also used to measure
the structural and functional connectivity of the original soil, the biochar and a mixture with three biochar concentrations (i.e.,
BC=1%, 3% and 5% w w™!) traditionally applied in agronomical activity. These measurements revealed that the mixture of soil
and biochar was characterised by longitudinal relaxation time (T,) values, which are related to pore sizes, longer than those
measured for the soil. In addition, the soil empirical cumulative frequency distribution of T, was always skewed towards shorter
T, values, thereby suggesting that the macro-pore component (i.e., the largest T, values) was never dominant while biochar addi-
tion increased the size of mesopores and micropores. Biochar concentrations larger than 3% (w w!) did not produce appreciable
changes in the pore distribution inside the mixture. The biochar component improved the structural connectivity up to BC = 5%,
while decreased the functional connectivity up to BC=3%. A relationship between the water volume contained in soil pores
and the NMR data were established for the micropores (d <0.2 um). The biochar-amended soil was characterised by fewer small
pores, but these micropores were greater than those in non-treated soil.
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Summary

Effect of rilling and biochar on soil physical and hy-
draulic properties is measured.

Rilling does not influence the hydraulic conductivity
of the nearly saturated soil.

Rilling decreases the soil ability to transmit water in
more unsaturated conditions.

Biochar improves the soil aptitude to transmit water
regardless of the pore size.

1 | Introduction

Soil erosion is a relevant environmental problem whose effects
are often underestimated although its importance is highlighted
in many field investigations (Borrelli et al. 2017). The soil loss
rate in agricultural land is estimated as 10-40 times faster than
the rate of soil formation, while slope protection is often inade-
quate and strategies to mitigate or even prevent hydrogeological
risk are rare (Carollo et al. 2023).

The evaluation of the link between soil physical and hydraulic
properties and soil erosion process is a complex subject as soil
physical and hydraulic properties have to be determined for
parameterizing soil erosion prediction models (Risse, Nearing,
and Savabi 1994; Risse, Nearing, and Zhang 1995; Nearing
et al. 1996; Morgan and Duzant 2008). Moreover, generally,
these investigations are experimentally rather complex as inten-
sive soil physical and hydraulic characterisation, and the mon-
itoring of surface runoff and soil erosion processes have to be
performed at the same time. Perhaps, this is one of the reasons
why the direct measurements of the soil hydraulic properties in
relevant contexts from a soil erosion point of view are not widely
reported in the literature.

Rill erosion is caused by soil particle detachment and trans-
port by channelised flows which are characterised by high
flow shear stresses and velocities, which lead to an increased
sediment yield. Rills are small-eroded channels, which rapidly
change their own morphology, represent a relevant sediment
source producing most of the sediment transport on hillslopes
(Mutchler and Young 1975; Zhang et al. 2016), and can have a
very appreciable impact on the hydrological response of the field
in its entirety. Quite surprisingly, despite the hydrological rele-
vance of the small field portions interested by rills, studies about
the differences between the hydraulic properties of the rilled
and non-rilled soils are lacking.

In a context in which alternative soil conservation practices
aimed at the limitation of soil erodibility appear to be a valid
solution to mitigate erosion processes, organic amendments,
such as biochar (Mukherjee, Lal, and Zimmerman 2014) or
compost (Chia et al. 2020), can be considered as a valid and eco-
friendly solution for soil amendment.

Biochar is obtained from the pyrolysis (i.e., thermal deg-
radation) of biomasses in oxygen-starved conditions (Sohi
et al. 2010; Conte et al. 2021). It improves soil structure (size, ar-
rangement and aggregate stability) (Blanco-Canqui 2017; Conte

etal. 2021), increases its organic matter content, and determines
an increase in crop yield and quality (Wang and Wang 2019;
Conte et al. 2021). However, contrasting effects of biochar ad-
dition on runoff and soil loss have been reported since some
authors (Lee et al. 2018; Li et al. 2017, 2019; Zhang et al. 2019)
concluded that biochar addition can promote soil loss, while
other investigations (Abrol et al. 2016; Baiamonte et al. 2015;
Doan et al. 2015; Hseu et al. 2014; Jien and Wang 2013; Lee
et al. 2015; Sadeghi, Hazbavi, and Harchegani 2016; Smetanova
et al. 2013) supported the hypothesis that this addition reduces
soil susceptibility to erosion. Moreover, the existing literature
pointed out that the biochar effectiveness is influenced by
the added concentration. Some authors (Li et al. 2019, 2020)
suggested that low (from 1% to 3%) and high BC (higher than
5%) values generally inhibited and promoted soil loss, respec-
tively, while the results of the meta-analysis by Gholamahmadi
et al. (2023) indicated the limit of 2.5% w w~! by considering
that it seems that larger BC have no effect on the reduction of
soil loss.

These contrasting results can be justified by several effects: (i) dif-
ferences due to the biochar type and its particle size; (ii) changes
in physical and chemical properties of investigated soils; (iii) the
vegetation growth; and (iv) the method used for adding biochar
(spread over the soil surface, incorporated into the soil) (Wani
et al. 2021). In particular, when biochar was spread on the soil
surface (Sadeghi, Hazbavi, and Harchegani 2016; Smetanova
et al. 2013), a biochar surficial layer forms and inhibits seal for-
mation, favours infiltration processes, and reduces runoff and
soil loss. Moreover, spreading of biochar on soil surface pro-
duces a preferential transport of low-density biochar particles
(Sadeghi, Hazbavi, and Harchegani 2016) and a reduction of soil
loss. However, biochar is usually applied in the field inside the
arable soil horizon and thoroughly mixed to favour the effects
on soil properties.

At present, most of the literature studies deal with interrill
erosion processes due to simulated rainfalls, while few inves-
tigations on rill erosion are available (Li et al. 2021; Nicosia,
Pampalone, and Ferro 2021). Li et al. (2021) carried out some ex-
perimental runs on the susceptibility to rill formation, and they
observed a decrease in rilling in biochar-amended soil. Nicosia,
Pampalone, and Ferro (2021), using the data collected by Li
et al. (2021), demonstrated that the biochar addition led to an
increase in roughness, which determined the decrease in flow
velocity and the increase in water depth. Parhizkar et al. (2023)
studied the effect of rice husk-biochar on rill erosion by flume
experiments with both not amended soil and soil with a BC of
3% w w~l. The measurements revealed that biochar reduced
rill erodibility and critical shear stress for the investigated soil.
Furthermore, Parhizkar et al. (2023) found greater stability of
the aggregates and a lower bulk density of the treated soil as
compared to the non-amended one.

Biochar application influences soil porosity via direct pore con-
tribution from pores within the biochar, creation of packing or
accommodation pores between biochar and the surrounding soil
aggregates, improved persistence of soil pores due to increased
aggregate stability, increased bioturbation such as earthworm
activity (Hardie et al. 2014; Blanco-Canqui 2017). According
to Hardie et al. (2014), who worked on a sandy-loam soil, large
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macropores (>1200um) can be formed due to a greater earth-
worm burrowing in the biochar-amended soil. In clayey soils,
biochar may favour the formation of mesopores (Lu, Sun, and
Zong 2014). For loamy-sand soils, small particles of biochar
(<500um) can reduce the volume of small pores (diameter
<0.5um) and fissures (> 500 um) while can increase the volume
of pores in the range 0.5-500 um (Glab et al. 2016). With refer-
ence to coarse soils, biochar addition might convert large pores
into smaller pores (Petersen et al. 2016; Villagra-Mendoza and
Horn 2018).

Biochar addition can also be expected to variably influence soil
water transmission properties. For example, different biochar
treatments could not have any statistically significant effect
on saturated soil hydraulic conductivity, K, in clay (Castellini
et al. 2015) and loamy-sand soils (Glab et al. 2016). However,
the fill in of larger pores due to biochar addition in coarse-
textured soils can be expected to decrease K and increase the
unsaturated soil hydraulic conductivity (Villagra-Mendoza
and Horn 2018).

An increase in field studies on biochar, the need to focus less
on the effects and more on the mechanisms by which biochar
application alters soil physical properties, and more research on
biochar benefits in degraded or problematic soils are some of the
research needs on biochar application that were identified only
a few years ago (Blanco-Canqui 2017).

