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Summary

Besides its carbon sequestration potential, biochar is being promoted as an amendment
to improve soil quality. Burying biochar in soils is known to affect soil physical quality
in the short-term (<5 years), although the intensity of these effects depends on soil
texture and biochar concentration especially. However, the long-term effects of biochar
remain largely unknown yet are important to quantify given biochar’s persistency in
soils. The objective of this study was therefore to assess the long-term effect of biochar
on soil physical properties as a function of biochar concentration for soils with differing
texture. For this purpose, soil physical properties were measured in the topsoil of three
fields (silt loam, loam and sandy loam textures) in Wallonia (southern Belgium)
presenting former kiln sites containing charcoal more than 150 years old.

Particle density and bulk density slightly decreased as a function of charcoal-C content
but the presence of charcoal in kiln sites did not affect total porosity. The water retention
curve measurements revealed that water content was mostly affected in the mesopore
range by the century-old charcoal content. This effect was strongest for the sandy loam.
On the other hand, the presence of century-old charcoal increased the hydraulic
conductivity for pF values between 1.5 and 2 for the silt loam, while no effect of
charcoal was observed for the loamy and sandy loam soils. Results are discussed with
respect to biochar characteristics and the various ways in which biochar particles could
be distributed within soils. Overall, the present study highlights a limited effect of
century-old charcoal on the pore size distribution (at constant porosity) and on the

resulting soil physical properties.
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1 Introduction

Biochar is a solid material obtained from thermochemical conversion of biomass
(manure, wood, crop residues, ...) in an oxygen-limited environment and amended to
soils (Lehmann & Joseph, 2015; Trupiano et al., 2017). Addition of biochar to soils is
often proposed as a way to store carbon and therefore to mitigate climate change
(Lehmann et al., 2006). Indeed, due to their intrinsic chemical recalcitrance to
biodegradation, the carbon compounds from biochar are not easily degraded (Solomon
et al., 2007; Singh et al., 2012). This pyrolyzed carbon can remain stable in soils for
hundreds of years, and biochar has therefore been pointed out as a potential carbon
sequestration technology (Lehmann, 2007; Solomon et al., 2007; Singh et al., 2012).
Biochar is also being promoted as a soil amendment to improve crop performance,
because of the capacity of biochar to change soil biological functioning and improve
soil chemical and physical properties such as pH, cation exchange capacity (CEC),
nutrient retention, bulk density, porosity, plant available water capacity and aggregation
(Ding et al., 2016). However, the magnitude of biochar’s short-term effects on soil
quality has been shown to depend on the nature of the biochar (e.g., source of biomass,
pyrolysis temperature), on the rate of application but also on soil characteristics (Jeffery
etal., 2011; Biederman & Harpole, 2013; Edeh et al., 2020). For instance, in their meta-
analysis Razzaghi et al. (2020) reveal that plant available water content increases on
average by 45% in coarse-textured soils, by 21% in medium-textured soils and by 14%
in fine-textured soils. Although the greatest positive effects of biochar have generally
been observed in soils with a coarse or medium texture (Jeffery et al., 2011; Biederman
& Harpole, 2013; Omondi et al., 2016), this is not always the case. Indeed, a review by
Blanco-Canqui (2017) revealed that the saturated hydraulic conductivity tends to

decrease in coarse-textured soils by 7 to 2270%, is not significantly affected in medium-
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textured soils and tends to increase in fine-textured soils by 25 to 328% following the
addition of biochar.

Although the short-term effects of biochar on soil properties are well-known, mid- to
long-term effects (> 5 years) are still little documented, as highlighted in the recent
meta-analysis of Edeh et al. (2020). The well-known persistency of biochar in soils and
the gradual changes of biochar surface characteristics over time when buried in soils
justify further investigation of the mid- to long-term effects (Lehmann et al., 2005;
Cheng et al., 2006; Singh et al., 2012). Indeed, progressive oxidation overtime (biochar
aging) generates a high density of oxygenated functional groups (dominance of
carboxylic groups) at the surface of biochar (Cheng et al., 2006; Lehmann et al., 2005),
resulting in an increase in CEC (Cheng et al., 2008; Kerré, Willaert, Cornelis, et al.,
2017) and a decrease in hydrophobicity (Criscuoli et al., 2014; Knicker, 2011). On the
other hand, the depletion of alkaline metal oxides originally present in the ashes of
biochar results in an attenuation of the liming effect of biochar with time (Cheng et al.,
2006; Hardy et al., 2016a; Hardy et al., 2016b). Moreover, biochar pores may also
progressively fill with soil material (Lehmann & Joseph, 2009). Such changes could
impact the magnitude of the effects of biochar on the soil properties overtime.

Besides an increase in CEC, several authors reported higher exchangeable calcium
(Ca?") and magnesium (Mg?*) - but not potassium (K*) - contents in historical charcoal
Kiln sites compared to adjacent soils in Wallonia, Belgium ( Hardy et al., 2016a; Hardy
etal., 2016b; Kerré et al., 2017a). These long-term increases in CEC and exchangeable
bivalent cation contents may enhance soil aggregation, resulting in a more favourable
soil structure and, consequently, in an improvement of soil physical properties (Bronick
& Lal, 2005). Existing studies under temperate climate documented a higher porosity

(Schneider et al., 2020), a lower bulk density (Faghih et al., 2017; Schneider et al.,
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2020), a higher plant available water content (Kerré et al., 2017a; Faghih et al., 2017)
and a higher saturated hydraulic conductivity (Faghih et al., 2017) in historical charcoal
kiln sites compared to adjacent soil. However, none of these studies investigated
whether the long-term effects depend on soil texture, as has been observed for the short-
term effects. Therefore, our main objective was to assess the long-term effect of biochar
on the physical properties of soils of differing textures. We used former charcoal kiln
sites as natural models to evaluate the long-term effect of hardwood biochar on
agricultural soil properties ( Hardy et al., 2016Db). Historically, charcoal was produced
for iron melting until the early nineteenth century in Belgium (Hardy & Dufey, 2012).
These Kiln sites are found across a range of soil types, offering a unique opportunity to
study the long-term (>150 years) effects of charcoal on soil properties across different

soil textures.
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2 Materials and methods

2.1 Study sites and sampling

Three agricultural fields with charcoal kiln sites from the first half of the 19" century
located in Wallonia (southern Belgium) and with distinct soil textures were selected
using the digital soil map of Wallonia (Veron et al., 2005) together with aerial images.
The sites are located in the municipalities of Gembloux (Loam region), Yvoir (Condroz
region) and Attert (Belgian Lorraine; Fig.1). The climate is oceanic temperate (Table
1). The fields in Gembloux, Yvoir and Attert are characterized by a silt loam, a loam
and a sandy loam texture, respectively (USDA classification; Table 1).

