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 تأثير نوع المادة الأولية للفحم الحيوي ومعدل إضافته على الخصائص الفيزيائية للتربة الرملية الجافة

 1 عبدالله آده ،1 خالد الزبير ،،*1 رياض عيس ى

 الملخص  الكلمات المفتاحية  

 الفحم الحيوي 
 المادة الأولية

 الظاهرية الكثافة
 المسامية
 حقليةالسعة ال

  التوصيل الهيدروليكي للتربة

 من المحسّنات الواعدة لخصائص التربة الفيزيائية، إلا أن كفاءته تعتمد على نوع المادة الأولية (Biochar) يُعدّ الفحم الحيوي  

)مخلفات الشعير، روث الأغنام، المواد الخشبية،  ومعدل الإضافة. هدفت هذه الدراسة إلى تقييم تأثير أربعة أنواع من الفحم الحيوي 

، والتوصيل حقلية% وزن/وزن( على الكثافة الظاهرية، المسامية، السعة ال10، و5، 3، 1وروث الدواجن( وبمعدلات إضافة )

 في جميع الخصائص المدروسة .الهيدروليكي المشبع للتربة
ً
 معنويا

ً
خفضت الكثافة حيث ان، (p < 0.001)  أظهرت النتائج تحسنا

%(، مقابل 28–25عند استخدام مخلفات الشعير وروث الأغنام )انخفاض  ³جم/سم 0.82–0.80إلى  1.10الظاهرية من نحو 

% مع مخلفات 47حتى  حقلية%، وزادت السعة ال69–68(. كما ارتفعت المسامية %19–11انخفاض أقل مع الأنواع الأخرى )

ر معدل الإضافة بشكل. الشعير
ّ
%، وارتفعت المسامية إلى 10عند  ³جم/سم 0.78واضح، إذ انخفضت الكثافة الظاهرية إلى  كما أث

 غير خطي، حيث انخفض عند المعدلات المنخفضة وارتفع بشكل كبير عند 68
ً
. %10–5%. أما التوصيل الهيدروليكي فأظهر سلوكا

فته، مع أفضل النتائج عند استخدام مخلفات وروث بشكل عام، تعتمد كفاءة تحسين التربة على نوع الفحم الحيوي ومعدل إضا

 .%10–5الحيوانات بمعدلات 

 

Introduction  
Biochar is a carbon rich material produced through the 

pyrolysis of biomass under oxygen limited conditions. 

Recently, biochar has gained considerable interest as a 

sustainable soil amendment [1, 2]. In addition to improving 

soil quality, biochar has also been widely recognized for its 

role in carbon sequestration and climate change mitigation 

through long-term stabilization of organic carbon in soils [1, 

3,4]. Its distinct features, such as high porosity, large surface 

area, and variable nutrient content, lead to improvements in 

soil structure, water holding capacity, nutrient retention, and 

mitigation of soil compaction. Several recent studies have 
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KEYWORDS 

Biochar is becoming known as an amendment to enhance soil physical properties; however, its 
efficacy depends on both the type of feedstock and the application rate. The objective of this study 
was to assess the impacts of the biochar feedstocks (barley residues, sheep manure, woody 
materials, and chicken manure) and their application rates (1, 3, 5, and 10% w/w) on soil bulk 
density, porosity, soil water holding capacity, and soil saturated hydraulic conductivity. The results 
showed that biochar significantly enhanced all measured properties, with statistical analysis 
confirming highly significant effects of feedstock type, application rate, and their interaction on the 

studied soil physical parameters (p < 0.001). Across feedstocks, soil bulk density decreased 
approximately from 1.10–1.11 g cm⁻³ in the control to 0.80–0.82 g cm⁻³ with barley residue and 
sheep manure biochar, representing reductions of about 25–28%, while woody and chicken 
manure biochars led to smaller reductions (11–19%). Soil porosity increased from 58% in the 
control to 68–69% with sheep manure and barley residue biochar, corresponding to increases of 
17–19%. Water holding capacity increased to 35–39% with most feedstocks, representing 
increases of 6–18% relative to the control, but reached 47% with barley residue biochar, 
corresponding to a 42% increase compared with the control. Biochar application rate strongly 