The word ‘connectivity’ states the way in which an envi-
ronmental system favours matter and energy movement
inside or among its elements (Pringle 2003; Bracken and
Croke 2007; Marchamalo, Hooke, and Sandercock 2016;
Keesstra et al. 2020). This concept highlights the attitude
of a vector, such as water, to transport materials at differ-
ent spatial and temporal scales (Bracken et al. 2013; Reaney,
Bracken, and Kirkby 2014; Lopez-Vicente, Nadal-Romero, and
Cammeraat 2017), considering the heterogeneity and complex-
ity of an environmental system.

Wainwright et al. (2011) proposed to characterise an environ-
mental system by structural (SC) and functional (FC) connectiv-
ity. The first one (SC) represents how the investigated process is
affected by the interactions among structural characteristics of
the environmental system (Belisle 2005; Turnbull, Wainwright,
and Brazier 2008; Baartman et al. 2013; Uezu, Metzger, and
Vielliard 2005). For example, this is the case when the focus is
to establish how the grain size distribution and arrangement of
soil particles affect water movement inside the soil. The second
one (FC) represents how a specific process (e.g., hydrological) is
affected by the interactions among the structural components of
the investigated system and the vector (e.g., water) (Wainwright
et al. 2011). According to these definitions, structural connec-
tivity provides a time-independent (stationary) response of the
examined system, while functional connectivity reflects a dy-
namic viewpoint.

Conte and Ferro (2018, 2020, 2022) proposed the concept of
hydrological connectivity inside the soil (HCS) to represent how
water movement inside the soil is affected by the interaction
of soil spatial patterns (i.e., SC) with chemical and physical
processes (i.e., FC). In this system, the structural connectivity

represents the spatial distribution of soil particles and consid-
ers the spatial arrangement of soil pores and micro-channels,
while the functional connectivity complies with the water
movement inside soil pores and is related to the physical-
chemical interactions of water with the pore edges (Conte
et al. 2017).

The scientific gaps to overcome concerns the definition of the
threshold value of biochar concentration useful for soil conser-
vation strategies and understanding the connectivity of biochar-
amended soils.

In this paper, experimental measurements performed on rills
of a clay-loam soil amended with different concentrations of
biochar are aimed to: (i) investigate how the soil hydrological
properties of the rilled soil with different biochar concentrations
(BC=0%, 3% and 5%) change in comparison with the original
soil; (ii) assess, by the nuclear magnetic resonance (NMR) relax-
ometry with the fast field cycling (FFC) layout, the structural
and functional connectivity of the original soil, the biochar and
mixtures with different biochar concentrations (BC=1%, 3%
and 5% w w1); (iii) test if the increase of BC produces appre-
ciable changes in the pore distribution inside the mixture; and
(iv) combine hydrological and NMR measurements to establish
arelation between the water volume contained in different-sized
soil pores, and their number and size.

2 | Materials and Methods
2.1 | Experimental Setup

The experimental measurements were performed on a plot,
which is a large box (Figure 1) 2m wide and 7m long, located
at the Department of Agricultural, Food, and Forest Sciences
(AFFS) of the University of Palermo (38° 06" 25” N, 13° 20’
59” E). The plot is manually filled with a clay-loam soil (32.7%
clay, 30.9% silt and 36.4% sand), which is the same already used
by Carollo et al. (2021), Di Stefano et al. (2022), and Nicosia
et al. (2022a, 2022b), compacted at the field bulk density and
with an average slope of 15%. The soil depth in the plot ranges
from 0.45m (upstream end) to 0.15m (downstream end). This
soil was taken in the area surrounding the Department, which is
characterised by a typical Mediterranean climate Csa, according
to the Koppen classification (Koppen 1918) and vegetation. The
soil was collected from different points within the area to con-
sider field variation. The abovementioned soil texture was de-
termined by the hydrometer method (Kroetsch and Wang 2008)
for fine size fractions and mechanical dry sieving for coarse
fractions, applied to five samples homogeneously distributed on
the plot surface. Other five soil samples were collected by steal
cylinders of known dimensions (5cm in height and 5cm in di-
ameter) to determine bulk density (1.23 gcm-3) (Hao et al. 2008),
by oven-drying at 105°C for 24 h. The organic matter content of
the soil, determined by oven-drying the samples in a muffle fur-
nace at 400°C (Skjemstad and Baldock 2008), is approximately
equal to 2%. Two trenches (Figure 1a), 5.7m long, 0.2m wide
and 0.1 m deep, were dug in the plot for a total removal of ap-
proximately 100kg of soil for each of them. The soil removed
from each trench was distributed on plastic sheets in piles and
left to air-dry for a week. At the end of the week, three samples
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sampling point

FIGURE1 | View of the experimental plot with the two empty (a) and filled trenches (b), the preferential paths (c) and scheme of the sampling

points (d).

were taken and weighted from each pile, and they were subse-
quently oven-dried at 105° for 24h to determine soil moisture,
which was found to be on average 12.5%+0.004%. The pre-
established BC of 3% (B, treatment) and 5% (B, treatment) was
reached by adding 300 and 500 g of biochar to 10kg of soil in dry
weight, corresponding to approximately 11.4kg in wet weight,
due to the measured soil moisture. The mixing phase between
soil and biochar was performed for 60s. Each biochar-soil mix-
ture corresponding to an investigated BC (3% and 5%) was used
to fill a trench (Figure 1b). The experimental runs were carried
out after an incubation period of 30days to allow biochar incor-
poration into the soil. Two preferential paths were established
on the surface of the two filled trenches (B, and B, treatment)

and modelled by a constant clear inflow discharge of 0.33Ls™!
(Figure 1c) applied for 12min to simulate rilling. A preferential
flow path, evolving in a rill during the run, was also established
in a zone of the plot in which the soil was not treated with bio-
char (B, treatment) (Figure 1b) as control. The same discharge
of 0.33Ls~! was applied for 12 min.

2.2 | Hydrological Measurements
After the rilling, the surface soil was sampled in four zones

of the plot (Figure 1d) using stainless steel cylinders (diame-
ter =0.05m, height=0.05m) to collect undisturbed soil cores. In
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particular, for each rill (B, B, and B, treatments), a total of nine
soil cores were collected along the rill in correspondence of the
sampling points shown in Figure 1d. The other nine soil cores
were randomly collected in the upper plot area (Figure 1d), in
a zone without rills and where biochar was not added (C treat-
ment). Therefore, a total of 36 undisturbed soil cores were
collected.

Water retention data were obtained for each undisturbed soil
core for pressure head, h, values of 0, —0.05, —0.075, —0.10,
-0.15,-0.20, —0.25, —0.30, —0.40, —0.50, —0.70 and —1.0 m by
a self-made hanging water column apparatus (Bagarello and
Tovino 2012; Bondi, Castellini, and Iovino 2022). The appa-
ratus consists of an array of 40 glass funnels, each equipped
with a sintered porous plate having an air entry value of
—2.0m that is connected to a graduated burette, which can
be moved in height to establish a given pressure head value
and allows measurement of the drained water from the core.
The cores were previously saturated on the porous plate by
wetting from below and then equilibrated at decreasing h val-
ues. The dry soil bulk density, o, and the volumetric water
content corresponding to the last equilibrium pressure head
value were determined by oven-drying the core. The volume
of water drained into the burette was recorded and used to
calculate the volumetric water content corresponding to the
equilibrium pressure heads.

The oven-dried soil cores were placed for several days in a large
container containing a few small plastic cups with water. For a
given (negative) h value, the hydraulic conductivity, K, of a soil
core was then determined by a simplified version of the Unit
Hydraulic Gradient (UHG) method (Klute and Dirksen 1986;
Bagarello, Castellini, and Iovino 2007). In particular, to estab-
lish a given h value at the base of the core, a plastic box of 38
(length) x 17 (width)x 13 (height) cm?® was filled with a bed of
sand up to a certain height, and several small holes were made
on the walls of the box at a downward distance h (L) from the
surface of the sand bend. A metal screen was glued to each hole
to prevent sand from escaping through the hole. Water was
added to the box so as to form a saturated zone below the holes
and an unsaturated zone above them. At hydrostatic equilib-
rium, the soil water pressure head at the surface of the sand bed
was assumed to be equal to h. Different boxes were prepared,
depending on the considered h value (h=-6, —3 and —1cm in
this investigation). The soil core, with an attached nylon guard
cloth at its base to prevent soil loss from the bottom, was placed
on the surface of the sand box and left to equilibrate for several
days. Small volumes of water were periodically added to the box
during this period to maintain the h value at the surface of the
sand bed constant. Then, a Mini-Disk Infiltrometer (MDI), set at
the same h value of the sand surface, was placed on the top of the
soil core, and a one-dimensional infiltration process was acti-
vated. When necessary, small amounts of loose soil were applied
to the soil surface of the core to improve the contact between
the device and the soil. The first established pressure head was
h=-6cm. At the end of the run, the soil core was subjected to
the subsequent step by imposing the higher h value of the se-
quence. Readings at the MDI reservoir were taken visually at
0.5-5min time intervals, depending on the imposed pressure
head and the stage of the run.