The chosen fields were forested at the time they were mapped by Ferraris (1770-1778).
On the first official topographic survey of the kingdom of Belgium (1865-1880), the
sites were no longer covered by forest. Therefore, deforestation occurred between 1770
and 1880, which corresponds to the rise of the steel industry in Belgium which used
vast quantities of charcoal to meet energy demands. The Kiln sites are prior to
deforestation and most likely from the period 1750-1830 which corresponds to the peak
of the preindustrial steel manufacturing in Wallonia (Hardy & Dufey, 2012). Recent
aerial images of the selected fields show black spots 10-20 m in diameter corresponding
to charcoal kiln relics (Hernandez-Soriano et al., 2016; Kerré et al., 2016). These black
spots are characterized by a decreasing charcoal-C content from the center outwards.
Preindustrial charcoal is assumed here to have the same characteristics for the three
sites. Hardy et al. (2017) demonstrated that the charcoal at former kiln sites was
dominated by oak (Quercus robur L.) and hornbeam (Carpinus betulus L.). This
century-old charcoal is characterized by a high specific surface area related to its
porosity, a high cation exchange capacity and a high carbon content dominated by

aromatic-C with a significant fraction of oxygen-rich functional groups such as
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carboxyl, carbonyl and O-alkyl (Hardy et al., 2017). More information on the chemical
properties of century-old charcoal can be found in Hardy et al. (2017) and in Burgeon
et al. (2021).

All the three study sites are under conventional soil management including plowing,
the burying of soil amendments and seedbed preparation. During the growing season,
the fields are also sprayed depending on the crop and disease pressure. The fields in
Gembloux and Yvoir follows a crop rotation established more than 30 years ago and
alternates between chicory, winter wheat, sugarbeet, potatoes with winter cover crops
(mustard and phacelia) when applicable. In Attert, it is a monoculture (maize) since
approximatively 1970 with winter cover crops.

Soils from the three sites were sampled approximatively one month after the last tillage
operation. Mustard, winter barley and wheat were sown on 15/09, 5/10 and 13/10 in
Gembloux, Yvoir and Attert respectively. Preceding spring crops were chicory in
Gembloux, sugar beet in Yvoir and maize in Attert. Sampling took place on 25/10, 8/11
and 15/11 in Gembloux, Yvoir and Attert, respectively. Three charcoal-enriched spots
were selected for each site. The topsoil (5-15 cm) was sampled at three positions along
the gradients of charcoal concentration, from the center to the edge of the “black spots’,
and at one position located more than 20 m from the kiln sites (Fig.1). The latter soil
samples served as reference samples. At each position, bulk soil samples and one
undisturbed sample (250 cm? ring) were taken, leading to a total of 12 bulk and
undisturbed samples at each field site. Bulk soil samples were air-dried and sieved (< 2

mm) and undisturbed soil samples were stored at 4°C.

2.2 Soil chemical properties
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Soil chemical properties were determined on the bulk samples. Soil pH (ISO 10390)
was measured using a glass electrode in a 1:5 (volume fraction) suspension of soil in
water (pH-H20) or in 1 M potassium chloride solution (pH-KCI). Carbon content was
measured by dry combustion (Vario MAX analyser, Elementar). Charcoal-C content
was estimated by calculating the difference in carbon content between a given sample
and the corresponding reference sample:
Charcoal_C; = C; — Cpef (1)

With Charcoal_C; the charcoal-C content at the position “i” on the gradient of
charcoal-C content in a kiln site, C; the C content at the position “i” on the gradient of
charcoal-C content in a kiln site and C,.. the C content at a position located more than
20 m from the kiln sites.

Cation exchange capacity in soils was measured using a hexaminecobalt trichloride
solution as extractant (ISO 23470). Available potassium (K*), calcium (Ca®"),
magnesium (Mg?*) and phosphorus (P) 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 & Ervio, 1971) and measured by

spectrophotometry.

2.3 Soil physical properties

Particle density was determined with an air pycnometer (Bielders et al., 1990) on five
replicates of 15 g after oven-drying at 105°C (48h) for each position along the charcoal-
C content gradients. After determination of the water retention and hydraulic
conductivity curves, bulk density was measured on the undisturbed soil samples by

dividing the oven-dry soil mass by the volume of the soil samples (250 cm3) (Blake &
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Hartge, 1986). Both particle density and bulk density were used to calculate total
porosity of the soil according to the following formula (Danielson & Sutherland, 1986):

Bulk density
Particle density

Porosity =1 —

(2)

Both the water retention curve and the hydraulic conductivity curve were determined
on undisturbed soil samples. First, soil cores were saturated by capillarity standing in a
0.05 M CaSO0s solution for one week. Then, water content and hydraulic conductivity
data were collected using a HYPROP device (Pertassek et al., 2015). The HYPROP
setup involves pressure head measurements with tensiometers at two depths (1.25 cm
and 3.75 cm). Water contents and fluxes are determined by weighing the sample
repeatedly during drying. Hydraulic conductivity data were calculated from measured
water fluxes using Darcy’s law. The hydraulic conductivity measurement range on the
wet side is restricted by limitations of pressure transducers to accurately register very
small pressure head differences, and on the dry side by water cavitation in the
tensiometers. Improved tensiometers (METER group) were used that resist cavitation
up to pressure heads h of -30 m thanks to degassing (Schindler et al., 2010). Additional
water retention data points were determined using a pressure plate apparatus (-31 m >
h > -150 m; Richards & Fireman, 1943) and the WP4C device (h < -150 m; METER
Group, 2018). Measured pressure heads, water contents and hydraulic conductivities
were subsequently used to derive the water retention and unsaturated hydraulic
conductivity functions (Pertassek et al., 2015; Peters & Durner, 2008; Schindler et al.,
2010). In this research, two functions were tested for the water retention and hydraulic
conductivity curves: the unimodal Mualem-van Genuchten model (van Genuchten,
1980) as well as the bimodal Durner model (Durner, 1994).

