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Low organic matter content is one of the main constraints in arid and semiarid regions. This constraint 
and its negative influences on soils and plant growth may be alleviated by biochar (BC). Furthermore, 
improving soil physical and hydraulic attributes by application of biochar has received increased 
attention. Therefore, in the present study, the effects of sugarcane bagasse-derived biochar on the 
structural stability, water availability, and pore-size distribution (PSD) of three texturally different 
calcareous soils collected from different agro-climatologically regions were examined during a 
long-term experiment. Low and high-temperature biochars, produced in a muffle furnace by the 
traditional slow pyrolysis method at 300 °C (BC300) and 600 °C (BC600) were evaluated. Pots (15 kg) 
were filled with three different silty-clay Inceptisols (SCInc), silty-clay-loam Alfisols (SCLAlf), and loam 
Aridisols (LArid) soils mixed with 0 (control), 1, 2, and 3 w/w% of BC300 and BC600 during 540 days 
of incubation. The high energy moisture characteristic (HEMC) data was modeled using a modified 
van Genuchten function to quantify aggregate stability through stability ratio (SR) and structural 
stability index (SSI). The plant available water (PAW), least limiting water range (LLWR), and integral 
water capacity (IWC) were calculated with two matric suctions (h) of 330 cm for field capacity (FC) and 
15,000 cm for permanent wilting point (PWP). Then the integral energy (EI) values were calculated 
(EIIWC). Results indicated that the incorporation of 3 w/w% biochar significantly (p < 0.01) increased SR 
(35 to 100%) and SSI (21 to 28%) indices in all three soils. Biochar significantly increased modal suction 
(MS) in LArid soils (5 to 158%); whereas, decreased MS of the other soils (3 to 43%). MS, SR, and SSI 
of BC300 and BC600-treated soils were not significantly different. PAW, LLWR, and IWC significantly 
decreased in the SCInc (18 to 61%, 8 to 44%, and 6 to 35%) and SCLAlf (8 to 44%, 18 to 35%, and 20 
to 47%) soils and increased in LArid (4 to 54%, 3 to 61%, and 24 to 111%) soil with increasing biochar 
doses. There were no changes in EIIWC in biochar-treated LArid soil where PAW, LLWR, and IWC 
increased. Biochar increased EIIWC across the studied soil from 1% to 3.38 folds, thereby increasing 
the gradient of water potential to absorb the available water. Soil and soil-biochar mixtures exhibited 
heterogeneous and multimodal pore-size distribution (PSD). Biochar promoted the PSD peaks related 
to water-transmitting pores in SCInc and SCLAlf soils while decreased in LArid soil. In conclusion, 
results indicated that among the applied levels of biochar, the application of 3 w/w% biochar is 
suggested as a suitable way to improve soil physical behavior and structural stability.
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SCInc	� Silty-clay Inceptisol (–)
SCLAlf	� Silty-clay-loam Alfisol (–)
LArid	� Loam Aridisol (–)
BC300	� Sugarcane bagasse-derived biochar produced at 300 °C (–)
BC600	� Sugarcane bagasse-derived biochar produced at 600 °C
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GSD	� Grain size distribution (–)
P	� Mean annual precipitation (mm)
T	� Mean annual temperature (°C)
ET°	� Mean annual reference crop evapotranspiration (mm)
P/ET°	� An agroclimatological index (–)
CCE	� Calcium carbonate equivalent (%)
CEC	� Cation exchange capacity (cmolc kg−1)
EC	� Electrical conductivity (dS m−1)
OC	� Organic carbon (%)
D50	� Median grain  size (μm)
TAFG	� Total acidic functional group (mmol g−1)
TBFG	� Total basic functional group (mmol g−1)
RD	� Real density (g cm-3)
SSA	� Specific surface area (cm2 g−1)
TPV	� Total pore volume (cm3 g−1)
TMV	� Total micropore volume (cm3 g−1)
APD	� Average pore diameter (nm)
WDPT	� Water drop penetration time (min)
MED	� Molarity of ethanol droplet (M)
γ90°	� Ninety-degree surface tension (mN m−1)
γs	� Solid–air surface tension (mN m−1)
θ	� Solid–water contact angle (°)
FC	� Field capacity (cm3 cm−3)
PWP	� Permanent wilting point (cm3 cm−3)
HEMC	� High energy moisture characteristic (–)
SWRC	� Soil water retention curve (–)
BWRC	� Biochar water retention curve (–)
PSD	� Pore size distribution (–)
VDP	� Volume of drainable pores (cm3 cm−3)
MS	� Modal suction (cm)
h	� Matric suction (cm)
d	� Diameter (μm)
θ	� Volumetric water content (cm3 cm−3)
θr	� Residual water content (cm3 cm−3)
θs	� Saturated water content (cm3 cm−3)
n	� Shape parameter of van Genuchten36 equation (–)
α	� Scaling parameter of van Genuchten36 equation (cm−1)
A	� Quadratic coefficient of modified van Genuchten36 equation (cm−2)
B	� Quadratic coefficient of modified van Genuchten36 equation (cm−1)
C	� Quadratic coefficient of modified van Genuchten36 equation (cm3 cm−3)
PSL	� Pore shrinkage line (–)
SI	� Stability index (cm−1)
SR	� Stability ratio (–)
SSI	� Structural stability index (–)
PAW	� Plant available water (cm3 cm−3)
LLWR	� Least-limiting water range (cm3 cm−3)
IWC	� Integral water capacity (cm3 cm−3)
EIIWC	� Integral energy for IWC (J kg−1)
PR	� Penetration resistance (MPa)
b	� Parameter of PR equation (MPa cm−1)
c	� Parameter of PR equation (–)
θPR-2	� Volumetric water content at critical penetration resistance (cm3 cm−3)
hPR-2	� Matric suction at critical penetration resistance (cm)
θA-10	� Air-filled porosity of 10% (cm3 cm−3)
Kr(h)	� Mualem50 relative hydraulic conductivity (–)
C(h)	� Specific water capacity function (|dθ/dh|) (cm-1)
p	� Number of soil physical limiting factors (–)
ω	� Weighting function of a limiting factor (–)
S	� Dexter's index of soil physical quality (cm−1)
hi	� Matric suction at the inflection point (cm)

Annual removal of crop residues resulted in the depletion of soil organic carbon and led to soil degradation. 
However, agricultural residues should be directly returned and incorporated into the soil to manage it and 
increase the soil carbon pool. Due to the rapidly degradable nature of crop residues, their major part returns to 
the atmosphere through microbial respiration resulting in greenhouse gas emission and related environmental 
problems. Direct incorporation also can aggravate insect and plant diseases, which may result in additional 
pesticide  application. Converting this lignocellulose material into biochar with an aromatic structure could be a 
win-win strategy to both sequestrate carbon and improve several soil quality parameters1–3. Accordingly, biochar 
amendment technology has been rapidly developed. Biochar is a kind of carbon-rich solid (usually 40–90%) 
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with a porous structure (porosity 70–90%) produced by controlled pyrolysis (zero or low oxygen environment) 
of biomass at temperatures above 250 °C and is distinguished from charcoal in its production process4–6.

