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ABSTRACT
Although there is increasing interest in biochar as a soil amendment, its antierosive effectiveness is still uncertain. This inves-
tigation aims at evaluating how wood-biochar affects rill erosion and hydrological connectivity in amended soils. In this paper, 
at first, plot experiments were performed entering a clear inflow into two rills, named rill3 and rill5, incised in a soil amended 
with an initial biochar concentration BC in weight of 3% and 5%, respectively. For each rill, terrestrial photogrammetry was used 
to obtain the Digital Elevation Models (DEM) before and after the experimental runs, and the consequent DEM of difference 
(DoD) was used to calculate the total volume of the eroded mixture (sediment and biochar), while three samples of rill outflow 
discharge were collected to determine the biochar and sediment rates. Then, small laboratory samples of the soil, biochar, and 
mixtures with different BC (1%, 3%, 5%, 10%, and 30%) were used to determine size and distribution of pores, and thus measure 
the structural and functional connectivity, by nuclear magnetic resonance (NMR) relaxometry with the fast field cycling (FFC) 
layout. The DoDs highlighted that the mixture volume for rill5 was lower than that for rill3. Moreover, the rill5 condition yielded 
a higher biochar percentage in the mixture. The NMR measurements demonstrated that the biochar addition increases the size 
of micropores and mesopores, and the macro-pore component is never dominant. Biochar concentrations greater than 5% do not 
produce appreciable changes in the pore distribution inside the mixture. The biochar component improves the structural con-
nectivity up to BC = 5%. In the BC range of 0%–3%, FCI decreased as BC increased. In conclusion, a target biochar concentration 
of 5% allows for the mitigation of the rill erosion phenomena, favours the improvement of soil structural connectivity, and does 
not appreciably modify the functional connectivity.

1   |   Introduction

Soil erosion is one of the main environmental threats (Borrelli 
et al. 2017), whose effects are often underestimated and whose 
relevance is confirmed by several field investigations (Bagarello 
et  al.  2008, 2011, 2018). Soil formation is an extremely slow 
process, while its use causes accelerated soil loss. Soil loss in 

agricultural land is 10–40 times greater than the rate of soil for-
mation; slope protection is often inadequate, and interventions 
to prevent hydrogeological risk are rare (Carollo et al. 2023). Soil 
water erosion has both on-site (e.g., reduction of soil fertility and 
productivity) and off-site (e.g., deposition of sediments in rivers 
and artificial reservoirs) impacts (Di Stefano and Ferro 2016; Di 
Stefano et al. 2023). It also contributes to global warming due 
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to the release of CO2 into the atmosphere, caused by the oxida-
tion of enormous quantities of organic carbon (Pimentel 2006). 
Finally, careless and opportunistic use of land has reduced its 
ecosystem services (Carollo et al. 2023).

Rill erosion is due to soil particle detachment and transport 
by channelized flows. In comparison with overland flows, 
rills are featured by higher flow shear stresses and veloci-
ties, which determine higher values of sediment yield. Rills 
are eroded channels that rapidly change their own morphol-
ogy (Di Stefano et al. 2022a), representing a significant sedi-
ment source and determining most of the sediment transport 
on hillslopes (Mutchler and Young  1975; Zhang et  al.  2016). 
The transport of soil particles detached by rill flow and those 
delivered from the interrill areas to rills is usually facilitated 
by the formation of a rill network (Bagarello and Ferro 2010; 
Bagarello et  al.  2015; Di Stefano et  al.  2013, 2015; Bruno 
et al. 2008; Govers et al. 2007; Peng et al. 2015). Rill erosion 
is a severe problem worldwide and regards many areas char-
acterised by different climates, soil uses, soil, topography, etc. 
The large interest in this erosion phenomenon is testified by 
the geographical spread of studies available in the literature in 
Africa (Heri-Kazi and Bielders 2021), Asia (Huang et al. 2015; 
Parhizkar et al. 2021), Europe (Wirtz et al. 2012; Di Stefano 
et al. 2019, 2022b), America (Polyakov and Nearing 2003), and 
Australia (Lu et al. 2003).

In a context in which farmers tend to avoid the use of cover 
crops to control soil erosion as they compete with the main crop 
for water and nutrients (Guerra and Steenwerth 2012; Novara 
et  al.  2021), alternative soil conservation practices aimed at 
the limitation of soil erodibility appear to be a valid solutions 
to mitigate erosion processes. However, chemical additives able 
to improve soil structure may be subject to leaching and are 
only effective for heavy, fine-textured soils (Waddington 1992). 
Furthermore, the use of most synthetic additives is prohibited 
or severely limited in organic farming. For these reasons, or-
ganic amendments, such as biochar or compost, can be consid-
ered a valid and eco-friendly alternatives for soil amendment 
(Schmidt et al. 2014).