The macropore, mesopore and micropore volumes were calculated based on porosity

and defined points on the water retention curve (Rabot et al., 2018). These points
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depend on the chosen size limits of the pore size classes, for which there are standard
limits. Macroporosity was defined as the difference between porosity and water content
at field capacity, mesoporosity (also named soil plant available water capacity) as the
difference between water contents at field capacity and permanent wilting point, and
microporosity as the water content at permanent wilting point. Field capacity
corresponds to matric heads generally in the range of -1 m to -3.3 m, and permanent
wilting point from -50 m and -300 m (Cassel & Nielsen, 1986; Rabot et al., 2018). In
this research, water contents at h = -1 m and at h = -155 m were used as field capacity

and permanent wilting point, respectively.

2.4 Statistical analysis

A linear model between all studied variables (soil properties) and the corresponding
charcoal-C content was fitted for each site separately and for all sites combined. The p-
value on the slope of the linear regressions was used to determine if there was a
significant effect (P<0.05) of century-old charcoal on the dependent variables. The
impact of texture on the effect of charcoal was assessed by testing for a difference in
slope of the linear models between sites using a paired student test. Finally, the p-value
of a paired student test was used to evaluate if the intercepts of the linear models were
significantly different between sites (P<0.05). All the data were analysed using

MATLAB (version 2016).
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3 Results

3.1 Soil texture, carbon content and chemical properties

The fields in Gembloux, Yvoir and Attert are characterized by a silt loam, loam and
sandy loam texture, respectively (USDA classification; Table 1). Clay content was very
similar between sites (13-16 %; Table 1). On the other hand, the proportion of sand
varied widely, from 5% for the silt loam to 61% for the sandy loam soil. Soil texture
was not affected by the charcoal content (not shown).

Total carbon content (Ctot) in the reference soils was 15.1+0.8 (silt loam), 14.8+0.7
(loam) and 19.8+1.2 g/kg (sandy loam). Ctot concentration at the center of the kilns
ranged from 20.2 to 28.9 g/kg (silt loam), from 26.1 to 34.0 g/kg (loam) and from 25.5
to 30.7 g/kg (sandy loam). After subtracting the Ctot content from of the kiln samples
from their respective reference samples, the charcoal-C content at the center of the kilns
ranged from 5.9 to 13.2 g C/kg (silt loam), from 11.1 to 18.8 g C/kg (loam) and from
6.6 t0 9.9 g C/kg (sandy loam). The sandy loam soil had the highest total carbon content
in the reference samples, but the highest charcoal-C content was observed in the loamy
soil.

pH-KCI was close to neutral and was not affected by pre-industrial charcoal-C content
(Table 2). CEC significantly increased with charcoal-C content. Likewise, there were
strong significant relationships between exchangeable Ca** or Mg?* contents and
charcoal-C content, unlike exchangeable K* content.

The effects of charcoal on soil chemical properties were not significantly different from
one soil type to another except for exchangeable Mg?* contents (not shown). The slope
of the linear regression between exchangeable Mg?* content and charcoal-C content

was significantly higher in the sandy loam compared to the silt loam (P=0.0392) and
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the loam (P=0.0469), indicating a higher impact of charcoal on Mg?* content for the

sandy loam.

3.2 Particle density - Bulk density - Porosity

Soil particle density decreased significantly with charcoal-C content for all investigated
soil types (Fig. 2a).

Soil bulk density values ranged from 1.19 to 1.51 g/cm3 (Fig. 2b) and were very
variable. Given the lack of significant differences in slope and intercept between the
different soil types, we performed a single regression between charcoal-C content and
bulk density for all soils together. Overall, charcoal significantly reduced bulk density
(Fig. 2b).

Unlike particle density and bulk density, soil porosity was not affected by charcoal-C
content and no difference was observed between soil types (Fig. 2c). Similar to bulk

density, the variability of the measurements was high.

3.3 Water retention curve

Figure 3 shows the measured water retention curves of all samples and the resulting
modelled curve for each soil type. The measured water contents at any given matric
head were not significantly affected by charcoal-C content for the silt loam and the
loam (Table 3; Fig. 4). For the sandy loam, the water content for pF < 2 (pF = log( | h | )
increased significantly with charcoal-C content. At saturation for example, the water
content increases by approximatively 4.8% in volume when the charcoal-C content
increases by 1% in mass.

The slopes of the linear regressions between water content at a given matric potential

and charcoal-C content were not significantly different between sites. Similarly, no
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significant difference was found for the intercepts between sites for pF < 2.5. Therefore,
linear regressions were also fitted between charcoal-C content and water content at a
given pressure potential for the three sites together (Table 3; Fig. 4). Overall, water
contents for pF < 3 were significantly affected by charcoal-C contents. The slope of the
linear regression between charcoal-C content and water content was largest between pF
2 and pF 3.

In our study, the bimodal Durner model fitted best to the silt loam and the loam curves
whereas the unimodal Van Genuchten model was appropriate for the sandy loam.
Model parameters were not significantly impacted by the charcoal-C content for the silt
loam and loam. For the sandy loam, only the n parameter (P=0.0257) and the saturated
water content (P=0.0234) increased significantly with the charcoal-C content (not
shown).

