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Abstract. This study aimed to predict the effect of biochars
(from woodchips, rice straw, and manure processed at tempera-
tures from 300 to 700°C) on hydraulic conductivity, volumes of
variously sized capillaries (from 360.4 to 0.24 pm radius), and
equivalent capillary length of sandy and loamy soils using the
statistical-physical model. The model analyzes the connections
between soil and biochar and spaces occupied by water and air.
The biochars decreased the predicted hydraulic conductivity at the
matric potentials from —1 to around —70 cm H,O by 9 to 25% and
increased by 1.6 to 19% at a drier range of potential from around
=500 to —15 000 cm H,O in the sandy soil and increased in the
loamy soil across the whole potential range. The greatest effect
on the hydraulic conductivity had biochars from the rice straw in
sandy soil and woodchips in loamy soil. The biochars generally
increased the volumes of all capillaries in the sandy soil. They
decreased the volumes of larger capillaries (360.4-3.6 um radius)
and increased that of capillaries of 0.53 pm radius in the loamy
soil. All biochars typically decreased the equivalent capillary
length in the sandy soil and increased in the loamy soil.

Keywords: organic soil conditioners, unsaturated hydraulic
conductivity, capillary size distribution, soil texture, predictive
model performance

1. INTRODUCTION

Effectively using water resources in irrigated and rain-
fed agriculture requires a comprehensive understanding of
the soil’s hydraulic properties (Kazmierowski, 2015; Saeidi
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etal.,2023; Faloye et al., 2024). Data on saturated hydraulic
conductivity (Ksat) and unsaturated hydraulic conductiv-
ity as a function of soil water status govern the water flow
and provide information on the rate at which water infil-
trates soil water and moves to plant roots (Kirkham, 2005;
Glinski and Lipiec, 2018; Orzechowski et al., 2022). The
soil’s hydraulic conductivity is affected by the inherent soil
texture, the genetic type (Kelishadi et al., 2014; Azadmard
etal., 2018, 2020; Edeh et al., 2020; Usowicz ef al., 2024),
and the related pore structure (Faloye ef al., 2024). Besides,
soil’s hydraulic properties can be altered by human activi-
ties (Lipiec et al., 2021; Hessel et al., 2022), including the
application of biochar (Ajayi et al., 2016; Chen et al., 2023;
Faloye et al., 2022).

The key biochar properties that alter the shape, size, and
continuity of pores and soil hydraulic properties/conducti-
vity are large specific surface area (Lei and Zhang, 2013;
Liu et al., 2017; Tomczyk et al., 2020), high pore volume,
and particle size (Edeh et al., 2020). Biochar addition to
soils can also promote aggregation and stability (Feizi et
al., 2019; Chen et al., 2022; Li et al., 2023), reduce ther-
mal conductivity, thermal diffusivity, albedo (Usowicz et
al., 2016), evaporation, and cracking (Zhang et al., 2020),
sequester carbon (Juriga and Simansky, 2018), enhance ion
absorption and exchange capacity (Gong et al., 2019), alter
soil hydrophobicity (Chen et al., 2022; Edeh and Masek,
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2022), improve aeration and microbial activity (Zhang et
al. 2012; Fisarova et al., 2024), reduce greenhouse gas
emission (Li et al., 2024), and enable food security by aug-
menting soil fertility and quality (Gtab et al., 2016; Gao and
DeLuca, 2022; Kumar et al., 2023). A new survey indicates
that carbon dioxide removal by biochar results in circular
climate change mitigation and adaptation (Global Biochar
Market Report, 2023). Because of the beneficial effects, the
application of biochar to soils has been broadly promot-
ed in recent decades (Lehmann, 2007; Hyvéluoma et al.,
2018; Tomczyk et al., 2020; Kumar et al., 2022; Usowicz
et al., 2020; Fornes et al., 2024). The wide biochar use was
facilitated by the growth of industrial biochar production
with a global production of 350000 metric tons annually
and a compound annual growth rate of 91% between 2021
and 2023 (Global Biochar Market Report 2023).

The results regarding biochar’s effects on hydraulic
conductivity are not consistent and scarce. Several studies
on biochar-amended soils did not expose a distinctive trend
concerning the increase or decrease in hydraulic conducti-
vity values (Novak et al., 2016; Usowicz and Lipiec, 2020;
Chen et al., 2022; Yan et al., 2021; Wang et al., 2022; Garg
et al., 2023; O’Keeffe et al., 2023). Inconsistent results are
largely attributed to the different biochar properties related
to the type of feedstock and pyrolysis temperatures, appli-
cation method, soil type, and soil water status (Ajayi et al.,
2016; Edeh et al.,2020; Chen et al.,2022; Garg et al., 2023).
Some studies suggest that the reduced hydraulic conducti-
vity in biochar-amended soil is attributed to pore filling by
biochar, which increases tortuosity and reduces pore throat
size (Faloye et al., 2022, 2024) although the soil struc-
ture is improved (Villagra-Mendoza and Horn, 2018 a,b).
The scarcity of the data is related to the fact that direct
measurements of the hydraulic conductivity for large areas
are expensive and time-consuming. Also, the measurements
often include different soil water content ranges and are val-
id to only a narrow range of soil saturation with water (Arya
et al., 1999, Nemes et al., 2001). Therefore, there is a need
for alternative methods for the prediction of the hydraulic
conductivity in a wider range of soil water content from the
more easily measured soil water retention curve (Mualem,
1976; van Genuchten and Pachepsky, 2011). The precise
prediction of the soil hydraulic properties as a function of
soil water status is critical for satisfactory characteriza-
tion of water and nutrient movement and uptake by plants
(Faloye et al., 2022; Krzyszczak et al., 2024). Among
various predictive methods of hydraulic conductivity, based
on statistical analyses of pore-size distribution, the Darcy
and Poiseuille equations and regression models are widely
used. Using different model approaches and/or input data
from biochar experiments limits an unbiased comparison
of hydraulic conductivity from other studies (Lim et al.,
2015).
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Therefore, to minimize the secondary effects, we pro-
pose in this study to (1) evaluate the effect of the same
biochar types applied to sandy soil (Zhang et al., 2019) and
loamy soil (Lei and Zhang, 2013) on hydraulic conductivity
over a wide matric potential range assessed by the same
statistical-physical model of soil conductivity (Usowicz
et al., 2006b) and (2) improve the modeling performance
of hydraulic conductivity in biochar-amended soils by
calculating the volume of variously sized capillaries and
capillary length.