Biochar is obtained from the pyrolysis of biomass in the par-
tial or complete absence of oxygen (Sohi et al. 2010). Generally, 
it positively influences the overall quality of a soil (Blanco-
Canqui  2017), improves its structure (size, arrangement, and 
aggregate stability), increases its organic matter, and deter-
mines the increase in crop production and quality (Wang and 
Wang  2019). As biochar is characterised by a very low degra-
dation rate, the positive effects on the chemical, physical, and 
biological soil characteristics can persist for long periods of 
time (Atkinson et al. 2010; Castellini et al. 2015). Biochar sig-
nificantly affects the mechanical and hydraulic soil properties, 
and its erosion control action has been evaluated in some exper-
imental investigations.

Jien and Wang (2013) tested the influences of different biochar 
concentrations BC (0%, 2.5%, and 5% in weight (100 × g biochar/g 
total soil)) applied to a long-term cultivated acidic Ultisol (43.6% 
clay, 40.2% silt, and 16.2% sand). For each treatment, soil loss 
due to a single simulated rainfall event with an intensity of 
80 mm h−1 was measured. An appreciable reduction of soil loss 

(50% and 64% at 2.5% and 5% application rates, respectively) was 
detected in comparison with the condition of non-amended soil. 
These authors concluded that the incorporation of biochar im-
proves the soil's physical properties, and the formation of macro-
aggregates is the factor controlling soil erosion.

Li et al. (2019) studied the influence of biochar on soil erosion 
phenomena using different BC values (1%, 3%, 5%, and 7% in 
weight) and three different biochar particle sizes (2–1, 1–0.25, 
and < 0.25 mm). The rainfall simulation (90 mm h−1) experi-
ments were carried out on a small plot (1 m long, 0.8 m wide, 
0.4 m deep), filled with silt loam soil (8.93% clay, 60.87% silt, 
and 30.2% sand), using a slope of 27%. The experiments demon-
strated that generally lower (1% and 3%) BC inhibits soil loss, 
and higher (5% and 7%) BC promotes it. The best treatment for 
reducing runoff and soil loss was obtained by combining a BC of 
1% with biochar particles smaller than 0.25 mm.

Li et al. (2020), using the same silt loam soil and experimental 
layout as Li et  al.  (2019), established that biochar with coarse 
particle size (1–2 mm) is better retained in soils, and biochar 
concentrations less than or equal to 3% allow for reducing soil 
degradation due to erosion processes.

Sadeghi et al. (2016) carried out some experimental runs using 
a small plot (0.25 m2) with sandy clay loam soil, having a slope 
of 20%, amended by vinasse-produced biochar. The runs were 
conducted using a biochar application rate of 8 t ha−1 distrib-
uted on the soil surface 24 or 48 h before the rainfall simulation 
(50 mm h−1). These experiments demonstrated that the applica-
tion of biochar reduces runoff volume, soil loss, and sediment 
concentration rates.

Zhang et al.  (2019) highlighted that contrasting results on sig-
nificant mitigation of soil erosion by biochar addition were re-
ported in the literature. In fact, some authors (Lee et al. 2018; 
Li et  al.  2017, 2019) concluded that biochar addition can pro-
mote soil erosion, while other research (Abrol et al. 2016; Doan 
et al. 2015; Hseu et al. 2014; Jien and Wang 2013; Lee et al. 2015; 
Sadeghi et al. 2016; Smetanová et al. 2013) support the hypothe-
sis that it reduces soil susceptibility to erosion.

These inconsistent results can be justified considering the dif-
ferences due to the biochar type and particle size, the investi-
gated soil, the method applied for adding biochar (spread over 
the soil surface, incorporated into the soil), the vegetation 
growth, and the change in physical and chemical soil proper-
ties due to biochar addition (Wani et  al.  2021). In particular, 
the method applied to add biochar has a direct effect on run-
off and soil loss. When the biochar is spread on the soil surface 
(Sadeghi et al. 2016; Smetanová et al. 2013), a biochar surficial 
layer is formed and protects the soil structure, inhibits seal for-
mation, favours infiltration processes, and limits soil particle 
detachment, thus reducing runoff and soil loss. The spreading 
of biochar on the soil surface is also impractical as low-density 
biochar particles are characterised by high transportability 
(Sadeghi et al. 2016). As a consequence, this type of biochar ad-
dition increases the erosion of low-density biochar particles and 
reduces soil loss. In field applications, biochar is usually added 
inside the arable soil horizon and thoroughly mixed to favour 
the improvement of soil properties.

 10991085, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70093 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 13

Zhang et al. (2019) suggested that biochar addition alters soil erod-
ibility, and the variation of this soil property could exhaustively 
justify the role of biochar addition against erosive phenomena. 
The experiments by Zhang et  al.  (2019) were carried out using 
small, perforated metal boxes (0.45 m long, 0.3 m wide, and 0.10 m 
deep), having a slope gradient of 17%, subjected to simulated rain-
falls with four intensities (25, 50, 75, and 100 mm h−1). They used 
three biochar concentrations (2%, 5%, and 8% by weight) and two 
incubation periods (no incubation and a 140-day incubation). 
The addition of biochar to the investigated clay loam soil reduced 
the soil bulk density, delayed the seal formation, and reduced the 
soil compactness (Busscher et al. 2010; Doan et al. 2015; Herath 
et al. 2013) determining an adverse effect on soil erodibility. The 
interrill erodibility of the biochar-added soil increased 20%–30% as 
compared to that of the original soil.