influenced soil physical properties. Bulk density decreased from 1.12 g cm⁻³ at 0% biochar to 0.83 
g cm⁻³ at 5% and 0.78 g cm⁻³ at 10%. Porosity increased from 58% in the control to 66% and 68% 
at 5% and 10% biochar, respectively. Saturated hydraulic conductivity showed a nonlinear 
response relative to the control, decreasing by 20–24% at 1–3% biochar rates, but increasing 
markedly at 5% (52–69%) and remaining elevated at 10% (33–38%). Overall, these results 
indicate that optimal soil improvement depends on both feedstock selection and biochar 
application rate, with the greatest benefits achieved with manure and residue derived biochars at 5–
10% (w/w). 
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reported that biochar and other organic amendments can 

significantly improve aggregate stability, infiltration rate, 

resistance to surface crusting, and overall soil 

physicochemical properties, particularly in degraded and 

coarse-textured soils [5–7]. Among biochar’s many soil 

physical property improvements, the reduction of soil bulk 

density is very important for improved plant growth and 
agricultural productivity. 

Soil bulk density, which is the mass of oven dried soil in line 

with unit extent, represents a critical measure of both soil 

compaction and porosity [8]. High bulk density, which in 

turn plays a role in root increase, is a factor that can limit 

plant growth and crop yield. On the other hand, lower bulk 

density, which is a result of biochar value, displays in a 

progressed soil structure, improved aeration, and better water 

retention, which in turn promote root development and 

microbial activity. Thus, changes in soil porosity induced by 

biochar can further impact the soil’s water retention and 

movement, thereby affecting both its water holding capacity 
and saturated hydraulic conductivity [9, 10]. Collectively, 

these residences govern water availability to flowers, 

drainage performance and average soil hydraulic functioning 

[9, 11]. Meta-analytical evidence has further shown that 

reductions in soil bulk density following biochar application 

are often accompanied by increases in total porosity and plant 

available water, although the magnitude of change depends 

strongly on soil texture and biochar properties [12]. 

The influence of biochar on soil physical and hydraulic 

properties is largely governed by the nature of the feedstock 

and the level of application. [4,5, 13]. Biochars generated 

from crop residues, animal manures, and woody materials 
vary greatly in particle density, pore structure, ash content, 

and mineral composition, resulting in opposing impacts on 

soil bulk density and pore connectivity [14,15]. For instance, 

manure derived biochars generally contain higher ash and 

nutrient concentrations, whereas woody biochars are often 

characterized by higher fixed carbon content and greater 

structural stability. Crop residue biochars commonly exhibit 

intermediate properties, with relatively high surface area and 

moderate nutrient availability [3, 16]. Comparative studies 

have shown that manure- and residue derived biochars may 

yield greater short term improvements in porosity and water 

retention, whereas woody biochars may contribute more to 
long-term structural persistence in soil [17, 18]. Likewise, 

application rate determines the extent to which biochar alters 

the soil environment, with low rates often producing modest 

effects, whereas higher rates induce more pronounced 

changes in porosity, water retention and hydraulic 

conductivity [10, 19]. Several studies comparing rates from 1 

to 10% (w/w) reported that moderate to high rates often result 

in greater decreases in bulk density and higher water holding 

capacity, although excessive rates may sometimes reduce 

hydraulic conductivity depending on pore blockage and 

particle arrangement [9].  

Although biochar has been shown to enhance soil properties, 
few studies have directly compared the effects of different 

feedstock types and application rates on soil physical and 

hydraulic properties under controlled conditions. Most 

previous studies have focused on either a single feedstock 

source or a narrow application range, limiting direct 

evaluation of the interaction between feedstock 

characteristics and dosage level. Understanding the variations 

of biochar application is essential for designing strategies 

tailored to specific soil and crop systems. Therefore, further 

comparative research is needed to identify the most effective 

combinations of feedstock type and application rate for 

optimizing soil physical improvement under specific 

management conditions. Accordingly, this study aimed to 

evaluate the impact of biochar produced from barley residues, 

sheep manure, woody materials, and chicken manure, applied 

at 1%, 3%, 5%, and 10% (w/w), on the physical and 
hydraulic characteristics of soil. 

Methodology 
Soil Collection and Preparation 

Soil samples were collected from the Faculty of Agriculture 

farm, Sebha University (26°58′26″N; 14°26′18″E; 427.22 m 

above sea level), from the 0–20 cm topsoil layer on 09 

September 2025. Immediately after collection, the samples 

were placed in sealed plastic bags, transported to the 

laboratory, and air-dried at room temperature for 72 hours 

before sieving through a 2 mm mesh for subsequent analyses. 