2. MATERIALS AND METHODS
2.1. Statistical-physical model and input data

The effect of biochar application on soil hydraulic con-
ductivity was evaluated using the statistical-physical model
of soil conductivity proposed by Usowicz et al. (2006b).
The model is based upon the usage of the terms hydraulic
resistance, capacitors (Ohm’s law and Darcy’s law), two
Kirchhoff’s laws, and multinomial distribution. Soil and
biochar particles of different shapes and sizes and pores
(Fig. 1a) between them are represented by a net of more
or less cylindrically interconnected channels with different
equivalent capillary radii (Fig. 1b”). The junction points
in Fig. 1b’ in the form of spheres connect the capillaries
horizontally and vertically. The junction points in Fig. 1b’
in the form of spheres connect the capillaries horizontally
and vertically. When such a porous medium is considered,
a statistical approach for the description of the liquid or gas
flow can be applied. The soil and biochar phases and their
configuration are decisive for the pore distribution and the
course of the water retention curve in this medium. The
statistical-physical model considers the pore space as the
capillary net that is represented by parallel and serial con-
nections of hydraulic resistors in the layer and-between the

=1 j=n-1 j=n
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Fig. 1. Schematic diagram of the statistical-physical model con-
struction, a) soil unit volume, b) a system of spheres considered
as soil particles forming overlapping layers, b’) a system of air
and water capillaries between soil particles forming overlap-
ping layers, c) a system parallel connection of thermal, electrical
and hydraulic resistors in the layers and series between layers,
¢’) a system parallel connection of heat, electrical and hydraulic
capacitors in the layers and series between the layers.
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layers, respectively. A system of spheres forming overlap-
ping layers in Fig. 1b represents thermal resistors, electrical
resistors, and electrical capacitors.

The hydraulic conductivity of a porous medium is
expressed by the mean hydrodynamic radius of the Hagen-
Poiseuille’s equation, K:

K =892 Q)]
8n
like the hydraulic conductivity of an elemental capillary in
the net K;:

_ P92
Ki; = Bnrija

2
where: r denotes a capillary radius, p — liquid density, g —
acceleration of gravity, 7 is liquid viscosity. Inserting K and
K;; into the equation for the total resistance of a parallel and
serial configuration of resistors:
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and assuming that 4 corresponds to u# mean surface areas
mr’, A; equals 7,7, and there are n unit serial connections
in the length /:

L i J— -

i
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after substituting, we arrive at an equation for the calcula-
tion of a mean hydrodynamic squared radius:

(6)

Putting #* again into the equation for K calculation with
a mean hydrodynamic radius:

— P9
8n

(N

and following the method applied earlier for the model of
electric conductivity, we can set down a general equation
for hydraulic conductivity (Usowicz, 2000):

®)

where: L is the number of all possible combinations of the
capillary configuration, x,, x; ,..., x; — number of capillaries
formed between the particles of the medium with a capil-
lary radius of 7, 7, ,..., 1, and length /,, b,,..., [;, u — number
of the degrees of freedom (number of parallel connections
of resistors), where ¥k, x;= u, j=1,2,..., L. P(x;) is the
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probability of occurrence of a given capillary configuration
calculated from the multinomial distribution (Eadie et al.,
1971):

u!

(] |f1x1fzxzf;),X3ﬁ1.X4f5xsfxsl

P(x1, %2, X3, X4, X5, X6) = e

©)
P(x;) — describes the probability of the event that in « inde-
pendent trials exactly x; results of the j type were obtained,
if the probability of i results in a single trial is f;, i =1, 2, ..., k.
The condition: %, P(C=x;) =1 must also be fulfilled.

Capillary size radii and the probability of occurrence of
a given capillary configuration were calculated based on the
measured water retention curve (Fig. 2) and saturated water
content. It was assumed that the water retention curves are
divided into & parts (in our case into five parts), which are
not necessarily equal, but may also be equal.

Water content (m* m)

o 50 100 150
Matric potential (—cm H,0)

200

Fig. 2. Determination of the mean capillary radius (r;) and volu-
metric water content (A#)), i = 1,2,...,5, from the water retention
curve. The data used in this example are taken from Brooks and
Corey (1964).

The probability of selecting a specific capillary in a sin-
gle sample was calculated from equations: f; = Aq,/¢p, f, =
Aq/, 5= Agslp, [ = AOi/g, s = Abs/p, and fs = (¢ — )/,
where Ag; are water contents at individual suction points
determined from the retention curve, @ current soil water
content, ¢ porosity, and ¢ — @ air content.