Mesoporosity derived from the water retention curves increased significantly with
charcoal-C content overall (Fig. 5), unlike macroporosity and microporosity (not
shown). Mesoporosity increased on average by 1.7% in volume when charcoal-C
content increased by 1% in mass. There was no significant difference between soil types

for the macroporosity, mesoporosity and microporosity.

3.4 Hydraulic conductivity curve

Figure 6 shows the measured hydraulic conductivity curves for all samples and the
resulting model for each of the three soil types (bimodal Durner model for silt loam and
loam; unimodal van Genuchten model for sandy loam). Saturated hydraulic
conductivity and tortuosity parameters were not significantly impacted by the charcoal-
C content, except for the tortuosity parameter for the silt loam soil. Nevertheless, it

must be noted that the uncertainty on the tortuosity parameter was high.
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Modelled values of hydraulic conductivity for all matric potentials were not
significantly affected by the presence of historical charcoal in kiln sites for the loam
and the sandy loam (Table 4). However, the hydraulic conductivity of the silt loam
increased with the charcoal-C content for pF < 3 (significant for pF 1.5 and 2) and

decreased for pF higher than 3 (significant for pF > 3.5).

4 Discussion

4.1 Charcoal-C content at kiln sites

The charcoal-C contents were within the range of values reported for cultivated plots
with kiln sites in Wallonia ( Hardy et al., 2016b). However, in the present study the
charcoal-C content was estimated from the difference in Ctot content of the kiln
samples relative to their respective reference samples. Hardy et al. (2016b)
demonstrated for silt loam soils that there was a strong link (r = 0.98) between this way
of estimating charcoal-C content and charcoal-C content estimates derived from
differential scanning calorimetry. Nevertheless, these authors reported that minor
amounts of charcoal (at most 5% of Ctot) can be present in the reference samples due
to transport by tillage and other lateral transport processes. Neglecting the presence of
charcoal in the reference samples may thus lead to an overestimation (if slope is
positive) or underestimation (if slope is negative) of the intercept when plotting the
relationship between a given variable and charcoal-C content. However, it does not
affect the slope of the regressions. On the other hand, it has also been shown that
charcoal has the capacity to enhance the accumulation of uncharred organic carbon
content (Hardy et al., 2016b; Hernandez-Soriano et al., 2016; Kerré et al., 2016;
Burgeon et al., 2021). At the center of kiln sites, Hardy et al. (2016b), Kerré et al. (2016)

and Burgeon et al. (2021) reported on average 1.0 to 1.4 times more uncharred organic
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carbon, respectively, than in the reference samples for silt loam soils. A greater amount
of uncharred organic carbon content in the kiln sites could possibly be explained by the
adsorption of dissolved organic molecules on to the surface of charcoal and physical
protection against degradation of organic carbon inside micropores (Hernandez-
Soriano et al., 2016; Kerré et al., 2017b; Burgeon et al., 2021) or by greater biomass
productivity in the presence of charcoal (Jeffery et al., 2011). Accordingly, the results
presented here reflect the direct effects of charcoal as well as the effects of any
additional uncharred organic carbon which may have accumulated as a result of the

presence of such charcoal.

4.2 Century-old charcoal effect on chemical properties

A lack of effect of charcoal-C on soil pH is consistent with the long-term depletion of
alkaline metal oxides present in the ashes of biochar, which have a liming effect in the
case of young biochar (Cheng et al., 2006). This lack of effect on soil pH was also
reported by Hardy et al. (2016a).

In this study, a significant effect of century-old charcoal on soil CEC and exchangeable
Ca?" and Mg?* contents were observed, but there was no effect on exchangeable K*
content. Hardy et al. (2016b) and Kerré et al. (2017a) also reported that kiln site
charcoal had no effect on exchangeable K* content, but a significant effect on soil CEC,
exchangeable Ca?" and Mg?* contents. The latter studies were limited to silt loam soils.
This study thus shows that these effects are also present in loam and sandy loam soils

in Wallonia.

4.3 Century-old charcoal effect on physical properties
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The effect of charcoal-C content on soil particle density is rarely measured (Blanco-
Canqui, 2017). In the short-term, Seker & Manirakiza (2020) reported a decrease of soil
particle density according to biochar content. To our knowledge, such an effect has not
been reported hitherto for century-old charcoal in temperate regions. In the present
study, the observed decrease in particle density with increasing charcoal-C content can
to a large extent be attributed to the lower particle density of biochar compared to soil
mineral particles. Abel et al. (2013) and Brewer et al. (2014) reported skeletal particle
densities of biochar ranging between 1.5 and 2.0 g/cm3 for young biochar. Biochar
particle densities depend on the type of pyrolyzed biomass and on the production
conditions (e.g. temperature; Brewer et al., 2014). Based on the data in Fig. 2a, and
using a simple mixing model, the skeletal particle density of charcoal was derived from
the slope of the linear regression between particle density and charcoal-C content. The
resulting charcoal skeletal particle density values range between 0.46 g/cm?3 for the
sandy loam and 0.83 g/cm3 for the loam, with intermediate values for the silt loam (0.64
g/cm3). These values are significantly lower than those reported by Abel et al. (2013)
and Brewer et al. (2014) but of the same order as those reported by, e.g., Hardie et al.
(2014; 0.51 g/cmd) or Yi et al. (2020; 0.65 g/cm? for hardwood biochar). These low
values may in part reflect the contribution of the additional uncharred organic matter
which accumulates at kiln sites in the presence of charcoal, as explained above. It may
also indicate the presence of occluded porosity in the charcoal particles. Brewer et al.
(2014) reported that occluded porosity was mostly observed in biochar produced by
slow pyrolysis, which may cause less disruption of cell walls and favor accumulation
of tars that may clog pores.