Recently, Gholamahmadi et  al.  (2023) developed a meta-
analysis of biochar impacts on runoff and soil erosion and 
concluded that the best soil erosion mitigation strategy is ob-
tained by incorporating biochar into the topsoil to 15 cm or 
less and using biochar concentrations between 0.6% and 2.5%. 
BC values greater than 2.5% provoked no significant reduction 
in soil erosion.

For two cultivated soils (silt loam and sandy loam), Zanutel and 
Bielders (2023) investigated the effects of short-term (fresh) and 
long-term (century-old) biochar and concentration BC (1% and 
2%) on interrill erosion. The addition of biochar to the silt loam 
soil was ineffective, while the increase of BC from 1% to 2% de-
termined a reduction of interrill erosion for the sandy loam soil.

Currently, most of the available studies concern interrill erosion 
under simulated rainfall, while few investigations on rill ero-
sion are available (Li et al. 2021; Nicosia et al. 2021; Parhizkar 
et al. 2023; Li et al. 2025). Li et al. (2021) conducted some exper-
iments (BC = 1.4% and 3%) on the susceptibility to rill formation, 
observing a decreased susceptibility with the biochar addition. 
Nicosia et al. (2021), using the data collected by Li et al. (2021), 
demonstrated that the biochar addition reduced the flow Froude 
number due to the 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 carrying out experiments in a flume (3.5 m long 
and 0.2 m wide) with both non-amended soil and soil amended 
with 3% biochar by weight. They found that biochar reduced rill 
erodibility and critical shear stress for the investigated silty-clay 
soil. Furthermore, Parhizkar et al. (2023) found greater aggregate 
stability and a lower bulk density of the treated soil compared to 
the non-amended one. Recently, Li et al. (2025) investigated the 
impact of biochar on rill erodibility Kr and critical shear stress 
τc in order to assess a relationship between Kr, τc and soil prop-
erties. In comparison with no biochar addition, they established 
that the addition of 1%–4% biochar after 1–2 years generally de-
termined a reduction of Kr and an increase of τc. In other words, 
the addition of 1%–4% biochar concentration can be considered 
an effective soil conservation practice that enhances soil resis-
tance to rill erosion (Di Stefano et al. 2016).

However, the available literature regarding biochar effects on 
rill erosion is still lacking and needs to be widened by testing 

the influence of different types of biochar under different exper-
imental conditions (e.g., soil texture, slope, discharge, etc.).

The impact of biochar use as a soil conservation practice can 
be assessed not only by quantifying soil loss values obtained for 
different experimental conditions, but also by determining the 
interactions between amended soil particles and water, which 
drive several phenomena such as water infiltration and the for-
mation of surface runoff. In this sense, studies about the biochar 
effect on hydrological connectivity in amended soils, determin-
ing pore size and distribution, can be a valid tool to better un-
derstand how biochar affects soil structure and its interplay with 
soil erosivity.

The word “connectivity” states the way in which an environ-
mental system favours matter and energy movement inside or 
among its elements (Pringle  2003; Bracken and Croke  2007; 
Marchamalo et  al.  2016; Keesstra et  al.  2020). This concept 
aims to stand for the attitude of a vector, such as water, to trans-
port materials at different spatial and temporal scales (Bracken 
et  al.  2013; Reaney et  al.  2014; López-Vicente et  al.  2017), ac-
counting for both the heterogeneity and complexity of a hetero-
geneous environmental system.

According to Wainwright et al.  (2011), an environmental sys-
tem can be characterised by structural (SC) and functional (FC) 
connectivity. The former (SC) states the physical proximity of 
different characteristics and their reciprocal link (Belisle 2005; 
Turnbull et  al.  2008; Baartman et  al.  2013). Therefore, struc-
tural connectivity expresses how the investigated process is 
affected by the interactions among the structural characteris-
tics of a given system (Uezu et al. 2005). The second one (FC) 
establishes how a specific process (e.g., hydrological) is affected 
by the interactions among the structural components and the 
considered vector (Wainwright et al. 2011). For the soil system, 
soil texture and particle arrangement can be used to define soil 
structural connectivity, and the physico-chemical interaction 
between the system and water defines the functional compo-
nent. These two components influence water infiltration within 
the soil. According to these definitions, structural connectivity 
provides a time-independent (stationary) response of the exam-
ined system, while functional connectivity reflects a dynamic 
viewpoint.

Conte and Ferro  (2018, 2020, 2022) presented the idea of “hy-
drological connectivity inside the soil” (HCS) to express how the 
water movement inside the soil is influenced by the interaction 
of soil spatial patterns (i.e., SC) with chemical and physical pro-
cesses (i.e., FC). In this context, the SC considers the spatial ar-
rangement of channels and soil pores, while the FC, expressing 
the water transfer inside soil pores, is related to the influence 
given by the water, which physico-chemically interacts with the 
pore edges (Conte et al. 2017).

