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Abstract
Besides its carbon sequestration potential, biochar application generally improves

soil physical properties, but the magnitude of its impact and the underlying mecha-

nisms remain debated and depend on soil type, biochar application rate, and age. The

objective was therefore to determine the effect of biochar application rate and age on

physical properties of agricultural soils in a temperate climate. On a silt loam and

a sandy loam soils, we compared the physical properties of fresh biochar (1% and

2% w/w) or century-old biochar (0.5%–1% w/w; 19th-century kiln sites)-enriched

soil samples with biochar-free soil samples. Biochar pore network characteristics

were determined using helium pycnometry, mercury intrusion porosimetry, scan-

ning electron microscopy observation, and electron dispersive X-ray spectrometry,

whereas location of biochar particles within soil structure was analyzed using optical

microscopy observations. Fresh biochar application decreased bulk density by 16.8%

and increased saturated water content by 16.0% and macroporosity by 78.8%. These

effects were attributed to soil structure improvement rather than to biochar porosity.

Soil type and biochar application rate had a limited impact. In the long-term, biochar

effects were mostly nonsignificant, which might result from its fairly low content in

kiln sites and from the clogging of its internal porosity by clay particles. Biochar was

thus able to improve some soil physical properties in the short-term, but these effects

could no longer be detected in the very long-term. Further investigating the time rate

of change in soil physical properties over several decades following biochar additions

to soil would therefore seem particularly relevant.

1 INTRODUCTION

Soil structure is a crucial component of soil quality (Pagliai
et al., 2004), and soil organic matter (SOM) plays a key role in
the development of soil structure (Abiven et al., 2009; Boyle

Abbreviations: EDS, energy dispersive X-ray spectrometry; MIP, mercury
intrusion porosimetry; PCA, principal component analysis; SEM, scanning
electron microscopy.
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et al., 1989; Kong et al., 2005). Given the widespread decline
in SOM in cultivated soils (EC, 2006; Goidts & van Wese-
mael, 2007; Poeplau & Dechow, 2023; Prietzel et al., 2016;
Whitehead et al., 2021), numerous strategies to increase SOM
content in the topsoil have been tested and documented (e.g.,
organic amendments, cover crops, conservation tillage, and
adapted crop rotations; Berhane et al., 2020; De Stephano &
Jacobson, 2017; Luo et al., 2010; Payen et al., 2021; Poe-
plau & Don, 2015). Nevertheless, raising SOM content is
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usually a slow process and can be hampered by regulations
surrounding nitrogen management. Recently, there has been
a growing interest in biochar for use as a soil amendment to
enhance soil aggregation and structure (Juriga & Šimanský,
2018; Lee et al., 2021). Biochar is derived from the pyrolysis
of renewable carbon sources such as crop residues and wood
(Lehmann et al., 2021). Because biochar has a high carbon
content and is not easily degraded, burying biochar in soils
also sequesters carbon (Purakayastha et al., 2015; Woolf et al.,
2010). Furthermore, biochar is able to retain cations due to
its surface charges (Mia et al., 2017; Shaaban et al., 2013).
Hence, biochar has multiple benefits, which may make it more
amenable to adoption than other types of soil conditioners.

Zanutel et al. (2021) summarized four ways by which
biochar can affect soil structure and the soil porosity pattern.
Following the addition of biochar to soil, soil porosity may be
modified (1) through the intrinsic porosity of biochar parti-
cles (Brewer et al., 2014; Hyväluoma et al., 2018; Lehmann
& Joseph, 2009; Yi et al., 2020) or (2) through its location and
interaction with soil structure by (2a) filling voids in between
mineral grains, especially in coarse-textured soils (Edeh et al.,
2020), (2b) occupying space previously occupied by mineral
particles or organo-mineral micromass, or (2c) acting as an
additional binding agent resulting in a soil structuring effect
similar to the addition of uncharred organic matter (Burgeon
et al., 2021; Du et al., 2017). Through indirect effects on soil
biology (Li et al., 2020; Wang et al., 2023; Zhang et al., 2018)
and uncharred organic matter content (Burgeon et al., 2021;
Hardy et al., 2016; Hernandez-Soriano et al., 2015; Kerré
et al., 2016), biochar addition to soil may also result in a struc-
turing effect, although this effect cannot be isolated from the
direct effects of biochar addition to soils.

Several authors have summarized the literature linking
biochar amendments to soil structure. Quantifying changes
in soil structure is most often done through conventional
measurements of soil physical properties (e.g., bulk density
and porosity, water retention curve, hydraulic conductivity
curve), which are strongly linked to soil structure (Pagliai
et al., 2004). The reviews of Blanco-Canqui (2017, 2021)
and the meta-analysis of Razzaghi et al. (2020) reported that
the application of biochar on average decreases bulk density
and increases porosity as well as plant available water con-
tent, especially in coarse-textured soils. However, Borchard
et al. (2014), Jeffery et al. (2015), and Zhang et al. (2015)
observed a negative or negligible impact of biochar on these
properties, indicating that the effect of biochar may be context
dependent. Regarding the saturated hydraulic conductivity,
while the meta-analysis of Omondi et al. (2016) reported
higher saturated hydraulic conductivity in biochar-enriched
soil irrespective of soil texture, the review of Blanco-Canqui
(2017) and the meta-analysis of Edeh et al. (2020) revealed
that this property tends to decrease in coarse-textured soils, is
not significantly affected in medium-textured soils and tends

Core Ideas
∙ The effect of biochar age and concentration on soil

physical properties was studied.
∙ Young biochar reduced bulk density and increased

saturated water content and macroporosity.
∙ Biochar effects were attributed to soil structure

improvement rather than to its internal pore char-
acteristics.

∙ Century-old biochar in kiln sites did not signifi-
cantly affect soil physical properties.

∙ Soil type and biochar application rate impacted the
results to a limited extent.

to increase in fine-textured soils upon application of biochar.
Therefore, the overall effects of biochar amendments on soil
structure can be positive, negligible, or negative. The sign and
extent of the effect appear to depend on initial soil properties
but biochar properties and biochar application rates must also
be taken into account (Gholamahmadi et al., 2023; Islam et al.,
2021; Omondi et al., 2016; Singh et al., 2022). The meta-
analysis of Razzaghi et al. (2020) thus highlighted the need to
carry out additional experiments to allow better elucidation of
the mechanisms underlying biochar’s impact.