A significant decrease in soil bulk density as a function of charcoal-C content was

observed after pooling together the data from all 3 sites. Similar trends have commonly
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been reported in the short-term (Ding et al., 2016; Omondi et al., 2016; Blanco-Canqui,
2017; Edeh et al., 2020) and long-term (Faghih et al., 2017; Schneider et al., 2020). The
fact that the bulk density decreases with increasing charcoal-C content can be a direct
result of the low particle density of biochar as compared to mineral particles. However,
it also indicates that charcoal particles predominantly occupy spaces previously
occupied by heavier mineral particles rather than filling voids in between mineral
particles. Indeed, if charcoal were to predominantly occupy spaces in between pores
formed by mineral particles (e.g., Fig. 6 in Edeh et al., 2020), the bulk density should
increase with increasing charcoal-C content (i.e., net increase in weight per unit
volume). Given that the charcoal at kiln sites has been present in the soil for approx.
150 years and these soils have presumably been cultivated for a large fraction of this
time period, an intimate mixing of mineral and charcoal particles is indeed to be
expected. Finally, the presence of century-old charcoal is known to affect soil
aggregation and could therefore have a structuring effect (Brodowski et al., 2006; Kerré
etal., 2017a), as will be further discussed below.

Most studies report a positive effect of biochar additions on soil porosity (Blanco-
Canqui, 2017), although the meta-analysis of Omondi et al. (2016) highlighted that this
positive effect was only observed for biochar made from crop residues (+11.6%) but
not for biochar made from woody material (no significant increase). At Kiln sites in
Wallonia, oak-derived woody material is the dominant source of charcoal (Hardy et al.,
2017), which may in part explain the absence of effect on porosity in the present study.
In addition, soil porosity data in the literature must be taken with care because the soil
particle density which is needed for the calculation of porosity is not always measured
directly, and a constant particle density is therefore assumed. If a constant particle

density had been used in the present study, an increase in porosity would also have been
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reported by virtue of the decrease in bulk density with increasing charcoal-C content
(Fig. 2b). It appears, however, that at the study sites the decrease in bulk density is
being compensated for by the decrease in particle density, leading to a constant
porosity, independent of the charcoal-C content. Our results therefore demonstrate the
necessity to measure directly soil particle density in future studies in order to properly
assess the effects of biochar on soil porosity.

Although the water retention curves were unaffected by the presence of century-old
charcoal for the silt loam and loamy soil, higher water contents for pF values lower than
3 in kiln soils compared to adjacent soils were observed for the sandy loam. Kerré et al.
(2017a) similarly observed higher water contents in kiln site soils compared to adjacent
soils at most pF values < 2.8 for a silt loam soil in Belgium. However, the water contents
were unaffected by the presence of century-old charcoal for the silt loam and loamy
soil. An increase of the plant available water content with the biochar content, as
observed in this study, was also reported in the short-term in the meta-analysis of
Razzaghi et al. (2020) and in the long-term by Kerré et al. (2017a). Soil hydraulic
conductivity curve was unaffected by the charcoal content for the sandy loam and silt
loam soils. For the silt loam soil, the hydraulic conductivity increased with the charcoal-
C content for pF values of 1.5 and 2, and decreased for pF values higher than 3.5. To
our knowledge, the impact of biochar in the long-term on the hydraulic conductivity
curve has not been studied. However, Faghih et al. (2017) observed higher saturated
hydraulic conductivity in historical charcoal kiln sites compared to adjacent soils in the
temperate deciduous forests of Iran. The observed effects on the water retention and
hydraulic conductivity curve can be analyzed through the effect of century-old

charcoal-C content on the soil structure, as developed in the next section.
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4.4 Century-old charcoal effect on soil structure

Although the results indicate a lack of effect of biochar on total soil porosity, this does
not imply that biochar has no effect on soil structure since it may still affect pore size
distribution and connectivity at constant total porosity. Indeed, the significant overall
increases in soil water contents with charcoal-C contents for pF values < 3 reflect a
change in soil structure resulting from the century-old charcoal additions (Table 3; Fig.
4). Similarly, the significant changes in hydraulic conductivity observed in the silt loam
reflect a change in pore size distribution or connectivity and hence a change in soil
structure (Table 4). In general terms, the addition of biochar to soil may modify the
internal soil porosity in different ways : (1) through the intrinsic porosity of the biochar
particles, some of which may be open to the surrounding soil porosity, some may be
occluded and some may be filled with soil material over time (Lehmann & Joseph,
2009; Brewer et al., 2014; Hyvaluoma et al., 2017; Yi et al., 2020), (2) by filling voids
in between mineral grains, as in coarse-textured soils (Edeh et al., 2020), (3) by
occupying space previously occupied by mineral particles or organo-mineral
micromass, or (4) by acting as a structuring or a destructuring element, contributing to
soil aggregation (Du et al., 2016; Burgeon et al., 2021) or disaggregation (Pituello et
al., 2018). Mechanisms (2) and (3) correspond to a 1:1 vol. replacement of voids or soil
micromass, respectively, by an equivalent volume of biochar particles. In (3), the
biochar particles are embedded in the soil micromass (see, e.g., Fig. 4 in Jien et al.,
2015) or behave as single grains (see, e.g., Fig. 4 in Jien & Wang, 2013). Mechanism
(2) implies a decrease both in total porosity and in the proportion of large pores.
Mechanism (3) may lead to an increase, decrease or no change in porosity depending
on whether the biochar occupies spaces previously occupied by an (organo-)mineral

micromass that had lower (e.g. sand particles), the same or higher (e.g., organo-mineral
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aggregates) porosity than the biochar. In practice, all 4 mechanisms could act
simultaneously.

The contribution of (1) to the changes in soil water retention and hydraulic conductivity
would depend on the intrinsic pore size characteristics of the charcoal. The
macro/mesoporosity of biochar being directly derived from the raw biomass (Wildman
& Derbyshire, 1991), the intrinsic charcoal porosity must be assessed for oak, the main
wood species used for charcoal production during the nineteenth century in Wallonia
(Hardy et al., 2017). Pl6tze & Niemz (2011) observed a significant macro/mesoporosity
of oak with 22% of total pore volume in the range of 2-58 um. Similar results were
reported by Hyvéluoma et al. (2017) with modal pore sizes in the range of 10-20 pm.
According to the water retention curves, the effect of charcoal (all soils combined) was
observed for pF < 3, corresponding to a pore diameter > ~3 um, mostly in the mesopore
range (Table 3). Hence, this is compatible with a direct contribution of the intrinsic
porosity of charcoal to the observed changes in soil physical properties.