To the best of our knowledge, the literature lacks studies fo-
cused on HCS for biochar-amended soils. Moreover, as men-
tioned above, only a few studies have investigated rill erosion 
in biochar-amended soils. Consequently, the biochar's effective-
ness against rill erosion can be further investigated by perform-
ing experiments to measure the differences in terms of soil loss 
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and hydrological connectivity determined by the addition of dif-
ferent types of biochar and biochar concentrations.

The general aim of this study is to investigate the wood-biochar 
influence on rill eroded volumes and hydrological connectivity 
in amended soils. In detail, in this study, experimental measure-
ments performed on rills formed in soils amended with two dif-
ferent concentrations of wood-biochar (3% and 5%) are used with 
the specific aims to: (i) compare the eroded volumes determined 
by the same inflow; and (ii) analyse the mixtures of eroded sed-
iment and biochar outflowing from the rills to determine the 
content of sediment and biochar in the eroded volume for each 
rill. Then, nuclear magnetic resonance (NMR) relaxometry 
with the fast field cycling (FFC) layout is used to measure the 
structural and functional connectivity of the original soil, the 
biochar, and the mixtures with different biochar concentrations 
(1%, 3%, 5%, 10%, and 30%) with the aim to test if the increase of 
BC produces appreciable changes in the pore distribution inside 
the mixture and if the connectivity properties are related to soil 
erosion phenomena.

2   |   Materials and Methods

2.1   |   Measurements of Rill Erosion and Evaluation 
of the Sediment and Biochar Components

The experimental measurements were performed on a plot 
2 m wide and 7 m long (Figure  1a), located at the Department 
of Agricultural, Food, and Forestry Sciences (University of 
Palermo, Sicily, Italy). The plot is filled with clay-loam soil 
(32.7% clay, 30.9% silt, and 36.4% sand) with an average slope of 
15%. Two trenches (Figure 1a), 5.7 m long, 0.2 m wide, and 0.1 m 
deep, were dug for a total removal of approximately 100 kg of 
soil per trench. The soil was distributed on plastic sheets in piles 
and left to air-dry for a week (Figure 1b). Then, three samples 
were taken and weighed from each pile, and subsequently oven-
dried at 105° for 24 h to determine the gravimetric soil moisture, 
which was equal to 12.5%. The pre-established wood-biochar 
(bulk density = 0.26 g cm−3, porosity = 0.65 cm3 cm−3) concentra-
tion BC of 3% (rill3) and 5% (rill5) was reached by adding 300 

and 500 g of biochar to 10 kg of soil in dry weight, correspond-
ing to approximately 11.4 kg in wet weight, due to the given soil 
moisture. The mixing phase between soil and biochar was per-
formed for 60 s by a concrete mixer, and then the amended soil 
was put back into the trenches and compacted. A preferential 
path (Figure  2a), slightly incised and having two converging 
sides, was established on the surface of the 0.2 m wide amended 
area, and after 2 weeks (i.e., the time within which biochar mod-
ifies soil characteristics (Joseph et  al.  2010)) the experimental 
runs were performed. At the beginning of the experimental run, 
the preferential path was modelled by the clear flow discharge 
(0.22 L s−1) to shape an actual rill (Figure 2b) characterised by a 
maximum measured width of 0.09 m. For each rill, during the 
run, a sample of rill outflow discharge was collected by a steel 
pan (0.555 m long and 0.265 m wide) at three different sampling 
times (t0 = 2 min, t1 = 8 min, and t2 = 11 min after the beginning 
of the experimental run) (Figure 3) for 30 s. The volume of the 
six (2 rills × 3 sampling times) collected samples (water + sedi-
ments + biochar) varied in the range 2.5–3.8 L. The samples were 
oven-dried at 105°C for 48 h and then weighed to determine the 
amount of eroded mixture (sediments and biochar). From these 
samples, sub-samples of 10 g were collected by a rotating labora-
tory mixer, which assures the homogeneity of the sub-samples. 

FIGURE 1    |    View of the experimental plot with the two trenches (a) and soil piles (b).

FIGURE 2    |    View of the preferential path (a) and flow moving into 
the rill (b).

 10991085, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70093 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [19/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 13

As the biochar is made of organic matter, these sub-samples 
were put in a muffle furnace at 400°C to determine the loss on 
ignition LOI (%), that is, the total organic matter burned at this 
temperature. Two undisturbed soil samples were also collected 
and put into the muffle furnace to determine the organic matter 
OM (%), which was equal to 2%. This baseline value was sub-
tracted from the LOI to determine the biochar percentage BC in 
the mixtures.

The weight of biochar in the eroded mixtures (sediment and 
biochar) was determined by multiplying the sample dry weight 
by the biochar percentage in the mixture. The biochar weight 
was converted into volume by using the biochar bulk density of 
0.26 g cm−3, and the volumetric biochar discharge was then calcu-
lated by the ratio of the volume to the sampling time (30 s).

For rill3 and rill5, the three values of biochar discharges were 
averaged, and these mean values were multiplied by the run 
duration (12 min) to obtain the total biochar volumes VBIO3 
and VBIO5.