Numerous studies have assessed the impact of biochar addi-
tions to soils on the above-mentioned properties in short-term
experiments (<5 years after application). However, biochar
will remain in soils for hundreds or even thousands of years
due to its strong resistance to degradation (Gurwick et al.,
2013). During this time, its properties gradually change due
to particle fragmentation and the oxidation of its surface
(a process referred to as “biochar aging”), leading to an
increase in its surface charges and greater interactions with the
soil organo-mineral components (Hardy et al., 2016, 2017).
Therefore, one may expect the long-term effects of biochar
on soil structure to be enhanced compared to the short-term
effects. For lack of long-term experiments, the long-term
effects of biochar can be investigated by using kiln sites
as proxy. Kiln sites refer to areas where charcoal was pro-
duced in kilns in situ to be used as fuel for the metallurgical
industries until the end of the first half of the 19th century
(Hardy & Dufey, 2015). Nowadays, leftover charcoal is found
in soil at these former kiln sites, which have consequently
been used as a natural model to study the long-term impact
of wood-derived biochar (Burgeon et al., 2021, 2022; Hardy
et al., 2016, 2019; Hernandez-Soriano et al., 2015; Kerré
et al., 2016, Kerré, Willaert, Cornelis et al., 2017, Kerré,
Willaert, Smolders et al., 2017; Pollet et al., 2022; Zanutel
et al., 2021). Using kiln sites as a proxy, Kerré, Willaert,
Cornelis et al. (2017) observed higher saturated water
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T A B L E 1 Characteristics of the study sites and related soils.

Variables Units La Bruyère Attert
Latitude N (˚) 4.76 5.82

Longitude E (˚) 50.53 49.74

Average (1991–2020) annual temperature ˚C 10.2 9.1

Average (1991–2020) annual precipitation mm 805 1136

Mean slope % 3 4

Textural class (USDA classification) – Silt loam Sandy loam

Sand content % 2.9 ± 0.1 60.6 ± 4.9

Silt content % 84.3 ± 0.4 24.3 ± 4.6

Clay content % 12.8 ± 0.3 15.1 ± 1.6

Gravel content % 0.9 ± 0.1 2.3 ± 0.4

Soil organic carbon content (REF) g kg−1 11.6 ± 0.3 19.6 ± 2.3

Biochar content in kiln sites (OB) g kg−1 7.4 ± 0.3 6.2 ± 1.7

pH-KCl (REF) – 6.9 ± 0.1 5.8 ± 0.1

Cation exchange capacity (REF) cmolc kg−1 8.6 ± 0.1 6.2 ± 0.6

Exchangeable Ca2+ content (REF) cmolc kg−1 10.17 ± 0.49 6.98 ± 0.57

Exchangeable Mg2+ content (REF) cmolc kg−1 0.53 ± 0.04 1.54 ± 0.15

Exchangeable K+ content (REF) cmolc kg−1 0.41 ± 0.01 0.89 ± 0.18

Note: REF and OB correspond to the reference and old biochar subplots, respectively. Data are means ± standard errors of the means.

content and plant-available water content for soils contain-
ing century-old biochar (OB) compared to adjacent soils. On
the contrary, Zanutel et al. (2021) reported a limited effect
of centennial biochar on soil physical properties. Overall,
the long-term impact of biochar on soil physical properties
remains poorly studied, unclear, and requires more investi-
gation, as also indicated by the meta-analysis of Singh et al.
(2022).

Due to its porous structure and its ability to affect soil struc-
ture, we hypothesized that the presence of biochar in soil can
improve soil physical properties in both the short-term and
long-term. The effect of biochar was expected to increase with
increasing biochar application rates. At equivalent biochar
contents, its effect was expected to be stronger in the long
term than in the short term because of biochar fragmentation
and aging. The present study therefore aimed at determining
the effect of biochar application on soil physical properties on
cropland in temperate climate and to assess whether this effect
depends on biochar application rate and age.

2 MATERIALS AND METHODS

2.1 Study sites and sampling

Two conventionally cropped fields were selected as study
sites in the municipalities of La Bruyère (loam region) and
Attert (Belgian Lorraine) in Wallonia (southern Belgium,
Figure 1), which is characterized by an oceanic temperate cli-

mate (Table 1). The study fields were selected because they
differ in terms of soil texture and because of the presence of
former kiln sites a few decameters in diameter. The soils of
the study fields are characterized by a silt loam texture in La
Bruyère and a sandy loam texture in Attert (Table 1). Addi-
tional characteristics of the study sites are provided in Table 1.
In La Bruyère, a 4-year crop rotation involving chicory, win-
ter wheat, sugar beet, potatoes, and cover crops (mustard
and phacelia) has been practiced for more than 30 years. In
Attert, maize has been cultivated continuously for more than
50 years, with cover crops during winter.

At both study sites, four treatments (6-m by 3-m subplots)
were established in triplicate (Figure 1). The first two treat-
ments corresponded to fresh biochar added at an application
rate of 13.5 Mg ha−1 (YB1%) and 27 Mg ha−1 (YB2%) to
study the short-term impact of biochar. These application
rates were chosen to achieve a biochar content of 1% and 2%
by weight, respectively, considering incorporation in the top
10 cm of the soil and a mean soil bulk density of 1350 kg m−3.
The third treatment corresponded to the center of kiln sites
(OB), containing charcoal dating back most likely from the
first half of the 19th century, to study the effect of century-old
biochar. The last treatment corresponded to the control (REF),
that is, locations without biochar chosen in the same fields. All
REF, YB1%, and YB2% subplots were located more than 20
m away from each kiln site to limit the presence of century-old
biochar residues in soils (Figure 1).