Mechanisms (4) would be similar to the aggregating or disaggregating effect of SOM.
Century-old charcoal could act as an additional binding agent between organic matter
and mineral phases (Burgeon et al., 2021). The formation of bridges between clay and
soil organic matter by multivalent cations being one of the several mechanisms of
aggregation (Bronick & Lal, 2005), the hypothesis of a structuring effect of charcoal at
the study sites could be expected given the outcome of the soil chemical analyses.
Indeed, both CEC and exchangeable bivalent cation contents increased significantly
with the charcoal-C content (Table 2), which could favor soil aggregation. A higher
macroaggregation in Kiln sites compared to reference soils has already been reported in
the literature (Burgeon et al., 2021). However, biochar could also act as a

disaggregating agent, by enhancing the repulsive forces between soil particles with the
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same charge and monovalent cations (Pituello et al., 2018). This disaggregating process
leads to an increase of the microporosity and can take place in clay soil, which is not
the case in this study. Nevertheless, since total porosity was unaffected by charcoal-C
content and since the soil of the study sites undergo intense soil management
(ploughing, seebed preparation,...), it appears that the long-term effect of charcoal on
soil structure resulted predominantly from an internal reorganization of particles at the
agricultural study sites.

Regarding the contributions of mechanisms 2 and 3, these will be discussed in more

detail in the next section.

4.5 Texture-dependent effect of century-old charcoal

The effect of charcoal on soil physical properties seemed to be most pronounced for the
sandy loam soil, although the hydraulic conductivity of the silt loam soil was also
affected. This may in part result from differences in the characteristics of the charcoal,
as evidenced by the differences in charcoal particle density values even though oak is
expected to be the dominant source of biomass at all sites. Nevertheless, in the short-
term, largest effects of charcoal on soil physical properties have also generally been
observed in coarse-textured soils as compared to medium- or fine-textured soils
(Omondi et al., 2016; Blanco-Canqui, 2017; Razzaghi et al., 2020).

In the sandy loam, bulk density decreased as a result of charcoal addition, but porosity
was unaffected. Water content at pF < 2 tended to increase. Although not significant, it
can be seen that the slope of the regressions between hydraulic conductivity K and
charcoal-C content is negative at small pF values and gradually becomes positive for
medium and high pF values (Table 4). These elements may partly indicate the filling of

‘previous’ voids by biochar, leading to lower K near saturation, but at the same time
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creation of some new porosity in the mesopore range leading to higher K at high pF
values and higher water content at low pF values. Since pore filling would result in a
decrease in porosity, which was not observed, the loss in porosity resulting from the
filling must have been compensated for by the replacement of (organo-)mineral mass
by charcoal of higher porosity.

For the silt loam soil, no effect of charcoal was observed on the porosity and water
retention curve but charcoal resulted in an increase in hydraulic conductivity at pF 2
and 2.5. This may indicate some internal restructuring of the soil, with a slight increase
in the proportion or connectivity of pores active at pF 2 — 2.5 but the changes are
insufficient to reflect in the water retention curves. The decrease in hydraulic
conductivity at high pF values remains unexplained, however. Nevertheless, the
uncertainty on the modelled values of hydraulic conductivity for pF higher than 3.5 was
high, so results must be interpreted with care. This uncertainty on the modelled
hydraulic conductivity was related to the measurement method as well as the high
uncertainty on the tortuosity parameters of the model. Indeed, the method did not allow
for the determination of hydraulic conductivity at pF > 3 due to cavitation in the
tensiometers.

In the case of the loamy soil, no changes in the water retention curve and in the
hydraulic conductivity curve were observed as a result of the presence of century-old
charcoal. For this soil, the charcoal particles may have predominantly replaced organo-
mineral micromass with similar pore size characteristics, with no resulting effect on the

water characteristic curves of the soil.

5 Conclusion
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For the first time, chemical as well as physical properties were measured along transects
of century-old charcoal content in kiln sites on three soils characterized by different
texture (silt loam, loam, sandy loam) in Wallonia.

For all the three sites, the presence of historical charcoal increased significantly the soil
cation exchange capacity and bivalent cation contents. Although both soil particle
densities and bulk densities decreased with increasing charcoal-C content, total porosity
was unaffected. Consequently, the charcoal does not appear to have a structuring effect
(in the sense of increased porosity) but rather an effect on the pore size distribution at
constant total porosity. Although some significant effects of charcoal on the soil
hydrodynamic properties were observed (e.g., water retention in the mesopore range
for the sandy loam; hydraulic conductivity at pF values between 1.5 and 2 for the silt
loam), the present study highlights a limited effect of century-old charcoal across the
range of soils investigated here. Measurements of soil physical properties at short (a
few years) and intermediate time scales (10-20 years after burying biochar in soil)
would be very interesting to test whether this reflects a long-term decreasing trend in
biochar effectiveness. On another hand, analysis of the pore size distribution of century-
old charcoal with mercury porosimetry or x-ray tomography as well as soil observation
by means of optical or electron microscopy may help clarify the role played by charcoal
in soil structure. Further research may also be needed to confirm the observed trends

over a wider range of soil types.
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TABLES
Table 1 Location and selected characteristics of the study sites: municipalities, latitude
(Lat.) and longitude (Long.), 30-year (1981-2010) mean annual temperature (T) and

precipitation (Prec), field slope, soil texture and gravel content.