The input data from field experiments conducted on
sandy and loamy soils in China were used in this study. The
experimental field on sandy soil (97.8% sand and 2.2% silty
sand) containing 0.581% of organic carbon was located in
the Desert Ecosystem Research Station in the transitional
zone of Minqin County, Gansu province (38° 34'N, 102°
58" E) (Zhang et al., 2019). The seven treatments were as
follows: soil only serving as the control (CK); soil with
woodchip biochars pyrolyzed at 300°C (SWL) and 700°C
(SWH); soil with rice straw biochars pyrolyzed at 300°C
(SRL) and 700°C (SRH); and soil with dairy manure
biochars pyrolyzed at 300°C (SDL) and 700°C (SDH). Each
of the six biochars was mixed at a mass ratio of 5% (w/w)
with the soil (0-15 cm depth) with three replications per
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treatment, and the mixtures were incubated at 25°C for 180
days. The soil water retention curve was determined with
a high-speed refrigerated centrifuge (Hitachi’s SCR22G,
Japan) using a glass cylinder with 30 mm of height and 45
mm of diameter filled with pure soil or soil-biochar mix-
tures at soil water content < 10% of the saturated water
content. Briefly, a sample was saturated with gas-free
water for 48 h and weighed for initial mass and saturated
water content. The saturated soil samples were centrifuged
at rotation speeds of 500, 900, 1500, 2500, 3500, 4500,
5500, and 6500 rpm for 60 min, and at 7500 rpm
for 100 min, respectively. The soil water suction h is related
to rotation speeds (Feng et al., 2009).

The experimental field on loamy soil (40% sand, 35%
silt, and 25% clay) containing 1.07% of organic carbon
was located in the Dinghushan Nature Reserve (23°09'21"-
23°11'30"N, 112°30'39"-112°33'41"E, 100-700 mH),
Guangdong Province (Lei and Zhang, 2013). The treat-
ments included soil only used as the control (CK); SDL
(soil+dairy manure pyrolyzed at 300°C), SDM (soil+dairy
manure pyrolyzed at 500°C), SDH (soil+dairy manure
pyrolyzed at 700°C), SWL (soil+woodchip pyrolyzed at
300°C), SWM (soil+woodchip pyrolyzed at 500°C), and
SWH (soil+woodchip pyrolyzed at 700°C). Each of the six
biochars was mixed at a mass ratio of 5% (w/w) with the
soil (0-10 cm depth) with three replications per treatment
and the mixtures were incubated at 25°C for 180 days. The
soil water retention curve was determined with the hanging
water column and pressure plate methods) (Klute, 1986)
using a glass cylinder with 30 mm of height and 45 mm of
diameter filled with pure soil or soil-biochar mixtures at
a soil water content of 80% of the field capacity.

The values of hydraulic conductivity and water contents
in the biochar-amended soils (soil + biochar mixtures) for
different matric potential values (—cm of H,O) in the range
of 0 to —15000 for the statistical-physical model of hydrau-
lic conductivity were calculated from the van Genuchten
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equation (van Genuchten, 1980). The equivalent capillary
radii were computed using the Young-Laplace equation: r;,=
1491.3/h (h = heights of the H,O column in —cm). This mat-
ric potential range was divided into five sub-regions of the
water column /4: from 0 to —40 cm, from —40 to —100 cm,
from —100 to —200 cm, from —200 to —1500, and from
—1500 to —15000 cm H,O (Fig. 3a,b). For each of them,
the average capillary radii (360.4, 23.3, 11.5, 3.6, 0.53, and
0.24 pm) and the corresponding volumes of water content
were calculated. The 6th capillary conducting water through
water vapor and liquid water films on soil and biochar parti-
cles in the model was estimated/assumed to have a 0.24 pm
radius, corresponding to the matric potential around —5020
cm H,O at which plants suffer stress due to water shortage.
With soil water loss, the first 5 capillaries with 360.4 to 0.53
pum radii will dewater one by one. On the other hand, the
air content will increase in the 6th capillary, which means
an increase in the probability of flow through water vapor
and water films. This capillary may have a constant radius
assumed for a specific matric potential or estimated from
experimental data, e.g., at residual water content, or from
known physical relationships that are responsible for water
flows through vapor partly through water films on solid soil
particles. Below this water content, the 6th capillary radius
will change exponentially: r,(6) = ae” with the change in
soil water content — #, where a and b are the parameters of
the equation. The value of the radius of the 6th capillary at
the so-called residual/reference water content will decrease
as a function of soil water content.

Using the saturated hydraulic conductivities and the
water retention curve, the equivalent capillary lengths and
degrees of freedom u (the number of parallel connections
of resistors) for different media and soils were selected by
comparing the calculated and measured results and the
best agreement between the results (Usowicz, 2000). The
model was validated against measured water retention and
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Fig. 3. Water retention curves of sandy soil (a) and loamy soil (b). Control without biochar (CK), woodchip biochar pyrolyzed at 300°C
(SWL), woodchip biochar pyrolyzed at 700°C (SWH), rice straw biochar pyrolyzed at 300°C (SRL), rice straw biochar pyrolyzed at
700°C (SRH), dairy manure biochar pyrolyzed at 300°C (SDL), dairy manure biochar pyrolyzed at 700°C (SDH), dairy manure pyro-
lyzed at 500°C (SDM), woodchip biochar pyrolyzed at 500°C (SWM). Based on data from Zhang et al. (2019) for the sandy soil and
from Lei and Zhang (2013) for the loamy soil.
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water conductivity curves in the saturated and unsaturated
zones for Lakeland sand soil and Hygiene and Berea rocks
(Usowicz, 2000, 2001).