The fresh biochar was bought from a local biochar
producer (GreenPoch SA). European Biochar Certificate

 15391663, 2024, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/vzj2.20301 by E

V
ID

E
N

C
E

 A
ID

 - B
E

L
G

IU
M

, W
iley O

nline L
ibrary on [09/02/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ZANUTEL ET AL. 4 of 20Vadose Zone Journal

F I G U R E 1 Location of study sites on the Belgian map of agro-geographic areas and aerial views of fields in La Bruyère (2021; silt loam soil)
and Attert (2012; sandy loam soil) with location of the subplots. REF, YB1% and YB2%, and OB subplots correspond, respectively, to the reference
subplots, young biochar subplots enriched at rates of 1% and 2% by weight, and old biochar subplots in kiln sites. Kiln sites are visible as darker oval
spots.

certified biochar with a carbon content of 81% by weight
and a pH of 8.9 was used. It had been produced from Picea
abies wood with an industrial pyrolizer at 500˚C. The water
drop penetration time test (Doerr, 1998) revealed that biochar
particles were hydrophilic (penetration time <1 s for 64 µL
water drops). 61.5% by weight of the biochar particles were
bigger than 2 mm. The mean weight diameter was 3.1 mm.
Biochar particles were applied manually in 2021 at the soil
surface before being incorporated into the soil to a depth of
10 cm by tillage (rototiller) immediately prior to sowing of
the spring crop. The spring crops were sown on April 21
in La Bruyère (sugar beet) and on May 9, 2021 in Attert
(maize).

The topsoil (0–10 cm) was sampled twice at both study
sites, approximately 4 and 5 months after sowing of the spring
crops. The samplings occurred on August 18–19 and Septem-
ber 22–23, 2021 in La Bruyère, and on September 1 and
October 7, 2021 in Attert. For each sampling date and subplot,
bulk soil samples were taken for soil characterization. Three
undisturbed soil samples (250-cm3 ring) were also taken on
each date and subplot for determination of physical proper-
ties. Moreover, undisturbed soil blocks in boxes (8.5 cm ×
5.5 cm × 4 cm; Polyvinyl chloride) were sampled on the sec-
ond sampling date for optical microscopy observations on

soil thin sections. Bulk soil samples were air-dried, whereas
undisturbed soil samples were stored at 4˚C. Data from both
sampling dates were treated as replicates.

2.2 Soil physical properties

Both the water retention curve and the hydraulic conduc-
tivity curve were determined on one of the three 250-cm3

undisturbed soil cores per subplot and per sampling date,
leading to a total of six water retention and hydraulic conduc-
tivity curves for each treatment at both study sites. The soil
cores were first saturated by capillarity standing in a 0.05 M
CaSO4 solution for at least 72 h. The volumetric saturated
water content of the soil cores was determined by dividing the
difference between the masses of water-saturated and oven-
dried soil by the volume of the soil cores. Both the water
retention curves and the hydraulic conductivity curves were
measured using a HYPROP device (METER Group). The
method relies on the monitoring of water content, pressure
head, and hydraulic head gradient in an initially saturated
sample subjected to evaporation (Pertassek et al., 2015). The
pressure head (tensiometers) at two depths in the soil core
as well as the water content (sample weight) were measured
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5 of 20 ZANUTEL ET AL.Vadose Zone Journal

every 10 min during drying by evaporation. Soil hydraulic
conductivity was derived from water flux measurements (rate
of water loss by evaporation) and the total hydraulic head gra-
dient using Darcy’s law as described in Pertassek et al. (2015).
With the HYPROP device, hydraulic conductivity measure-
ments are constrained by (too) small pressure head differences
on the wet end of the hydraulic conductivity curve and by cav-
itation of the tensiometers on the dry end (Pertassek et al.,
2015). Cavitation in the tensiometers occurred between pF 2.8
and 3.5 (Schindler et al., 2010). Regarding the water retention
curves, additional data were collected using a pressure plate
apparatus (pF = 3.5 and pF = 4.2; Richards & Fireman, 1943)
and a WP4C device (pF > 4; METER Group, 2018). Water
retention and hydraulic conductivity curve models were fit-
ted to the experimental data (Peters & Durner, 2008). In the
present study, the same model was used to fit the data from
all samples to be able to compare the results across sites and
treatments. The bimodal Durner model was used because of
the bimodal pore size distribution observed in most datasets
(Durner, 1994).

The macro-, meso-, and microporosity were determined
based on the fitted water retention curves. Given the lack of
standardization, field capacity (pF = 2) and permanent wilt-
ing point (pF = 4.2) were chosen to define the limits between
macro- and mesopores and between meso- and micropores,
respectively. Moreover, the soil pore size distribution was
derived from the water retention curve model using Jurin’s
law (Equation 1), assuming a solid–liquid contact angle of 0˚
(Li & Zhang, 2009; Muñoz-Castelblanco et al., 2012; Or &
Wraith, 2002; Schäffer et al., 2013):

|ℎ| = 4 𝜏 cos (𝛽)
𝜌 𝑔 𝑑

(1)

where ℎ is the matric head (m), 𝜏 is the surface tension of
water (kg s−2), 𝛽 is the solid–liquid contact angle (˚), 𝜌 is the
water density (kg m−3), 𝑔 is the acceleration due to gravity (m
s−2), and 𝑑 is the pore diameter (m).

Soil bulk density was determined by dividing the oven-dry
soil mass (105˚C, 48 h) of the soil cores by the volume of the
soil sample (250 cm3). All undisturbed soil cores were used
for this purpose. To assess the impact of the intrinsic porosity
of biochar particles on soil bulk density, the mass and vol-
ume of biochar in biochar-enriched samples were subtracted
from the original dry soil mass and volume to calculate the
soil bulk density without the direct contribution of biochar, as
proposed by Hardie et al. (2014) and also used by Andrenelli
et al. (2016).

Finally, a single-ring infiltrometer was used to determine
the saturated hydraulic conductivity directly in situ. On each
subplot of both study sites for each sampling date, three
replicate measurements were conducted, leading to a total of
144 measurements. The saturated hydraulic conductivity was

derived from the water flux measurements using Equation (2)
(Reynolds & Elrick, 1990) as follows:

Ks = GQ
aH + π𝑎2𝐺 + 𝑎∕α

(2)

where Ks is the saturated hydraulic conductivity (m s−1), G is
a shape parameter defined according to the geometry of the
system (-), Q is the water flow (m3 s−1), a is the radius of
the infiltration ring (m), H is the depth of ponding (m), and
𝛼 is the shape parameter from the equation of Gardner (1958)
(m−1). The G and 𝛼 parameters were set to 0.383 (0.432) and
12 (36) m−1 for the silt loam (the sandy loam) soil based on
the tables provided by Reynolds and Elrick (1990).

2.3 Biochar pore network characterization

A few grams of century-old biochar particles were manually
isolated from both soils by wet sieving (1-mm mesh), using a
methodology similar to Hardy et al. (2017). The old biochar
particles could be distinguished from other soil components
based on their low density (light weight) and black color.
The characteristics of the fresh and old biochar pore network
were determined using helium pycnometry, mercury intru-
sion porosimetry (MIP), and scanning electron microscopy
(SEM). Electron dispersive X-ray spectrometry (EDS) was
used to characterize the surface composition of biochar.

