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ARTICLE INFO ABSTRACT

Keywords: Adding biochar to soils is being advocated to mitigate soil erosion. However, given biochar aging and persistency
Biochar in soils, the effects of biochar on soil in the long-term are important to investigate yet remain largely unknown.
Kiln site

The objective was therefore to determine the long-term effect of biochar on interrill erosion on cropland soils.
Experiments were conducted using topsoil from three fields of different textures (silt loam, loam and sandy
loam). Each field was characterized by the presence of kiln sites containing century-old charcoal used as proxy to
investigate the long-term impact of biochar. Aggregate stability was measured using the method of Le Bissonnais
(1996), whereas interrill erosion was studied using two successive (24-h apart) rainfall simulation experiments
(84 mm h™!, 90 min.). The presence of historical charcoal in kiln sites did not affect soil aggregate stability,
irrespective of charcoal-C content or soil type. For the first rainfall simulation only, the century-old charcoal
reduced both the final runoff and soil loss rates by, respectively, 15.4 mm h™! and 12.1 g m~2 h™! for each
percent increase in charcoal-C content. As a result, Meyer’s interrill erodibility decreased with increasing
charcoal-C content. However, because the final runoff and soil loss rates decreased to a similar extent with
increasing charcoal-C content, Kinnell’s interrill erodibility was unaffected by charcoal-C content. These effects
on interrill erosion parameters were independent of soil type and could not be related to changes in soil chemical
properties. The measured reduction in runoff and soil loss were attributed to delayed crust development, which
could be related to increasing proportions of clods in the soil samples with increasing charcoal-C content. Further
research may be needed to confirm the observed trends and underlying mechanisms over a wider range of soil

types.

Soil texture
Aggregate stability
Interrill erosion

1. Introduction need for further research on practices to mitigate water erosion.

To reduce water erosion and its consequences, numerous manage-

Soil erosion by water has been drawing much interest from the sci-
entific community as well as from public and private stakeholders for
many decades because of the sometimes severe on- and off-site conse-
quences. On-site consequences include damage to crops, loss of soil
organic matter and nutrients and, in the longer term, reduction of topsoil
depth and overall capacity of soils to perform their ecosystem services
(Boardman and Poesen, 2006). Off-site consequences comprise muddy
floods, eutrophication of surface water as well as silting up of rivers or
storm basins downstream (Verstraeten and Poesen, 1999; Boardman and
Poesen, 2006; Boardman et al., 2006; Verstraeten et al., 2006). The
annual cost of the loss in agricultural productivity due to soil erosion by
water was estimated by Panagos et al. (2017) at around €1.25 billion at
the European scale. These consequences and their high cost highlight the

ment approaches have been developed and promoted (Evrard et al.,
2010; Laloy and Bielders, 2010; Maetens et al., 2012). In general,
practices that prevent erosion (e.g. planting of winter cover crops,
conservation tillage) should be preferred over measures that mostly seek
to reduce the off-site impacts (e.g., grass buffer strips, porous barriers).
Preventive measures seek to maintain or improve soil infiltration ca-
pacity, protect the soil against direct drop impact as well as enhance soil
aggregate stability and cohesion in order to reduce runoff and soil
detachment. While ensuring a permanent soil cover is likely to be the
most effective approach (Zuazo and Pleguezuelo, 2008), cropping sys-
tems with permanent cover remain marginal in the context of intensive
agricultural systems in western Europe, and maintaining a permanent
cover may not be easily applicable to all cropping systems. Hence there
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is a need for soil amendments to prevent soil structure degradation or
even to improve soil structure. Whereas the value of manure, compost or
crop residues for improving soil structure is well established (Bronick
and Lal, 2005), the use of these amendments may be constrained by
environmental considerations (e.g., groundwater protection against
leached nitrate), agronomic considerations (e.g., N immobilization by
residues with high C/N ratio; disease control), or by local availability of
the source material. In this context, the use of biochar is an additional
promising avenue for soil erosion management (Blanco-Canqui, 2019;
Gholamahmadi et al., 2023).

Biochar is a carbon-rich product derived from the pyrolysis of
biomass such as livestock manure, sewage sludge, wood or crop residues
(Lehmann and Joseph, 2015; Trupiano et al., 2017). Because of its
long-term persistency in soils, the addition of biochar has been proposed
as a way to mitigate climate change through carbon sequestration in
soils (Lehmann et al., 2006; Woolf et al., 2010; Gupta et al., 2020). In
addition to its carbon sequestration potential, previous studies have
shown that biochar can improve soil quality and consequently crop
performance (Jeffery et al., 2011; Biederman and Harpole, 2013; Ding
et al., 2016; Blanco-Canqui, 2017; Palansooriya et al., 2019; Singh et al.,
2022).

Regarding the effects of biochar on soil erosion, the review of
Blanco-Canqui (2019) reported that biochar burial in soil reduces runoff
by 5-50% and soil loss by 11-78% during rainfall events, whereas the
meta-analysis of Gholamahmadi et al. (2023) highlighted that the
addition of biochar to soil reduces runoff by 25% and soil loss by 16% on
average. These effects were generally attributed to the positive impact of
biochar on key soil properties which affect the runoff potential and soil
erodibility (organic carbon content, hydraulic conductivity and aggre-
gate stability, among others). However, it is worthwhile mentioning that
negligible or even negative effects of biochar on soil loss have also been
reported (Peng et al., 2016; Li et al., 2017; Lee et al., 2018; Zhang et al.,
2019). Moreover, the extent of the reductions in soil erosion following
the application of biochar appears to depend on numerous factors (e.g.,
biochar properties and application rate, initial soil properties, condi-
tions of rainfall-runoff experiments, the presence of vegetation, type of
climate), indicating that the effect of biochar application on soil erosion
is context-dependent. For instance, the meta-analysis of Gholamahmadi
et al. (2023) revealed that biochar was effective at mitigating soil
erosion at gravimetric concentrations between 0.6% and 2.5%, whereas
no significant effect was observed at lower and higher concentrations.
Moreover, the reduction of soil erosion appeared much stronger in
coarse-textured soils (Gholamahmadi et al., 2023).