The soil is classified as sandy, with 88.90% sand, 7.33% silt, 

and 3.77% clay. All laboratory analyses were conducted in 
the Soil Physics Laboratory, Faculty of Agriculture, Sebha 

University. 

Biochar Production  

Four types of biochar were used in this experiment to 

evaluate their effects on the soil physical properties and 

identify the most effective type. The biochar was generated 

from four different feedstocks at 550 °C using double barrel 

retort pyrolysis: chicken manure (CM550), sheep manure 

(SM550), barley residues (BR550), and woody materials 

(WM550).  

Experimental Setup and Design  

Each biochar type was incorporated into the soil at four rates: 
0% (control), 3%, 5%, and 10% by weight (w/w). The pots 

were maintained at room temperature (24 ± 2 °C) in a 

laboratory setting, and soil moisture was kept at 60% of the 

soil's water holding capacity by watering twice a week. The 

experiment consisted of three replicates per treatment, 

resulting in a total of 48 experimental units. 

Soil Bulk Density and Porosity Determination 

Soil bulk density was measured by the core sampling method. 

(volumetric cylinder), as shown in Equation (1), while soil 

porosity was calculated using Equation (2) [20].  

       𝜌𝑏 =  
𝑀𝑠

𝑉𝑡
                                                                                                               (1) 

     𝑆𝑡 = (1 − 𝜌𝑏 𝜌𝑝⁄ ) x 100                                            (2)     
 Where St is total porosity (%), 𝜌𝑏 is bulk density (g cm⁻³) 

determined as the ratio of oven-dry soil mass (Ms, g), to total 

soil volume (Vt, cm³). and 𝜌𝑝  is particle density (g cm⁻³), 

commonly assumed as 2.65 g cm⁻³ for mineral soils. 

Saturated Hydraulic Conductivity Determination 

Saturated hydraulic conductivity (𝐾𝑠) was determined using 

the constant-head permeameter method, calculated according 

to Equation (3) [21]. 

       𝐾𝑠 =
𝑉×𝐿

𝐴×𝑇×𝐻
      (3) 

Where 𝐾𝑠 is saturated hydraulic Conductivity (cm/sec), 𝑉 is 

the volume of water flowing through the soil sample (cm³), 

𝐿  is the height (Length) of the soil sample (cm), 𝐴  is the 
cross-sectional area of the soil sample (cm²), 𝑇 is the time 

during which the water volume was collected (seconds), and 

𝐻 is the total hydraulic head (which is the height of the water 

column above the sample plus the height of the sample itself, 

measured in cm).  
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Water Holding Capacity Determination 

Volumetric water holding capacity (θv) was determined using 

a core-based saturation–drainage method following standard 

soil physical procedures (4) [22]. Soil samples, air-dried and 

sieved to <2 mm, were placed into cylindrical cores with 

known internal volumes to ensure consistent bulk density 

among treatments. Samples were gradually saturated from the 
base with deionized water for 24 h, ensuring complete soil 

saturation while reducing air entrapment. After saturation, 

cores drained freely for 24 h at room temperature to reach 

approximate field capacity. After drainage, the wet mass of 

each core was recorded. Samples were then oven-dried at 105 

°C for 24 h to constant weight, and the dry mass was 

measured. Volumetric water holding capacity was calculated 

as the volume of water retained per unit soil volume and 

expressed as a percentage, assuming a water density of 1 g 

cm⁻³. 

     𝜃𝑣 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑉𝑐𝑜𝑟𝑒
x 100                                                  (4) 

Statistical Analysis  

Analysis of variance (ANOVA) was conducted using a 

general linear model in Minitab 19 software [23]. The 

significance of the effects of biochar feedstock type, 

application rate (w/w), and their interaction on soil bulk 

density, porosity, saturated hydraulic conductivity, and water-

holding capacity was evaluated at α ≤ 0.05 using a 

Completely Randomized Design (CRD). Before performing 

the two-way ANOVA, the assumptions of normality and 

homogeneity of variance were tested and confirmed. 

Significant differences between treatment means were 
determined using Tukey’s test at a 95% confidence level (p < 

0.05) [24].  