Soil physicochemical attributes directly affect soil productivity and crop production. Soil structure is one of 
the most important soil attributes since it affects soil moisture content, soil aeration, and soil temperature7. It 
also influences water, gases, heat, and material transformation within the soil profile. Furthermore, soil structure 
positively influences seed germination and root growth. Soil aggregates, as the basic units of soil structure, are 
secondary particles formed from the combination of the soil’s primary mineral particles (i.e., clay, silt, and sand) 
and organic/inorganic substances8. Formation of soil aggregates is a function of physical forming forces (e.g., 
electrostatic, gravitational, and inter and intramolecular forces) between soil particles9; however, its stabilization 
is affected by external and internal factors, and their interactions10. One of the most influential factors affecting 
aggregation and consequently the structural stability of the soils is soil organic matter (SOM). Therefore, biochar 
as an organic matter substance can influence these soil properties11. Studies reported that biochar could improve 
various soil properties including soil structure12,13 and soil aggregate stability14–16. Juriga and Simansky8 stated 
that all mechanisms of aggregation and structure formation (i.e., the hierarchical theory of aggregation, the 
concentric theory, enhanced aggregation by precipitation of hydroxides, oxides, phosphates, and carbonates; 
aggregation resulting from cations-formed bridges between clay and SOM particles or their combinations) can 
be responsible for the formation and stabilization of soil structure after addition of biochar to the soils. In other 
words, biochar can be joined with mineral particles or part of the soil aggregates. Biochar contains base cations17, 
which can be joined with clay and organic particles by cationic bridges18, consequently creating a favorable 
soil structure condition. Biochar-associated multivalent ions may have a positive impact through interactions 
with negatively charged surface functional groups on organic matter (e.g., R-COO-) and soil minerals (e.g., 
Al-O-, Si-O-)19. The bridging effects of the multivalent ions (e.g., Fe3+) may enhance the sorption of SOM onto 
clay minerals20. Furthermore, oxidation of the surface biochar particles may increase the content of carboxylic 
and hydroxylic functional groups which can adsorb clays and mineral soil particles and procedure macro-
aggregates12. Šimanský21 also reported that the application of 10 t ha−1 biochar increased the content of water-
stable macro-aggregates in size fraction of 2 to 5 mm, but at the same time decreased 0.25 to 0.5 mm water-stable 
macro-aggregates; whereas, they observed that the application of 20 t ha−1 biochar had no significant effect. They 
concluded adding lower amounts of biochar may thus be more advantageous for soil aggregation than higher 
rates. Wang et al.22 also reported that biochar enhances aggregation in their finer textured soil, with the mean 
126% and 217% value increases in the mean weight diameter of soil aggregates for a walnut shell biochar gasified 
at 900 °C and a softwood biochar pyrolyzed at 600–700 °C with algal digestate, respectively. They concluded that 
the effects of biochar on soil aggregation and structural stability depend on the type of biochar and soil texture.

Biochar application has been also proposed to improve infiltration and water-holding capacity23–27, enhance 
porosity, aggregation, and micropores28–32, increase soil quality indices3, and ameliorating soil hydrological 
characteristics under drought conditions5. Alterations of hydrological characteristics following biochar 
amendment seem to play a very important role in the nutrient and water dynamics towards plant roots, soil 
structure, and water-holding capacity of the soils29. Prior studies have noted the importance and utility of biochar 
to enhance soil water retention capacity33. In reviewing the literature, little data was found on the potential of 
this water to be used by plants34,35. The significance of biochar in promoting water retention and shallow slope 
stability was also demonstrated by Ng et al.36. They reported that the soil micropore increased by 22% in response 
to adding 0 to 10% biochar. Ng et al.37 also stated that the grassed cover with 0 to 10% biochar could retain over 
four times higher negative pore-water pressure than the control (without biochar). They found that over 62% 
of total rainfall was evapotranspirated from biochar-amended covers, which was 10% larger than the biochar 
untreated cover. They also concluded that biochar resulted in a 13% reduction in infiltration; whereas, a 15% 
increase in water storage was observed. They recommended that 5% biochar content is sufficient to minimize 
water percolation.

Despite the results of previous studies regarding the influence of biochar on soil structure, water holding 
capacity, and their related soil attributes, there is little research about the effect of biochars produced at different 
pyrolysis temperatures on texturally different soils. Therefore, this work hypothesized that biochar application 
may have a considerable effect on soil structural stability, water availability, and distribution of soil pores, 
which in turn may affect integral energy (the energy required to take up a unit mass of soil water by a plant). 
Furthermore, we hypothesized that biochars produced at different pyrolysis temperatures have different effects on 
the mentioned attributes, particularly in various soils. Therefore, to address the hypothesis, we aimed to evaluate 
the effects of different levels of bagasse-derived biochar produced at different pyrolysis temperatures on (i) 
possible changes in structural stability through measuring the water retention curve at high matric potential and 
evaluating a new dimensionless index based on the data of the water retention curve; (ii) some thermodynamic, 
physical, biological, and chemical aspects of aggregation; (iii) various water availability parameters, different 
in the factors that limit plant growth and reducing the restriction of high soil mechanical resistance to water 
uptake by plants; and (iv) geometry of the pore size distribution curve (PSD) to describe the mechanisms of 
transportation of fine biochar particles within soil porous medium.

Materials and methods
Soils: preparation, analysis, and the climatic conditions of the regions
The experiment was performed in a greenhouse at the College of Agriculture, Shiraz University, Shiraz, Iran. 
Studied soils were collected from the topsoil (0- to 20-cm depth) of the three different soils including a silty-clay 
Inceptisols (SCInc), a silty-clay-loam Alfisols (SCLAlf), and a loam Aridisols (LArid) based on Khormali38. 
The soils located respectively in Ardakan (30.2425° N 51.9924° E), Khosrow Shirin (30.9049° N 52.6921° E), 
and Soormagh (31.0356° N 52.8393° E). The climatic data of the studied regions are presented in Table 1. Three 
considered locations differed in terms of P/ET0 (i.e. ratio of mean annual precipitation to mean annual reference 
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potential evapotranspiration) index. The P/ET0 index is an important agricultural and biological criterion for 
crop growth in arid and semi-arid regions as well as a reliable weathering index based mainly on climatic factors 
for soil development and mineral transformation. The variation of the P/ET0 index is in accordance with the 
soil water and temperature regimes38. The soils were first air-dried, homogenized, and then passed through a 
4 mm sieve. The mechanical or sieve analysis was used to determine the distribution of the larger-sized particles 
(0.05 to 4 mm diameter) and the hydrometer method for determining the finer particles (< 0.05 mm diameter) 
according to ASTM D422-6339. Grain-size distribution (GSD) curves of the studied soils are shown in Fig. 1. In 
Table 1, some basic chemical properties of the initial (untreated) soils are presented.

Biochars: preparation and characterization
The biochar feedstock was sugarcane bagasse (BG) prepared from the Imam Khomeini sugar factory, Khuzestan, 
southwest Iran. The water content of biomass plays a vital role in pyrolysis processes. Before the pyrolysis, raw 
precursors were dried in an electric oven at 110 °C for 24 h to remove the excess water. Biochar was produced in 
a muffle furnace at a low-oxygen environment by applying double aluminum foil at two different low (300 °C) 
and high (600 °C) pyrolysis temperatures with a 10 °C min−1 heating rate and 4 h residence time. After pyrolysis, 
the resultant biochars (BC300 and BC600) were cooled to diminish rapid oxidation (leading to more product 
homogeneity) and auto-ignition. According to sieve analysis, all biochar samples had a median grain size (D50) 
of about 50 microns. The detailed descriptions of the organo-chamical and hydro-physical properties of the 
biochars have been brought by Moradi-Choghamarani et al.40,41. Table 2 summarizes some basic physical and 
chemical properties of the biochars.

Preparation of experimental treatments
Three sets of test substrates based on soil types were prepared. Each set consisted of about 15 kg air-dried soil 
amended with four doses (0 (control), 1, 2, and 3 %w/w equal to 0, 20, 40, and 60 ton ha−1; labeled as 0BC, 1BC, 
2BC, and 3BC, respectively) of two sugarcane bagasse-derived biochars produced at 300 °C and 600 °C (BC300 
and BC600, respectively). For instance, SCInc-3BC300 represents amending a silty-clay Inceptisol with 3 w/w% 
of the biochar produced at 300 °C. Biochar-treated soils were transferred to plastic containers (pots with 29 cm 

Fig. 1.  Grain-size distribution (GSD) curves of the initially studied soils.