The three-dimensional Digital Terrain Model (3D-DTM) was 
created by a 3D-photo reconstruction technique using a set of 
approximately 70 photographs taken from the plot area by a dig-
ital camera. From the 3D-DTM, the Digital Elevation Models 
(DEM) before (D1) and after the experimental runs (D2) were 
obtained. The total eroded mixture volumes, V3 for rill3 and 
V5 for rill5, were calculated by the DEM of difference (DoD) 
(Figure  4) between D2 and D1. The sediment volumes in the 
mixture, Vs3 and Vs5, were determined as the difference between 
Vi and VBIOi, with i = 3 and 5.

2.2   |   Assessing Hydrological Connectivity Inside a 
Soil (HSC)

NMR relaxometry joins different NMR techniques to observe 
how quickly the z-component of the nuclear magnetic moment 
(i.e., the bulk nuclear spin magnetization) 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 due to molecular motions. Therefore, 
measurements of the relaxation times (both longitudinal, T1, 
and transversal, T2) are expressive of the molecular dynamics. 

The T1 values provide information about motion frequencies 
ranging from 105 to 108 Hz (Laudicina et al. 2012; De Pasquale 
et al. 2012), which are the typical ones for water molecule move-
ment in porous media. If the porous medium is soil, the shortest 
T1 are associated with small-sized pores (i.e., pores bounded by 
clay primary particles and small aggregates), while the longest 
T1 correspond to pores bounded by sand particles, silt, and large 
aggregates (Pohlmeier et al. 2009; Conte et al. 2017).

Conte and Ferro  (2018, 2020, 2022) presented a method for 
defining the SC and FC of a soil by introducing a new math-
ematical use of the relaxograms obtained by NMR relaxom-
etry. The quantification of SC and FC was made by using the 
structural connectivity index SCI and functional connectivity 

FIGURE 3    |    Samples collected from the outflow of each rill at differ-
ent sampling times.

FIGURE 4    |    DEM of difference (DoD) obtained for the rills with a 
biochar concentration of 3% (rill3) and 5% (rill5).
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index FCI, calculated considering the NMR relaxogram shapes. 
In detail, for a given proton Larmor frequency, the relaxogram 
(Figure 5a) is integrated, and T1, the area, AT1, under the relax-
ogram (Figure 5a) is calculated. Figure 5b plots an example of 
the integral curve of the relaxogram, that is, the T1-AT1/A curve, 
where A is the entire area under the relaxogram. The ratio AT1/A 
ranges from 0 to 1 and is equal to the non-exceeding empirical 
cumulative frequency, F(T1), of the longitudinal relaxation time. 
Conte and Ferro (2018, 2020, 2022) demonstrated that F(T1) is 
S-shaped and found two points (A and B in Figure  5b) char-
acterised by a sudden change in the curve slope. The A point 
bounds a part of the curve characterised by the shortest T1 fall-
ing within the range TA (Figure  5b), while the B point limits 
the part characterised by the longest T1 falling in the TB range 
(Figure 5b). Conte and Ferro  (2018, 2020, 2022) set the A and 
B points with the aim of identifying the two extreme compo-
nents of the S-shaped F(T1) distribution: point A, with an ordi-
nate of F(T1) = 0.01, and point B, with an ordinate F(T1) = 0.99. 
The value F(T1) = 0.01 distinguishes the low component (only 1% 
of the measured T1 values are less than the abscissa character-
ising the point A), whereas F(T1) = 0.99 distinguishes the high 

component (only 1% of the measured T1 values are higher than 
the abscissa characterising this point).

The water movement in macro- (> 50 μm), meso- (0.5–50 μm), 
and micro- (< 0.5 μm) pores is considered in terms of the hydro-
logical connectivity inside the soil (Pagliai and Vignozzi  2002). 
Associating the relaxation times with pore sizes, the low compo-
nent of the F(T1) distribution identifies micro-pores, where lim-
ited space causes a reduction in water molecular movement. The 
high component is related to macro-pores, which are character-
ised by wide water mobility. Water molecules moving within the 
micro-pores have a range of T1 values near the lower T1 limit (TA 
in Figure 5b), while molecules moving within the macro-pores are 
characterised by T1 values near the upper T1 limit (TB in Figure 5b) 
of the measured relaxation time distribution. Water molecules 
moving within meso-pores are identified by all the T1 values fall-
ing between A and B points. In other words, bulk water movement 
is related to the limb of the F(T1) curve (bounded by the A and 
B points of Figure 5b), whereas the high and low components of 
F(T1) refer to water interacting with the soil pore edges. Further 
details regarding the interactions between the pore surfaces 
and water molecules are reported in previous papers (Pohlmeier 
et al. 2009; Conte et al. 2017; Conte 2019).

Conte and Ferro (2018, 2020, 2022) proposed the ratio TB/TA as 
FCI. This definition allows for considering that the T1 values in 
the range TA identify water inside small pores, whereas those in 
the range TB correspond to water within large pores. According 
to the definition of FCI, both increasing TA and/or decreasing TB 
decreases the index values.