Lat. Long. T Prec Slope Sand Silt Clay Gravel

Municipality content
N[l E[l [PC] [mm] [%]  [%]  [%]  [%] [%]

Gembloux 4.75 5052 9.8 834 3 51  79+0 16%0 1+0
Yvoir 5.00 50.35 9.4 905 2 35+5 48+5 16+1 13+4
Attert 5.82 49.74 8.8 1129 4 61+8 26+7 13%1 2+1
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Table 2 Soil chemical properties (mean + standard deviation) of the different sites
(center (Ctr) of the kiln sites and reference (Ref.) samples). P corresponds to the p-value
on the slope of the linear regression between soil chemical properties and the charcoal-
C content. Bold values are significant at P < 0.05. SiL(G) refers to the silt loam soil in
Gembloux, L(Y) to the loam soil in Yvoir, SaL(A) to the sandy loam soil in Attert, CEC
to the cation exchange capacity and K*, Ca®*, Mg?* to the exchangeable potassium,

calcium, magnesium contents, respectively.

pH-KCI CEC K* Ca? Mg2*
[-] [cmolc/kg]
Ref.  7.4%0.4 11.30.2 0.59+0.14 14.6+1.9 0.86+0.02
(S('SL) Ctr  7.4#0.1 14.0+1.6 0.66+0.06 17.9+1.3 0.96+0.04
P 0.8703 0.0007 0.4172 0.0009 0.0030
Ref.  6.620.2 6.240.2 0.3620.08 9.3+1.0 0.77%0.08
(\L() Ctr  6.840.2 11.0+1.1 0.38%0.15 14.740.7 0.91%0.04
P 0.4516 <0.0001 0.6860 <0.0001 0.0363
Ref.  6.120.4 8.610.1 0.75%0.15 7.9+0.8 1.36+0.15
SalL
(A) Ctr  6.1%0.2 11.0+0.8 0.71%0.19 10.3+0.8 1.62+0.24
P 0.8206 0.0002 0.8870 0.0258 0.0033
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Table 3 Characteristics of the linear regressions between volumetric water content and
charcoal-C content at given matric potentials (h; pF = log( | h | )) at the three study sites.
“All” corresponds to the linear regression fitted on the data from the three sites

combined and P to the p-value on the slope of the linear regressions. Bold letters

indicate significant relationships (P < 0.05).
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Gembloux - Silt Loam

pF [-] Intercept Slope R? P

[m3/m3] [Yov/%m] [-] [-]
-3.00* |0.453+0.010 0.82+1.12 0.051 0.482
0.00* |[0.451+0.010 0.93£1.21 0.056 0.459
0.50* |[0.446+0.011 0.90+£1.28 0.048 0.496
1.00* |0.429+0.011 1.08+1.27 0.068 0.413
1.50* |0.403+0.012 1.24+1.44 0.070 0.407
2.00* |0.381+0.014 1.05+1.63 0.040 0.533
250 |[0.344+0.014 0.45%£1.69 0.007 0.796
3.00 |[0.276+0.012 -0.06£1.37 0.000 0.965
3.50 [0.196+0.007 0.11+0.83 0.002 0.894
400 |0.132£0.004 0.46+0.51 0.076 0.388
420 ]0.11240.004 0.57+0.46 0.134 0.243

Yvoir - Loam

pF [-] Intercept Slope R2 P

[m3/m?3] [Yov/%m] [-] [-]
-3.00* [ 0.461+0.008 0.73+0.82 0.074 0.393
0.00* |0.457+0.009 0.63+0.93 0.044 0.513
0.50* |0.453+0.009 0.64+0.89 0.049 0.489
1.00* |0.440+0.009 0.80+0.87 0.078 0.380
1.50* |0.410+0.008 1.11+0.86 0.144 0.224
2.00* [0.367+0.009 1.65+0.93 0.239 0.107
2.50 |0.307+£0.010 2.03£0.99 0.297 0.067
3.00 |0.245+0.008 1.30+0.87 0.185 0.163
3.50 |0.189+0.007 0.23+0.68 0.011 0.745
4,00 |0.142+0.006 -0.47+0.58 0.060 0.442
420 ]0.126+£0.006 -0.65+0.60 0.106 0.302

Attert - Sandy Loam

pF [-] Intercept Slope R? P

[mem®]  [%vi%m]  [1 [
-3.00* |0.426+0.011 4.78+2.05 0.353 0.042
0.00* |[0.421+0.011 5.45+2.04 0.416 0.024
0.50* |[0.419+0.010 5.46+£1.98 0.432 0.020
1.00* |0.414+0.009 5.46+1.79 0.481 0.012
1.50* |0.394+0.009 5.32+1.79 0.470 0.014




2.00* |0.349+0.013 4.61+2.51 0.252 0.097
250 [0.280+0.013 2.75+2.56 0.103 0.309
3.00 |0.210+0.010 1.01+1.98 0.026 0.619
3.50 |0.155+0.007 0.10£1.45 0.001 0.947
400 |0.114+0.006 -0.19+1.14 0.003 0.869
420 |0.101+0.005 -0.20+1.06 0.004 0.855
All soils combined

pF [-] Intercept Slope R? P

[m¥m%]  [%vi%m]  [-] [-]
-3.00* | 0.446+0.005 1.66+0.67 0.152 0.019
0.00* |[0.444+0.006 1.72+0.71 0.146 0.022
0.50* |[0.441+0.006 1.63+0.70 0.137 0.026
1.00* |0.430+0.005 1.55+0.67 0.137 0.026
1.50* |0.406+0.005 1.57+0.68 0.134 0.028
2.00* |0.365+0.007 2.08+1.02 0.163 0.015
250 [0.304+0.009 2.60+1.06 0.152 0.019
3.00 [0.235+0.008 2.08+1.02 0.109 0.049
3.50 |0.173+0.006 1.18+0.73 0.071 0.117
400 |0.125+0.004 0.53+0.51 0.031 0.308
420 |0.110+0.004 0.34+0.46 0.016 0.465