Results 
Biochar feedstocks and soil bulk density 

The results confirmed that biochar feedstock type 

considerably affected soil bulk density (p < 0.05) (Figure 1). 

Analysis of variance (ANOVA) showed that the differences 

among treatments were statistically significant. The control 

treatment (no biochar) exhibited the highest bulk density 

(1.11 g cm⁻³). All biochar amended soils showed a significant 

reduction in bulk density compared with the control. Chicken 

manure biochar decreased bulk density to approximately 0.99 
g cm⁻³, representing a decrease of about 10.8% relative to the 

control. A greater reduction was observed with woody 

biochar (0.90 g cm⁻³), corresponding to a 18.9% decrease. 

The most noticeable reductions occurred in soils amended 

with sheep manure (0.82 g cm⁻³) and barley residue biochars 

(0.80 g cm⁻³), which lowered bulk density by approximately 

26.1% and 27.9%, respectively. Tukey’s HSD test showed no 

significant difference between woody and sheep manure 

biochars, nor between sheep manure and barley residue 

biochars. Spearman’s rank correlation analysis further 

indicated a strong and significant negative correlation 

between biochar application rate and soil bulk density (ρ = 
−0.851, p < 0.05), confirming that increasing biochar levels 

reduced soil bulk density. Overall, biochar application 

significantly improved soil physical condition by reducing 

bulk density, with stronger effects observed in manure- and 

 residue-based biochars.  

Different letters above the bars indicate statistically 

significant differences among treatments according to 

Tukey’s test (p < 0.05). 

Figure 1: Effects of biochar feedstock type on soil bulk density. 

Error bars represent ± standard error (n = 3). 

 

Biochar feedstocks and soil porosity 

Statistical analysis indicated that soil porosity was 

significantly influenced by the type of biochar feedstock (p < 

0.05) (Figure 2). Analysis of variance (ANOVA) confirmed 
that the differences among treatments were statistically 

significant. The control treatment, which received no biochar, 

showed the lowest porosity at around 58%. All biochar 

amended soils showed a significant increase in porosity 

compared with the control. Chicken manure biochar 

increased soil porosity to about 62%, representing an increase 

of approximately 6.9% relative to the control. A greater 

improvement was observed with woody biochar (65%), 

corresponding to a 12.1% increase. The highest porosity 

values were recorded in soils amended with sheep manure 

(68%) and barley residue biochars (69%), which increased 

porosity by approximately 17.2% and 19.0%, respectively. 
Tukey’s test indicated no significant differences between 

woody materials and sheep manure biochars, or between 

sheep manure and barley residue biochars. Spearman’s 

correlation analysis further revealed a strong and significant 

positive correlation between biochar application rate and soil 

porosity (ρ = 0.761, p < 0.05), while soil porosity was 

perfectly and negatively correlated with soil bulk density (ρ = 

−1.000, p < 0.05). These results demonstrate that biochar 

incorporation significantly enhances soil pore structure, with 

the strongest effects observed in residue based biochar. 

Figure 2: Effects of biochar feedstock type on soil porosity density. 

Error bars represent ± standard error (n = 3). Different letters above 

the bars indicate statistically significant differences among 

treatments according to Tukey’s test (p < 0.05) 
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conductivity  

Soil saturated hydraulic conductivity (𝐾𝑠) varied significantly 

among biochar feedstock types (p < 0.05) (Figure 3). 

ANOVA results confirmed significant variation among 

treatments. The control treatment (no biochar) exhibited a 

(𝐾𝑠) value of 34.5 cm h⁻¹. Application of chicken manure 

biochar resulted in the lowest ( 𝐾𝑠 ) value (21.8 cm h⁻¹), 
corresponding to a 36.8% decrease compared with the 

control. Similarly, woody material biochar reduced (𝐾𝑠) to 

28.6 cm h⁻¹, representing a 17.1% decrease relative to the 

control. In contrast, sheep manure derived biochar 

significantly increased (𝐾𝑠) to 58.4 cm h⁻¹, reflecting a 69.3% 

increase compared with the control. Barley residue biochar 

also enhanced (𝐾𝑠) to 45.9 cm h⁻¹, corresponding to a 33.0% 

increase, although this increase was not statistically different 

from either the control or the sheep manure biochar. 