Conte and Ferro  (2018, 2020, 2022) proposed using the AB 
limb zone of the F(T1) curve (Figure  5b) to calculate the SCI. 
Considering the relationship between T1 and pore size, the SCI 
was defined as the coefficient of variation of T1 values character-
ised by 0.01 < F(T1) < 0.99.

2.3   |   FFC NMR Instrument, Investigated Samples 
and Data Analysis

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 instrument works 
by rapidly switching among three different magnetic fields, which 
are set to account for NMR sensitivity (polarisation field, BPOL), 
relaxation (relaxation field, BRLX), and acquisition (acquisition 
field, BACQ). The latter is used to maintain the observable magne-
tisation (generated for the present study by applying a 4.71 μs 90° 
pulse right after BRLX application) for a period of time named ac-
quisition time. The relaxation field is varied in the proton Larmor 
frequency νL comprised in the interval 0.01–10 MHz, which is the 
working range of the used equipment. BPOL is used only when 
BRLX is in the range 0.01–3 MHz. In particular, the polarisation 
field—corresponding to a proton Larmor frequency of 10 MHz—
is applied for a period (TPOL) of about five times the T1 estimated 
at the selected frequency. Switching dead time was 3 ms, while a 
recycle delay of 4 s has been used.

Finally, the Uniform PENalty regularisation (UPEN) algo-
rithm (Borgia et al. 1998; Conte 2019) was used to achieve the 

FIGURE 5    |    Examples of relaxogram (a) and the derived integral 
curve (b).
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distribution of the longitudinal relaxation times to assess the hy-
drological connectivity inside a soil (HCS).

For each soil, following the result of Conte and Ferro (2020), the 
distribution of T1 was obtained using a sample-to-water ratio 
in weight of 1:0.25, corresponding to the water holding capac-
ity WHC, at a proton Larmor frequency νL 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 νL. Each 
laboratory sample was prepared in a beaker, and then the slurry 
sample was manually transferred into the NMR tubes to obtain 
homogeneous packing. The FFC NMR measurements were car-
ried out for the soil and the biochar used for the rill runs, and 
the mixtures prepared in the laboratory with different biochar 
concentrations (1%, 3%, 5%, 10%, and 30%). Three repetitions 
of NMR measurements were carried out for each investigated 
sample.

3   |   Results

3.1   |   Rill Erosion in Biochar-Amended Soils

The obtained DoD (Figure  4) highlights that the mixture vol-
ume (V5 = 6.3 L) for the rill5 is lower than that (V3 = 7.0 L) for the 
rill3 and, therefore, the higher initial biochar concentration re-
duced the rill erosion phenomenon.

The biochar volumes in rill3 (VBIO3) and rill5 (VBIO5) were equal 
to 1.59 L and 2.08 L, respectively. These values were divided by 
the total eroded volumes obtained by the DoD, resulting in a 
biochar percentage in the mixture of 22.7% (rill3) and 32.8% 
(rill5). Finally, the treatment with the higher biochar initial 
concentration (BC = 5%) decreased the overall erosive phenom-
enon (V3 = 7.0 L and V5 = 6.3 L) and produced a higher biochar 
percentage in the mixture. The sediment volumes of the two 
rills, Vs3 and Vs5, were then equal to 5.4 and 4.2 L and, there-
fore, pointed out a 1.2 L reduction in sediment volume between 
rill5 and rill3.

3.2   |   Hydrological Connectivity 
of Biochar-Amended Soils

At first, to calculate the FCI and SCI indexes, the cumulative 
frequency distributions of the longitudinal relaxation time for 
the relaxograms corresponding to the original soil (S), the ap-
plied biochar (BIO), and the mixtures (M, x) of soil with dif-
ferent percentages of biochar (x = 1%, 3%, 5%, 10%, and 30%) 
acquired at the different applied magnetic fields were exam-
ined. Figure 6 shows as an example for four values of the ap-
plied magnetic field having a known proton Larmor frequency 
(νL = 0.01, 0.8, 5, and 10 MHz), the detected longitudinal relax-
ation time distribution. For each νL value, the F(T1) distribu-
tion of the soil is always to the left of the F(T1) corresponding 

FIGURE 6    |    Cumulative frequency distributions F(T1) of the investigated samples (biochar BIO, soil S, and mixture M, x, in which x is the biochar 
concentration), for different applied proton Larmor frequencies in the range 0.01–10 MHz.
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to the investigated mixtures and biochar, while the F(T1) for 
the biochar is always to the right of the distributions related 
to the mixtures.

For all samples, Figure  7 shows the variations of TA, corre-
sponding to water molecules inside small pores, and TB, corre-
sponding to water within large pores, with νL and demonstrates 
that the highest TA and TB values correspond to the biochar; the 
lowest values feature the soil, and TA and TB increase with the 
biochar percentage. Figure  7 also highlights that the TA and 
TB values are independent of νL, and the corresponding mean 
values, m(TA) and m(TB), are listed in Table 1. The values listed 
in Table 1 show that m(TA) and m(TB) increase with the biochar 
component.