While the short-term effects of biochar on soil erosion have been
widely studied as reported in the previous paragraph, only Zanutel and
Bielders (2023) have, to our knowledge, investigated its long-term effect
on soil erosion. Studying this long-term effect is important given biochar
persistency in soil (Lehmann, 2007; Solomon et al., 2007; Singh et al.,
2012). Moreover, the properties of biochar particles change over time in
soil, with a progressive fragmentation of these particles but also a pro-
gressive oxidation of the surface of these particles (the latter process is
being referred to as biochar aging; Lehmann et al., 2005; Cheng et al.,
2006). Biochar fragmentation and aging result in an increase in negative
charges and a decrease in hydrophobicity of the surface of biochar
particles (Cheng et al., 2008; Knicker, 2011; Criscuoli et al., 2014),
properties that may directly affect soil erodibility.

Given the lack of long-term field experiments with biochar, the long-
term effect of biochar can be investigated using kiln sites as natural
model. Kiln sites are former charcoal production sites characterized by
high concentrations of hardwood biochar (charcoal; from 1.8 to
33.1 g kg~ ! on cropland; Hardy et al., 2016b) corresponding to leftovers
of the charcoal production process dating back to the first half of the
19th century mainly (Hardy and Dufey, 2012). On bare soils, they are
visible on aerial views as black patches a few decameters in diameter
and are characterized by decreasing charcoal contents from the center
outwards (Hardy and Dufey, 2015). Compared to adjacent reference
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(control) soils, previous studies demonstrated that kiln site soils on
cropland are characterized by higher cation exchange capacity (CEC)
and divalent exchangeable cation contents (Hardy et al., 2016b), which
has been shown to favor organo-mineral associations and aggregation
(Burgeon et al., 2021). We therefore hypothesized that biochar frag-
mentation and aging may also enhance its soil erosion mitigation po-
tential. This was partly confirmed in a study by Zanutel and Bielders
(2023), who reported lower runoff and sediment loss rates on soil from
the center of kiln sites compared to reference soil for a sandy loam soil
(but not for a silt loam soil). However, the latter study did not investigate
the effect of century-old charcoal-C content on soil erosion.

The main objective of this research was therefore to characterize the
long-term impact of biochar content on interrill erosion on cropland
soils. In an approach similar to previous studies (Hardy et al., 2016a,
2016b; Burgeon et al., 2021; Zanutel et al., 2021; Zanutel and Bielders,
2023), samples taken at different distances from the center of kiln sites
were used to study the long-term effect of hardwood biochar-C con-
centration in soils on interrill erosion-related properties of cropland
soils. Soil chemical analyses, aggregate stability tests and rainfall-runoff
experiments were performed to study the effect of charcoal-C content on
interrill erosion-related properties. These properties were determined on
different soil types, given that the effects of biochar are soil-dependent.

2. Materials and methods
2.1. Study sites and sampling

The three agricultural fields selected for this study were located in
the municipalities of Gembloux (Silt loam region), Yvoir (Condroz re-
gion) and Attert (Belgian Lorraine) in Wallonia (Belgium; Fig. 1). In
these areas, the climate is temperate oceanic (Table 1). Severe erosion
on cropland and muddy floods are common place (Bielders et al., 2003;
Verstraeten et al., 2006; Evrard et al., 2007). The soil at the study sites is
classified as Luvisol (WRB classification) with a silt loam texture (USDA
classification) in Gembloux, Cambisol with a loamy texture in Yvoir, and
Planosol with a sandy loam texture in Attert (Table 1). The three fields
are characterized by the presence of charcoal-enriched kiln sites visible
on aerial photographs as black spots 20-25 m in diameter when the soil
is bare (Fig. 1).

The selected fields were still covered with forest on the map of Fer-
raris (1770-1778), but no longer on the first official topographic survey
map of the kingdom of Belgium (1865-1880). Therefore, deforestation
most likely occurred during the first half of the 19th century, which also
corresponds to the peak in charcoal production in Wallonia (Hardy and
Dufey, 2012). In Wallonia, charcoal production took place in hornbeam
and oak forests to meet the energy demands of the fast-growing steel
sector prior to the switch to coal (Hardy and Dufey, 2012). Hence, the
century-old charcoal particles are assumed to be dominated by oak and
hornbeam at the three sites (Hernandez-Soriano et al., 2016; Hardy
et al., 2016b, 2017).

Due to biochar fragmentation and aging over time in soils, the
properties of charcoal particles from kiln sites are different than fresh
biochar. This century-old charcoal has a high aromatic carbon content
and a high cation exchange capacity estimated at 414 cmol, kg™* of
charcoal-C by Hardy et al. (2016b). Using X-ray photoelectron spec-
troscopy, Hardy et al. (2017) measured elemental contents ranging from
45.1% to 77.2% for C, from 17.4% to 42.2% for O and from 1.34% to
1.93% for N at the surface of charcoal particles from Belgian kiln sites.
The surface of these charcoal particles was also characterized by low
concentrations of Si (1.46-6.18%), Al (0.86-3.33%), Ca (0.23-1.75%)
and Fe (0.16-1.22%). K and Mg were also detected at the surface of some
charcoal particles. Hardy et al. (2017) also measured values of atomic
H/C and O/C ratios for charcoal particles ranging from 0.57 to 0.77 and
from 0.34 to 0.43, respectively. These ratios are higher than for fresh
charcoal from active kiln sites (0.30 for H/C and 0.11 for O/C),
reflecting among others a higher surface density of oxygen-rich
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Fig. 1. Location of the study sites on the Belgian map of agro-geographic areas and aeral views showing the three sampling transects and sampling positions for the
silt loam soil in Gembloux, the loamy soil in Yvoir and the sandy loam soil in Attert. Kiln sites are visible as darker black spots.

Table 1

Selected characteristics of the 3 study sites: municipality, latitude (Lat.) and longitude (Long.), 29-year (1991-2020) average annual temperature (Temp.) and pre-
cipitation (Prec.), average slope (Avg slope), gravel (> 2 mm), sand (50-2000 pm), silt (2-50 um) and clay (< 2 um) contents, textural class and soil type. For the gravel,
sand, silt and clay contents, data are means + standard errors of the means (n=3).