 

Area/soil P (mm) T (°C)
ET0 
(mm) P/ET0 (–)

Soil water/
temperature regime

Climatic data and moisture and temperature regimes

 Ardakan 609 12.4 1000 0.60 Xeric/Mesic

 Khosrow Shirin 342 12.1 1000 0.35 Xeric/Mesic

 Soormagh 149 13.6 1500 0.10 Aridic/Mesic

CCE (%) CEC (cmolc kg−1) pH (–) EC (dS m−1) OC (%)

Chemical properties

 SCInc 33.3 17.6 7.6 0.5 0.8

 SCLAlf 30.5 16.4 7.7 0.9 0.8

 LArid 46.4 8.7 8.0 1.6 0.2

Table 1.  Climatic data and water and temperature regimes of the areas where soils were collected 
after Khormali38 and initial chemical properties of the soils used for the experiment. P, mean annual 
precipitation; T, mean annual temperature; ET0, mean annual reference potential evapotranspiration; P/ET0, 
agroclimatological index. CCE, calcium carbonate equivalent; CEC, cation exchange capacity; EC, electrical 
conductivity; OC, organic carbon.
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and 18 cm in top and bottom diameters, respectively, and 26.2 cm in height) with a layer of gravel at the bottom 
to facilitate drainage. The experiment was carried out under greenhouse conditions with three replications. 
Treated soils were incubated for 540 days at a controlled temperature of 22 ± 2 °C, relative humidity of 65 ± 5%, 
and soil moisture of field (pot) capacity, FC conditions. The presence of water has a leading role in biochar 
weathering in the soil through processes such as dissolution, hydrolysis, carbonization and decarbonization, 
hydration, and redox reactions, as well as interactions with soil biota42. Accordingly, each container was watered 
with a constant amount of tap water approximately equivalent to its field capacity (FC), that has been measured 
by a pressure plate apparatus before starting the experiment and maintained at this water condition by adding 
water to a constant weight. However, once every 60 days the pots were allowed to experience a short-term 
drought due to the important role of the meniscus force which can rearrange the internal orientation of grains 
and form aggregates25.

Structural stability
In this study, the high energy moisture characteristic (HEMC) method was applied to investigate soil aggregate 
stability29,42–44. In this method, changes in soil pore size distribution (PSD) are followed to determine a structural 
index (SI) after the accurately controlled wetting process to ensure that hydration energy and entrapped air are 
responsible for the aggregate breakdown. Briefly, two separate batches of aggregates were placed in steel cores of 
50 mm in diameter and height and then wetted from the bottom either slowly or rapidly in a controlled manner. 
After that, their soil water retention curves (θ = f (h), SWRC) at high energies of water tension (h) from 0 to 
50 cm with 5 cm intervals and equilibration time of 24 h for each tension value, corresponding to drainable pores 
of 600 to 60 μm in diameter, were measured using the sandbox apparatus. The bottom of the steel cylinders was 
previously covered by a porous membrane. For rapid wetting, the cores were placed in distilled water and left 
submerged for 24 h. For slow wetting, the cores were placed in a sandbox and saturated from 50 to 0 cm water 
tension with an equilibration period of 24 h for each tension value. The gravimetric water content (w, g g−1) was 
determined when the samples were oven-dried at 105 °C for 24 h after the last equilibrium water tension. The 
gravimetric water contents were then converted to volumetric water contents (θ, cm3 cm−3) by multiplication to 
their corresponding bulk density values.

For a given wetting rate, the SI is defined as the ratio of the volume of drainable pores (VDP) to modal suction 
(MS)42.

	 SI = VDP/MS� (1)

where the MS (cm) corresponds to the water tension (h, cm) at the peak of the specific water capacity curve 
(C (θ) = |dθ/dh| , cm−1); it can be calculated by equating the second derivative of the water retention equation 
to zero and the VDP (cm3 cm−3) is defined as the integral of the area under the specific water capacity curve 
and above its baseline. In other words, MS is the value of h that is associated with the most common pore 
size diameter. The following parametric model described by van Genuchten45 traditionally is used by many 
researchers to model the shape of SWRC:

	
θ = θr +

[
(θs − θr)(1 + (αh)n)

−m
]

� (2)

where the subscripts r and s denoted residual and saturated water content (cm3 cm−3), respectively; h is water 
tension (a positive quantity, cm); α (> 0, in cm−1) and n (> 1, dimensionless) control position and steepness of 
SWRC, respectively. Small m (m = 1-(1/n)) values are associated with soils that have a wide PSD. In practice, m 
ranges between 0.1 and 0.946. When the van Genuchten45 equation is used for modeling the HEMC data (θ, h), 
it cannot accurately predict the sloping legs of HEMC data thus overestimating the VDP and subsequently the 

Biochars EC (dS m−1) CEC (cmolc kg−1) TAFGs (mmol g−1) TBFGs (mmol g−1) RD (g cm−3) SSA (cm2 g−1) TPV (cm3 g−1) TMV (cm3 g−1) APD (nm)

Physicochemical properties

 BC300 1.2a 105.3a 9.0a 0.8b 1.4b 6.9b 0.014b 0.003b 25.1a

 BC600 1.7a 18.4b 5.8b 4.1a 1.6a 99.1a 0.069a 0.045a 7.5b

WDPT (min) MED (M) γ90° (mN m−1) γs (mN m−1) θ (°)

Wettability assessment

 BC300 immediately 0 72.1 18.0 < 90

 BC600 immediately 0 72.1 18.0 < 90

Table 2.  Some basic physicochemical properties and wettability assessment of biochars used for the 
experiment prepared at 300 °C and 600 °C (BC300 and BC600) after Moradi-Choghamarani et al.40,41. EC, 
electrical conductivity; CEC, cation exchange capacity; TAFG, total acidic functional groups; TBFG, total basic 
functional groups; RD, real density; SSA, specific surface area; TPV, total pore volume; TMV, total micropore 
volume; APD, average pore diameter; WDPT, water drop penetration time; MED, the molarity of ethanol 
droplet; γ90°, ninety-degree surface tension; γs, solid–air surface tension; θ, solid–water contact angle. EC was 
measured in a 1:20 ratio of biochar:deionized water. For each parameter, values followed by the same lower-
case letters are not significantly different (p < 0.05) according to the least significant difference (LSD) test.
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SI. However, saturated and residual water contents and therefore MS can be accurately predicted by fitting van 
Genuchten’s45 model to the HEMC data. To overcome this problem, it is suggested to model the shape of SWRC 
by the following modified van Genuchten45 equation43:

	
θ = θr +

[
(θs − θr)(1 + (αh)n)

−m
]
+ Ah2 + Bh + C � (3)

where θs and θr cannot be physically interpreted in terms of saturated and residual water contents and is generally 
known as the pseudo residual and saturated water contents (cm3 cm−3) for HEMC data. A (cm−2), B (cm−1), and 
C (cm3 cm−3) are quadratic coefficients to better fit the HEMC data. The specific water capacity function is 
computed by differentiating Eq. (3) for h as follows:

	 C (θ) = |dθ/dh| = αmn (θs − θr) (αh)
n−1(1 + (αh)n)

−m−1 − 2Ah− B� (4)

The VDP (cm3 cm−3) was calculated as follows:

	
V DP =

∫ h2

h1

(C (θ)− PSL) dh� (5)

where PSL is the baseline term which is called the pore shrinkage line (2Ah + B) and h1 and h2 are points of 
intersection. The PSL represents the rate of water loss due to aggregate shrinkage rather than pore emptying44.

The MS (cm) was calculated as:

	 d
2θ/dh2 = (θs − θr)

[
−α2 (−m− 1)mn2(αh)2n−2(1 + (αh)n)

−m−2 − α2m (n− 1)n(αh)n−2(1 + (αh)n)
−m−1

]
+ 2A = 0� (6)

According to Hosseini et al.44, the following approximate equation will be derived from Eq. (6) by assuming the 
negligible effect of the 2A term due to the very low value of A:

	
MS ≈ 1

α

(
n− 1

n

)1/n

� (7)

Dividing SI indices [Eq. (1)] obtained from the fast and slow wetting yields the dimensionless stability ratio (SR):

	
SR =

SIFW

SISW
� (8)

The SR is the aggregate stability on a scale of zero to one (the closer the SR value is to 1, the greater soil structural 
stability)44. We introduced the dimensionless structural stability index (SSI) as below:

	
SSI =

V DPFW

V DPSW
+

MSSW

MSFW
� (9)

The SSI value closer to two indicates greater structural stability.
All calculations (including model parameter optimization, etc.) were performed using R programming 

language version 3.6.3 (https://www.r-project.org).