Figure  8 shows how the structural connectivity index SCI 
(Figure  8a) and the functional one FCI (Figure  8b) vary with 
the applied magnetic field and the percentage of biochar. The 
existence of an advisable upper limit for the biochar percentage 
is also disclosed for SCI and FCI.

According to a previous study (Conte and Ferro  2020), the 
SCI and FCI values of the mixtures measured by applying 
different magnetic fields were merged into a single statisti-
cal sample, thereby obtaining the corresponding cumulative 
frequency distributions plotted in Figure 9. The SCI and FCI 
values for the soil sample are systematically greater than those 
for the biochar.

4   |   Discussion

4.1   |   Rill Erosion in Biochar-Amended Soils

The developed analysis stated that the addition of an initial biochar 
concentration of 5% can be considered a good soil conservation 
practice as it reduces soil erosion phenomena even if it produces 
an increase in BC in the eroded mixture. In other words, the in-
crease in the initial BC (from 3% to 5%) has a positive effect on soil 
erosion and favours the preferential transport of the light biochar 
particles. These results do not agree with those obtained in previ-
ous experiments by Li et al. (2019, 2020), who demonstrated that 
lower biochar concentrations (1% and 3%) can inhibit soil erosion, 
while higher BC generally promotes erosive processes. The out-
comes of this investigation are also different from those obtained 
by Gholamahmadi et al. (2023), who stated that biochar concentra-
tions higher than 2.5% do not provoke a significant reduction in soil 
erosion. Instead, the results are coherent with those of the study by 
Zanutel and Bielders (2023), who highlighted that the increase in 

FIGURE 7    |    Relationship between the applied proton Larmor fre-
quency νL and TA (a) and TB (b) for all the investigated samples (biochar 
BIO, soil S, and mixture M, x, in which x is the biochar concentration).

TABLE 1    |    Characteristic data of the investigated samples.

Sample BC (%) m(TA) m(TB) m(SCI) sd(SCI) m(FCI) sd(FCI)

Soil 0 5.2 146.9 0.964 0.033 28.6 4.5

Mixture 1 7.6 183.2 1.012 0.076 27.2 6.5

Mixture 3 10.6 267.1 1.027 0.044 24.7 3.2

Mixture 5 12.7 312.5 1.054 0.017 24.6 5.1

Mixture 10 14.8 442.8 1.069 0.018 30.4 5.0

Mixture 30 18.3 485.1 1.016 0.025 26.3 6.7

Biochar 100 89.1 805.7 0.703 0.042 9.5 3.6

Note: m(TA) = mean value of TA, m(TB) = mean value of TB, m(SCI) = mean value of SCI, m(FCI) = mean value of FCI, sd(SCI) = standard deviation of SCI, 
sd(FCI) = standard deviation of FCI.
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BC from 1% to 2% reduced interrill erosion for a sandy loam soil, 
while no effects were detected for a silt loam soil. It is worth not-
ing that these literature results were obtained under simulated 
rainfall and not for rill flows. The experimental differences with 
the abovementioned studies (Li et al. 2019, 2020; Gholamahmadi 
et al. 2023) could justify the opposite trend found in this investi-
gation. In any case, even if Zanutel and Bielders (2023) found the 
same trend as this study (i.e., the soil erosion decreases for increas-
ing BC up to the investigated threshold) for other BC values, their 
results showed that soil erosion strictly depends on soil texture. In 
conclusion, the results of this study are roughly comparable with 
those reported in the cited literature.

The studies performed for rill flows by Li et  al.  (2021) and 
Parhizkar et al. (2023) did not investigate what happens when 

the biochar concentration increases from 3% to 5%. In detail, 
Li et al. (2021) found a decreased susceptibility to rill forma-
tion with the biochar addition up to BC = 3%, while Parhizkar 
et  al.  (2023) found that biochar reduced rill erodibility, but 
they tested only a single BC value. Li et al. (2025), investigat-
ing the impact of BC on rill erodibility and critical shear stress, 
concluded that a 5.5% and 7% biochar addition increased Kr 
and reduced τc. In other words, BC values higher than the 5% 
threshold determine conditions in which soil resistance to rill 
erosion decreases, that is, biochar addition cannot be consid-
ered an effective soil conservation practice. In this sense, the 
result of the present study allows for demonstrating that the 
biochar concentration of 5% could represent the optimum for 
soil conservation strategies as it decreases soil loss, even if it 
produces a slightly higher biochar loss in the eroded volume. 
However, further studies should be performed to confirm 
the occurrence of this trend when the biochar concentration 

FIGURE 8    |    Relationship between the applied proton Larmor fre-
quency νL and structural connectivity index SCI (a) and functional con-
nectivity index FCI (b) for all the investigated samples (biochar BIO, soil 
S, and mixture M, x, in which x is the biochar concentration).

FIGURE 9    |    Empirical frequency distributions of SCI (a) and FCI (b) 
for all the investigated samples (biochar BIO, soil S, and mixture M, x, 
in which x is the biochar concentration).
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increases from 3% % to 5% and investigate what happens in 
field conditions for BC higher than 5%.