2.4 Helium pycnometry and mercury
intrusion porosimetry

The following measurements were performed on fresh and
old biochar particles in triplicate. Particle density was deter-
mined on 1–1.5 g of biochar by means of helium pycnometry
using an Anton Paar Ultrapyc 5000 automatic gas pycnome-
ter (Anton Paar, 2023). Particle density of each sample was
derived from the mean of 12 successive measurements on
the same sample. Bulk density and pore size distribution of
biochar particles were determined by means of MIP using
a Micromeritics Autopore IV 9500 mercury porosimeter
(Micromeritics, 2017), assuming a cylindrical pore model,
a mercury (Hg)–soil contact angle of 130˚, and a Hg sur-
face tension of 0.485 N m−1 (Klock et al., 1969; Lawrence,
1977). The porosimeter can accommodate a sample with a
bulk volume of maximum 15 cm3. In practice, the masses
of biochar used in the porosimeter ranged from 0.2 to 0.5 g
for young biochar and from 1 to 3 g for old biochar. The dif-
ference in mass between old and young biochar stems from
the large differences in biochar bulk densities (see results sec-
tion). Biochar bulk density refers to the mass of the biochar
particles divided by the total volume of the particles, includ-
ing internal voids. Porosity of biochar particles was calculated
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ZANUTEL ET AL. 6 of 20Vadose Zone Journal

according to Equation (3). The porosity calculated with this
method does not consider the occluded porosity and therefore
corresponds to the porosity accessible to external liquid.

Porosity = 1 −
Bulk density

Particle density
(3)

2.5 Scanning electron microscopy and
energy dispersive X-ray spectrometry

Both the external surface as well as sections of young and
old biochar particles were observed using SEM. Observations
were conducted using a JEOL7600F from the Mica Tech-
nology Platform of the Université catholique de Louvain at
accelerating voltages of 5 keV and 15 keV and with a work-
ing distance of around 10 mm. Before imaging, the samples
were coated with a 15-nm gold layer using a Cressington sput-
ter 208HR. From transverse cross-section images, the porosity
of biochar was estimated after thresholding using the ImageJ
software. The porosity estimated in this way may include
pores which are not connected to the outside and therefore
reflects total porosity. To identify the presence of mineral mat-
ter at the surface of biochar particles, an EDS system which
allows the detection of atomic elements was used in con-
junction with the SEM. The proportion of atomic elements
was obtained using a two-step procedure involving first the
subtraction of bremsstrahlung done with the classical “top
hat filter” method, and second the quantification of the area
under each atomic peak determined by the ZAF model (Osán
et al., 2001). ZAF model corrects X-ray intensities for atomic
number (Z), absorption (A) and fluorescence (F), ensuring
accurate determination of elemental composition in a sample
(Maaskant & Kaper, 1991).

2.6 Soil structure visualization using
optical microscopy

The undisturbed soil blocks sampled in polyvinyl chloride
boxes were oven-dried (50˚C), embedded in an epoxy resin,
and then used to manufacture uncovered polished thin sec-
tions at the Department of Geology at Ghent University. Thin
sections were observed using an optical microscope (Olym-
pus AX70/Provis) from the Mica Technology Platform of the
Université catholique de Louvain to assess qualitatively the
distribution of biochar particles within the soil samples.

2.7 Statistical analyses

Data management and analysis were conducted using MAT-
LAB v.2020a software and R studio v.4.0.4. To determine the

impact of biochar application on soil physical properties, two-
way analyses of variance (ANOVA) were performed using
the “aov” function from R studio assuming a randomized
complete block design. The “site” factor had two levels (La
Bruyère or Attert), whereas the “treatment” factor had four
levels (REF, YB1%, YB2%, and OB). Tukey’s honestly sig-
nificant difference post hoc tests (HSD tests) were performed
for pairwise comparisons with the “TukeyHSD” function in
R studio.

For assessing the relationship between two variables, both
“fitlm” and “predict” functions of MATLAB were used to
fit a linear model with 95% confidence intervals. To further
investigate the correlations between the soil physical prop-
erties as well as their relation to soil type, biochar age, and
biochar application rate, principal component analysis (PCA)
was performed using the “prcomp” and “envfit” functions in
R studio.

Whenever applicable, the conditions of homoscedastic-
ity (Levene test) and normality of residuals (visual check
using a Q–Q plot and a graph of the residuals distribu-
tion) were checked. For this reason, hydraulic conductivity
data were log-transformed. Overall, an effect was considered
significant when the p-value (P) was less than 0.05. Further-
more, the smoothing function of the Curve Fitting Toolbox in
MATLAB was used to smooth the MIP log-transformed dif-
ferential Hg intrusion volume data in function of the pore size
diameter.

3 RESULTS

3.1 Soil physical properties

3.1.1 Bulk density

Based on the ANOVA, there was a significant treatment effect
as well as site by treatment interaction on soil bulk density
(Table 2 ). On the silt loam soil, the presence of biochar in
YB1%, YB2%, and OB subplots reduced on average the soil
bulk density by 14.6%, 18.2%, and 1.5%, respectively, com-
pared to the REF subplots (Table 3 ). On the sandy loam soil,
the soil bulk density decreased by 15.4%, 18.9%, and 12.6%
in YB1%, YB2%, and OB subplots, respectively, compared to
the REF subplots (Table 3). Soil bulk density was significantly
lower in all biochar treatments (YB1%, YB2%, and OB) com-
pared to the reference at both study sites, except for OB on the
silt loam soil (Table 3).

Soil bulk density calculated without the direct contribution
of biochar was only slightly lower than the uncorrected bulk
density (P < 0.001). The bulk density values calculated with-
out the direct contribution of biochar were significantly lower
in the biochar treatments compared to the reference treatment,
except again for the old biochar on the silt loam soil (Table 3).
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7 of 20 ZANUTEL ET AL.Vadose Zone Journal

T A B L E 2 Results of analysis of variance (p-value) applied to the
soil physical characteristics.

p-values
Variables n Site Treatment Site × treatment
Bulk density 18 0.526 10−15*** 0.034*
Bulk densitya 18 0.515 10−11*** 0.036*
Saturated

water
content

6 0.037* 10−6*** 0.224

Macroporosity 6 0.011* 10−5*** 0.165

Mesoporosity 6 0.018* 0.111 0.206

Microporosity 6 10−5*** 0.011* 0.036*
Log(Ks)-

HYPROP
6 0.911 0.019* 0.029*

Log(Ks)-Inf. 18 10−5*** 0.327 0.038*

Note: Ks-HYPROP and Ks-Inf. correspond to the saturated hydraulic conduc-
tivity determined using the HYPROP device and the single ring infiltrometer,
respectively. Bold values indicate significant effect (p < 0.05).
aBulk density calculated without the direct contribution of biochar.
* and *** denote significance at the 0.05 and 0.001probability levels, respectively.