2.2. Statistical evaluation

Differences in the water content (WC) and calculated
hydraulic conductivity (HC) between the biochar amended
and control plots (CK) were evaluated based on the root
mean square residuals (RMSR) and maximum relative
residuals (MRR). The RMSR and MRR were calculated as:

2?:1(fmi_fci)2

RMSR = e (10)
_ fmi—fei
MRR = izrfggg’n{ Il 100%, )

where: f,,; is the control plot data, f£;; is the biochar-amended
plot data, k =n — 1 if n <30, and k = n if n > 30. In our
study n = 27 data points for both water retention curve and
hydraulic conductivity curve at the following matric poten-
tials (in —em H,0): 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 200, 250, 300, 500, 800, 1200,
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1500, 2000, 3000, 5000 and 15000. The results of the
equations were presented as averages over the three repli-
cates for each biochar type in each soil type.

3. RESULTS

3.1. Soil properties and parameters of the statistical-physical
model

As can be seen from Table 1, pH, organic carbon con-
tent C (in %), and SSA (in m’g ") were 8.72, 0.581, and 3.36
in control sand and 4.25, 1.07, and 11.5 in loam soils. The
ranges of the properties in biochars added to the sand and
loam soil were 7.95-11.2, 37.8-66.4%, 1.4-392 m*g "' and
7.46-10.1, 19-51.2%, 14.3-124 m*g ', respectively.

We assumed in this work that the best agreement between
the calculated and measured results of capillary lengths
would occur using 7 degrees of freedom. The equivalent
capillary lengths / (m) calculated with the statistical-physi-
cal model in the sandy soil were similar in the control and
treatments with woodchip biochar pyrolyzed at 300°C
(SWL) and rice straw biochars pyrolyzed at 300°C (SRL)
(1.12-1.17); they appreciably decreased (to 0.42-0.597)

Table 1. Parameters of the statistical-physical model: degree of freedom (u=7), equivalent capillary length (/), bulk density (BD),
saturated hydraulic conductivity (Ksat), and physicochemical properties of the studied soils

Sandy soil
Properties* Unit CK SWL SWH SRL SRH SDL SDH
Capillary length (' m) 1.13 1.12 0.597 1.17 0.64 0.43 0.42
Bulk density’ Mgm~®  1.53 1.17 1.24 1.2 1.25 1.23 1.27
pH" Unitless  8.72 7.95 10.6 9.24 12 8.68 11.2
c (%) 0.581 66.4 85.7 57 59.9 40.4 37.8
SSA™ (m’g") 336 1.4 392 2.11 187 3.59 168
Measured Ksat'  (ms?)  6.135x10°  5215x10°  5.522x10°  3.823x10°  3.540x10°  4.602x10°  4.554x10°
Calculated Ksat  (ms™)  6.138x10°  5216x10°  5.222x10°  3.824x10°  3.536x10°  4.618x10°  4.567x10°
Loamy soil
Properties Unit CK SDL SDM SDH SWL SWM SWH
Capillary length 7/ ( m) 3.2 23 13 20 72 36 45
Bulk density? Mgm™) 1.190 1.071 1.052 1.062 1.010 1.049 1.051
pH® Unitless  4.25+0.03  7.46x0.01  9.2840.09  9.70+0.03  7.16£0.04  7.96+0.04  10.1+0.12
c® (%) 1.07 39.3 19 27.9 51.2 432 31.1
SSA® (m’g™?) 115 143 44.1 83.4 24.04 67.3 124
Measured Ksat® (ms')  6.898x10°  7.037x10°  7.153x10°  6.968x10°  9.005x10°  9.838x10°  1.028x10°
Calculated Ksat (ms')  6.868x10°  7.011x10°  7.154x10°  6.989x10°  9.057x10°  9.837x10°  1.033x10°

*Based on data from: 'Zhang et al. (2019), *Lei and Zhang (2013). Control without biochar (CK), woodchip biochar pyrolyzed at 300°C
(SWL), woodchip biochar pyrolyzed at 700°C (SWH), rice straw biochar pyrolyzed at 300°C (SRL), rice straw biochar pyrolyzed at
700°C (SRH), dairy manure biochar pyrolyzed at 300°C (SDL), dairy manure biochar pyrolyzed at 700°C (SDH), dairy manure pyro-
lyzed at 500°C (SDM), woodchip biochar pyrolyzed at 500°C (SWM), BD — bulk density measured by the core method, pH — measured
using pH probe with a suspension in H,O; C — organic carbon measured using commercial analyzer, SSA — the specific surface area
measured with N2-BET method in' and Brunauer, Emmett, and Teller nitrogen adsorption technique in’. The standard deviations in the
sandy soil for the measured Ksat varied from 2.77x10® (at SRH) to 5.55x10” (at SWL). Corresponding values for the loamy soil were

6.94x107 (at SDM) and 2.22x10° (at SWL).
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under the remaining treatments. Regarding the loamy soil,
the equivalent capillary length under control and SDL are
similar (2.3-3.2 m) and appreciably increased under the
remaining biochar treatments (13-72 m). According to the
model assumptions, the higher equivalent capillary lengths
may indicate higher capillary tortuosity. The bulk density
in both soils was lower in the biochar-amended than in
the control plots, especially in the sandy soil. Irrespective
of soil texture, the variability of bulk density was low, as
shown by the relatively low standard deviations (the maxi-
mum of 0.04 Mg m™).