4.2   |   Hydrological Connectivity 
of Biochar-Amended Soils

Figure 6 highlights that the shortest T1 corresponds to the soil, 
while, on the contrary, the biochar is characterised by the longest 
T1. Therefore, the mixtures M are characterised by longitudinal 
relaxation time values higher than those measured for the soil 
sample because of the increase in large-size pores in the M sam-
ples due to the presence of the biochar component. All F(T1) dis-
tributions are S-shaped and are always skewed towards shorter 
T1, suggesting that, for each sample, the macro-pore component 
(largest T1) is never dominant. The F(T1) distributions of the 
mixtures shift to the right with increasing values of the biochar 
component, and therefore the biochar addition increases the size 
of mesopores and micropores.

Figure  7 demonstrates that the mixtures with a biochar com-
ponent of 3% and 5% are characterised by similar values of TA 
and TB with small differences compared to those detected for 
the series M, 30%. Thereby, increasing biochar beyond 5% only 
produces a small increase in TA and TB. This means that the bio-
char content of 5% can be considered a threshold value to obtain 
appreciable variations in the micro-pores and macro-pores com-
pared to the original soil. In other words, 5% BC can be consid-
ered a threshold to change the soil structure and its effects on 
erosion processes. This result can be a precious tool to set, in 
agricultural field application, an optimum threshold of biochar 
concentration to add as soil amendment and soil conservation 
practice. In fact, according to the results of this investigation, 
the addition of biochar concentrations higher than 5% would 
be useless as it would not produce significant improvements in 
terms of soil structure. If future field investigations confirm that 
biochar concentrations higher than 5% would not further limit 
soil loss compared to BC = 5%, the combination of these two re-
sults will allow for stating that adding biochar in concentrations 
higher than 5% would produce only an economic loss as it would 
not be justified by an increased effectiveness.

Figure 8a shows that the biochar addition improves the structural 
connectivity, and SCI reaches the maximum for BC = 5%, while 
the lowest values are detected for BC = 30%. Figure 8a also demon-
strates that the structural connectivity index can be considered 
independent of the proton Larmor frequency. The representative 
mean value m(SCI) and the standard deviation sd(SCI) are listed 
in Table 1. Figure 8b shows how the functional connectivity index 
varies with νL, demonstrates that: (a) FCI is almost independent 
of the proton Larmor frequency and is characterised by the mean 
value m(FCI) and the standard deviation sd(FCI) listed in Table 1; 
(b) in the range BC = 0%–3%, the FCI decreases as BC increases. 
Figure 8 also points out that the NMR technique is able to discrim-
inate the structural connectivity between soil and mixture.

Finally, Figure 9 highlights that, for increasing BC values up 
to 5%, SCI increases with increasing biochar (Figure 9a), while 
FCI decreases up to BC = 3% (Figure  9b). Therefore, biochar 
contents of 5% and 3% are discriminating values for SCI and 
FCI, respectively.

The developed analysis demonstrated that the FFC NMR tech-
nique is able to measure the two components, SCI and FCI, of 
the hydrological connectivity inside the soil and their differ-
ences due to the percentage of biochar.

5   |   Conclusions

Even though there is an increasing interest in biochar as a soil 
amendment and a tool to improve soil structure and mitigate 
soil erosion, contrasting results on its significant usefulness 
as a soil conservation measure were reported in the literature. 
Furthermore, most of the existing experiments were carried 
out in interrill soil erosion conditions without paying particu-
lar attention to the concentration of biochar added to the orig-
inal soils.

In this paper, the anti-erosive effectiveness of biochar was eval-
uated by rill measurements at the plot scale performed in soils 
amended with an initial biochar concentration in weight of 3% 
and 5%. The measurements demonstrated that the treatment 
with the higher initial biochar concentration (5%) decreases the 
overall erosive phenomenon and produces a higher biochar per-
centage in the eroded mixture. This result partially agrees with 
some of those available in the literature, while the differences as 
compared to other studies can be due to different experimental 
conditions (i.e., soil texture, flow type, etc.).

To investigate if the biochar concentration of 5% plays a sig-
nificant role in the water movement inside the soil, which 
affects runoff and soil erosion processes, NMR relaxometry 
with the FFC layout was applied to measure the structural and 
functional connectivity of the soil and the biochar used in rill 
measurements, and mixtures with different biochar concentra-
tions. These measurements demonstrated that the macro-pore 
component (longest T1) is never dominant, and the biochar 
addition increases the size of mesopores and micropores. The 
biochar component improves the structural connectivity up to 
BC = 5%, while the lowest values of the structural connectiv-
ity index are detected for BC = 30%. The measurements also 
demonstrated that biochar preferentially improves the struc-
tural connectivity component, while it does not significantly 
vary the functional connectivity index for the mixtures as 
compared to that of soil.

In conclusion, a biochar concentration of 5% can mitigate the 
rill erosion phenomena, improve the soil structural connectivity, 
and not appreciably modify the functional connectivity.
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