After drying, the soil was used to prepare packed soil samples
(diameter =0.05m, height=0.01m) at the same bulk density
of the soil core. In particular, a pestle was gently used to crush
the soil, which was then passed through a 2mm sieve. These
soil samples were used to determine the soil water content cor-
responding to h values of —10 and —150m by a pressure plate
apparatus (Dane and Hopmans 2002).

2.3 | Soil Water Retention and Hydraulic
Conductivity Data

Four points of the water retention curve were considered to
establish comparisons between the four treatments (C, B, B,,
B,), in accordance with Reynolds et al. (2009). These points
corresponded to pressure heads of 0, —0.1, —1 and —150m.
Consequently, the saturated soil volumetric water content, GS
(m3/m3), the ‘saturated’ volumetric water content of the soil
matrix, 6_ (m?3/m?3), the field capacity volumetric soil water
content, 6_, - (m*/m?), and the permanent wilting point vol-
umetric soil water content, 6 ., (m?/m?® were considered.
According to Hardie et al. (2014), the Young-Laplace equation
can be used to determine the size of the largest pores that are
full of water for a given absolute value of the soil water pres-
sure head, h (m):

30
4= @

where d (um) is the pore diameter. All pores are full of water for
©=0,. The d values are equal to 300, 30 and 0.2 um for h=-0.1,
—1 and -150m, respectively. Equivalent pore diameters
<300um (h<—0.1m) comprise the soil matrix domain, while
diameters >300um (h>—0.1m) form the macropore domain
(Topp et al. 1997; Jarvis et al. 2002; Reynolds et al. 2002).

Soil air and water storage capacities were expressed by dis-
tinguishing between pore sizes (Reynolds et al. 2002, 2009).
In particular, macroporosity, equal to (6,—6_,,.), gives the
total volume of large (macro) pores (i.e., >300um equiv-
alent pore diameter), which indicates, albeit indirectly,
the soil's ability to quickly drain excess water and facili-
tate root proliferation. According to Reynolds et al. (2009),
macroporosity is optimal if (6,—6_;,,)>0.07m3/m?3, in-
termediate if 0.04<(6,—6_,,,)<0.07m3*m? and limited
if (6,-6_,,,)<0.04m*m? The (6_,,,—6_,,) difference
(30<d<300um) is expressive of soil aeration in the soil
matrix domain (Reynolds et al. 2002). As suggested by
Reynolds et al. (2002), aeration of soil matrix is good if
(6_g1m—6_1,) 20.10-0.15m3/m? and is limited for smaller val-
ues. The (6_,,,,—06_,,) difference was denoted as drainable po-
rosity and corresponds to the —1.0 to —10kPa matric pressure
considered in other investigations specifically focused on bio-
char addition effects on soil water retention (Hardie et al. 2014).
The plant-available water capacity, equal to (0_;,,—6_,5,.)
(0.2<d<30pm), represents the plant available water capacity
(Reynolds et al. 2002). According to Reynolds et al. (2009), water
availability is ideal if (6_, , —6_,5,.,)>0.20m>3/m?, good if 0.15<
(61,0 —6_150m) <0.20m3/m?, limited if 0.10<(6_, , —6_,5,,,) <O.

15m*/m? and poor if (6_, , —6_,,,,) <0.10m?*/m?.
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The S index by Dexter (2004) was also calculated to evaluate the
soil physical quality (SPQ) of the sampled soil by considering the
soil water retention curve expressed in terms of gravimetric soil
water content 6, (g/g). In particular, the van Genuchten (1980)
model was adapted to the measured data:

0(1) = Oy, + (Bgo, — O )(1+[oth]") ™" 2)

in which Qgs (g/g) and Ggr (g/g) are respectively the saturated
and residual gravimetric water content, o (1/cm) is a scale pa-
rameter, and n and m (with m=1-1/n) are shape parameters.
Equation (2) was adapted to the data by optimising the parame-
ters Ggr, a and n. The calculation of S was performed according
to the following equation (Reynolds et al. 2009):

Ly ®

S= ' —n(9gs—9gr)[1+;

The S index represents the magnitude of the slope of the
soil water retention curve at the inflection point when the curve
is expressed as gravimetric water content versus natural log-
arithm of the pore water tension head. According to Dexter
and Czyz (2007), $>0.050 indicates ‘very good’ soil physical
or structural quality, 0.035<S5<0.050 is indicative of a ‘good’
physical quality, 0.020<S<0.035 suggests a ‘poor’ physical
quality and S<0.020 denotes a ‘very poor’ or ‘degraded’ phys-
ical quality. This evaluation criterion does not appear to have
universal validity since large S values can also be expected to
reflect the soil matrix characteristics rather than the soil struc-
tural characteristics (Reynolds et al. 2009). For this purpose,
Dexter et al. (2008) reported that large apparent values of S,
which are not reflected in other physical properties, can be ob-
tained in well-graded sands and sandstones that have a very
narrow distribution of pore sizes and can empty over a very
narrow range of suctions. Nevertheless, the S index is largely
used, probably because it allows for defining the SPQ on the
basis of a single value that is expressive of a robust experimen-
tal information, given that determining S requires adapting a
model to the experimentally determined water retention data.
In particular, this index was taken into consideration in sev-
eral investigations testing the impact on SPQ of various amend-
ments, including biochar (Reynolds et al. 2009; Glab et al. 2016;
Dokoohaki et al. 2017; Fouladidorhani et al. 2023).

For each soil core and each pressure head value, the cumula-
tive infiltration, I (mm), versus time, t (h), relationship obtained
with the MDI was linear or nearly linear from the early stage
of the run, suggesting a rapid stabilisation of the flow process.
Therefore, an estimate of K was obtained by considering the
complete infiltration run and determining by linear regression
the slope of the I versus t relationship forced to pass through
the origin of the axes. As an example, Figure 2 shows, for the
run no. 7 of the B, treatment, the I (¢) data points for the three
established pressure heads (-6, —3 and —1cm) and the corre-
sponding estimates of K coinciding with the slopes of the fitted
linear regression lines. The coefficient of determination, R?, of
these relationships was >0.99. The symbols K_. ., K , = and
K_, ., were used to denote the K values corresponding to h =6,
—3 and —1cm, respectively.

50

. f ﬁfwf

30 g D@wsz

20
®h0=-6cm
Oh0O=-3cm

10 | hy=-6cm |
*ho=-1cm 1=20.571t

R?=0.9992

e

hy=-1cm T
1=100.2t
R?=0.999 |

1 (mm)

hy=-3cm
1 =55.968t |
R?=0.997

0 0.5 1 15 2 25
t(h)

FIGURE 2 | Example of the applied procedure to determine the soil
hydraulic conductivity at a given pressure head, h,,, from the MDI runs
(I=cumulative infiltration; t = time).

2.4 | Hydrological Data Analysis

Initially, rilling effects on soil physical and hydraulic properties
were tested by comparing the C and B, treatments. Then, bio-
char addition effects on the soil of a rill were tested by compar-
ing the B, B, and B, treatments.

For each tested effect, comparisons were performed by con-
sidering the following variables: p,, 6, 0_;, . 0 ., 0_ .
(es - e—o.lm)’ (9—0.1m - 9—1m)’ (9—1m - 9—150m)’ S, K—ﬁcm’ K—3cm
and K_, . An F test and a two-tailed ¢ test at p=0.05 were
applied to establish the statistical significance of the differ-
ences. At this aim, the statistical functions for data analysis of
the Excel spreadsheet (Microsoft Corporation, Redmond, WA)
were used.