Municipality Lat. Long. Temp. Prec. Avg Gravel Content Texture (USDA) Soil type
slope Sand Silt Clay Text.
N[] E[°] [°C] [mm] [%] [%] [%] [%] [%] Class™” (WRB)
Gembloux 4.75 50.52 10.2 793 0.5 1+0 5+0 80+1 16+0 SiL Luvisol
Yvoir 5.00 50.35 9.6 902 2 13+4 35+5 48+5 16 +£1 L Cambisol
Attert 5.82 49.74 9.1 1136 4 2+1 61+8 26+7 13+1 SaL Planosol

(*) Textural classes: SiL = Silt loam, L = Loam, SaL = Sandy Loam.

functional groups such as carboxyl, carbonyl and O-alkyl (Hardy et al.,
2017). More information on the chemical properties of century-old
charcoal from Belgian kiln sites can be found in Hardy et al. (2017)
and in Burgeon et al. (2021).

The soils at the three study sites have been cultivated conventionally,
i.e., moldboard ploughing till 30 cm depth followed by one or more
tillage operations for seedbed preparation. In Gembloux, a crop rotation
was practiced, alternating between chicory, winter wheat, sugar beet,
and potatoes, with winter cover crops when applicable (mustard and
phacelia). In Yvoir, the crop rotation includes maize, sugarbeet, potatoes
and winter grain, with winter cover crops when applicable. In Attert, the
field has been cultivated continuously with maize, with winter cover
crops.

Soil sampling occurred approximatively one month after sowing on
the 25th of October, 8th of November and 15th of November 2019 in
Gembloux, Yvoir and Attert, respectively. The preceding spring crops
and the crops at the time of the sampling were chicory and mustard in
Gembloux, sugar beet and winter barley in Yvoir, and maize and winter

wheat (used as cover crop) in Attert, respectively.

Three charcoal kiln sites were selected on each field (Fig. 1). For each
kiln site at each study site, the topsoil (0-10 cm) was sampled at three
positions along a transect starting from the center of kiln sites and going
outwards. Charcoal-C concentration will be highest for samples from the
center of kiln sites and decreasing outwards (Fig. 1). In addition,
reference soil samples were collected at a position located more than
20 m away from each selected kiln site on each study site (Fig. 1). These
reference soil samples are assumed to be free of charcoal, although
Hardy et al. (2016b) found small amounts of charcoal-C (0-2.6 g kg’l)
at such reference locations by means of differential scanning calorim-
etry. This was attributed to transport by tillage and other lateral trans-
port processes.

For each sampling location at each study site, approx. 30 dm® of
disturbed soil was sampled, air-dried and sieved at 2 cm for use in the
rainfall-runoff experiments (most of the soil), and at 2 mm for the
determination of soil chemical properties (a few grams). In addition to
the disturbed soil samples, approx. 30 g of 3-5 mm soil aggregates were
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taken and air-dried for the determination of aggregate stability for each
sampling location at each study site. At the time of sampling, soil bulk
density did not significantly differ across sampling locations and study
sites, with mean values of 1.37+0.02 g cm 3 (mean+standard error) at
reference locations and 1.324+0.03 g cm ™ at the center of kiln sites.

2.2. Soil chemical properties

Chemical properties were determined for each sampling location on
a few grams of air-dried soil sieved at 2 mm. A glass electrode was used
to determine soil pH-KCl in a 1:5 (volume fraction) suspension of soil in
1 M potassium chloride solution (ISO 10390). Dry combustion was used
to determine soil organic carbon (SOC; Vario MAX analyser, Elementar).
Inorganic carbon content was negligible (below the limit of
quantification).

Charcoal-C content was estimated by calculating the difference in
carbon content between a given kiln site sample and the corresponding
reference sample (Eq. 1).

Charcoal_C; = SOC; — SOCht €y

with Charcoal_C; and SOC; the charcoal-C and SOC contents at a
position “i” in a kiln site [g kg™'], respectively, and SOC,s the SOC
content from the corresponding reference sample [g kg ']. The limita-
tions of this method were discussed in Zanutel et al. (2021).

A hexaminecobalt trichloride solution was used as extractant to
determine soil CEC (ISO 23470). Available potassium (KM, calcium
(Ca®") and magnesium (Mg?") were extracted with a 0.5 M ammonium
acetate — 0.02 M ethylenediaminetetraacetic acid (EDTA) solution at pH
4.65 with a 1:5 soil:solution volume ratio (Lakanen and Ervio, 1971) and
measured by spectrophotometry.

2.3. Soil aggregate stability

Aggregate stability was determined for each sampling locationon 5 g
of air-dried, 3-5 mm aggregates with the method developed by Le Bis-
sonnais (1996). This method involves three different treatments: fast
wetting, slow wetting and mechanical breakdown. The fast wetting test
predominantly assesses the sensitivity of soil aggregates to slaking and
seeks to mimic aggregate breakdown during an intense rainstorm,
whereas the slow wetting test mostly reflects the effects of micro-
cracking and physico-chemical dispersion and seeks to mimic conditions
during a gentle rain. The mechanical breakdown test assesses the
cohesion of aggregates in response to mechanical stress. For each sam-
pling location, all three tests were replicated 5 times (i.e., 60 measure-
ments per test per study site). Details of the experimental protocols can
be found in Le Bissonnais (1996).

After each of the three treatments, the soil material was transferred
to a 50-um sieve immersed in ethanol (wet-sieving). The >50 um frac-
tion was collected, placed in an oven (105°C, 48 h) and gently dry-
sieved by hand on a column of six sieves: 2000, 1000, 500, 200, 100
and 50 pm. The mass percentage of each size fraction was determined.
The <50 pm fraction is estimated from the difference between the initial
mass and the sum of the six other fractions. Finally, the aggregate sta-
bility was determined by calculating the mean weight diameter (MWD
[mm]) as follows:

MWD = (3.5x [% > 2mm| + 1.5x [%1 —2mm] + 0.75 x [%0.5 — 1mm]
+ 035% [%0.2 — 0.5mm] + 0.15 x[%0.1 — 0.2mm|
+ 0.075x [%0.05 — 0.1mm] + 0.025 x [%
< 0.05mm]|)/100
2

2.4. Interrill erosion: rainfall-runoff experiments

In order to estimate interrill erodibility, rainfall-runoff experiments
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were conducted using a rainfall simulator and a flume at the Earth and
Life Institute of UCLouvain in Belgium. The flume (Length 75 cm x
Width 50 cm x Depth 50 cm) was designed similar to Liebenow et al.
(1990), with a slope of 10%. The flume was filled with a 35-cm thick
layer of sand on top of a 5-cm layer of gravel to allow free drainage. A
5-cm layer of air-dried soil from the experimental sites was then placed
on top of the sand. The soil was sieved at 2 cm similarly to Guo et al.
(2010) and Zhao et al. (2015) in order to mimic field soil conditions just
after crop sowing (seedbed). Soil bulk density ranged between 1000 and
1200 kg m~> before rainfall simulations.