3.2. Soil water retention, hydraulic conductivity, and capillary
properties

As can be seen, from Fig. 3a, adding all biochar types
into the sandy soil resulted in higher soil water contents at
the whole matric potential range from saturation (-1 cm
H,0) to wilting point (—15 000 cm). The effect was most
pronounced in the treatment including soil + rice straw
biochar pyrolyzed at 300°C (SRL), where the soil water
content increased by around 70-200%, depending on the
matric potential, compared to the control (CK). Irrespective
of the matric potential, the differences in the soil water con-
tent were appreciably lower between the biochar types than
between the control soil (CK) and each biochar type. The
soil water content at field water capacity (at matric poten-
tial =100 cm) being 0.13 m*m™ in CK increased in all the
biochar treatments by around 61 to 108% (~0.21-0.27 vs.
~0.13 m’m™, depending on the biochar type.

Also, adding biochars in the loamy soil (Fig. 3b)
increased soil water content in the whole matric poten-
tial range. The highest and lowest increase was recorded
under the treatments with soilt+woodchip pyrolyzed at
700°C (SWH) and soil+dairy manure pyrolyzed at 300°C
(SDL), respectively. Depending on the matric potential, the
increase ranged from around 14 to 290% in the former and
from 2.6 to 13% in the latter. The soil water content at field
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water capacity was ~0.40 m® m” in CK and increased in
most biochar treatments by 22 to 45.0% except SDL, which
was close to that in the control (0.42 m® m™). As expected,
the soil water content at comparable matric potentials and
treatments was greater in the loamy than sandy soil (Fig. 3a,b).

The effect of the biochars on the hydraulic conducti-
vity was related to the potential and soil type (Fig. 4a,b).
In the sandy soil, the hydraulic conductivity at the wet
range of matric potential from —1 to around —10 cm H,O
under SWL and from 1 to around —70 cm H,O under the
remaining biochar treatments was lower by 9 to 25%, at the
drier range (from around —500 to —15 000 cm H,O) it was
higher by 1.6 to 19% (Fig. 4a). The addition of all biochar
types into the loamy soil increased hydraulic conductivity,
compared to the control across the whole matric poten-
tial range (Fig. 4b). The highest and similar increase was
observed under SWL (soil+woodchip pyrolyzed at 300°C),
SWM (soil+woodchip pyrolyzed at 500°C), and SWH
(soil+woodchip pyrolyzed at 700°C). The lowest increase
was recorded under SDL (soil + dairy manure pyrolyzed
at 300°C). The greatest increases were noted at the matric
potential from —100 to around —5000 cm H,O. At the char-
acteristic matric potential (=100 cm H,O) corresponding
to field water capacity (FC), the hydraulic conductivities
under all biochar treatments in the sandy soil were slightly
higher (to around 8%) than in the control (1.00x10° m s™),
while in the loamy soil they increased from around 5%
in the treatments with dairy manure pyrolyzed at 300°C
(SDL) biochar to 50-80% in the remaining biochar variant.

In the sandy soil, the RMSR values for WC varied
between 0.079 and 0.114 m® m ™ and the lowest values were
in SDH, SWL (0.079-0.080 m*m*), and the largest in SRL,
and SRH (0.104-0.114 m* m™) (Table 2). In treatments with
biochars derived from woodchip (SW), the RMSR values
increased with increasing pyrolysis temperature (from
0.08 to 0.10 m’ m) and decreased in plots with biochars
derived from rice straw (SR) (from 0.114 to 0.104 m* m™)
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Fig. 4. Calculated soil hydraulic conductivity as a function of the matric potential from the statistical-physical model of sandy soil (a)
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and dairy manure (SD) (from 0.094 to 0.079 m’ m”). The
lowest RMSR values for HC were found in treatments with
biochars derived from SWH (3.81x10° m s') and largest
in treatments with biochars derived from SWL, SRL, and
SRH (between 8.77 and 9.80x10° ms™) without a clear
effect of pyrolysis temperature. The RMSR values for the
WC and HC at comparable temperatures were lowest in
plots with SW biochars and highest in SR biochars. The
MRR values for WC decreased with increasing pyrolysis
temperature and increased for HC, irrespective of the bio-
char type added. The highest MRR was recorded for SRL
(234.6%) and the lowest for SDL (176.9%), while at high
pyrolysis temperature, it was highest for SRH (200%) and
lowest for SDH (142.9%). As to HC, the MRR was higher
in SDL (179.4%) than in SWL and SRL (69.7-70.6%) and
SDH (211.4%) than in SWH and SRH (118.7-132%).