Finally, an attempt to describe the combined rilling and bio-
char addition effects was made by considering four measured
points of the water retention curve (0, 0_; .15 ©_11m ©_150m)>
the S index obtained from the complete water retention data-
set for a core, and also K for the three pressure heads (K

—6cm’
K K

—3cm? —lcm)'

2.5 | Sample Preparation for FFC NMR
Relaxometry Analyses

All the soil samples were weighed (%2 g) in a 10mm NMR glass-
tube. Then, MilliQ grade water (18.2MQcm at 25°C) was grad-
ually added till saturation occurred. The samples were kept
overnight and, finally, analysed with the NMR machine de-
scribed below.

2.6 | FFC NMR Relaxometry Experiments

A Stelar SmarTracer Fast-Field-Cycling NMR Relaxometer
(Stelar s.r.l., Mede, PV-Italy) at a constant temperature of 25°C
was used to carry out the relaxometry experiments. The basics
of the FFC NMR relaxometry are reported elsewhere (Conte
and Lo Meo 2020). Briefly, the technique is based on the rap-
idly switching among three different magnetic fields, that are
referred to as polarisation (B, ), relaxation (By, ) and acqui-
sition (B, field. In the non-polarised (NP) configuration,

B,y intensity is kept null. Therefore, only B and B

ACQ rLX 4T€
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used. The former is applied to generate the magnetization
whose intensity depends on that of B, which is changed in
the proton Larmor frequency (v,) interval 0.01-10MHz. The
intensity of the latter (i.e., B,.,) was set at the constant v,
value of 7.2MHz. This was needed to keep the magnetization
aligned along the +y-axis after the application of a 'H 90°
pulse of 6.6 us necessary to generate the observable and, hence,
to allow signal acquisition. B, duration (usually indicated
with the Greek letter 7) was logarithmically changed at least 32
times between a minimum given by 0.01+T * and a maximum
given by 4T *. Here, T * represents the supposed longitudinal
relaxation time of the system under study (Conte 2021). The
aforementioned 32 7 values were automatically calculated
by the software (AcqNMR95, V. 2.20, 2007) provided with
the NMR machine. When B, , Larmor frequency became
<3MHz, the pre-polarised (PP) configuration was used. In
other words, B, intensity was set to be non-null. The B,
intensity (expressed as proton Larmor frequency) used in the
present study was 10 MHz. It was applied for a period of time
(also referred to as T, ) given by 4T * having T * the same
meaning reported above. The necessity of the PP configuration
lies in the fact that when By, v; <3MHz, a lack of NMR sen-
sitivity is achieved. Therefore, the application of a polarisation
field prior of By,  allows sensitivity enhancement and amelio-
ration of FFC NMR data quality (Conte 2021). A recycle delay
(RD) of 4s was applied when either NP or PP configurations
have been used. This RD value was long enough to prevent
any problem due to signal saturation. Finally, a switching time
of 3ms, an acquisition delay of 8 us, a receiver inhibit of 15us,
and a block size of 512 points were used.

2.7 | FFC NMR Relaxometry Data Analyses

Once the FFC NMR relaxometry data have been acquired, the
Uniform PENalty regularisation (UPEN) algorithm (Borgia,
Brown, and Fantazzini 1998; Conte 2019) was used to achieve
the distribution of the longitudinal relaxation times to assess the
hydrological connectivity inside a soil (HCS).

For each soil, following the result by Conte and Ferro (2020), the
distribution of T, was obtained using a sample-to-water ratio of
1:0.25 (w/w), corresponding to the water holding capacity WHC,
at a proton Larmor frequency v; varying from 0.01 to 10 MHz.
In other words, the experimental runs were carried out with a
single value of WHC and different values of v, . Each sample was
prepared in a beaker, and then the wet sample was manually
transferred in the NMR tubes to obtain a homogeneous packing.
The FFC NMR measurements were carried out for the original
soil (C treatment), the biochar, and the mixtures with different
biochar concentrations (1%, 3% and 5%, that is, B;, B, and B,
treatments). Three replicates of NMR measurement were car-
ried out for each investigated sample.

2.8 | Assessing Hydrological Connectivity Inside a
Soil (HCS)

NMR relaxometry measures how quickly the z-component of the
nuclear magnetic moment (i.e., the bulk nuclear spin magnetiza-
tion) changes from a non-equilibrium state to the equilibrium

distribution. Fluctuations of local magnetic or electrical fields
generate a phenomenon, named relaxation, which is mainly af-
fected by molecular motions. Therefore, measurements of the
longitudinal relaxation time, T,, express the molecular dynam-
ics. The T, values provide information about motion frequencies
in the range (10°-10% Hz) characteristic of water molecules mov-
ing in porous media (Conte 2021). If the porous medium is the
soil, the shortest T', values are associated with small-sized pores
(i.e., pores bounded by clay primary particles and small aggre-
gates), while the longest T, values correspond to pores bounded
by sand particles, silt and large aggregates (Pohlmeier, Haber-
Pohlmeier, and Stapf 2009; Conte et al. 2017).

Water molecules moving within the micro-pores have a range of
T, values (T, in Figure 3b) near the lower T, limit, while mole-
cules moving within the macro-pores are characterised by T, val-
ues near the upper T limit (range named T}, in Figure 3b) of the
measured relaxation time distribution. Water molecules moving
within meso-pores are identified by all T, values included be-
tween the upper T, limit of the micro-pores (point A in Figure 3b)
and the lower T, limit of macro-pores (point B in Figure 3b).
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FIGURE 3 | Relaxogram (a) and example of the integral curve of the
relaxogram that associates the ratio A, /A with each T, value (b).
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Conte and Ferro (2018, 2020, 2022) presented a method for de-
fining the SC and FC of a given soil by introducing a new math-
ematical use of the relaxograms obtained by NMR relaxometry.
The quantification of structural connectivity and functional
connectivity was made by two indexes, SCI and FCI, calculated
by taking into account the NMR relaxogram shapes. In detail,
for a given proton Larmor frequency, the distribution of the lon-
gitudinal relaxation time T, (i.e., the relaxogram in Figure 3a) is
integrated, and the area, A, bounded by the relaxogram curve,
the T, axis, and the ordinate value corresponding to T, value, is
related to each T value. Figure 3b plots an example of the inte-
gral curve of the relaxogram, associating the ratio A,,/A with
each T, value. This ratio, ranging from 0 to 1, is equal to the
non-exceeding empirical cumulative frequency, F(T),), of each
T, value. Conte and Ferro (2018, 2020, 2022) demonstrated that
F(T,) is S-shaped and found two points (A and B in Figure 3b)
characterised by a sudden change in the curve slope. The A
point bounds a part of the curve corresponding to the shortest
T, values and the time range T, (Figure 3b), while the B one
limits the part characterised by the longest T, values obtained
in the T, time range. Conte and Ferro (2018, 2020, 2022) set the
A and B points to identify the two extreme components of the
S-shaped F(T)) distribution: point A, with ordinate F(T)=0.01,
and point B, with ordinate F(T,)=0.99. The ordinate of point A
distinguishes the low component (only 1% of the measured T
values are less than the abscissa characterising the A point),
whereas the ordinate of the B point distinguishes the high com-
ponent (only 1% of the measured relaxation times values are
higher than the abscissa characterising this point).

The water movement in macropores, mesopores, and micropores
is considered by the HCS. Adapting the classification by Reynolds
et al. (2009) to this investigation, macropores have a diameter
d>300um, mesopores vary in size between 300 and 0.2um, and
micropores have d <0.2pum. Note that this classification is similar
to some extent to the one by Russell (1973), distinguishing between
coarse (>200um), medium (200-20 um), fine (20-2um) and very
fine (< 2pm) pore width classes. Associating the relaxation times
with pore sizes, the low component of the F(T)) distribution, cor-
responding to T, values lower than the abscissa of the A point
(Figure 3b), identifies micro-pores, where limited space causes a
reduction of molecular movement. The high component, corre-
sponding to T, values higher than the B point abscissa (Figure 3b),
is related to macro-pores characterised by wide mobility.