3.1.2 Water retention curve and soil pore size
distribution

Both site and treatment factors significantly affected the sat-
urated water content (Table 2). On average, across both soils,
saturated water content for YB1%, YB2%, and OB was 17.0%,
14.3%, and 6.0% higher, respectively, in relative terms, com-
pared to REF (Table 3). This increase was significant for
YB1% and YB2%, but not for OB. However, the measured
saturated water content for OB was consistent with the mea-
sured bulk densities given the (expected) overall relationship
between bulk density and saturated water content (Figure 2a).

While a significant site by treatment interaction was
observed for bulk density, the ANOVA did not reveal such
an interaction for saturated water content (Table 2), in spite
of the strong relationship between both variables (Figure 2a).
This lack of significant site by treatment interaction for satu-
rated water content may result from the much lower number
of samples for water content (n = 6) than for bulk density (n
= 18). This smaller number of samples may have hampered
detection of the site by treatment interaction.

Regarding the water retention curves, compared to the ref-
erence subplots, biochar-enriched subplots (OB, YB1%, and
YB2%) were characterized by higher water content in the wet
end of the retention curve (pF < 1.5; Figure 3). However, as
for the saturated water content, the increase in water reten-
tion for pF < 1.5 was significant only for YB1% and YB2%.
Regarding the OB treatment, water contents were not signif-
icantly different from the REF treatment, irrespective of the
matric head.

F I G U R E 2 Relationship between mean soil bulk density and (a)
mean saturated water content or (b) mean macroporosity for the
different sites and treatments. SiL and SaL correspond to the silt loam
and sandy loam soils, respectively. REF, YB1% and YB2%, and OB
correspond to the reference soil, the soil enriched with young biochar at
1% and 2% by weight, and the kiln site soil with old biochar,
respectively. The graphs were established by using the same samples
for bulk density, saturated water content, and macroporosity (n = 6 in
all cases). LR and 95% CI correspond to the linear regression line and
the 95% confidence interval, respectively. Error bars are standard errors
of the means. P corresponds to the p-value on the slope parameter of
the linear regression.

The pore size distributions derived from the water reten-
tion curves exhibited a double-hump pattern on both soils
(Figure 4). On the silt loam soil, the first peak was located in
the macroporosity range between 100 and 200 µm and charac-
terized by a higher magnitude for YB1% and YB2% compared
to OB and REF. For the REF treatment, this peak is hardly
noticeable. The second higher magnitude peak was located in
the mesoporosity range between 4 and 6 µm. On the sandy
loam soil, the heterogeneity across the replicates was higher.
For the YB1% and YB2% treatments, the highest peak was
located in the macroporosity range between 200 and 500 µm,
and the second highest magnitude peak was located in the
mesoporosity range between 6 and 15 µm. The first peak had
a higher magnitude for YB1% compared to YB2%. For OB,
soil pore size distribution exhibited a first and second peak
at approximately 50 and 2.5 µm, respectively, but the uncer-
tainty (standard errors of the means) was high. The proportion
of pores in the REF treatment was of lower or similar magni-
tude compared to YB1%, YB2%, and OB, irrespective of the
pore size.
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F I G U R E 3 Water retention curve for the reference soil (REF), for
the soil enriched with young biochar at 1% (YB1%) and 2% (YB2%) by
weight, and for the kiln site soil with old biochar (OB) on (a) the silt
loam soil (b) the sandy loam soil. Each water retention curve is a mean
curve based on six replicates. Points correspond to measurements,
shaded areas to the standard errors of the means, and h to the matric
head.

For both soils, biochar affected soil macroporosity, but not
meso- and microporosity (Table 3). There were significant
site and treatment effects on the macroporosity, but no site
by treatment interaction (Table 2). Compared to reference soil
samples, biochar-enriched soil samples increased the macro-
porosity by 98.8%, 58.9%, and 38.7%, in relative terms, for
YB1%, YB2%, and OB, respectively. This increase was sig-
nificant for YB1% and YB2%, but not for OB (Table 3). The
change in macroporosity for OB was, however, consistent with
the observed effect of OB on bulk density as reflected in the
overall relationship between macroporosity and bulk density
(Figure 2b). Although there was a significant site by treatment
interaction for microporosity (P = 0.036; Table 2), differences
between treatments were small (<2% in absolute value) and
no significant difference between the biochar-enriched soils
and the reference soils could be identified during pairwise
comparison.

3.1.3 Hydraulic conductivity curve and
infiltrometry

For pF < 1.5, there was a tendency for hydraulic conductivity
to be higher for biochar-enriched soil samples compared to the

F I G U R E 4 Soil pore size distribution derived from the water
retention curve for the reference soil (REF), for the soil enriched with
young biochar at 1% (YB1%) and 2% (YB2%) by weight, and for the
kiln site soil with old biochar (OB) on (a) the silt loam soil (b) the
sandy loam soil. Each pore size distribution is a mean curve based on
the derivative of the water retention curves. Shaded areas correspond to
the standard errors of the means. Black lines correspond to the limit
between macroporosity and mesoporosity (30 µm) and between
mesoporosity and microporosity (0.2 µm).

reference samples (Figure 5). However, none of the pairwise
differences with the reference were significant, which may at
least partly result from the high variability observed between
replicates from each treatment at both study sites. Moreover,
the HYPROP-derived hydraulic conductivity values for pF <

1.5 result from the extrapolation of bimodal Durner models
fitted on experimental data which cover a range from pF 1.5
to pF 3, weakening the reliability of these results. For pF >

1.5, there were no differences in hydraulic conductivity values
across treatments.