As can be seen from Fig. 5a, the addition of all biochars
to the sandy soil increased the volume of all capillaries
by 14% (from 0.071 m’m™ to 0.081 m’m™) for capillary
23.3 um under the dairy manure biochars pyrolyzed at
300°C (SDL) up to 228% (from 0.014 to 0.046 m’m°) for
capillary 360.4 um under the woodchip biochars pyrolyzed
at 300°C (SWL). The volumes of capillaries with 360.4 and
23.3 pm radii in the soil enriched with dairy manure bio-
char pyrolyzed at 700°C and 11.5 pm in the treatment with
woodchip biochars pyrolyzed at 300°C (SWL) remained
unchanged. Consequently, the volume of the capillary with
a 0.24 pum radius that conducts water through vapor water
films in the model increased in all biochar treatments by
around 42% in SDH to 73% in SRL, compared to the con-
trol (0.224 m*m™).
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The standard deviations (SD) of water content for cap-
illaries with radii of 360.4 and 23.3 pm in the sandy soil
were the smallest, from 0.0007 to 0.0057 m* m > and for the
remaining capillaries from 0.0058 to 0.0269 m’m™. In the
case of the capillary with a radius of 0.53 um, the SD value
was 2.4-2.9 times higher in the biochar treatments than in
the control CK (0.09 m*m™) (Fig. 5a).

As to the loamy soil (Fig. 5b), the contents of water
retained in larger capillaries (from 360.4 to 3.6 um radius)
decreased in all the biochar-amended plots except in that
amended with dairy manure biochar pyrolyzed at 300°C
(SDL), where the contents were slightly larger or slightly
smaller compared to the control. The high relative reduc-
tion (83-84%) was observed for capillary radii 360.4 and
23.3 pm in all the remaining biochar treatments, compared
to the control values (0.035 and 0.067 m’ m™, respectively).
However, the contents of water retained in smaller capillar-
ies with the 0.53 pm radius being 0.145 m’ m™ increased in
all the biochar-amended plots by 10 to 185%, depending on
the biochar type. Also, the volume of capillaries with the
0.24 pm radius in control (0.506 m*m™) increased in all the
biochar treatments in the 2.6-14% range. The lowest and
largest increases in the content of capillaries with the 0.53
and 0.24 pm radii were observed in variants with additions
of dairy manure biochar pyrolyzed at 300°C (SDL) and
woodchip biochar pyrolyzed at 700°C (SWH), respectively.

The SD of water content for capillaries with radii of
360.4,23.3, and 11.5 um in the loamy soil were the smallest
from close to 0 to 0.01 m’ m, and for the remaining capil-
laries from 0.01 to 0.11 m’m™. In the case of the capillary

Table 2. Root mean square residuals (RMSR) and maximum relative residuals (MRR) of differences in the water content and calcu-
lated hydraulic conductivity between the biochar-amended and control plots (CK)

Sandy soil*' Property RMSR MRR (%) Loamy soil® RMSR MRR (%)
SWL WC (m* m?) 0.08 203.8 SDL 0.022 12.7
HC (ms™) 8.77x10° 69.7 3.55x107 41.0
SWH WC (m* m?) 0.1 181.8 SDM 0.114 157.7
HC (ms™) 3.81x10° 118.7 1.36x10° 311.1
SRL WC (m’ m™) 0.114 234.6 SDH 0.144 191.5
HC (ms™) 9.78x10° 70.6 1.90x10° 532.3
SRH WC (m’ m™) 0.104 200 SWL 0.156 267.6
HC (ms™) 9.80x10° 132 3.23x10° 910.3
SDL WC (m® m™) 0.094 176.9 SWM 0.172 259.2
HC (ms™) 5.77x10°¢ 179.4 3.44x10°° 878.6
SDH WC (m* m?) 0.079 142.9 SWH 0.192 290.1
HC (ms™) 5.46x10° 211.4 3.88x10¢ 998.0

*Based on measurement data from: 'Zhang et al. (2019) and *Lei and Zhang (2013). Woodchip biochar pyrolyzed at 300°C (SWL),
woodchip biochar pyrolyzed at 700°C (SWH), rice straw biochar pyrolyzed at 300°C (SRL), rice straw biochar pyrolyzed at 700°C
(SRH), dairy manure biochar pyrolyzed at 300°C (SDL), dairy manure biochar pyrolyzed at 700°C (SDH), dairy manure pyrolyzed at

500°C (SDM), woodchip biochar pyrolyzed at 500°C (SWM).
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with a radius of 0.53 pm similar SD values in CK and SDL
(0.024-0.027) were from 2.9 to 4.7 times higher in the
remaining treatments (Fig. 5b).

In the loamy soil, the RMSR values for WC varied
between 0.022 in SDL and 0.192 m’ m™ in SWH and
for HC between 3.55x107 in SDL and 3.88x10° m s in
SWH and increased with pyrolysis temperature irrespec-
tive of biochar substrate (Table 2). The MRR values for WC
varied between 12.7 and 290.1% and between 41 and 998%
for HC. The values of both metrics were lowest in SDL,
intermediate for SDM and SDH, and highest for SWL,
SWM, and SWH. The MRR values for WC increased
with pyrolysis temperature in SD biochars (from 12.7 to
191.5%) while in SW biochars it was relatively high for
all temperatures (259.2-290.1%) For HC it increased with
pyrolysis temperature in SD biochars (41.0 to 523.3%) and
was very high in SW biochars at all pyrolysis temperatures
(878.6 10 998.0%). The RMSR and MRR values were higher
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in SD than in SW at all comparable temperatures. Both the
RMSR and MRR ranges were larger in loamy than in sandy
soil (Table 2).