For the NMR analysis, the pore-size ranges suggested by Pagliai
and Vignozzi (2002) were applied. In particular, micropores
have a diameter less than 50 um, mesopores range from 0.5 to
50 um, and macropores have d > 50 um. Therefore, according to
Conte and Ferro (2018), in Figure 3b, the abscissa of the point A
(T, ,) corresponds to the micropore limit (d <0.5um), while T, ,
represents the lower limit of the macropore range (d>50um).
The range between T, , and T , represents the mesopore size in-
terval. The limit of this approach is the unavailability of a direct
relationship between the measured T, values (relaxogram) and
pore diameter sizes. In other words, a calibration of the relaxo-
gram, where the T, scale corresponds to the pore diameter size
scale has not been attempted yet.

Bulk water movement, characterised by a high sensitivity by the
NMR technique (Conte 2019), is related to the limb of the F(T)

curve (bounded by the A and B points of Figure 3b), whereas the
high and low F(T,) components refer to water interacting with
the soil pore edges.

Conte and Ferro (2018, 2020, 2022) proposed the ratio T,/T , as
FCI. This definition of functional connectivity allows for taking
into account that the T, values in the range T, identify water
trapped in small pores, whereas those in the range T, corre-
spond to water contained in large pores. Conte and Ferro (2018,
2020, 2022) proposed to use the AB limb zone of the F(T) curve
(Figure 3b), falling in the central range of T values, to calculate
the SCI. In other words, the spatial pattern inside the soil can be
represented by the central range of T, values, identifying water
moving in meso-pores. Considering the relationship between T,
values and pore size, the SCI is the coefficient of variation of T,
values characterised by 0.01 < F(T') <0.99.

3 | Results and Discussion
3.1 | Rilling

The p, values did not differ between the C and B, treatments
(Table 1). The non-rilled soil had significantly higher 6  and
0_y1m-€qual®_; andsmaller®_,., valuesascompared with the
rilled soil. There was not any statistically significant difference
between the C and B, treatments with reference to (6,—6
but the former treatment yielded higher (0_,,,—6_,,) and
(0_11n —©_150m) values than the latter one. Regardless of the treat-
ment, data variability was low for p,, 0, 6_; 1,5 615 0_; 50 and
(0_11n—0_150m) @and medium for (6_,, —6_, ) (Warrick 1998).
The variability of (6,—6 ) was high for the C treatment and
medium for the B  one.

—O.Im)

—0.1m

According to the S calculations, the soil had a very good phys-
ical or structural quality (Dexter and Czyz 2007), regardless of
whether sampling was performed in the control area or in the
rill. However, the S index differed significantly between the C
and B, treatments since the former treatment yielded a signifi-
cantly larger S value than the latter one. The relative variability
of S varied only minimally with the treatment, and it was me-
dium in both cases.

Therefore, rilling did not influence dry soil bulk density. However,
as compared with the control, the soil of the rill had a smaller water
content at saturation and at —0.1m, a similar water content at —1 m
and a larger water content at —150m. Consequently, (6,—6_,,,)
did not vary significantly between the two treatments since both
6,and 0_,  decreased from the C to the B, treatment. A decrease
of (6_y1n—6_1,) occurred in the rilled soil because 0_,  de-
creased while 0_; did not vary. The decrease of (0_;,,—0_;,,.)
from the C to the B, treatment was due to the circumstance that
the soil of the rill had a higher 6_,., = value than the control. As
compared with the non-rilled soil, rilling implied that the volume
of pores with d>300um did not change. There were fewer pores
of both 30<d<300pum and 0.2<d<30um and more pores with
d<0.2pum. According to the S calculations, rilling determined a
decrease in the SPQ that, however, remained very good.

The ratio between 6, and the soil porosity, obtained from p, and
assuming a soil particle density of 2.65gcm™3, was equal to 1.04
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TABLE 1 | Summary statistics of the p,, 0, 6_ 1,50 1.5 0 15015 6500 11m5 €0 1m0 —1m> ©—1m 0 _150m @Nd S values obtained in the non-rilled upper
area of the plot (control, C) and in the rills treated with biochar at a rate of 0% (B,), 3% (B,) and 5% (B;) (sample size, N=8 for the C treatment and

N=09 for the B, B, and B, treatments; d =pore diameter).

Parameter Statistic C B0 B3 B5
py, (g/cm?) Min 1.134 1.127 0.920 0.989
Max 1.298 1.295 1.214 1.186

Mean 1.235a  1.207aA 1.087 B 1.088 B

CV (%) 4.3 4.7 9.3 6.9
6, (m*/m?) Min 0.482 0.429 0.452 0.489
Max 0.660 0.528 0.597 0.633

Mean 0.557a  0.484bA 0.503 A 0.561 B

CV (%) 12.8 7.0 10.4 8.8
6 41y, (M3/m?) Min 0.412 0.341 0.347 0.393
d<300pm Max 0.536 0.448 0.475 0.470
Mean  0463a 0.396bA  0412A  0.449B
CV (%) 8.8 8.4 9.6 5.5
6, (m¥/m?3) Min 0.229 0.233 0.218 0.241
d<30um Max 0.260 0.269 0.272 0.305
Mean  0.248a 0.249aA  0248A  0.274B
CV (%) 4.6 5.7 7.1 7.4
6 .o, (m3/m3) Min 0.098 0.109 0.098 0.090
d<0.2pm Max 0.109 0.126 0.122 0.114
Mean 0.103 a 0.117b A 0.112 A 0.102 B
CV (%) 3.4 5.0 7.4 7.7
6,-6_,,,, (m¥/m?) Min 0.052 0.062 0.047 0.054
d> 300 pm; macroporosity Max 0.184 0.115 0.141 0.184

Mean 0.094a 0.088aA 0.091 A 0.112 A

CV (%) 53.2 21.5 31.0 39.3
6 _o1m— 6y, (m*/m?) Min 0.183 0.108 0.129 0.152
P o L . . . .
30< d._ 300 um; soil aeration in the soil matrix domain or drainable Max 0.281 0.189 0.203 0.188
porosity
Mean 0.215a 0.147bA  0.164AB 0.175B
CV (%) 16.1 17.1 14.2 6.5
6 =6 50m (M*/m?) Min 0.131 0.120 0.120 0.151
< . . .
0.2<d <30 pum; plant available water capacity Max 0.155 0.144 0.150 0.191

Mean 0.144a 0.132bA 0.136 A 0.172 B

CV (%) 5.9 6.8 7.9 8.5
S Min 0.067 0.045 0.066 0.069
Max 0.103 0.074 0.084 0.094

Mean 0.083a 0.058bA  0.074B  0.079B
CV (%) 16.1 16.8 9.3 10.3

Note: A comparison was established between the C and B treatments using an F test and a two-tailed ¢ test at p=0.05. For a given parameter, means followed by the
same lower case letter are not significantly different. Means followed by a different lower case letter are significantly different. A pairwise comparison was established
between the B, B3 and B5 treatments using an F test and a two-tailed ¢ test at p=0.05. For a given parameter, means followed by the same upper case letter are not
significantly different. Means followed by a different upper case letter are significantly different.
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for the C treatment and 0.89 for the B, one. Despite the numer-
ical uncertainty linked to a ratio > 1, likely attributable to the
approximations of the experiment, the sign was that soil satu-
ration was more complete in the former soil than the latter one.
Therefore, shaping the rill and allowing water to move in this
incision did not induce soil compaction in the zone surround-
ing the channel, probably because the rill was formed by gently
excavating and removing soil. However, the repeated passage of
water promoted some soil alteration with different mechanisms,
such as slaking at the beginning of the experiment or weakening
of the bonds between soil particles due to wetting or mechanical
solicitations (e.g., Le Bissonnais 1996). A part of the smallest and
most mobile particles penetrated the soil. These particles did not
modify the largest pores since they were too small as compared
with these pores. However, they partially occluded pores of in-
termediate sizes and induced the formation of very small pores.

1000

100

K (mm/h)

10

-h (cm)

FIGURE4 | Hydraulic conductivity, K, versus pressure head, h, rela-
tionships determined in the non-rilled plot area (C) and the non-treated
rill (B).

According to the guidelines by Reynolds et al. (2002, 2009),
macroporosity and soil aeration in the soil matrix domain were
good, but the plant-available water capacity was limited regard-
less of the treatment. Therefore, the formation of the rill and the
establishment of a flow through the incision did not have appre-
ciable effects on the soil's ability to quickly drain excess water
and facilitate root proliferation. However, the soil became less
aerated in the soil matrix domain and also less able to retain
available water for crop growth.