Soil water availability
Various definitions in the literature indicate the soil’s available water for plant uptake. The well-known 
conventional plant available water (PAW, cm3 cm−3) was calculated as the difference between FC (h of 330 cm) 
and PWP (h of 15000 cm), which themselves had been measured using a pressure plate apparatus. One major 
drawback of this approach is that it considers just water potential as a restricting factor. Therefore, it is based 
completely on uniform water absorption by plants in a cut-off form from FC to PWP47. The term least limiting 
water range (LLWR, cm3 cm−3) considers three main plant growth-limiting factors (i.e. water potential, aeration, 
and penetration resistance) and integrates them into a single parameter. To obtain the LLWR, the results obtained 
from SWRC and penetration resistance (PR) curves were considered. de Lima et al.47 coded a soilphysics package 
in the R environment for the calculations of plant available water quantities. In their package, to consider water 
potential restriction, de Lima et al.47 used the exponential water retention equation presented by Ross et al.48. In 
the current study, van Genuchten’s45 equation was fitted to water retention data of the control and biochar-treated 
soils due to its better performance which causes more accurate calculations. A power model was employed to 
make a continuous function of soil penetration resistance (PR, MPa) vs. h (cm) to consider PR limitation:

	 PR = bhc� (10)  

where b (MPa cm−1) and c are empirical fitting parameters49. The soil PR data were taken using a pocket 
penetrometer (ELE international 29-3729, Soiltest Inc.) at six h values of 110, 330, 3000, 7000, 11,000, and 
15,000 cm. The final PR value was considered as the average of the three replicates. The water content (θhPR−2, 
cm) and equivalent matric suction (hPR−2, cm) at which PR reaches the critical point of 2 MPa were calculated 
according to Eqs. (10) and (2). In connection  with aeration restriction, the water content at an air-filled porosity 
of 10% (θA−10, cm3 cm−3) was calculated using the following equation:
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θA−10 =

(
1− BD

RD

)
− 0.1� (11)

where BD and RD are bulk and real (particle) densities (g cm−3), respectively. In a cut-off form, the upper limit 
of LLWR was considered as the water content at FC or at θA−10, whichever is the smaller. For the lower limit of 
LLWR, θPR−2 or PWP is the growth-limiting factor, and the larger was considered as the lower limit of LLWR. 
Groenevelt et al.49 considered the sharp cut-off between two points in PAW and LLWR procedures as a defect 
and introduced the term integral water capacity (IWC, cm3 cm−3) to generalize the availability of soil water with 
its limiting factors as a continuous weighting function. The equation presented by Groenevelt et al.49 to calculate 
IWC is as follows:

	
IWC =

∫ ∞

0

(
p∏

i=1

ωi (h)

)
C(h)dh� (12)

where C(h) is the absolute specific water capacity function (i.e., |dθ /dh|, cm−1) according to the van Genuchten45 
equation and ω i (h) are multiplicative weighting functions accounting for the first to pth limiting soil physical 
properties as a function of h. High soil hydraulic conductivity along with lack of oxygen at the wet range and 
low soil hydraulic conductivity and high resistance to penetration at the dry range are considered as restriction 
factors to water uptake by plants. The relative hydraulic conductivity equation of Mualem50 was used in IWC 
calculation:

	
Kr(h) =

[
1− (αh)n−1[1 + (αh)n]

( 1n−1)
]2
[1 + (αh)n]

(1−n
2n )� (13)

where Kr(h) is the relative hydraulic conductivity.
The amount of energy required to remove the available water value defined by IWC (EIIWC, J kg−1) was 

computed based on the modified and generalized method proposed by Minasny and McBratney51:

	
EIIWC =

1

10IWC

∫ hf

hi

(
m∏
i=1

ωi (h)

)
hC(h)dh� (14)

where EIIWC is the integral energy for the IWC and hi and hf are boundary matric suctions (cm) at the wet 
and dry ends, respectively. For details on the procedures and equations, we refer readers to Groenevelt et al.49, 
Minasny and McBratney51, Asgarzadeh et al.52,53, and de Lima et al.47. All calculations were performed using R 
programming language version 3.6.3 (https://www.r-project.org).

Pore size distribution (PSD) and S-index
Soil water retention data were taken by combining the results from the sandbox test (up to a pressure head of 
100 cm) and pressure plate extractor (from 300 to 15000 cm) following ASTM D6838-02 as described in the 
literature54. The undisturbed substrate samples were previously saturated on the sand bed by capillary rise and 
then equilibrated at a wet-to-dry sequence of thirteen applied tensions (h) including 5, 10, 15, 20, 25, 30, 35, 
40, 45, 50, 70, 90, and 110 cm. Determination of the SWRC was continued pneumatically with pressure plate 
extractor at 300, 1000, 3000, 5000, 7000, 9000, 11,000, 13,000, and 15,000 cm tensions. After equilibrium at each 
h value, soil samples were weighted and the next h was applied. The gravimetric water contents (w, g g−1) were 
determined when the samples were oven-dried at 105 °C for 24 h after the last equilibrium water tension and 
then converted to volumetric water contents (θ, cm3 cm−3) using bulk density values of the soils. Water tensions 
(h, cm) were converted to the equivalent pore diameter (d, µm) using the Young-Laplace relation d = 2980/h55 
and then soil PSD curves were obtained as dθ/d(ln h) versus ln (d) by fitting a cubic spline function directly 
coded in R programming language (R 3.4.3) as described in the previous kinds of literature56,57.

S parameter is a soil physical quality index obtained from the slope of the SWRC at the inflection point58:

	 S = dθ/dln(h) = −n(θs − θr)[(2n− 1)/(n− 1)][(1/n)−2]� (15)

Statistical analysis
A factorial arrangement was used for the 72 treatments (4 biochar doses × 3 soil types × 2 pyrolysis temperatures) 
and three replications. Three-way analysis of variance (ANOVA) was applied to determine the effect of soil type, 
biochar type, application rate, and their interactions on the studied soil properties. The treatment means were 
compared using the least significant difference (LSD) test at the probability level of 0.05. All statistical analyses 
were performed using SAS software version 9.1 (SAS Institute, Cary, NC). Plotting, fitting, and parameterization, 
as well as calculations of errors, were performed using R software version 3.6.1 (https://www.r-project.org).

Results and discussion
Properties of the studied soils of different regions
As shown in Table  1, among the following places, the long-term mean annual precipitation is in order 
SCInc > SCLAlf > LArid, with values of 609 mm, 342 mm, and 149 mm, respectively. The opposite pattern is 
true for the mean annual temperature. There was a similar trend for both mean annual precipitation and P/ET0. 
SCInc and SCLAlf soils have been developed under a Xeric moisture regime with calcareous alluvium parent 
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material. LArid is characterized by the Aridic soil moisture regime with calcareous and gypsiferous alluvium 
parent material38. Soils were commonly calcareous with relatively low OC (Table 1). OC in SCInc and SCLAlf 
soils is fourfold higher than that of Larid due to higher precipitation and, consequently a higher plant cover. The 
soils were ranked as SCInc > SCLAlf > LArid in terms of their clay contents (Fig. 1). In other words, in this study 
SCInc that contains nearly 40% clay named as fine-textured soils proposed by USDA59. The SCInc and SCLAlf 
soils are dominated by chlorite, illite, kaolinite, vermiculite, and smectite clay minerals; whereas, the LArid soil 
is dominated by chlorite, illite, and palygorskite38. In general, SCInc and SCLAlf soils have smaller GSD when 
compared with LArid (Fig. 1) owing to higher percentages of clay particles. Therefore, cation exchange capacity 
(CEC), which is a measure of the adsorption of exchangeable cations on the negatively charged surface of soil 
colloids, follows a pattern similar to that of OC and clay contents, with values of 17.6, 16.4, and 8.7 cmolc kg−1 
for SCInc, SCLAlf, and LArid, respectively.