3.3. Probability of occurrence of a given capillary
configuration

The effect of the biochars on the probability of occur-
rence of a given capillary (fraction of the sixth capillary
with the 0.24 um radius) was related to soil type (Fig. 6a,b).
In sandy soil, the probability of capillary 360.4 um being
0.062 in control increased to 0.132 after the addition of
woodchip biochar pyrolyzed at 300°C (SWL) and under
the remaining biochar treatments it increased or decreased
within the range from 0.04 to 0.086 (Fig. 6a). As to the
capillaries 23.3 and 11.5 pm the probabilities of occurrence
being respectively 0.317 and 0.308 in control decreased
in all biochar treatments to 0.223-0.252 and 0.194-0.294,
respectively. The probability of occurrence in capillaries
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Fig. 5. Calculated water content in soil capillaries with different radii from the statistical-physical model for sandy soil (a) and loamy
soil (b). Control without biochar (CK), woodchip biochar pyrolyzed at 300°C (SWL), woodchip biochar pyrolyzed at 700°C (SWH),
rice straw biochar pyrolyzed at 300°C (SRL), rice straw biochar pyrolyzed at 700°C (SRH), dairy manure biochar pyrolyzed at 300°C
(SDL), dairy manure biochar pyrolyzed at 700°C (SDH), dairy manure pyrolyzed at 500°C (SDM), woodchip biochar pyrolyzed at
500°C (SWM). Bars represent standard deviation (n = 5-7 for 5 capillaries with radii between 360.4 and 0.53 um and 31 for capillaries
with a radius of 0.24 um).
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Fig. 6. Calculated probability of the occurrence of soil capillaries with different radii (7;) from the statistical-physical model for sandy
soil (a) and loamy soil (b). Control without biochar (CK), woodchip biochar pyrolyzed at 300°C (SWL), woodchip biochar pyrolyzed
at 700°C (SWH), rice straw biochar pyrolyzed at 300°C (SRL), rice straw biochar pyrolyzed at 700°C (SRH), dairy manure biochar
pyrolyzed at 300°C (SDL), dairy manure biochar pyrolyzed at 700°C (SDH), dairy manure pyrolyzed at 500°C (SDM), woodchip
biochar pyrolyzed at 500°C (SWM).
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with the 3.64 and 0.53 pm radii in control (0.211 and 0.102,
respectively) increased after adding all biochars to 0.223-
0.252 and 0.171-0.191, respectively. Irrespective of the
capillary size, the probability differences were more pro-
nounced between the control and any biochar treatments
than between the biochar treatments.

In the loamy soil, the addition of all biochars decreased
the probability of occurrence of larger capillaries 360.4,
23.3,11.5, and 3.6 um radius and increased that of capillary
0.53 um radius (Fig. 6b). The most pronounced effect of the
biochar treatments was observed with capillary 0.53 pm,
where the probability of occurrence increased from 0.287
in CK to 0.728 under woodchip pyrolyzed at 300°C (SWL).
Irrespective of the capillary size, the effect of the dairy
manure pyrolyzed at 300°C (SDL) addition on the alter-
ations in the probability of occurrence was much lower,
than in the remaining biochars.

Irrespective of the biochar treatment, the probabili-
ties of occurrence of the large capillaries (360.4-11.5 um
radius) were greater in the sandy soil (0.04-0.317) than in
the loamy soil (0.012-0.153), while for the smaller capil-
lary with the 0.53 pum radius, they were greater for the
loamy soil (0.287-0.728) than the sandy soil (0.102-0.189).
In the case of the capillary with the 3.64 um radius, the
probabilities of occurrence were similar in both soils (0.21-
0.358) (Fig. 6a,b).

4. DISCUSSION
4.1. Hydraulic properties

The analysis of the results implies that the addition
of biochar derived from woodchip pyrolyzed at 300°C
(SWL), 500°C (SWM), and 700°C (SWH) to the loamy
soil resulted in the highest volume fraction of water stored
in the capillary with the 0.53 um radius (0.382-0.414 m’m”
vs. 0.145 m’m ’ in the control) (Fig. 5b) and hydraulic con-
ductivity across the whole potential range (Fig. 4b). It is
worth noticing that such a clear effect was not observed in
response to the application of the remaining types of bio-
char to the loamy soil and all types of biochar to the sandy
soil. This implies that the interactions of woodchip biochars
and fine textural particles in the loamy soil contribute to
an altered pore structure, connectivity, and continuity (Lei
and Zhang, 2013; Faloye ef al., 2022) to increase hydraulic
conductivity. The absence of significant differences caused
by the different pyrolysis temperatures supports the domi-
nating effect of the biochar feedstock on the formation of
the pore structure and hydraulic conductivity. The data on
hydraulic conductivity as a function of matric potential in
the biochar-amended soils obtained in this study along with
the ability of biochar to increase soil water storage capac-
ity reported in other studies provide useful information in
irrigation management and soil hydrology focused on more
effective water use and soil protection in the face of the
changing climate (e.g. Sohi ef al., 2009).

421

Our study showed that the equivalent capillary length in
the control (CK) and treatment with the rice straw biochar
(SRL) pyrolyzed at 300°C (1.12-1.17 m) was appreciably
reduced in the remaining biochar treatments (0.42-0.597 m)
but increased from 2.3-3.2 m in the loamy soil in CK and
dairy manure pyrolyzed at 300°C (SDL) up to 13-72 m
in the other biochar treatments. This high variation of the
equivalent capillary length indicates a high capacity of the
biochars to change the capillary properties but in different
ways in sandy soil and loamy soil. Data on the capillary
properties is a useful variable for assessing Darcy flux, soil
water content and storage, capillary pressure head, and cap-
illary rise and recirculation of water during infiltration and
drainage (Kroes et al., 2018; Aldrees and Nachabe, 2019).