An overlap of the hydraulic conductivity curves obtained with the
Cand B treatments was noticed close to saturation (Figure 4). For
smaller (more negative) pressure heads, the curves obtained in the
C area tended to stay above those obtained in the B rill, particu-
larly with reference to the intermediate pressure head established
experimentally (#=-3cm). The means of K, did not differ
significantly between the two treatments (160-173mm/h) while
the K, and K_,  values obtained in the By, rill were smaller
by 1.9 and 1.7 times, respectively, than those obtained in the C
zone (Table 2). Regardless of h, the relative variability of the data
were more appreciable in the rill than in the non-rilled area. In
particular, the coefficients of variation, CV, of K denoted consis-
tently a medium variation in the C area, but they signalled a high
variation for two of the three established pressure heads in the B
rill (Warrick 1998). In summary, shaping the rill and flow estab-
lishment in this rill (i) did not influence hydraulic conductivity of
the nearly saturated soil (h=—1cm), (ii) determined a significant
decrease of the soil ability to transmit water in more unsaturated
conditions (h <—3cm) and (iii) enhanced spatial variability of K re-
gardless of the considered pressure head.

Soil erosion can be expected to induce changes in the hy-
draulic properties of the exposed soil surface (Li et al. 2021).

TABLE 2 | Summary statistics of the soil hydraulic conductivity, K (mm/h), values for different pressure heads, h,, established in the non-rilled

s oo

upper area of the plot (control, C) and in the rills treated with biochar at a rate of 0% (B,), 3% (B,) and 5% (B,) (sample size, N=8 for the B, treatment

and N=09 for the C, B, and B, treatments).

h, (cm) Statistic C B, B, B,
-6 Min 16.2 6.6 8.6 16.2
d<0.5mm Max 40.0 30.6 39.3 29.5
Mean 27.5a 16.0b A 20.9 AB 240B
CV (%) 28.6 55.1 46.7 20.1
-3 Min 69.1 23.2 17.6 46.5
d<lmm Max 102.6 627 99.7 97.8
Mean 80.6 2 419b A 62.3B 71.3 B
CV (%) 13.5 32.3 37.4 27.2
-1 Min 106.5 85.0 119.5 129.6
d<3mm Max 234.1 309.1 306.3 560.0
Mean 159.9 a 17312 A 2143 A 2777 A
CV (%) 27.2 511 29.7 50.0

Note: A comparison was established between the C and BO treatments using an F test and a two-tailed ¢ test at p=0.05. For a given pressure head, means followed

by the same lower-case letter are not significantly different. Means followed by a different lower-case letter are significantly different. A pairwise comparison was
established between the B0, B3 and B5 treatments using an F test and a two-tailed ¢ test at p=0.05. For a given pressure head, means followed by the same upper-case
letter are not significantly different. Means followed by a different upper-case letter are significantly different.
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FIGURE 5 | Volumetric soil water content, 6, and soil hydraulic conductivity, K, against the absolute value of the soil water pressure head, h, for

the control (C) and the rilled (B,) soil.

This investigation supported this expectation and also demon-
strated that, with reference to the near-saturated soil hydrau-
lic conductivity (close to zero h values), soil erosion effects can
change with the considered pressure head. The smaller the im-
posed pressure head at the soil surface, the smaller the active
soil pores in the soil water transport process. Likely, shaping
the rill induced some smearing and compaction of the exposed
soil surface, and hence a general decrease of K, but soil parti-
cle detachment induced by rill flow determined a reactivation
of the largest pores. Another, not necessarily alternative, inter-
pretation could be that some of the transported sediments were
trapped at the bottom of the rill as a consequence, for example,
of surface soil roughness. According to this investigation, these
trapped sediments were particularly effective in occluding the
smaller exposed pores.

Figure 5 establishes a comparison between the water retention
and the hydraulic conductivity relationships obtained under the
Cand B, treatments in the nearly common pressure head range.
The figure is repeated twice since the individual data were sum-
marised by both the mean and the median, and reporting all
curves on a single plot was found to make some confusion. At
least with reference to the medians, there was consistency be-
tween the water retention and hydraulic conductivity curves,
given that, notoriously, K decreases for smaller 6 values. In par-
ticular, for high (little negative) pressure heads, rilling induced a
decrease in the soil's ability to retain water, and therefore the soil
became less conductive. A consistency between water retention
and hydraulic conductivity curves was also perceived consider-
ing the means, even if, in this case, the results were a little less
clear (h=-1cm: C soil was wetter than the B, soil but had sim-
ilar K values).

3.2 | Biochar Addition

Numerically, p, and 6_,., decreased monotonically or almost
monotonically in the passage from the B, to B, treatment. Instead,
es’ 6—0.1m’ 6—1m’ (es - 6—0.1m)’ (6—0.1m - 9—1m) and (6—1m - 6—150m) in-
creased more or less monotonically between the two extreme treat-
ments (Table 1). Regardless of the treatment, data variability was
low for py, 0, 0_ 1115 0_11ms €_150m and (6_;,, —6_;5,,,) and medium
for (6,—6_,,,,)- The variability of the (6_,, ,—6_,,) values was
medium for the BO treatment and low for the B, and B, treatments.

The p, values for the B, and B, treatments were statistically similar
and smaller than those obtained with the B treatment. The means
of 6,0 01, and 6_, ., did not differ between the B, and B,
treatments. The B, treatment yielded higher 6, 6_,  and 6_,
values and smaller 0_,, values than the other two treatments.
Macroporosity (6,—6_ ;) did not change significantly with the
treatment. Soil aeration in the soil matrix domain (©_,,,—6_,,)
varied according to the B;=B,> B sequence. The plant available
water capacity (0_;,, —6_;,,) did not differ between the B and B,
treatments, but it was higher with the B, treatment.

The SPQ was very good (S>0.05) regardless of the treatment.
However, the B, and B, treatments yielded statistically similar
S values and both these values were significantly higher than
that obtained for the B, treatment. Adding biochar reduced the
variability of S since it was medium for the B, treatment and low
for both the B, and B, treatments.

The ratio between 6_ and the soil porosity was not calculated in
this case since the assumption that soil particle density was equal
to 2.65gcm™ could not be made due to the presence of biochar.
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Therefore, a small amount of biochar (B, treatment) was enough
to induce a significant decrease in p, that did not decrease fur-
ther with more biochar (B, treatment). Except for 6_,., , the
same small amount of biochar tended to generally give larger
6 values and 6 differences, but not enough to make differences
with the untreated soil statistically significant. Instead, these dif-
ferences became significant with more biochar. With reference
t0 6_; 50> €ven a small amount of biochar yielded a little smaller
value as compared with the non-treated soil, but a large amount
of biochar was necessary to make the differences significant.

In summary, as compared with the non-treated soil, a small ad-
dition of biochar (3%) did not significantly affect 6,0 .0 ;.
and 6_,.,... When more biochar (5%) was used, the first three
parameters significantly increased, while the fourth parameter

1000
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£
> BO —_
10 +—
B3
B5
1 1
1 2 3 4 5 6

-h (cm)

FIGURE 6 | Hydraulic conductivity, K, versus pressure head, A, rela-
tionships determined in the non-treated rill (B ) and in the treated rills
with biochar at a rate of 3% (B,) and 5% (B,).
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significantly decreased. Consequently, (6,—6_,,,) did not
change significantly between the B, and B, treatments since
both 6, and 6_ . increased. An increase of (0_,,,,—6_,,) oc-
curred because 6_, increased more (by 0.053m*m™) than
6_,, (by 0.025m3*m™). Finally, (6_, -6 ) increased be-
cause 6_,  increased and 6_,.  decreased. As compared with
the non-treated soil, adding 5% of biochar implied that the vol-
ume of pores with d>300um did not change. There were more
pores of both 30<d<300um and of 0.2<d<30um and less
pores with d<0.2um. According to guidelines by Reynolds
et al. (2002, 2009), macroporosity and soil aeration in the soil
matrix domain were good regardless of the treatment. Instead,
the plant-available water capacity was limited for the B, and B,
treatments and good for the B, treatment.

According to the S calculations, even a relatively small addition
of biochar (B, treatment) was enough to significantly improve
the SPQ. With more biochar (B, treatment), the differences be-
tween the treated and non-treated soils became larger. However,
the two treatments with biochar did not differ significantly,
suggesting that using 5% of biochar instead of 3% had a limited
effect on S. Adding biochar made S calculations less variable,
suggesting a homogenising effect of the treatment, even for a rel-
atively small percentage of biochar.