The artificial rainfall was applied using two pressure nozzles placed
2m above the flume. The intensity of the artificial rainfall was 84
+4 mm h™!, with a Christiansen homogeneity coefficient of 0.985. The
mean drop diameter was 1.174+0.15 mm and the kinetic energy of the
simulated rain was 10.6 J m ™2 mm .

For each sampling location, a first rainfall simulation was conducted
for 90 min. The soil in the flume was then left to drain freely for 24 h
before undergoing a second rainfall simulation of 90 min. Therefore, a
total of 2 x12 rainfall simulations were performed per study site. A
photograph of the soil was taken at the end of each rainfall simulation to
keep track of changes in soil surface conditions. Indeed, several studies
have shown that soil surface conditions are indicative of surface hy-
drodynamic properties (e.g., infiltrability; Auzet et al., 1995, 2005;
Cerdan et al., 2002; Malet et al., 2003). Runoff samples were taken every
5 min. during rainfall simulations and the runoff volume was deter-
mined by weighing. After 24 h of sedimentation and removal of the
supernatant, these samples were placed in an oven (105°C, 48 h) and
then weighted in order to determine the eroded soil mass. Final runoff
rate was determined on the basis of the last 2-5 runoff samples, i.e., over
the last 10-25 min. The longest possible time interval was used (with a
max. of 25 min) for which there was no significant change in runoff rate
based on the slope of the linear regression between runoff rate and time.
The final soil loss rate was determined for the same time interval as the
interval used for determining final runoff rate.

Interrill erodibility was determined based on two different empirical
equations: Eq. (3) introduced by Meyer (1981) and used especially by
Liebenow et al. (1990), and Eq. (4) proposed by Kinnel (1993). Kinnel’s
equation is adapted to transport-limited conditions whereas Meyer’s
equation applies to detachment-limited conditions (Assouline and
Ben-Hur, 2006; Zhang et al., 2020).

Di
Ki (M = — 3
i (Meyer) F st 3)

s . Di
Ki (Kinnel) = IRSE 4)

with Ki the interrill erodibility [kg s m’4], Di the final interrill soil
loss rate [kg m~2 s’l], I the intensity of the rainfall [m s’l], R the final
runoff rate [m s’l], Sf a slope factor [-] given by 1.05 — 0.85 exp(-4 sin
(0)) and 6 the slope angle [radians].

2.5. Soil surface conditions

Because of high variability in measured final runoff and soil loss rates
but also large differences in surface conditions (crusting and presence of
aggregates) at the end of the rainfall simulations, we investigated a
posteriori whether final runoff (or soil loss) rates were related to surface
conditions. For this purpose, each photograph taken at the end of the
rainfall simulations was classified visually into 4 groups from A to D —
irrespective of soil type and charcoal content — on the basis of the pro-
portion of visible aggregates remaining in the crust at the end of the
rainfall simulation. Group A corresponds to surface conditions with a
lower degradation state (larger number of clods / weaker crusting)
whereas group D corresponds to a more advanced state of degradation
(fewer clods / more severe crusting), groups B and C corresponding to
intermediate degradation states. Note that the classification of images
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was done separately for the two rainfall simulations based on the least /
most degraded state in each of the two series. In other words, what was
classified as ‘A’ or ‘D’ after the second rainfall does not match with what
was classified as ‘A’ or ‘D’ after the first rainfall event because crusting
continued to evolve between the first and second rainfall event. Fig. 2
provides representative photographs of the different groups after the
first rainfall simulation. Because of technical issues, some images could
not be exploited. Overall, 30 and 26 photographs were considered for
the 1st and 2nd rainfall simulation, respectively. For the 1st rainfall
simulation, 8, 9, 7 and 6 photographs were included in groups A, B, C
and D, respectively. For the 2nd rainfall simulation, it was 5, 7, 6 and 6
photographs in groups A, B, C and D, respectively.

2.6. Statistical analyses

Data were managed and analysed using the MATLAB software
(version 2020a) and R studio (version 4.0.4; 2021). Using the “fitlm”
function of MATLAB, a linear model between each studied variable
(MWD, R, etc.) and the corresponding charcoal-C content was fitted for
each site separately as well as for all sites combined. The p-value on the
slope coefficient of the linear regressions was used to determine if there
was a significant effect of century-old charcoal-C content on the
dependent variables. The “fitlm” function was also used in addition to
the “predict” function of MATLAB to fit a linear model with 95% con-
fidence intervals between the final runoff and soil loss rates.

To assess whether differences in measured or calculated variables
could be explained by differences in soil surface conditions, a one-way
ANOVA was performed using the “aov” function of R studio using the
using the 4 surface condition classes as explanatory variables. The “aov”
function of R studio was also used to perform a one-way ANOVA test in
order to compare results between sites. Tukey’s Honestly Significant
Difference post-hoc test (HSD test) was performed for pairwise com-
parisons with the “TukeyHSD” function in R studio.