4.2. Suitability of the statistical-physical model

Our previous works showed that the statistical-physi-
cal model is a useful tool for the prediction of the thermal
conductivity of soils, depending on the mineralogical com-
position, water content, bulk density, temperature (Usowicz
et al., 2006a), soil structure (Usowicz ef al., 2013), biochar
content (Usowicz et al., 2016, 2020), electrical conducti-
vity, and gaseous diffusivity (Usowicz, 2020). Hence, the
results of this study indicate the suitability of the model
to predict hydraulic conductivity, increase its performance
capability, and allow the prediction of several conductiv-
ities under the same experiment. In the biochar-amended
soil with the presence of macropores, the volume of the
largest capillary (360.4 um radius) considered in this study
or macroporosity data from another method (e.g. X-ray
computer tomography) can be suitable for predicting
preferential flow in biochar-amended soils using the statis-
tical-physical model.

It is important to note that the prediction of soil hydraulic
conductivity can be influenced by the biochar hydrophobic-
ity that is not considered in the statistical-physical model.
Some studies have reported that biochar additions do not
increase soil hydrophobicity (Kinney et al., 2012; Barnes
et al., 2014) and increase water interception by the pres-
ence of oxygen-containing functional groups (Suliman e?
al., 2017; Villagra-Mendoza and Horn, 2018a). In gener-
al, biochars pyrolyzed at temperatures between 400°C and
600°C support appropriate hydrological conditions and
low hydrophobicity (Kinney et al., 2012; Kameyama et
al., 2019; Edeh and Masek, 2022). Other studies reported
that some biochars can have water-repellent properties due
to the occurrence of organic materials on their surface or
within pores (Blanco-Canqui, 2017; Zhang et al., 2019).
In a study conducted by Ajayi ef al. (2016), the repellen-
cy index increased with increasing cycles of wetting and
drying and the dosage of biochar, especially in a sandy
substrate. The above results imply that the performance of
the statistical-physical model will depend on the amount
and type of biochar added, the texture of the soil, and the
pyrolysis temperature. More information on the shared
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role of these factors in modifying soil hydraulic properties
will further advance the performance and applicability of
this model.

Another factor influencing soil hydraulic conductivity
and not considered in its modeling is the pore systems’
swelling-shrinkage processes and coinciding pore rigidi-
ty. The recent review of literature by Horn et al. (2025)
showed that when shrinkage and the pore rigidity limit
(of =100 hPa) are incorporated, the calculated unsaturat-
ed hydraulic conductivity curves (using the van Genuchten
model) are generally much flatter and run parallel vs. the
measured ones without considering shrinkage. Strengthen-
ng the pore system following drying and shrinkage is attri-
buted to more particle contact areas and a less developed
aggregation.

4.3. Possible mechanisms of the hydraulic properties changes
and further studies

The results of this study showed that biochar effects
on the hydraulic properties largely depend on soil texture
and the type of biochar. Response of hydraulic properties
to biochar application in coarse-textured soils can be attrib-
uted to infilling the pores between the sand particles by
biochar, leading to reduced inter-granular pore size (Chen
et al., 2018). In fine-textured soils vs. coarse-textured soil,
biochar addition can affect the hydraulic properties by
commonly greater organic matter content and resulting in
greater surface areas (Lei and Zhang, 2013). Other mecha-
nisms can be linked with reduced sorptivity and associated
water absorption rate of biochar amended soils, result-
ing in lower hydraulic conductivity (Faloye et al., 2022).
Further studies intended of the interactions between pore
structure in biochar-soil mixtures using X-ray CT imaging
and direct measurements of pore throat lengths and tortu-
osities depending on soil texture matric potential range,
and changes in soil volume will help to improve the per-
formance of hydraulic conductivity models including the

statistical-physical model used in this study.

5. SUMMARY AND CONCLUSIONS

The data on soil water retention in response to biochars
obtained from woodchips, rice straw and dairy manure at
different pyrolysis temperatures applied to sandy and loamy
soils in Chinese experiments were used to predict hydraulic
conductivity, volumes of variously sized capillaries (from
360.4 to 0.24 um radius), and equivalent capillary length
using the statistical-physical model. The addition of bio-
chars decreased the hydraulic conductivity of the sandy soil
inthe wetrange of matric potential (from saturationto—70 cm
H,0) and increased it at a drier range of potential (from
=500 to —15000 cm H,0). In turn, the conductivity in the
loamy soil increased in the biochar-amended plots across
the whole matric potential range. At field water capaci-
ty, the conductivity increased in all biochar treatments to
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around 8% in the sandy soil and 80% in the loamy soil. The
biochars derived from the rice straw had the largest effect
on the hydraulic conductivity in sandy soil and woodchips
in loamy soil. In the majority of cases, the volume of cap-
illaries in the biochar-amended sandy soil increased. In
contrast, the volume of larger capillaries in the loamy soil
decreased, and smaller capillaries with a 0.53 um radius
increased from 10 to 185%, depending on the biochar type.
All biochars generally decreased the equivalent capillary
length in the sandy soil and increased its value in the loamy
soil. The suitability of the statistical-physical model to
predict the hydraulic properties observed in this study and
its good predictability of thermal conductivity, electrical
conductivity, and gaseous diffusivity reported in previous
studies extend the model’s capability to assess different soil
conductivities under the same experiment.
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