A partial overlap of the hydraulic conductivity curves obtained
with the B, B, and B treatments was noticed close to satura-
tion (Figure 6). For more negative pressure heads, the curves
obtained in the B, and B, rills appeared to overlap with each
other and overall stay above those obtained in the B rill. For
all established pressure heads, K increased monotonically with
the applied amount of biochar. In particular, K for the B, rill
was 1.5-1.7 times greater than K for the B rill, depending on h.

0.7
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05 B ==
= g TTme u
£
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FIGURE 7 | Volumetric soil water content, 6 and soil hydraulic conductivity, K, against the absolute value of the soil water pressure head, h, for
the rilled soil with different concentrations of biochar (0%: B; 3%: B; 5%: B;).
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The means of K_,  did not differ significantly among the three
treatments (173-278 mmh~'; Table 2). Those of K_,__ varied be-

tween 42 and 71 mm/h according to the B,=B, > B, sequence.

Finally, the means of K . varied between 16 and 24mmh™"
according to the B,=B, > B sequence. Relative variability of K
decreased monotonically from the B to the B, rill with reference
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FIGURES8 | Means of saturated soil volumetric water content, 0, volumetric soil water content at a pressure head of —~0.1m (6_,,,.), ~1m (0_, ),
—-150m (0_,5,,,)> S-index and soil hydraulic conductivity at a pressure head value of —6cm (K_¢_ ), —3cm (K_, ) and—1cm (K_, ) for four soil

treatments (C: control; B: rilled soil; B: Rilled soil with 3% of biochar; B: Rilled soil with 5% of biochar). Error bars represent + one standard devi-
ation. Histograms denoted by the same lower (comparison between the C and B0 treatments) or upper (comparison between the B, B, and B, treat-
ments) case letters indicate that means did not differ significantly at p=0.05. Histograms denoted by different lower- or upper-case letters indicate
that means differed significantly.
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to K_..., but a similar trend was not detected for the other two
pressure heads since the B, rill yielded the highest CV with ref-

erence to K_, and the lowest CVofK_| .

Therefore, regardless of h, using 3% or 5% of biochar did not
induce statistically significant differences between the corre-
sponding K values. For the highest pressure head (h=-1cm),
adding biochar did not significantly modify the soil hydraulic
conductivity. For the intermediate pressure head (h=-3cm),
even a limited concentration of biochar (3%) determined a sig-
nificant increase in K. For the most negative pressure head
(h=-6cm), a significant increase in K as compared with a non-
treated soil (B) required adding 5% of biochar. In other terms,
from a purely numerical point of view, the inclusion of biochar
in the soil improved, in general, the soil aptitude to transmit
water, regardless of the pore size. This improvement was statisti-
cally irrelevant in the case of a transport process governed by the
larger pores. Instead, the water transport ability of the smallest
pores (h <—-3cm) increased with a high percentage of biochar.

A variety of results have been reported for other loamy soils,
texturally similar, in a broad sense, to the one considered in this
investigation. According to Blanco-Canqui (2017), the addition
of biochar can be expected to reduce unsaturated conductivity
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FIGURE 9 | Empirical cumulative frequency distributions F(T) of
the investigated samples (Biochar, C, B;, B, and B,) for two applied pro-
ton Larmor frequencies.

close to saturation due to the filling or clogging of soil macrop-
ores with fine biochar particles. An increase in near-saturated
conductivity in biochar-amended soils can instead occur as
a consequence of increased earthworm burrowing (Hardie
et al. 2014). Biochar may enhance the transport of water under
unsaturated conditions by reducing the formation of larger
pores (draining pores) and promoting finer inter-particle pore
formation (Villagra-Mendoza and Horn 2018). The results of
this investigation were not consistent with the suggestion by
Blanco-Canqui (2017), nor were explained by earthworm ac-
tivity since earthworms were not noticed, and in any case, the
experiments were performed after a short incubation period.
Instead, the suggestion by Villagra-Mendoza and Horn (2018)
appeared approximately adaptable to our data. In particular,
biochar addition was statistically ineffective with reference
to the largest sampled pores, but including a relatively high
amount of this amendment (5%) favoured the formation of
smaller pores, that is, those active for pressure heads smaller
than or equal to —3cm.

Another way to summarise the results is to recognise that there
is some correspondence between the static porosity, as deter-
mined from the water retention measurements, and the dynamic
porosity determined by the UHG experiment. Macroporosity
does not change but the drainable porosity increases. Taking
into account that K is an integral measurement, expressive of
flow in all porosity classes from zero to the upper boundary, it is
plausible to believe that, for h=—6cm, the weight of the drain-
able porosity is greater and this explains the increase of K_. For
h=-1cm, the contribution of the macroporosity prevails and for
this reason significant differences in K_, are not detected even if
the mean increases anyway.

Figure 7 establishes a comparison between the water retention
and the hydraulic conductivity relationships corresponding to
the B, B, and B, treatments in a common range of high pressure
head values. Also in this case, the figure is repeated twice since
the individual data were summarised by both the mean and the
median. Considering the means, the water retention and hy-
draulic conductivity curves appeared consistent between them
since adding biochar increased the soil's ability to retain water
and hence its ability to transmit water. A consistency between
water retention and hydraulic conductivity curves was also per-
ceived considering the medians, even if, in this case, the results
were a little less clear (h=—1cm: similar © value for the B and
B, soils but a higher K value in the treated soil).

3.3 | Combined Rilling and Biochar Addition
Effects

Figure 8 compares the means of 0, © S,K

—0.1m’ 6—1m’ G—ISOm’ —6cm?
K_,.,and K_, for the four treatments considered in this inves-

tigation (C, B, B, B,).

Rilling of the non-treated soil (B) determined a decrease of 6,

0 _o1m S K_¢om @nd K_, . and an increase of ©_, ., as compared

with the control (C). The addition in the rill of a relatively large
amount of biochar (B,) effectively contrasted these rilling effects
since 0,0 ;.50 _15omr S» K_gey and K_, - did not appear to differ
appreciably between the C and B treatments. Rilling effects were
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also contrasted by adding a relatively small amount of biochar (B,),
but to a more limited extent. Neither rilling alone nor rilling in a
soil with a relatively low biochar content (B,) resulted in apprecia-
ble variations in _;  compared to the control. Instead, adding rel-
atively high amounts of biochar in the rilled soil (B) yielded higher
0_,, values both with respect to the control and with reference to
the other two rills (B, B,). Finally, rilling (B ) did not appear to ap-
preciably alter K_,  as compared with the control. However, more
biochar in the rill implied obtaining higher K_, _ values.

lcm

Therefore, six (0, 0_; 111 O_150m» S» K_gey and K_; ) of the eight
considered parameters consistently indicated that (i) in the
absence of any treatment with biochar, rilling altered the soil
characteristics, and (ii) the addition of a large amount of biochar
impeded these alterations to occur. In other terms, the changes
induced by rilling were compensated by the presence of bio-
char in the soil. This interpretation is not contradicted by the
results obtained with the other two parameters (6_;, and K_; . ),
since in this case the suggestion was that the addition of large

amounts of biochar in the rill can make the soil even more able

than the non-rilled soil to retain water at field capacity and more
conductive in close to saturation conditions.

3.4 | NMR Measurements on Soil Samples With
Different Biochar Concentration

For calculating FCI and SCI indexes, the empirical cumula-
tive frequency distributions of the longitudinal relaxation
time (F(T,) distribution) for the relaxograms corresponding to
the B, B;, B, and C treatments, and the applied biochar mea-
sured at the different applied magnetic fields were examined.
Figure 9 shows, as an example for two values of the applied
magnetic field (v, of 0.8 and 5 MHz), the detected F(T,) distri-
bution. For each v, value, the relaxation time distribution of
the investigated soil (C treatment) is always on the left of the
F(T,) corresponding to the other treatments. Therefore, the
shortest T, values correspond to the soil, while, on the con-
trary, biochar is characterised by the longest T, values. This
detected difference between the original soil and the three
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FIGURE 10 | Relationship between the applied proton Larmor frequency v; and T, (a) and T}, (b) for all the investigated samples.
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mixtures of soil and biochar (i.e., B;, B, and B, treatments)
can be attributed to the increase in size of the pores in the
latter due to the biochar component. Figure 9 also highlights
that all F(T,) distributions are S-shaped and skewed towards
shorter T, values, suggesting that the macro-pore component
(largest T, values) is not dominant, and the biochar addition
increases the size of mesopores and micropores. The overlap-
ping between the F(T,) distributions corresponding to BC=3
and 5% establishes that this increase does not produce appre-
ciable changes in the pore distribution inside the mixture.