For each statistical test, the conditions of homoscedasticity (Levene
test) and normality (visual inspection based on a Q-Q plot and a graph of
the residuals distribution) of residuals were checked, assuming inde-
pendence of the samples. Overall, an effect was considered significant
when the p-value (P) was less than 0.05.
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3. Results
3.1. Soil chemical properties

For the reference samples, the sandy loam soil had a higher SOC
content (19.840.5 g kg’l) than the silt loam soil (12.1+0.5 g kg’l) and
the loamy soil (14.7+0.3 g kg™}; Table 2). At the center of the kiln sites,
SOC content ranged from 15.9 to 17.0 g kg™ ! in the silt loam soil, from
26.1 to 34.0 g kg ! in the loamy soil and from 25.5 to 30.7 g kg™ ! in the

Table 2

Soil chemical properties for the center of the kiln sites (‘Kiln’) and reference
samples (‘Ref.’) for each of the three study sites. P corresponds to the p-value on
the slope coefficient of the linear regression between a given soil chemical
property and the charcoal-C content (n=12). P-values in bold indicate a p-value
< 0.05. SiL corresponds to the silt loam soil in Gembloux, L to the loamy soil in
Yvoir, and SalL to the sandy loam soil in Attert. SOC corresponds to the soil
organic carbon, CEC to the cation exchange capacity and Exch. K*, Ca®*, Mg?*
to exchangeable potassium, calcium, magnesium contents, respectively. Data
are means + standard errors of the means (n=3).

pH-KCl  sOC CEC Exch. Exch. Exch.
K CaZt Mg2+
[ lg/ [emol. kg™']
kgl
SiL Ref. 7.2 12.1 9.7+0.4 0.30 12.9+0.5 0.73
+0.1 +0.5 +0.01 +0.01
Kiln 7.3 16.6 11.3+0.5 0.27 15.0+1.0 0.77
+0.1 +0.2 +0.03 +0.02
P 0.5374 na* 0.1100 0.4407 0.0681 0.9557
L Ref. 6.6 14.8 6.25 0.36 9.3+0.6 0.77
+0.1 +0.2 +0.15 +0.05 +0.05
Kiln 6.8 29.9 11.0+0.6 0.38 14.7+0.4 0.91
+0.1 +1.6 +0.09 +0.02
P 0.4516  na* <0.0001  0.6860 <0.0001  0.0363
SaL Ref. 6.1 19.8 8.6+0.1 0.75 7.94+0.5 1.36
+0.2 +0.5 +0.09 +0.09
Kiln 6.1 27.7 11.0+0.5 0.71 10.3+0.5 1.62
+0.1 +1.1 +0.11 +0.14
P 0.8206 na* 0.0002 0.8870 0.0258 0.0033

*Given that charcoal-C contents are derived from SOC contents, the linear
regression was not performed between charcoal-C content and SOC content.

Fig. 2. Illustration of the soil surface conditions at the end of the first rainfall simulation for the 4 different groups (A to D).
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sandy loam soil. As a result, the charcoal-C content at the center of the
kiln sites was highest in the loamy soil (11.1-18.8 g kg™1) and lowest in
the silt loam soil (3.6-5.2 g kg’l), with intermediate values for the
sandy loam soil (6.6-9.9 g kg™1).

pH-KClI was slightly acidic to neutral for all the study sites and un-
affected by charcoal-C content (Table 2). Unlike exchangeable K™, CEC
and exchangeable Ca?" and Mg?* contents increased significantly with
charcoal-C content for the loam and sandy loam soils. For the silt loam
soil, charcoal-C content did not affect the measured chemical properties
(Table 2).

3.2. Soil aggregate stability

For the reference soil samples, irrespective of the aggregate stability
test (slow wetting, fast wetting or mechanical breakdown), the mean
weight diameter of the aggregates was always higher for the loamy soil
than for the silt loam soil (Fig. 3). For the sandy loam soil, the mean
weight diameter of the reference samples was highest of all soils
following the slow wetting test, intermediate for the fast wetting test and
lowest of all soils for the mechanical breakdown test. For the loam and
silt loam soils, the mechanical breakdown and slow wetting tests were
almost equally destructive and less destructive than the fast wetting test.
On the contrary, for the sandy loam soil, the mechanical breakdown test
was almost as destructive as the fast wetting test, both tests being much
more destructive than the slow wetting test.

Charcoal-C content did not significantly affect soil aggregate stability
for any of the tests or study sites (P > 0.05; Fig. 4). Note that variability
among replicate samples was high, especially for the slow wetting and
mechanical breakdown tests.

3.3. Runoff and interrill soil loss

Final runoff rates varied from 2.5 to 60.8 mm h ™! for the first rainfall
simulation experiment and from 13.9 to 82.9 mm h™! for the second one
(24 h later) across all sites and charcoal-C contents. The final soil loss
rates ranged from 0.01 to 0.91 kg m2h™! for the first rainfall simulation
and from 0.05 to 0.52 kg m™ h™? for the second one. Overall, the final
runoff and soil loss rates were linearly related (Fig. 5). There was no
significant difference between study sites and between the first and
second rainfall simulation.

Except for the silt loam soil during the second simulation, the general
tendency was for final runoff and soil loss rates to decrease as a function
of charcoal-C content (Fig. 6). Given that neither the slope nor the
intercept of the linear regressions differed significantly across sites for

mSiltLoam mLoam m Sandy Loam

MWD (REF) [mm]
O O = = =

0.4

SW Fw MB

Fig. 3. Mean weight diameter (MWD) of aggregates from the reference (REF)
soil samples for the silt loam (Gembloux), loam (Yvoir) and sandy loam (Attert)
soils following the three tests of the method of Le Bissonnais: (a) SW = slow
wetting, (b) FW = fast wetting, and (c) MB = mechanical breakdown. The error
bars correspond to the standard errors of the means (n=15). P corresponds to
the p-value of the ANOVA test. For a given test, bars marked with different
letters are significantly different (P < 0.05).
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Fig. 4. Relationships between the mean weight diameter (MWD) of aggregates
and the charcoal-C content for the silt loam (Gembloux), loam (Yvoir) and
sandy loam (Attert) soils after having been subjected to one the three tests of
the method of Le Bissonnais: (a) SW = slow wetting (b) FW = fast wetting (c)
MB = mechanical breakdown. P corresponds to the p-value on the slope coef-
ficient of the linear regressions (n=60 per study site).

both rainfall simulation experiments, a single regression between
charcoal-C content and final runoff (or soil loss) rate was performed for
all soils pooled together (Fig. 6). Overall, for the first rainfall simulation
only, charcoal-C content significantly reduced final runoff (P = 0.02,
Fig. 6a) and soil loss rates (P = 0.05, Fig. 6¢). No such trend was
observed for the second rainfall simulation 24 h later (Fig. 6b,d). Sedi-
ment concentration was not significantly affected by charcoal-C content
(Fig. 6e,f).