Saturated hydraulic conductivity derived from both
HYPROP and infiltrometer measurements is shown in
Table 3. Both methodologies tend to indicate that soil
samples enriched with young biochar are characterized
by higher saturated hydraulic conductivity compared to
reference samples, the treatment effect being significant for
the saturated hydraulic conductivity derived from HYPROP.
The ANOVA also revealed a significant site by treatment
interaction (Table 2) for both methodologies. Although none
of the pairwise differences with the reference treatment were
significant, which may again partly result from the high
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ZANUTEL ET AL. 10 of 20Vadose Zone Journal

F I G U R E 5 Hydraulic conductivity (K) curve for the reference
soil (REF), for the soil enriched with young biochar at 1% (YB1%) and
2% (YB2%) by weight, and for the kiln site soil with old biochar (OB)
on (a) the silt loam soil (b) the sandy loam soil. Each hydraulic
conductivity curve is a mean curve based on six replicates. Points
correspond to measurements, shaded areas to the standard errors of the
means, and h to the matric head.

variability observed between the replicate measurements for
each treatment (Table 3), this significant interaction seems
to result mostly from the contrasted effect of OB at both
sites. While OB has no or even a slightly negative impact on
the saturated hydraulic conductivity on the silt loam soil, its
effect on the sandy loam soil is positive and rather large.

Whatever the measurement methodology (HYPROP or
infiltrometer), the saturated hydraulic conductivity was signif-
icantly correlated to the macroporosity (Figure 6). Given that
macroporosity was significantly affected by the addition of
young biochar to soil (Table 3), these correlations are an addi-
tional indication that addition of biochar increases saturated
hydraulic conductivity.

3.1.4 Principal component analysis

Figure 7 displays the results of the PCA performed on the
soil physical properties. The first and second components of
the PCA explained 42.3% and 25.1% of the total variance
in the dataset, respectively. The first principal component is
strongly correlated with the bulk density (r = −0.89), the
saturated water content (r = 0.70), the macroporosity (r =
0.93), as well as the logarithm of saturated hydraulic con-

F I G U R E 6 Relationship between the macroporosity (n = 6) and
the logarithm of the saturated hydraulic conductivity (Ks) determined
by means of (a) the HYPROP system (n = 6) or (b) single ring
infiltrometer measurements (n = 18). SiL and SaL correspond to silt
loam and sandy loam soils, respectively. REF, YB1% and YB2%, and
OB correspond to the reference soil, the soil enriched with young
biochar at 1% and 2% by weight, and the kiln site soil with old biochar,
respectively. LR and 95% CI correspond to the linear regression line
and the 95% confidence interval, respectively. Error bars are standard
errors of the means. P corresponds to the p-value on the slope
parameter of the linear regression.

ductivity measured by means of the HYPROP system (r =
0.70). It is moderately correlated with the microporosity (r
= −0.53). The second principal component is strongly cor-
related with the mesoporosity (r = −0.96), and moderately
correlated with the saturated water content (r = −0.52), the
logarithm of saturated hydraulic conductivity measured by
means of the HYPROP system (r = 0.49) and by means of
the single ring infiltrometer (r = 0.43). Both components do
not discriminate between silt loam and sandy loam soils (P =
0.15), but discriminate well between the different treatments
(P = 0.001), except between the YB1% and YB2% treat-
ments. The OB cluster has an intermediate location between
the young biochar (YB1% and YB2%) clusters and the REF
cluster.

3.1.5 Helium pycnometry and mercury
intrusion porosimetry

Table 4 and Figure 8 show the characteristics of the biochar
pore network derived from the helium pycnometry and MIP
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11 of 20 ZANUTEL ET AL.Vadose Zone Journal

F I G U R E 7 Superimposition of the maps of variables (purple arrows), individuals (markers), and clusters (ovals) from the principal component
analysis (PCA) performed on the soil physical properties. BD, Os, Macro, Meso, Micro, and Log(Ks)-HYPROP and Log(Ks)-Inf correspond to the
bulk density (n = 6), the saturated water content (n = 6), the macroporosity (n = 6), the mesoporosity (n = 6), the microporosity (n = 6), and the
logarithmic saturated hydraulic conductivity measured by means of the HYPROP system (n = 6) and the single ring infiltrometer (n = 18),
respectively. Regarding soil bulk density, only the measurements performed on the same sample as those used for determining the water retention
curve and derived parameters were considered. SiL and SaL correspond to silt loam and sandy loam soils, respectively. REF, YB1% and YB2%, and
OB correspond to the reference soil, the soil enriched with young biochar at 1% and 2% by weight, and the kiln site soil with old biochar, respectively.

measurements. Particle density was not significantly different
for young and old biochar, whereas bulk density was lower
for young biochar compared to old biochar. Young biochar
was characterized by higher porosity compared to old biochar.
The young biochar particles exhibited a bimodal pore size
distribution with a predominant mode at 12.4 µm and a sec-
ond lower magnitude peak at 1.5 µm (Figure 8). The old
biochar particles were characterized by a very low accessible
porosity (<15%). The median pore diameter of young biochar
was about an order of magnitude higher than the old biochar
(Table 4).

3.1.6 Scanning electron microscopy and
energy dispersive X-ray spectrometry

Based on the transverse cross-section images of biochar par-
ticles taken with the SEM (Figure 9 a,c,e), the total porosity
of the young biochar particles was 15% higher (in absolute
terms) than the porosity of the old biochar from the kiln
sites for both soils (Table 4). For the young biochar parti-
cles, the pore diameter was mostly in the range from 20 to
40 µm and corresponds to the tracheids of the pyrolyzed wood
(Picea abies). For the old biochar particles, the observations
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F I G U R E 8 Pore size distribution of (a) the young biochar, (b) the
old biochar from the silt loam (SiL) soil, and (c) the old biochar from
the sandy loam (SaL) soil, derived from mercury intrusion porosimetry
measurements. Each distribution is a mean curve based on three
replicates. Points correspond to the measurements and shaded areas to
the standard errors of the means.

of the transverse cross-section images revealed a bimodal pore
size distribution with vessel elements approximately 40 µm
in diameter and labriform fibers approximately 10 µm in
diameter.