Biochar properties as influenced by pyrolysis temperature
Some properties of bagasse-derived biochars used for this experiment are tabulated in Table 2. In comparison 
with BC300, biochar produced  at high temperature (BC600) has higher electrical conductivity (EC), total basic 
functional groups (TBFGs), real density (RD), specific surface area (SSA), total pore volume (TPV), and total 
micropore volume (TMV). In general, BC300 has higher CEC and total acidic functional groups (TAFGs) 
than that of BC600 (Table  2). BC300 and BC600 had SSA of 6.9 m2 g−1 and 99 m2 g−1, respectively. Other 
investigators also reported that increasing pyrolysis temperature causes changes in biochar SSA and porosity60–62 
most likely due to the decomposition of organic matter and formation of micropores63. Furthermore, exposure 
of the aromatic lignin core and destruction of ester and aliphatic alkyl groups at higher pyrolysis temperatures 
may result in increased SSA64. Pore-blocking substances are driven off or are thermally cracked with increasing 
pyrolysis temperature, causing an increase in the externally accessible surface area65. Furthermore, pyrolysis may 
increase the SSA and pore volumes through progressive degradation of the organic materials (cellulose, lignin) 
and the formation of vascular bundles or channel structures66,67. In their review, Alghamdi4 also ranged SSA of 
different biochar types from 1.4 m2 g−1 to 500 m2 g−1. Our results were in accordance with the findings of other 
investigators. So that, our mentioned lower and upper boundaries were also reported by Li et al.68 in pyrolysis 
pine sawdust at a temperature of 300 °C and by Suliman et al.69 in pyrolysis Douglas fir wood at a temperature 
of 600 °C, respectively. The higher the pyrolysis temperature, the smaller the pore size distribution. The average 
pore diameter (APD) of BC300 was about 3 times larger than that of BC600 (25.1 nm for BC300 and 7.5 nm for 
BC600). Both BC300 and BC600 are classified as mesoporous materials based on the IUPAC classification. In 
this classification, a mesoporous material is a material containing pores with diameters between 2 and 50 nm. 
Such pores are equivalent to water suctions of 29,800 to 745,000 cm and are not available for plant use. Small 
diameter pore fractions increase with the increase in pyrolysis temperature70. Ghorbani et al.62 also reported 
that there is a positive correlation between organic functional groups (OFGs) and SSA and pure volumes of 
biochars. They also stated that the higher micro-pores pores which resulted from high pyrolysis temperature 
cause an extended SSA. Both BC300 and BC600 have a hydrophilic surface (Table 2). For details about various 
physic-chemical properties of the studied biochars, we refer readers to Moradi-Choghamarani et al.40,41. 
Particle surface characteristics such as SSA and surface functionality play a key role in driving organo-mineral 
interactions, thereby affecting soil aggregation and water retention behavior. But then the surface chemical/
molecular properties of biochar will change when treated with soil minerals. Zhao and Zhou71 indicated that 
mineral (soil) treatment increased the micropore and mesopore surface area, pore diameter, and pore volume 
of biochar particles. Accumulation of carbonates in the pores of mineral-treated biochar of calcareous soils and 
deposition/precipitation of a layer of either oxy-hydroxides of Fe and Al on part of the biochar surface has been 
reported42. Zhao and Zhou71 stated that clay mineralogy and biochar production temperature can affect the rate 
of such changes. They also pointed out that in comparison with original wheat straw-derived biochars, mineral-
treated biochars have greater electron-donating capacity, double-bond equivalent, phenolic group, and polarity.

Structural stability
Results of the effect of applied biochars on the structural stability of the studied soils are presented in Table 3. 
SR and SSI were significantly affected by different doses of biochar application and soil types (Table 3). Values 
of SR and SSI (Table  4) in SCInc soil amended with 0, 1, 2, and 3% of BC300 had a relative magnitude of 
1:1.09:1.21:1.53 and 1:1.02:1.11:1.20, respectively; highlighting an increase in aggregate stability with increasing 
the amount of applied biochar probably because they play a role of binding agent between soil particles. There 
was a positive and significant correlation (r = 0.93, p < 0.01) between SSI and SR (data not shown). Besides, VDP 
and MS differed significantly among soil types and were significantly affected by the interaction between soil type 
and application rate of biochar (Table 3). There was no significant difference in VDP, MS, SR, and SSI between 
BC300 and BC600. However, SI indicated significant differences between almost all of the treatments and the 
interactions between them (Table 3). Nonetheless, we believe that the SI appears not to exhibit admissible results 
as an index in the investigation of soil aggregate stability. Uncertainty still prevails about the ability of biochar 
to promote aggregation through the union of primary particles in aggregates and the resistance of aggregates 
to disrupting agents (e.g., raindrops, slaking, mechanical plowing, etc.). Some investigators reported positive 
effects18,23 and others negative72,73 or neutral1,74. In their review, Alghamdi4 ranged the percentage increment in 
aggregate stability of biochar-amended soils from 6 to 216%. In the current study, the significant increase in soil 
aggregate stability regarding the SR ranged from 35% in LArid-2BC600 to 100% in SCLAlf-3BC600. Biochar 
increased VDP and decreased MS in SCInc and SCLAlf soils (Table 4). By contrast, VDP decreased and MS 
increased with increasing doses of both applied biochars in LArid soil because of the infilling of macro-pores by 
the fine biochar particles. This re-configured pore geometry in coarse-textured soils is advantageous in raising 
water retention capacity and reducing the frequency and cost of irrigation.
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In connection with changes in aggregation following the incorporation of soil amendments based on the 
literature review, it would be more useful if thermodynamical, physical, biological, and chemical aspects were 
investigated separately. Biomass converted to biochar is still thermodynamically unstable under the oxidative 
conditions of most surface soils. Subsequently, the entropy and the enthalpy of the new environment (soil-
biochar) change continuously and go from one steady state to another42. From a physical point of view, the 
biochar particles, due to their fine sizes, fine pore structure (intra pores within biochar), high SSA, and high 

Soil Biochar Rate (%wt)

VDP MS SI

SR SSIFast Slow Fast Slow Fast Slow

SCInc

BC300

0 0.036c 0.092c 18.93a 18.81a 0.0018c 0.0053a 0.34b 1.24b

1 0.037bc 0.106b 17.91a 17.07a 0.0019c 0.0060a 0.37b 1.26b

2 0.044b 0.096bc 17.78a 17.04a 0.0024b 0.0055a 0.41ab 1.38ab

3 0.064a 0.118a 17.14a 17.40a 0.0034a 0.0067a 0.52a 1.49a

BC600

0 0.036d 0.092b 18.93a 18.81a 0.0018b 0.0053b 0.34b 1.24b

1 0.047c 0.124ab 17.45ab 17.44a 0.0036ab 0.0110a 0.34b 1.29b

2 0.060b 0.124ab 13.94ab 13.52b 0.0042a 0.0091a 0.45ab 1.43ab

3 0.074a 0.129a 12.44b 11.57b 0.0043a 0.0072a 0.58a 1.58a

SCLAlf

BC300

0 0.019c 0.059d 18.31a 17.08a 0.0009b 0.0032d 0.29a 1.22b

1 0.045bc 0.096c 12.87ab 11.08b 0.0032b 0.0084c 0.37a 1.27b

2 0.084a 0.181a 11.93b 10.34b 0.0066a 0.0183a 0.39a 1.28b

3 0.073ab 0.117b 11.66b 9.81b 0.0065a 0.0112b 0.55a 1.50a

BC600

0 0.019bc 0.059a 18.31a 17.08a 0.0009b 0.0032b 0.29a 1.22b

1 0.010c 0.031a 17.15a 16.54a 0.0006b 0.0019b 0.32a 1.29b

2 0.047b 0.075a 14.11b 12.16b 0.0032b 0.0059b 0.57a 1.54b

3 0.092a 0.121a 12.61b 11.41b 0.0074a 0.0125a 0.58a 1.56a

LArid

BC300

0 0.137ab 0.311b 11.51b 7.52b 0.0120ab 0.0490a 0.26c 1.04b

1 0.193a 0.380a 12.16b 8.30b 0.0162a 0.0536a 0.31bc 1.17ab

2 0.117ab 0.232b 17.29a 13.92ab 0.0068b 0.0177a 0.35ab 1.28ab

3 0.079b 0.215b 18.25a 18.28a 0.0042b 0.0119a 0.38a 1.30a

BC600

0 0.137ab 0.311a 11.51c 7.52c 0.0120a 0.0490a 0.26b 1.04b

1 0.150a 0.359a 15.61b 13.15b 0.0096ab 0.0296a 0.33ab 1.23ab

2 0.115b 0.218b 19.65a 16.25ab 0.0055bc 0.0143a 0.38a 1.31a

3 0.073c 0.189b 21.19a 19.45a 0.0033c 0.0094a 0.35a 1.31a

Table 4.  Mean comparisons of structural stability parameters including volume drainable pore (VDP, cm3 
cm−3), modal suction (MS, cm), structural index (SI, cm−1), stability ratio (SR), and structural stability index 
(SSI) for three different soil types amended with two sugarcane bagasse-derived biochars produced at 300 
°C and 600 °C and four biochar application rates. For each attribute, means correspond to various levels of 
each applied biochar (in each column) followed by the same lowercase letters are not significantly different 
(p < 0.05) based on the LSD test.