For a given percentage of biochar, Figure 10 shows the varia-
tion of T, which is indicative of water molecules contained in
small pores, and T, corresponding to water contained in large
pores, with the proton Larmor frequency v, . Figure 10 points
out that (i) the highest T, and T values are characteristic of
soil-biochar mixtures, while the lowest values correspond to
the soil; (ii) T, and T, are independent of v; (iii) T, and T,
increase with the biochar percentage. Furthermore, Figure 10
demonstrates that B, and B, treatments are characterised by
similar values of T, and T}. In other words, a biochar amount
equal to 5% can be considered a limit value to obtain appre-
ciable variations of the micro-pores and macro-pores as com-
pared to the original soil. From a hydrological point of view,
the increase of BC from 3% to 5% does not change the micro-
pore and the macro-pore components. This result agrees with
those obtained by Li et al. (2019, 2020) and Gholamahmadi
et al. (2023), who found a threshold value of biochar addition
effectiveness equal to 3% and 2.5%, respectively.

According to a previous study (Conte and Ferro 2020), the SCI and
FCIvalues of the investigated mixtures measured applying differ-
ent magnetic fields were merged into a single statistical sample,
thereby obtaining the corresponding cumulative frequency distri-
butions plotted in Figure 11. For each index, Figure 11 shows that
the empirical cumulative frequency distribution of the biochar is
always placed on the left-hand side of that of the original soil, that
is, the SCI and FCI values for the soil sample are always greater
than those of the biochar. Figure 11a also demonstrates that the
B, treatment has higher SCI values than B, and B,, for which, in-
stead, the index distributions overlap. Figure 11b points out that
FCI distributions for C and B, treatments overlap as well as those
for the B, and B, ones, and the latter shift to the left as compared
to the former. This result reveals that, with respect to the original
soil, FCI does not reduce further beyond BC=3% Therefore, bio-
char concentrations of 5% and 3% are discriminating values for
SCI and FCI, respectively.

In conclusion, the developed analysis demonstrated that the
FFC NMR technique is able to measure the two components,
SCI and FCI, of the HCS and their variability with the percent-
age of biochar added to the original soil.

3.5 | Combination of Hydrological and NMR
Measurements

One of the innovative aspects of this investigation was the
attempt to look at the pore system from two different obser-
vation scales: a macroscopic scale by the hydrological mea-
surements and a microscopic or molecular scale by the NMR

measurements. In both cases, the pore size distribution, lead-
ing to categorization into macropores, mesopores and micro-
pores, was estimated and not measured directly. In particular,
hydrological data were analysed by the Young-Laplace equa-
tion under the assumption that the pores are perfectly cylindri-
cal, uniform and equally drained (e.g., Hardie et al. 2014). For
the NMR data, the correspondence between pore sizes and the
measured relaxogram represented an assumption (Conte and
Ferro 2018) still needing testing. A comparison between the hy-
drological and the NMR data were made to verify if there was a
link between the two approaches.

The water volume contained in the macropores (d>300um) did
not change significantly between the non-treated rilled soil (B,
treatment) and the rilled soil treated with 5% of biochar (B, treat-
ment) (Table 1). However, the FFC NMR investigations revealed
that the size of the largest pores (d >50um) increased as compar-
ing the untreated soil and the biochar/soil mixture (Figure 9). By
considering the hydrological and NMR measurements together, it
is possible to suggest that the former investigation can be affected
by the larger pore-size scale (d>300um) in comparison with the
NMR analysis (d>50um). As a consequence, the amount of free
bulk water affecting the hydrological measurements is larger
than that present during the NMR investigations. Moreover, the
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FIGURE 11 | Empirical frequency distributions of SCI (a) and FCI
(b) for all the investigated samples.
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combined results appear to suggest that while the total volume of
the largest pores remains constant, the number of pores can de-
crease. In other words, the addition of biochar did not alter total
pore volume but could modify only the total number of pores, de-
termining fewer macropores having larger sizes.

Adding biochar increased the water volume contained in
pores of intermediate size (0.2<d<300um), and the NMR
analysis signalled an increase in the size of the mesopores. In
this case, it was not possible to draw a conclusion on the num-
ber of mesopores since three different combinations (larger
and more numerous mesopores, larger but unvaried number
of mesopores and larger but fewer mesopores) can be expected
to yield the result that was obtained with the water retention
measurements.

Finally, less water was contained in the micropores of <0.2um,
but the NMR data suggested an increase in the size of these
pores with the addition of biochar. Therefore, the suggestion was
that in the treated soil there were fewer small pores, but they
were greater than those in the non-treated soil.

The scale difference and the uncertainties in the analysis meth-
odologies of the data that are actually collected (soil water
content for established pressure heads with the hydrological
measurements and relaxogram for the NMR measurements)
induce not to exclude that the two types of measurement may
be disconnected from each other. However, it cannot even be
ruled out that there is some link between the two experimen-
tal approaches since soil-water interactions are investigated in
both cases. According to the results of this investigation, the
latter hypothesis appears to have some support. Consequently,
additional efforts should be made to develop a clear relation-
ship between the two different types of measurements.

4 | Conclusions

Contrasting effects of biochar addition on runoff and soil loss
have been reported in the literature, and the existence of a
threshold value of biochar concentration useful for soil conser-
vation strategies needs further investigations. In this study, the
effects of rill formation and biochar addition on the physical and
hydraulic properties of a clay-loam soil were assessed by labora-
tory measurements and field tests.

According to the water retention measurements performed on
a clay-loam soil, the formation of the rill and establishment of
a flow through the incision can be expected to have no appre-
ciable effect on the soil's ability to quickly drain excess water
and facilitate root proliferation. However, the soil could become
less aerated in the soil matrix domain and also less able to re-
tain readily available water for crop growth. As compared with
a non-treated rilled soil, adding 5% of biochar to the soil sur-
rounding the rill incision can imply that the volume of pores
with diameter d>300um does not change. More pores of both
30<d<300pm and of 0.2<d<30um and fewer pores with
d<0.2um can develop.

On the basis of the water transmission parameters determined
in this investigation, shaping the rill and flow establishment in

this rill could not influence the hydraulic conductivity of the
nearly saturated soil (pressure head, h =—1cm), but it could also
determine a significant decrease in the soil ability to transmit
water in more unsaturated conditions (h<-3cm). Inclusion
of biochar in the soil can be expected to improve, in general,
the soil aptitude to transmit water, regardless of the pore size.
This improvement could be statistically irrelevant in the case of
a transport process governed by the larger pores. Instead, the
water transport ability of the smallest pores (h<—3cm) can in-
crease with a high percentage of biochar.

The NMR measurements revealed that the increase of BC from
3% to 5% does not change the micro- and macro-pore compo-
nents, and biochar addition of 5% can be considered a limit value
to obtain appreciable variations of the micro-pores and macro-
pores as compared to the original soil. Furthermore, the addition
of biochar to the original soil improves the structural connectiv-
ity component, while the functional connectivity index of the
mixtures is similar to that of the original soil only for BC=1%, it
does not change between BC contents of 3% and 5% and lowers
as compared to the original soil.

Finally, the combination of hydrological and NMR measure-
ments suggested that a relation between the water volume con-
tained in the pores and the NMR results (distribution of T, size
of the pores) can be established.

In conclusion, the hydrological measurement demonstrated
that the addition of biochar to the soil improved, in general,
the soil aptitude to transmit water, regardless of the pore
size and demonstrated that the addition of a large amount
of biochar (5%) impeded soil characteristics alteration as the
changes due to rilling were compensating by adding biochar
in the soil. NMR measurements revealed that the mixture of
soil and biochar was characterised by longitudinal relaxation
time T, values, which are related to pore sizes, longer than
those measured for the soil. The analysis also suggested that
the macro-pore component (i.e., the largest T, values) was
never dominant, while biochar addition increased the size of
mesopores and micropores.
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