Figure 10 shows the proportion of atomic elements detected
with the EDS system. The carbon content was high, and the
O:C ratio was low both at the surface and inside the young
biochar particles. For the old biochar, the O:C ratio was high
at the surface of the particles and low inside the particles.
Moreover, aluminum and silicon elements were detected at
the surface of the old biochar but not on the young biochar,
suggesting the presence of soil particles at the surface of the
old biochar. The presence of clay and silt particles on the
surface of the old biochar was confirmed visually by means
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13 of 20 ZANUTEL ET AL.Vadose Zone Journal

F I G U R E 9 Scanning electron microscopy (SEM) images of biochar particles. Transverse cross-section (a,c,e), tangential section (b), and
external surface (d,f) of the young biochar (a,b) and old biochar from the silt loam (SiL) soil (c,d) and sandy loam (SaL) soil (e,f).

of the SEM images of the surface of the old biochar particles
(Figure 9d,f).

4 DISCUSSION

4.1 Biochar effects on soil physical
properties

Prior to the experiments, it was hypothesized that biochar
addition to soils would improve the soil physical proper-
ties. Based on the results, it appears that burying young
biochar in soil indeed improved the physical properties over-
all, at both study sites. The addition of young biochar to
soil reduced the bulk density, increased macroporosity and

consequently water content on the wet end of the reten-
tion curve (pF < 1.5), and tended to increase the saturated
hydraulic conductivity (Table 3). Such improvements in soil
physical properties following the application of biochar are
consistent with the literature. The meta-analyses of Omondi
et al. (2016), Razzaghi et al. (2020), and Singh et al. (2022)
reported a reduction in soil bulk density by 8%, 9%, and
29% on average, respectively. The review of Blanco-Canqui
(2017) reported a relative increase in total porosity by 14%–
64% following biochar addition, which is consistent with the
increase in saturated water content observed in the present
study, saturated water content being a measure of total acces-
sible soil porosity. Even though Hardie et al. (2014) and
Petersen et al. (2016) did not report an effect of biochar on soil
macroporosity, greater macroporosity in biochar-enriched
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F I G U R E 1 0 Proportion of atomic elements detected with the energy dispersive X-ray spectrometer mounted on the scanning electron
microscope (a) at the external surface of and (b) inside biochar particles. Data are means ± standard errors of the means. Zero was attributed to
values below detection limit. SiL and SaL correspond to the silt loam soil and the sandy loam soil, respectively.

soils was observed by Herath et al. (2013) and Sun et al.
(2013), as in the present study. Consistent with the trend in
the present study, the meta-analysis of Omondi et al. (2016)
reported an increase in saturated hydraulic conductivity. How-
ever, we did not observe a texture-dependent effect of biochar
on saturated hydraulic conductivity, as reported, for instance,
in the review of Blanco-Canqui (2017) and the meta-analysis
of Edeh et al. (2020). These two reviews have shown that
saturated hydraulic conductivity decreases in coarse-textured
soils, is unaffected in medium-textured soils and increases
in fine-textured soils following the addition of biochar.
Also not observed in the present study are the increases in
mesoporosity (i.e., plant available water capacity) and micro-
porosity highlighted by the meta-analysis of Razzaghi et al.
(2020).

Regarding the effect of biochar application rate, we
expected that the positive effects on soil physical proper-
ties would increase with increasing biochar application rates.
Indeed, existing meta-analyses often indicate that biochar
application rate has a positive impact on soil water properties

(Omondi et al., 2016). Nevertheless, some previous meta-
analyses suggest that improvements in soil physical properties
are greatest for intermediate biochar application rates. For
example, the meta-analysis of Edeh et al. (2020) revealed
that biochar application was most effective in improving soil
water properties with application rates between 30 and 70 Mg
ha−1. In the present study, however, the effects of biochar
content were inconsistent. The limited differences in soil
physical properties between the 2% biochar samples and 1%
biochar samples might imply the existence of a biochar con-
tent threshold, although the underlying mechanisms remain to
be elucidated.

Finally, we hypothesized that biochar fragmentation and
aging processes could strengthen the impact of biochar on
soil physical properties. On the one hand, biochar fragmen-
tation results in an increase in external surface of biochar
particles in contact with the soil constituents. On the other
hand, biochar aging increases its cation exchange capacity
and, consequently, soil exchangeable Ca2+ and Mg2+ contents
(Hardy et al., 2016). This could enhance the role of biochar as
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15 of 20 ZANUTEL ET AL.Vadose Zone Journal

binding agent in organo-mineral associations and strengthen
the impact of biochar on soil structure (Burgeon et al., 2021).
However, the presence of century-old biochar particles in kiln
sites did not significantly affect the soil physical properties
at both study sites, except for the bulk density on the sandy
loam soil (Table 3). The lack of significant effect could in part
be due to the lower biochar content in kiln sites (0.6%–0.7%)
compared to young biochar treatments (1%–2%). Neverthe-
less, the values of the measured soil physical properties for
the old biochar treatment often lie in-between the values for
the young biochar and the reference treatments (Figure 2).
This is also apparent in the PCA (Figure 7). The presence of
century-old biochar in kiln sites may thus slightly improve soil
physical properties, though not sufficiently to achieve a sig-
nificant effect. Yet there is no indication that biochar aging
and fragmentation have enhanced the capacity of biochar to
improve soil structure compared to young biochar. Some cau-
tion is, however, warranted regarding the comparison between
the young and old biochar treatments. Indeed, besides the
differences in concentration, the differences in the type of
feedstock and conditions of production between the young and
old biochar may also affect the intensity of soil response to
biochar additions (Gholamahmadi et al., 2023; Islam et al.,
2021; Singh et al., 2022).

4.2 Mechanisms of biochar impact

Since some soil properties were positively affected by biochar
additions, what could explain the observed changes? Biochar
addition to soil can affect the soil pore network through
its internal porous system (Brewer et al., 2014; Hyväluoma
et al., 2018; Lehmann & Joseph, 2009; Yi et al., 2020) as
well as through its location in the soil structure and interac-
tion with the soil constituents. Regarding the latter, biochar
particles can fill and clog the voids in between the mineral
grains, especially in coarse-textured soils (Edeh et al., 2020),
take up space previously occupied by mineral particles or
organo-mineral micromass, or improve soil structure and soil
aggregation by acting as an additional binding agent in the
soil (Burgeon et al., 2021; Du et al., 2017). This latter mecha-
nism is similar to the aggregating effect of uncharred organic
matter and it cannot be dissociated from an indirect impact of
biochar on uncharred organic matter (Burgeon et al., 2021;
Hardy et al., 2016; Hernandez-Soriano et al., 2015; Kerré
et al., 2016) or on soil biology (Li et al., 2020; Wang et al.,
2023; Zhang et al., 2018).