 

Source of variation Degree of freedom

Properties

VDP MS SI

SR SSIFast Slow Fast Slow Fast Slow

Soil (S) 2 20.71*** 61.18*** 1.74 3.87* 84.26*** 55.86*** 4.43* 7.70**

Biochar (BC) 1 0.31 0.58 0.26 0.58 4.55* 3.10 0.43 1.64

Rate (R) 3 1.78 1.27 0.64 1.61 3.03* 3.17* 11.00*** 13.21***

S × B 2 0.65 1.08 2.18 2.42 8.52** 2.65 0.21 0.32

S × R 6 3.79** 4.51** 3.74** 5.80** 33.24*** 13.66*** 1.35 0.31

B × R 3 0.58 0.34 0.06 0.13 3.93* 1.23 1.18 0.48

S × B × R 6 0.35 0.66 0.47 0.71 3.98** 1.54 0.41 0.38

CV (%) 45.55 30.55 22.32 23.51 23.34 41.16 23.77 10.43

Table 3.  The F ratios of analysis of variance (ANOVA) for the effects of four rates of two applied biochars on 
volume drainable pore (VDP, cm3 cm−3), modal suction (MS, cm), structural index (SI, cm−1), stability ratio 
(SR), and structural stability index (SSI) of three different studied soil types. CV, Coefficient of variation. *,** 
and ***Indicate significant effects at the probability levels of 0.05, 0.01, and 0.001, respectively.
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surface functional groups act similarly to clay particles in raising the air-water menisci with increasing matric 
suction. Consequently, more contracting forces are exerted on particles to move, rearrange, and rebound until 
entropy is minimized. From a biological point of view, researchers have to study the adhesive properties of 
organic compounds resulting from the decomposition of biochar grains by soil organisms. Adhesive molecules 
such as microbial polysaccharides of bacterial and fungal origin and animals such as earthworms may contribute 
to the adhesion of mineral particles. Furthermore, they may act as substrates and influence microbial community 
dynamics75. Some investigators4 reported that oxidation of labile biochar components (aliphatic carbon) by the 
soil microorganisms enhances the excretion of mucilage, which, in turn, adheres to soil particles and builds 
stable soil aggregates. It would be interesting to recognize such components and assess their adhesive effects 
to collect mineral particles. From a chemical point of view, researchers need a molecular picture of biochar-
soil mineral interactions. The surface molecular properties of biochar particles and soil minerals determine the 
bonds that hold them together. A good illustration of this is the research conducted by Newcomb et al.76, which 
found COO− as the strongest binding energy of soil organic matter on the mica surface. Adsorption of dissolved 
organic matter, biopolymers, and low molecular weight compounds present in biochar onto the soil minerals42 
(Zhao and Zhou71) also can affect biochar-mineral complex. The secondary silicates and hydrous metal oxide, 
particularly those that are poorly crystalline or amorphous, are responsible for soil reactivity. They can form 
strong surface complexes with both inorganic and organic species. The chemistry of the local environment also 
is important in driving organo-mineral interactions. For example, Juriga Newcomb et  al.7 proved that ionic 
strength and pH of soil solution could play a direct role in the adhesion of organic matter to mineral surfaces. 
More broadly, research is also needed to determine the mechanisms governing biochar-soil mineral interactions.

Soil water availability
The PAW, LLWR, and IWC of the substrates significantly depended on the soil type and rate of biochar amendment 
(Table 5). Biochar addition significantly decreased PAW, LLWR, and IWC in the SCInc and SCLAlf soils (Table 6). 
By contrast, aforementioned soil water availability parameters (PAW, LLWR, and IWC) significantly increased with 
increasing biochar application rate in the LArid soil (Table 6). There were no significant differences between soils 
treated by BC300 or BC600. LLWR decreased by 32 to 44% in the SCInc and SCLAlf soils while it increased by 32 
to 61% in the LArid soil amended with 3BC in comparison to the control (0BC). In addition, IWC decreased by 
21 to 35% in the SCInc and SCLAlf soils while it increased by 44 to 46% in the LArid soil amended with 3BC as 
compared to the control (Table 6). The PAW, LLWR, and IWC were lower in the LArid soil, with greater GSD in 
the control soils, but they reached higher values when treated with 3% biochar. It seems that soil GSD is the most 
important factor for changing soil water availability after biochar amendment. This finding corroborates the ideas 

Source of variation Degree of freedom

Properties

PAW LLWR IWC EIIWC FC

Soil (S) 2 11.21*** 48.06*** 32.31*** 17.47*** 37.66***

Biochar (B) 1 2.85 1.87 0.1 3.37 3.28

Rate (R) 3 10.95*** 3.93* 5.04** 57.81*** 27.03***

S × B 2 1.47 5.02* 1.66 0.41 0.75

S × R 6 11.13*** 22.00*** 2.51* 1.81 1.63

B × R 3 1.19 1.36 0.21 2.21 0.59

S × B × R 6 0.29 1.81 0.24 0.61 0.21

CV (%) 20.64 13.16 25.92 21.42 14.95

Properties

PWP hPR-2 θA-10 S hi

Soil (S) 2 121.72*** 84.32*** 1.83 2.29 1.10

Biochar (B) 1 3.22 2.17 0.01 1.93 18.75***

Rate (R) 3 91.99*** 33.22*** 6.52** 4.25** 1.05

S × B 2 4.05* 2.31 0.05 0.42 5.53**

S × R 6 2.98* 2.67* 0.18 1.27 50.25***

B × R 3 0.47 0.47 0.01 0.94 2.55

S × B × R 6 0.54 0.81 0.04 0.46 0.76

CV (%) 13.47 17.22 15.11 18.99 17.31

Table 5.  The F ratios of analysis of variance (ANOVA) for the effects of four rates of two applied on soil water 
available attributes of three different studied soil types. PAW: plant available water (cm3 cm−3); LLWR: least 
limiting water range (cm3 cm−3); IWC: integral water capacity (cm3 cm−3); EIIWC: integral energy calculated for 
IWC; FC: field capacity (cm3 cm−3); PWP: permanent wilting point (cm3 cm−3); hPR-2: matric suction at which 
soil penetration resistance reaches the critical value of 2 MPa (cm); θA-10: water content at an air-filled porosity 
of 10% (cm3 cm−3); S: Dexter’s index of soil physical quality (cm−1); hi: matric suction at the inflection point of 
semi-logarithmic water retention curve (cm). *,** and ***indicate significant effects at the probability levels of 
0.05, 0.01, and 0.001, respectively.
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of Oguntunde et al.77, who considered soil texture the most important factor in changing plant-available water after 
biochar amendment. On the contrary, Herath et al.28 amended Alfisols and Andisols with the same textural class 
(silty loam). They reported only a significant increase in plant-available water of the Alfisols likely owing to the 
difference in mineral composition of the studied soils. The incorporation of 1–3% biochar significantly increased 
both FC by 18–116% and PWP by 79–247% in the studied soils, respectively. The more intense increment of PWP 
or θPR−2 than FC in the SCInc or SCLAlf soils amended with the applied biochars is likely because of an increase 
in water retention in intra pores within biochar, leading to a reduction in the parameters of soil water availability. 
Bordoloi et al.31 also stated that intra-pores of water hyacinth-derived biochar play an important role in increasing 
the water retention of soils. In the present study, a reverse pattern was observed in LArid soil due to the infilling 
effect, which led to an increase in available water. It could be reasonably argued that biochar application to coarser 
GSD soils (e.g., Larid soil) increased the proportion of narrow macro and meso pores, and finer pores due to the 
infilling effect, with the sacrifice of the wide and coarser pores25. Critical limits of PAW and LLWR are considered 
to have a cut-off form, but, in the IWC approach, these are regarded as a continuous function47,52,53. The upper limit 
of LLWR for all the samples was FC. This means that the limitation of soil aeration is removed before leaving the 
gravitational water. Therefore, there is good soil aeration likely resulting from improvement in structural stability. 
Improvement in soil structural stability resulting from biochar application leads to the appearance and distribution 
of soil coarse pores, thereby increasing aeration, water flow, and solute transport in the soil vadose zone. The lower 
limit for 55 samples was θPR−2 and for 17 samples was PWP (data not shown). Therefore, it can be concluded  that 
the high soil mechanical resistance (penetration resistance) was the main restricting factor for the water uptake 
by plant root at the dry end. Amending soil with biochar increased the matric suction at which soil penetration 
resistance reached the critical value of 2 MPa (hPR−2). Amending SCInc soil with 0 to 3BC300 increased hPR−2 from 
2555 to 16,744 cm. Therefore, biochar amendment can eliminate the restriction of high soil mechanical resistance 
to water uptake by plants. This can be due to the following reasons: (1) Biochar particles are highly porous medium 
with any pore size class especially small structural pore radii and therefore large SSA. It was reported that the 
porosity of biochar particles is between 70 and 90%4. This creates a porous environment, which resembles a semi-