* pF for which the intercept and slope are not significantly different from one site to another
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Table 4 Characteristics of the linear regressions between the logarithm of hydraulic
conductivity and the charcoal-C content at given matric potentials (h; pF = log( | h|))
at the three study sites. “All”” corresponds to the linear regression fitted on the data from
the three sites combined and P to the p-value on the slope of the linear regressions. Bold

letters indicate significant relationships (P < 0.05).
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Gembloux - Silt Loam

pF [-] Intercept Slope R? P

log[cm/d] e [-] [-]
-3.00* 1.07£0.51 54.3#59.2 0.077 0.381
0.00* 0.82+0.38  33.5+44.0 0.055 0.464
0.50* 0.53+0.30 26.5+35.4 0.053 0.471
1.00* -0.02£0.19 24.4+225 0.105 0.304
1.50 -0.83£0.09 27.9+10.0 0.439 0.019
2.00* -1.39+0.07 26.1#8.6 0.482 0.012
2.50* -1.94+0.08 14.2495 0.182 0.167
3.00 -2.70£0.09 -6.2+10.8 0.032 0.576
3.50 -3.63£0.12 -30.2+13.4 0.336 0.048
4.00 -4.64+£0.15 -53.8£17.2 0.494 0.011
4.20 -5.05+0.16 -63.3+19.1 0.525 0.008

Yvoir - Loam

pF [-] Intercept Slope R2 P

log[cm/d] > [-] [-]
-3.00* 1.38£0.35 -0.2+35.2 0.000 0.996
0.00* 0.96+0.25 1.1+256 0.000 0.968
0.50* 0.68+0.20 2.5+20.5 0.002 0.904
1.00* 0.25+0.17 5.0£16.9 0.009 0.772
1.50 -0.38£0.15  7.3+14.8 0.024 0.632
2.00* -1.05£0.10  9.3+10.4 0.074 0.393
2.50* -1.82+0.05 13.5#5.3 0.394 0.029
3.00 -2.62+0.07 11.9+7.0 0.226 0.119
3.50 -3.47+£0.13  5.9+135 0.019 0.671
4.00 -4.36£0.22 -0.2+21.9 0.000 0.991
4.20 -4.72+0.25 -2.9+25.7 0.001 0.914

Attert - Sandy Loam

pF [-] Intercept Slope R? P

log[cm/d] > [-] [-]
-3.00* 1.20+0.24 -25.8#45.6 0.031 0.584
0.00* 0.92+0.23 -15.1+449 0.011 0.743




0.50* 0.76+0.23 -10.6+44.3 0.006 0.815
1.00* 0.51+0.22  -5.0+43.3 0.001 0.910
1.50 0.02+0.22  2.0+42.7 0.000 0.964
2.00* -0.77£0.22  8.5+42.4 0.004 0.845
2.50* -1.93£0.19 10.3+36.0 0.008 0.781
3.00 -3.32+0.13  8.7+24.7 0.012 0.733
3.50 -4.79+£0.11  7.1+22.1 0.010 0.754
4.00 -6.27£0.18  4.5+34.8 0.002 0.900
4.20 -6.86+0.22 4.1+41.8 0.001 0.924
All soils combined
pF [-] Intercept Slope R? P
log[cm/d] il [-] []
-3.00* 1.18+0.20 21.1+245 0.021 0.395
0.00* 0.88+0.15 12.3+18.6 0.013 0.515
0.50* 0.66+0.13  7.4+15.6 0.007 0.637
1.00* 0.29+0.11  2.3+13.4 0.001 0.867
1.50 -0.31+0.11  -0.8+13.9 0.001 0.957
2.00* -1.00+£0.09 4.2+11.6 0.004 0.720
2.50* -1.91+0.06  15.6+7.9 0.102 0.058
3.00 -3.00+£0.10 23.3+11.8 0.103 0.056
3.50 -4.18+0.16  26.5+19.8 0.050 0.190
4.00 -5.39+0.23  28.6+28.7 0.029 0.325
4.20 -5.88+0.26  29.3+32.3 0.024 0.371

* pF for which the intercept and slope are not significantly different from one site to another

2
+ l0glcm/d] 10

[%m]
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FIGURE CAPTIONS

Figure 1 Location of the study sites on the Belgian agro-geographic areas map and
aeral views showing the soil sampling positions at the silt loam site in Gembloux, the
loam site in Yvoir and the sandy loam site in Attert. Kiln sites are visible as darker

black spots.

Figure 2 Change in particle density (a) bulk density (b) porosity (c) with charcoal-C
content on the silt loam soil (Gembloux), loam soil (Yvoir) and sandy loam soil (Attert).
“All” corresponds to the linear regression fitted on the data from the three sites
combined and is presented only when the intercept and slope are not significantly
different from one site to another. P corresponds to the p-value on the slope of the linear

regressions.

Figure 3 Observed and fitted water retention curves for different charcoal-C contents
for the silt loam site in Gembloux (a), the loam site in Yvoir (b) and the sandy loam site
in Attert (c). Five biochar content classes were defined and a colour attributed to each
sample depending the class to which it belongs. Fitted curves correspond to the Durner
model for the silt loam and loam sites, and to the Van Genuchten model for the sandy

loam site.

Figure 4 Results of the linear regression between water content for different matric
heads (at saturation (sat), field capacity (fc; pF=2) and permanent wilting point (pwp;
pF=4.2) and charcoal-C content for the silt loam (Gembloux), loam (Yvoir) and sandy
loam (Attert) sites. “All” corresponds to the linear regression fitted on the data from the
three sites combined and is presented only when the intercept and slope are not
significantly different from one site to another. 0 corresponds to the water content and

P to the p-value on the slope of the linear regressions.
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Figure 5 Change in mesoporosity with charcoal-C content for the silt loam
(Gembloux), loam (Yvoir) and sandy loam (Attert) sites. “All” corresponds to the linear

regression fitted to the combined data from the three sites.

Figure 6 Observed and fitted hydraulic conductivity curves for different charcoal-C
contents for the silt loam soil in Gembloux (a), the loam soil in Yvoir (b) and the sandy
loam soil in Attert (c). Five biochar content classes were defined and a colour attributed
to each sample depending the class to which it belongs. Fitted curves correspond to the
Durner model for the silt loam and loam, and to the Mualem-Van Genuchten model for

the sandy loam.
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