4.3 Internal porosity of biochar particles

Regarding the young biochar, the reduction in soil bulk den-
sity and the increase in macroporosity can be explained to a

limited extent only by the internal porosity of biochar. First,
the low density of biochar explains only a minor part of the
observed reduction in soil bulk density following the appli-
cation of biochar. Indeed, the soil bulk density calculated
without the direct contribution of young biochar particles
remained noticeably lower than the soil bulk density of the
reference samples. This indicates that the low density of
biochar cannot by itself explain the lower bulk density of
biochar-enriched soils. Second, the increase in macroporos-
ity following the addition of biochar cannot be attributed to
the porosity of biochar. Indeed, although most of its poros-
ity consists of tracheids between 20 and 40 µm in diameter
(the limit between meso- and macropores), these tracheids
are not continuous but connected to each other via bordered
pits which control the sap flow in conifer wood such as Picea
abies (Choat et al., 2008; Figure 9b). These bordered pits have
a smaller diameter than tracheids and are expected to con-
trol the emptying of the latter. The pore sizes derived from
the SEM images are therefore not directly comparable to pore
size distributions derived from water retention curves because
SEM-derived pore sizes do not take into account the connec-
tivity between pores. In that respect, pore size distributions
derived from MIP are more comparable to pore size distribu-
tions derived from water retention curves. According to MIP
and the assumptions underlying the methodology (e.g., Hg–
soil contact angle), the porosity of young biochar particles is
dominated by pores in the 5–30 µm range (Figure 8). These
pore sizes are smaller than the ones affected by the application
of biochar (50–2000 µm for a water–soil contact angle 𝛽 = 0˚;
Figure 4). Note that this outcome is not significantly affected
by the choice of soil–water contact angle in the range 0˚–60˚.
Hence, for the soils investigated in this study, the impact of
biochar application on soil macroporosity cannot be explained
to a significant extent by the internal porosity of fresh biochar
particles themselves.

Regarding the old biochar in kiln sites, the effects on soil
physical properties were mostly nonsignificant, and, con-
sequently, one can deduce that the biochar pore network
characteristics also had a limited effect. Furthermore, the
total porosity measured with MIP was much lower than the
total porosity estimated with the SEM transverse cross-section
image analyses. The difference in total porosity determined
with both methods indicates that the porosity of the old
biochar was not accessible. Our hypothesis is that the coat-
ing of the old biochar surface by clay particles, as observed
with the SEM and confirmed by atomic element detection
(Figures 9 and 10), did not allow Hg to enter into the porosity
inside the old biochar particles. In other words, we suggest
that the internal porosity of old biochar particles was not
accessible due to the adsorption of clay particles and the clog-
ging of pores at the surface of the old biochar. The coating
of the surface of aged biochar particles by clay particles,
in addition to the occlusion of biochar pores by these clay
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ZANUTEL ET AL. 16 of 20Vadose Zone Journal

F I G U R E 1 1 Illustration of the location of biochar particles within soil aggregates, on the outer edge of soil aggregates and within soil
porosity. SiL and SaL correspond to the silt loam and sandy loam soil, respectively. YB2% and OB correspond to the soil enriched with young
biochar at 2% by weight and century-old biochar in kiln sites, respectively.

particles, were already observed by Hardy et al. (2017) in
kiln sites. Even if the internal porosity were accessible, the
total porosity of the old biochar particles as derived from
SEM (Table 4) is lower than the total porosity of the refer-
ence soil (using saturated water content as a proxy of total
porosity; Table 3). Hence, as opposed to the young biochar
used in the present study, old biochar particles could not pos-
sibly increase the total soil porosity by means of their internal
porosity.

4.4 Biochar location and interaction with
soil

Besides the direct contribution of their internal porosity,
biochar particles may also affect the soil pore network depend-
ing on their distribution in the soil and their interaction with
the soil components. In the present study, there is no evidence
of a net clogging effect following biochar addition, that is,
no filling of voids in between mineral grains or aggregates.
Indeed, this would have resulted in a higher soil bulk density,
a lower porosity, and a lower saturated hydraulic conductiv-
ity in biochar-amended soil compared to the reference soil.
On the contrary, addition of biochar resulted in a structuring
effect, as supported by the improvement of several soil physi-
cal properties in biochar-enriched soils compared to reference
soils (Table 3).

Optical microscopy observations on undisturbed soil thin
sections revealed that both young and old biochar particles
were present in soil as isolated single particles or located
within and at the surface of soil aggregates (Figure 11a–d).
The presence of young biochar within soil aggregates was also
observed using optical microscopy by Jien and Wang (2013),
Prakongkep et al. (2020), and Zhang et al. (2020). The loca-
tion of biochar particles within aggregates and at the surface
of aggregates suggests that biochar may play an active role
in soil structure formation and stabilization due to its surface
charges. Actually, the location of biochar particles within soil
tended to differ depending on the particle size of biochar. The
biggest particles were preferentially present as single parti-
cles, whereas the finest particles were preferentially located
within soil aggregates or at their surface. This suggests that
finer biochar particles could contribute more to soil struc-
ture improvement than larger biochar particles. The greater
impact of finer biochar particles on soil structure could be
explained by their higher external surface in contact with soil
constituents, compared to larger biochar particles.

5 CONCLUSIONS

In the present study, we hypothesized that amending soils
with biochar may improve soil physical properties, but
that the magnitude of these changes would depend on the
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application rate and biochar aging. At both study sites, it was
found that fresh biochar application to soil decreased the bulk
density and increased both the water content near saturation
(pF < 1.5) and macroporosity. However, no consistent effect
of biochar application rate was observed. It was shown that
the improvement of soil physical properties in the short-term
appears related to the improvement of soil structure rather
than to the internal porosity of the biochar particles. Regard-
ing the effect of biochar aging, soil physical properties were
mostly not significantly different for soil samples containing
century-old biochar at kiln sites compared to samples with no
added biochar. This could be related to the low biochar con-
tent in kiln sites, but also to the mostly inaccessible internal
porosity of old biochar particles as a result of the clogging of
pores by clay particles. The results also appear to indicate that
biochar fragmentation and surface oxidation during aging do
not strongly enhance its ability to improve soil structure, at
least when considering biochar that is more than a century
old. It would therefore be of interest to investigate the effects
of biochar on soil physical properties over intermediate time
scales by means of long-term trials.
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