Soil Biochar
Rate 
(%wt)

PAW (cm3 
cm−3)

LLWR 
(cm3 
cm−3)

IWC (cm3 
cm−3)

EIIWC (J 
kg−1)

FC (cm3 
cm−3)

PWP (cm3 
cm−3) hPR-2 (cm)

θA-10 (cm3 
cm−3) S (cm−1)

hi 
(cm)

SCInc

BC300

0 0.143a 0.100a 0.136a 32.14c 0.346d 0.203d 2555d 0.413d 0.076ab 92.23a

1 0.108b 0.086b 0.127b 67.80b 0.388c 0.279c 3692c 0.444c 0.077a 54.14b

2 0.081c 0.076c 0.120c 112.63a 0.409b 0.328b 8217b 0.472b 0.072b 42.38b

3 0.056c 0.056d 0.107d 112.67a 0.424a 0.368a 16733a 0.499a 0.077a 34.79b

BC600

0 0.143a 0.100a 0.136a 32.14c 0.346c 0.203d 2555c 0.413b 0.076a 92.23a

1 0.116b 0.092b 0.107b 94.44b 0.429b 0.313c 4191b 0.445ab 0.067b 62.43b

2 0.081c 0.071c 0.090c 111.00ab 0.458a 0.376b 5517a 0.476a 0.065b 50.07c

3 0.057d 0.057d 0.088c 140.82a 0.462a 0.406a 4985a 0.474a 0.067b 38.73c

SCLAlf

BC300

0 0.113a 0.095a 0.157a 73.40c 0.299d 0.186d 4544c 0.398c 0.079b 67.51a

1 0.089b 0.078b 0.126b 74.21c 0.363c 0.278c 4698c 0.425bc 0.086a 53.14ab

2 0.071bc 0.068c 0.112c 159.91a 0.395b 0.324b 9607b 0.456ab 0.078b 45.02b

3 0.063c 0.063d 0.084d 111.76b 0.460a 0.397a 14619a 0.476a 0.064c 43.21b

BC600

0 0.113a 0.095a 0.157a 73.4c 0.299c 0.186c 4544c 0.398c 0.079a 67.51a

1 0.104a 0.062b 0.104b 114.82b 0.439b 0.335b 4793c 0.426bc 0.063c 61.99a

2 0.065b 0.063b 0.092b 130.82b 0.436b 0.371b 10220b 0.465ab 0.070b 49.59b

3 0.065b 0.065b 0.088b 157.83a 0.489a 0.424a 20324a 0.489a 0.070b 46.52b

LArid

BC300

0 0.090b 0.079c 0.107a 62.12c 0.154c 0.064b 6014c 0.368c 0.083a 18.21b

1 0.086b 0.077c 0.133b 100.38b 0.309b 0.216a 6822c 0.391c 0.070b 32.99b

2 0.133a 0.125a 0.175a 181.28a 0.349a 0.223a 10473b 0.429b 0.060c 62.71a

3 0.104b 0.104b 0.194a 158.58a 0.326ab 0.222a 16738a 0.476a 0.051d 73.18a

BC600

0 0.090b 0.079b 0.107a 62.12c 0.154b 0.064b 6014b 0.368c 0.083a 18.21d

1 0.133a 0.115a 0.152b 131.13b 0.336a 0.182a 6374b 0.391c 0.069b 62.13c

2 0.139a 0.126a 0.199a 154.56ab 0.321a 0.203a 8838b 0.434b 0.052c 92.42b

3 0.127a 0.127a 0.226a 167.07a 0.332a 0.205a 19594a 0.489a 0.059bc 97.60a

Table 6.  Mean comparisons of plant available water (PAW), least limiting water range (LLWR), integral water 
capacity (IWC), integral energy calculated for IWC (EIIWC), field capacity (FC); permanent wilting point 
(PWP), matric suction at which soil penetration resistance reaches the critical value of 2 MPa (hPR-2), water 
content at an air-filled porosity of 10% (θA-10), Dexter’s index of soil physical quality (S), and matric suction at 
the inflection point of semi-logarithmic water retention curve (hi) for three different soil types amended with 
two sugarcane bagasse-derived biochars produced at 300 °C and 600 °C and four biochar application rates. For 
each attribute, means correspond to various levels of each applied biochar (in each column) followed by the 
same lowercase letters are not significantly different (p < 0.05) based on the LSD test.
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permeable membrane and enhances retention capacity. (2) The fine-grained biochar particles with low density fill 
large macropores and reduce inter-pore spaces resulting in the retention of the water content that will discharge 
at low pressures. The tendency of biochar-treated soils to retain more water than control soil at the same water 
suction naturally reduces the inter-particle friction resistance. (3) Biochar particles can swell when wet to increase 
macro- and mesoporosity and likely its dynamic rigidity leading to a reduction in penetration resistance40,41,78. (4) 
As mentioned by Ajayi and Horn79, weaker properties of biochar particles especially when dominant in the soil can 
create less resisting fabric.

Contrary to expectations, this study did not find any improvement in specific energy (integral energy) that 
is needed for water uptake by plants even in biochar-treated LArid soil where PAW, LLWR, and IWC increased 
with increasing biochar doses. Biochar amendment increased EIIWC (Table 6), thereby increasing the gradient 
of water potential in the soil-root interface that plants must apply to absorb the available water. The increase 
coincided with the amount of added biochar. It would be better to say that when most of the available water is 
held in high h values then, EI will be high53. This value of high EI is under the small pore size distribution, high 
surface area, and surface properties of biochar particles. In terms of water absorption by plants, it seems that 
the water adsorbed on the surfaces of biochar particles can be divided into two categories: (1) the high-energy 
water that is adsorbed on the low-energy places, that is more prevalent in low-temperature biochars, where the 
attraction between the molecules of the solid and liquid interface is weak. Most of this water is held in low h 
values and is rapidly drainable due to gravity. (2) the low-energy water that is adsorbed on the high-energy places 
where the attraction between the molecules of the solid and liquid interface is strong. In other words, when 
water molecules come into contact with a solid surface, they can adsorb to it through various intermolecular 
forces, such as hydrogen bonding and van der Waals forces. The energy state of these adsorbed water molecules 
is typically lower than that of the free bulk water due to the strong interactions with the solid surface. Whereas, 
high-energy sites on a solid surface are areas where the surface atoms have unsatisfied bonds or are otherwise 
reactive. These sites can attract water molecules more strongly and form a tightly bound layer of water compared 
to the bulk phase water. The presence of low-energy water can influence the physical and chemical properties of 
the solid e.g., wetting behavior, corrosion, and catalytic activity80,81.

High-temperature biochars due to great quantities of internal surfaces, the surface of all pore walls, are 
richer in such places. This liquid-like water film is strongly adsorbed and its discharge occurs in high h values. 
However, plants take most of their water needs from intermediate energy surfaces. The findings of the current 
study are better confirmed when the pure biochar (not a soil-biochar mixture) water retention curves are 
examined (Fig. 2). Biochar water retention curves (BWRC) were steeper at the beginning and end, and flatter in 
the middle (Fig. 2). The gravimetric water content remaining after applied h of 15,000 cm was about 24% w/w for 
BC300 and 50% w/w for BC600, which may correspond to the water contained in cryptopores82 as well as water 
molecules that are held in place by strong chemical bonds.