3.4. Interrill erodibility

For the first rainfall simulation experiment only, the presence of
century-old charcoal significantly reduced Meyer’s interrill erodibility
when all the measurements from the three sites were pooled together (P
= 0.05; Fig. 6g). This reduction in erodibility with increasing charcoal-C
content was not observed for Kinnel’s interrill erodibility (Fig. 6i). For
the second rainfall simulation, there was no significant effect of
charcoal-C content on interrill erodibility, irrespective of the equation
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Fig. 5. Relationship between final runoff and soil loss rates. A linear regression
model was fitted for all the data combined, given the lack of significant dif-
ference between the three study sites and between both rainfall simulations. 0 h
and 24 h correspond to the first rainfall simulation and the second one (24 h
later). P corresponds to the p-value on the slope coefficient of the linear
regression (n=64). The shaded areas correspond to the 95% confi-
dence intervals.

used (Fig. 6h,j).

3.5. Surface conditions

Measured and calculated variables from the first rainfall simulation
were affected by the surface conditions, all study sites combined (Fig. 7).
The more the surface is crusted and the fewer aggregates are present, the
higher the final runoff rate (Fig. 7c), the final soil loss rate (Fig. 7e) and
Meyer’s interrill erodibility (Fig. 7 f). For the second rainfall simulation,
only the final runoff rate was different from one group to another and
therefore affected by the surface conditions (Fig. 7d). Charcoal-C con-
tent did not differ significantly across the 4 groups surface conditions
(Fig. 7a,b), nor were the sediment concentration or Kinnel’s interrill
erodibility coefficient (not shown).

3.6. Correlations between variables

Interrill erosion parameters from the first rainfall simulation were
negatively correlated with the mean weight diameter following the fast
wetting and mechanical breakdown tests, all study sites combined
(Table S1). However, only the correlations between sediment concen-
tration or Kinnel’s interrill erodibility and the mean weight diameter
following the fast wetting test were significant. After the second rainfall
simulation, these correlations were no longer significant, but a signifi-
cant correlation was observed between the mean weight diameter after
slow wetting and Kinnel’s interrill erodibility (Table S1).

Due to the differences in soil chemical properties across study sites,
correlations between soil chemical properties and interrill erosion pa-
rameters were investigated for each study site separately (Table S2). For
the silt loam soil, the mean weight diameter after the slow and fast
wetting tests was significantly and positively correlated with the
exchangeable Ca?* and Mg?* contents, respectively. For the loamy soil,
the mean weight diameter following the slow wetting test was signifi-
cantly and positively correlated with pH-KCL. For the sandy loam soil,
the mean weight diameter following the slow wetting test was signifi-
cantly and negatively correlated with the exchangeable K content.
Regarding the interill erosion parameters derived from the rainfall-
runoff experiments, these parameters were not significantly correlated
with soil chemical properties, except for the correlation between final
runoff rate and exchangeable Ca?* content on the silt loam soil. Overall,
correlations between soil chemical properties and soil aggregate sta-
bility or interrill erosion parameters were weak and not consistent across
sites.
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4. Discussion
4.1. Effect of charcoal-C on soil chemical properties

The presence of century-old charcoal in kiln sites had no effect on soil
pH, which is consistent with the observations of Hardy et al. (2016b).
This lack of effect can be explained by the frequent liming of cropland,
which seeks to keep soil pH within the optimal range for crop produc-
tion, as well as by the progressive leaching of alkali and alkaline earth
metal oxides present in biochar ash, which are responsible for the liming
effect observed in the short-term after the addition of biochar to soils
(Cheng et al., 2006).

Similar to the observations of Hardy et al. (2016b), the charcoal-C
content increased the soil CEC and divalent exchangeable cation con-
tents (Ca2t and Mg?"), most likely as a result of the high CEC of
century-old charcoal particles. For the silt loam soil, the relationships
between the charcoal-C content and these variables were, however, not
significant, which may result from the lower charcoal-C content in the
kiln sites of this soil compared to the loamy and sandy loam soils.
Indeed, given the overall variability across samples, a smaller range in
charcoal-C contents would hinder the detection of a possible significant
trend.

4.2. Effect of charcoal-C on soil aggregate stability

Aggregates from the loamy soil were more stable than the silt loam
soil for all the three aggregate stability tests. This could result from the
higher uncharred organic carbon content and a lower silt content in the
loamy soil compared to the silt loam soil. Indeed, it is well established
that aggregated stability is positively correlated to organic matter con-
tent and negatively to silt content (Rivera and Bonilla, 2020). The
uncharred organic matter can result in a reduction in the wettability and
is an important binding agent of mineral particles, thereby favoring
aggregate stability (Chenu et al., 2000). On the contrary, the presence of
silt particles increases the sensitivity to slaking and dispersion, thereby
reducing aggregate stability (Rivera and Bonilla, 2020).

Although the sandy loam soil had the highest uncharred SOC content
and the lowest silt content (Table 1), aggregate stability was not sys-
tematically higher compared to the silt loam and loamy soil. Actually,
aggregates from the sandy loam soil were the most resistant to slow
wetting and the least resistant to mechanical breakdown, compared to
the two other sites. Despite the fairly high uncharred organic carbon
content in the sandy loam, the resulting organo-mineral bonds are ex-
pected to be weak on coarse-textured soils. This is supported by the
observation that the aggregates were able to withstand the least
destructive treatment (slow wetting), but not the more destructive ones
(fast wetting and mechanical breakdown; Fig. 3).

Regarding the impact of biochar, Juriga and Simansky (2018)
identified four mechanisms by which biochar can affect soil aggregate
stability. Biochar can (1) modify exchangeable cation contents and pH
(Hardy et al., 2016a, 2016b), affecting the flocculation/dispersion
processes, (2) interact with mineral soil, including surface
hydrophobic-hydrophilic interactions (Joseph et al., 2010; Herath et al.,
2013), (3) affect soil biology (Zhang et al., 2018; Li et al., 2020b; Wang
et al., 2023), and (4) act as supplemental binding agents in
organo-mineral associations (Brodowski et al., 2006; Saran et al., 2009;
Burgeon et al., 2021). Therefore, biochar application can increase soil
aggregate stability in the short-term, as reported for instance in the re-
view of Blanco-Canqui (2017) and the meta-analysis of Islam et al.
(2021). The latter study further highlighted that biochar effects on soil
aggregation is context-dependent. Indeed, the effects were higher for
biochar derived from wood produced at temperature > 650°C, in field
experiments > 3 years and in acidic to neutral pH soils.