PSD and S-index
The calculated S-index significantly decreased in response to biochar application (Tables 5 and 6). A regular 
pattern was not observed in SCInc-treated soil with BC300. The matric suction at the inflection point (hi) 
values were significantly affected by biochar type, soil × biochar type, and soil × application rate interactions 
(Table 5). Amending both SCInc and SCLAlf soils with biochar significantly decreased the hi values because 
of the creation of inter-aggregate macro pores, while the amount of hi in LArid soil increased with increasing 
application rate of biochar due to the infilling effect and increasing the proportion of fine pores (Table 6). The 
hi differed significantly among the studied soils amended with different biochar types, with the mean values of 
51.6 cm for BC300 and 61.6 cm for BC600, indicating a reduction in the average soil pore size when treated with 
BC600 compared to BC300 (data not shown).

Fig. 2.  Biochar water retention curves (BWRC) produced at different pyrolysis temperatures of 300 °C and 
600 °C (BC300 and BC600) according to Moradi-Choghamarani et al.41.
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Figures 3 and 4 show the PSD curves for the BC300-treated SCLAlf and LArid soils derived from soil water 
retention data using the cubic spline function. The PSD curves in Fig. 3 exhibit six distinct peaks (numbered 
from 1 to 6) along the entire range of investigated pores that can also be referred to as a multimodal PSD. 
Many porous media do not exhibit normal or lognormal pore-size distributions. But heterogeneous multimodal 
distributions may be a result of the specific particle size distribution, creation of secondary porosity as a result of 
genetic or other processes, such as physical or chemical aggregation, biological activities, the effects of glaciation, 
dissolution-deposition processes which can be found in unconsolidated materials, structured soils, and fractured 
rocks with large pores interspersed with smaller, less permeable micropores83. Figures 3 and 4 represent PSD 
of the fine and coarse-GSD (i.e., the SCLAlf and LArid) soils treated with different rates of BC300 and BC600, 
respectively. In Fig. 3, the first three peaks correspond to pores with a diameter of 149, 65, and 43 μm equivalent 
to h of 20, 46, and 70 cm that are stronger in biochar-treated soils as compared to that of control (e.g., the first 
peak occurred at ln(d) = 5.004 μm, d = exp (5.004) = 149 μm, h = 2980/149 = 20 cm). These water-transmitting 
pores contain water molecules in inter-aggregate macro pores that rapidly drain out under gravity force. In 
addition, part of this water is related to the multilayer water adsorption on hydrophilic surfaces. The 4th peak 
in control soil is more intense than biochar-treated soils. This peak occurred at approximately h of 200  cm 
equivalent to the diameter of 15 μm. It may well be that the dissolution and subsequent deposition of some 
materials resulting from biochar caused the closure of these pores. As we mentioned in the previous section, 
BWR curves (Fig. 1) at h of 90 to 1000 cm (pF of 1.95 to 3) region are nearly flat. Taken together, adding biochar 
to the soils may have reduced the frequency of pores in this range of size. No regular pattern was observed in 
the 5th peak that related to h of 3000 cm. The last peak (around h of 5000 cm) represents the depletion of water 
molecules that are tightly bonded especially to the surface of the biochar particles and molecules that are trapped 
in the tiny pores. In addition to the physical restriction of water molecules in various pores, chemical interactions 
occur with the functional groups on the surface of the porous media. Biochar is not homogeneous in terms of 
morphology or site energies. Therefore, different sorption sites will have different abilities to adsorb molecules. A 
weaker (stronger) site may not adsorb (desorb) water before adsorption (desorption) of water onto the stronger 
(weaker) sites. Research during the previous decades has brought new insights into the sorption theories and 
the water interaction in cellulosic systems; particularly wood84,85. Future studies could fruitfully explore this 
issue on biochar. The effect of exposing wood to high temperatures, especially at temperatures above 100 °C, is 

Fig. 4.  Comparison between pore size distribution (PSD) of LArid soil amended with 0, 1, 2, and 3% BC600.

 

Fig. 3.  Comparison between pore size distribution (PSD) of SCLAlf soil amended with 0, 1, 2, and 3% BC300.
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to reduce permanently the hygroscopicity (bounding water i.e. adsorption by sorption sites)85. In Fig. 4, the first 
three peaks, i.e., h of 10, 20, and 40 cm may correspond to the following two reasons: (1) the creation of large 
inter-aggregate porosity and multilayer adsorption of water on hydrophilic surfaces that tend to increase in peak 
intensity in biochar amended soils and (2) the production of fine pores due to the pore filling effect that tends to 
decrease in peak intensity in biochar amended soils. For coarse-textured soil, the dominance of the pore-filling 
effect which reduces pore throat radii, disrupts pore-connectivity and creates finer pores when soil is amended 
with biochar. This phenomenon is well illustrated in Fig. 5. Biochar amendment caused an increase in the 4th 
peak at h of 200 cm. This peak is attributed to the translocation of fine-grained biochar particles into large coarse 
pores which increases the fraction of medium pores (0.2 to 10 μm). The behavior of the 6th peak in the LArid 
soil is similar to the SCInc and SCLAlf soils. The major induced changes after biochar application occurred 
at h values of 0-~400 cm (on the x-axis ln(d) ≈ 2.01). Furthermore, it should be noted that the application of 
biochar due to the mentioned reasons resulted in changes in aggregation, soil stability structure, pore shape, and 
geometry. Consequently, changes in PSD of the biochar-treated soils have occurred.

Saffari et al.86 stated the application of 4 w/w% corn residue biochar with particle size less than 0.5 mm into 
a sandy loam soil resulted in changes in the SWRC mostly at h values of 0–50 cm. Compared to the control, the 
application of biochar in all of the treatments caused an increase in the energy (EI) required for plants to take 
up a unit mass of soil water and to decrease the amount of physical quality index (except for SCInc-BC300) 
(Table 6).

Figure 5 schematically describes the mechanisms of fine biochar particle transportation within a soil-porous 
medium. In a general way, two transport mechanisms can be considered in the transport of fine biochar particles 

Fig. 5.  Transport mechanisms in the transport of fine biochar particles in soil porous medium (adapted from 
Babakhani et al.87).
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in a soil-porous medium. The first regime occurs when there is a higher particle-surface attachment affinity 
than the particle-particle one. In this case, the major transport mechanisms are physical filtration, site-blocking 
(prohibition of new particles from being adsorbed/attached on a part of a surface once capacity is filled), and 
physical straining or size exclusion (physical entrapment of particles in pore throats that are too small to allow 
particle passage or simultaneous arrival of many particles at a pore entrance). The second regime is when particle-
particle attachment tendency prevails. In this mechanism, although physical filtration as well as straining may 
still be operative, ripening (the opposite of blocking phenomenon with an increasing trend in deposition rate 
over time) is predominant together with agglomeration (particle size growth that can enhance the chance of size 
exclusion) and further subsequent retention (Fig. 5).

Conclusion
Our research revealed that biochar significantly improves aggregation and structural stability across various soil 
types. Particle size distribution analysis also indicated that large inter-aggregate porosity in SCInc and SCLAlf 
soils increased with higher biochar rates, whereas fine pore production in LArid soil decreased. Besides, biochar-
treated soils exhibited improved field capacity (FC), permanent wilting point (PWP), and effective integral water 
capacity (EIIWC) compared to control soils. Furthermore, the volume of drainable pores (VDP) was greater 
in biochar-treated SCInc and SCLAlf soils than in controls, indicating enhanced water and solute transport. 
Biochar mitigated high soil mechanical resistance, facilitating better water uptake by plants. However, contrary 
to expectations, changes in soil properties did not necessarily reduce the energy required for water uptake by 
plants. The study emphasizes the necessity of determining the optimum level of biochar application (3% w/w) for 
enhancing soil hydraulic attributes, especially in arid/semiarid regions. However, no significant differences were 
observed between the effects of biochar produced at 300 °C (BC300) and 600 °C (BC600). Variability among the 
studied soil types revealed that while LArid soil showed increased PAW, LLWR, and IWC with biochar, SCInc 
and SCLAlf soils experienced reductions in these parameters after treatment. In conclusion, a structural stability 
index (SSI) was proposed as an alternative method for evaluating aggregate stability using high energy moisture 
characteristic (HEMC) data. However, further exploration of integral energy (EI) and Dexter’s index of soil 
physical quality (S) is recommended for future evaluations.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author on reason-
able request.
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