Because biochar fragmentation and aging increase its CEC and may
therefore enhance its ability to act as a binding agent in soil, we hy-
pothesized that charcoal-C content in kiln sites could improve aggregate
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Fig. 6. Relationship between final runoff rate (a, b), final soil loss rate (c, d), sediment concentration (e, f), Meyer’s interrill erodibility (g, h) and Kinnel’s interrill
erodibility (i, j) and the charcoal-C content for the silt loam (Gembloux), loam (Yvoir) and sandy loam (Attert) soils during the first rainfall simulation (a, c, e, g, i)
and the second rainfall simulation 24 h later (b, d, f, h, j). “All” corresponds to the linear regression fitted on the data from the three sites combined, and P to the p-

value on the slope coefficient of the linear regressions (n=12 per study site).
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Fig. 7. (a, b) Charcoal-C content, (c, d) final runoff rate, (e) final soil loss rate and (f) Meyer’s interrill erodibility for the 4 different groups (A to D) of soil surface
conditions at the end of the first (0 h) and second (24 h later) rainfall simulation, all study sites combined. Data are means =+ standard errors of the means. P
corresponds to the p-value of the ANOVA test. For a given variable, bars marked with different letters are significantly different (P < 0.05).

stability mostly through mechanisms (1) and (4). Indeed, charcoal
particles were hydrophilic as a result of the aging process (Knicker,
2011; Criscuoli et al., 2014), which excludes mechanism (2), and Hardy
et al. (2019) reported a lack of impact of centennial charcoal on soil
biological activity in kiln sites, hence mechanisms 3 is not expected to
contribute significantly.

Contrary to the initial hypothesis and the literature, we observed a
lack of effect of charcoal-C content on soil aggregate stability, irre-
spective of the study site and aggregate stability test, in spite of the
positive effect of charcoal-C on soil chemical properties. Using the same
methodology as in the present study, Zanutel and Bielders (2023) also
observed a lack of effect of century-old charcoal on aggregate stability in
kiln sites on a silt loam soil (a plot different from the present study).
However, they reported a positive impact for a sandy loam soil. The
latter corresponded to the same field as in the present study, but sam-
pling occurred in early winter 2021 as opposed to early winter 2019 for
the present study. Given that the charcoal was present for more than 150
years in the soil, it seems highly unlikely that the difference in outcome
between the present study and the study of Zanutel and Bielders (2023)
would relate to additional aging (2 years). However, although sampling
occurred at approximately the same time of year (early winter) and for
similar land use (winter cover crop, preceded by a spring crop), other
conditions may have differed that affect aggregate stability. Algayer
et al. (2014) for instance demonstrated that moisture content at sam-
pling, antecedent moisture conditions and rain intensity could signifi-
cantly affect the outcome of the aggregate stability tests. This highlights
the need to further investigate the effect of century-old biochar on
aggregate stability to arrive at more robust conclusions regarding the
conditions (e.g., soil type, moisture content at sampling) under which
one may or may not expect a positive effect of century-old biochar on
aggregate stability.

Similarly to the present study, several previous studies also did not
observe an effect of biochar on aggregate stability (Peng et al., 2011;
Borchard et al., 2014; Jeffery et al., 2015; Zhang et al., 2015; Zhou et al.,

2019), although all these studies dealt with recent biochar applications.
Zhang et al. (2015) attributed the lack of effect of biochar to low
application rates (4.5 and 9 t ha’l) and the recent addition (1 year) of
biochar to the studied soil. Though consistent with the values reported
previously by Hardy et al. (2016b), charcoal-C contents in kiln sites are
not very high (1.2-2% at most, depending on the study site), which may
limit the ability of charcoal to contribute to aggregate stabilization.
Furthermore, Zhou et al. (2019) suggested that biochar carbon is less
‘biologically active’ than uncharred organic matter and therefore less
efficient at binding soil particles or promoting biological activity. The
discrepancy between our study and the study of Burgeon et al. (2021) -
who observed that century-old charcoal in kiln sites contributes to
organo-mineral associations and plays an active role in aggregation
patterns - points for the need for further studies. The methodologies used
in the study of Burgeon et al. (2021); wet sieving, density fractionation,
sonication) and in the present study (slow wetting, fast wetting, me-
chanical breakdown; Le Bissonnais, 1996) are, however, very different
and do not allow for a straightforward comparison.

4.3. Effect of charcoal-C on runoff and interrill soil loss

In this study, we showed that the final runoff and soil loss rates
decreased with increasing charcoal-C content during the first rainfall
simulation. The reduction of final runoff and soil loss rates as a function
of charcoal-C content must, however, be interpreted with some caution,
since observations at high charcoal-C contents (> 10 g kg~ !) are domi-
nated by a single soil type, i.e., the loamy soil (Fig. 6). Nevertheless, the
general trend was also visible for the loamy soil considered alone, which
seems to comfort the fact that charcoal-C content may indeed help
mitigate runoff and sediment production.

Even though negative or negligible effects of biochar on soil erosion
have also been reported previously for short-term studies (e.g., Peng
etal., 2016; Lietal., 2017; Lee et al., 2018; Zhang et al., 2019) and in the
long-term study of Zanutel and Bielders (2023) on a silt loam soil, a
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decrease of the final runoff and soil loss rates with increasing charcoal-C
content is consistent with some published studies investigating the
short-term impact (Khademalrasoul et al., 2019; Li et al., 2019, 2020a;
Ahmadi et al., 2020) as well as the long-term impact (for a sandy loam
soil; Zanutel and Bielders, 2023) of biochar on soil erosion. More spe-
cifically, the review of Blanco-Canqui (2019) revealed a runoff reduction
ranging from 5% to 50% on the basis of six studies and a soil loss
reduction by 11-78% on the basis of eight studies during rainfall events,
whereas the meta-analysis of Gholamahmadi et al. (2023) reported that
the application of biochar reduces runoff by 25% and soil loss by 16% on
average. These reductions have been attributed to higher aggregate
stability and higher permeability following the application of biochar (Li
et al., 2019).

In this study, interrill erosion parameters were mostly not signifi-
cantly related to aggregate stability tests, but to soil surface conditions.
However, Fig. 7 shows that soil surface conditions at the end of the
rainfall simulations significantly affected both final runoff (1st and 2nd
rainfall simulations) and soil loss rates (1st rainfall simulation only).
More weakly crusted surfaces with larger numbers of protruding ag-
gregates produced less runoff and sediment than smoother, more
severely crusted surfaces. Visual inspection did not reveal an obvious
dominance of a certain soil type in a given surface condition class that
may have biased the results (i.e., class D was not dominated by samples
from the silt loam soil; Figure S1), although a formal verification of
independence between soil type and surface conditions by means of a
Chi? test is not feasible because of too few observations in some com-
binations (there are too many soil type x surface condition combinations
with fewer than 5 observations). The presence of clods in the crust may
have increased locally the infiltration (Freebairn et al., 1991) and
roughness (Carmi and Berliner, 2008), therefore decreasing the final
runoff rate. Since the final soil loss rate is directly related to the final
runoff rate (Fig. 5), the reduction of the final soil loss rate during the first
rainfall simulation can to a large extent be explained by the reduction of
the final runoff rate.

Overall, it thus appears that differences in surface conditions at the
end of the rainfall simulations significantly affected final runoff and soil
loss rates. Furthermore, charcoal-C contents greater than approx.
5 g kg1 were preferentially associated with surface conditions A and B
and with low runoff (and sediment loss rates), at least for the loamy and
sandy loam soils (Figure S2). The observed differences in surface con-
ditions at the end of the rainfall simulations could result (1) from dif-
ferences in soil surface conditions right from the start of the experiment
(differences in mean aggregate size at the start of the experiment even
though all samples were sieved at < 2 cm; Freebairn et al., 1991; Kha-
demalrasoul, 2019), or (2) from differences in aggregate resistance
during rainfall (Le Bissonnais, 1996). Given that aggregate stability was
not affected by charcoal-C content and that interrill erosion parameters
of the rainfall-runoff experiments were poorly correlated with soil
chemical properties, it thus seems that samples rich in charcoal-C may
indeed have had a larger mean aggregate size at the start of the
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experiments. Future studies may seek to confirm this.

The reduction of final runoff and soil loss rates as a function of
charcoal-C content observed for the first rainfall experiment was no
longer visible for the second rainfall simulation 24 hours later. This lack
of effect of charcoal-C for this second rainfall simulation may be
explained by considering the kinetics of crust evolution. Freebairn et al.
(1991) observed that the clods present in the crust brake down overtime
into smaller aggregates, which bridged and blocked voids, thereby
further enhancing the crust. Khademalrasoul et al. (2019) similarly
observed the presence of clods in biochar-enriched soil, which dis-
integrated less readily than on the control soil, slowing down the crust
formation on the soil with biochar. During the first simulation, the crust
may therefore have developed less quickly on charcoal-enriched soils as
a result of the presence of more clods, but by the end of the second
rainfall simulation, the crust was possibly more equally developed
across all samples, irrespective of charcoal-C content. Fig. 8 illustrates
clod degradation after the first and second rainfall simulation in a
sample from a charcoal kiln site.

4.4. Effect of charcoal-C on interrill erodibility

No standard experimental procedures or set of conditions exist to
determine interrill erodibility (Truman and Bradford, 1995). Therefore,
interrill erodibility is influenced by the methodology and soil type but
also by the type of equation used (Truman and Bradford, 1995). Under
transport-limited conditions (Kinnel’s equation), the amount of soil loss
depends on the ability of the runoff to transport the detached soil par-
ticles. Under detachment-limited conditions (Meyer’s equation), soil
loss rate depends especially on the ability of the rain to detach soil
particles. Accordingly, transport-limited conditions dominate at low
slope and runoff rates, whereas detachment-limited conditions domi-
nate at high slope and runoff rates.

In this study, the final soil loss rate was linearly related to the final
runoff rate (Fig. 5), indicating a prevalence of the transport-limiting
conditions. Hence, Kinnel’s equation seems better adapted to the con-
ditions of this study. Since the final runoff and soil loss rates decrease to
a similar extent with the charcoal-C content, Kinnel’s interrill erodibility
remains unaffected by the presence of centennial charcoal in kiln sites.
The lack of effect of charcoal-C content on Kinnel’s interrill erodibility is
furthermore consistent with the lack of effect of charcoal-C on aggregate
stability in this study.

5. Conclusions

Interrill erosion was studied in centennial charcoal kiln sites on three
different soils (silt loam, loam and sandy loam) in Wallonia (Belgium).
The presence of century-old charcoal resulted in a significant increase of
the cation exchange capacity and the divalent exchangeable cation
contents, but ultimately did not affect the aggregate stability, irre-
spective of the study sites. However, despite the lack of effect on

Fig. 8. Illustration of clod degradation during the rainfall simulations for a soil sample from a charcoal kiln site. Photograph of the soil surface condition of the same
soil sample after the first (a) and second (b) rainfall simulations. The soil surface after the first rainfall simulation is characterized by the presence of numerous clods

which are no longer visible after the second rainfall simulation.
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aggregate stability, final runoff and soil loss rates decreased with
increasing charcoal-C content. This was attributed to increasing pro-
portions of clods in the soil samples with increasing charcoal-C content,
which delayed crust development and maintained a locally higher
infiltration rate and roughness in comparison to reference soil samples.
The latter was supported by images taken at the end of the rainfall
simulations. However, after a second rainfall simulation, these differ-
ences were no longer observed, probably because the crust had reached
a similar development stage in all treatments.

From a practical point of view, these results seem to indicate that the
benefits of century-old biochar for soil erosion control may be limited to
the first weeks or months after tillage, with a threshold cumulative
rainfall value after which no further benefits are to be expected (until the
next tillage operation). This assumes that clod-size distribution in the
seedbed after tillage depends on charcoal-C content. The resulting cu-
mulative rainfall threshold value is then also expected to be dependent
on charcoal-C content. Despite its temporary nature, this beneficial ef-
fect may be beneficial since it acts at a time when vegetation cover is at
its lowest (i.e., immediately after tillage and seedbed preparation).
Further research on a wider variety of soils would nevertheless be
warranted to confirm the observed trends and to further test the hy-
pothesis of clod stabilization by the presence of century-old charcoal.
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