Spearman’s rank correlation analysis further displayed a 

significant positive correlation between biochar application 
rate and saturated hydraulic conductivity (ρ = 0.358, p < 
0.05). In addition, saturated hydraulic conductivity was 

negatively correlated with soil bulk density (ρ = −0.611, p < 

0.05) and positively correlated with soil porosity (ρ = 0.611, 

p < 0.05). These results indicate that biochar feedstock type 

strongly influences soil water transmission, with manure and 

residue derived biochars enhancing hydraulic conductivity, 

while chicken manure and woody biochars reduced ( 𝐾𝑠 ) 

under the conditions of this study. 

Biochar feedstocks and water holding capacity 

The results showed that the type of biochar application 

significantly affected soil water holding capacity (p < 0.05) 

(Figure 4). ANOVA revealed statistically significant 

differences among treatments. The control treatment (no 

biochar) had the lowest water holding capacity at around 
33%. Application of chicken manure derived biochar 

increased water holding capacity to about 35%, resulting in a 

6% increase relative to the control. Similarly, woody material 

biochar raised water holding capacity to approximately 39%, 

representing an 18% increase compared with the control, 

while sheep manure biochar resulted in around 37%, 

reflecting a 12% increase relative to the control. In contrast, 

barley residue derived biochar significantly enhanced soil 

water holding capacity, reaching about 47%, which 

corresponds to a 42% increase compared with the control, 

and that was significantly higher than all other treatments. 

Spearman’s correlation analysis further revealed a strong and 

significant positive correlation between biochar application 

rate and soil water holding capacity (ρ = 0.744, p < 0.05). 

Additionally, water holding capacity was negatively 

correlated with soil bulk density (ρ = −0.809, p < 0.05), and 

positively correlated with soil porosity (ρ = 0.761, p < 0.05) 

and saturated hydraulic conductivity (ρ = 0.541, p < 0.05). 
These findings indicate that biochar incorporation enhances 

soil water retention, with the extent of improvement 

depending on the biochar feedstock type, with barley residue 

biochar showing the greatest capacity to enhance soil water 

holding capacity under the conditions of this study. 

Biochar rates and soil bulk density 

The results showed that increasing the biochar application 

rate (w/w %) significantly reduced the soil’s bulk density (p 

< 0.05), as shown in Figure 5. ANOVA demonstrated that the 

application rate had a statistically significant effect. The 

control treatment (no biochar) recorded the highest bulk 

density around 1.10 g cm⁻³, followed by the 1% biochar 
treatment, around 0.98 g cm⁻³, representing 10.9% decrease. 

Figure 4: Effects of biochar feedstock type on soil water holding 

capacity density. Error bars represent ± standard error (n = 3). 

Different letters above the bars indicate statistically significant 

differences among treatments according to Tukey’s test (p < 0.05) 

 

Figure 5: Effects of biochar rates on soil bulk density. Error bars 

represent ± standard error (n = 3). Different letters above the bars 

indicate statistically significant differences among treatments 

according to Tukey’s test (p < 0.05) 

 

Further decreases were observed: at 3%, about 0.93 g cm⁻³ 

representing 15.5% reduction. At 5%, around 0.83 g cm⁻³, 

corresponding to 24.5% reduction; and at 10% biochar, about 

0.76 g cm⁻³, corresponding to 30.9% reduction relative to the 

control. Even with the lowest application rate of 1% (w/w), 

Figure 3: Effects of biochar feedstock type on soil porosity density. 

Error bars represent ± standard error (n = 3). Different letters above 

the bars indicate statistically significant differences among 

treatments according to Tukey’s test (p < 0.05) 
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biochar significantly reduced the soil’s bulk density 

compared to the control, and with further reductions observed 

at a higher rate (10% (w/w)). Results from Spearman’s 

correlation analysis further showed a strong and significant 

negative correlation between biochar application rate and soil 

bulk density (ρ = −0.851, p < 0.05), indicating that increasing 

the biochar rate consistently reduced soil compaction. These 
results indicate that biochar incorporated into the soil 

improves its physical properties by reducing bulk density as 

the application rate increases from 0 to 10% (w/w). 

Biochar rates and soil porosity   

As the rate of biochar application increased (p < 0.05), soil 

porosity consistently increased, as shown in Figure 6. 

ANOVA indicated significant differences among application 

rates. The control soil was roughly 58% less porous than all 

biochar-treated treatments. Even a low biochar rate enhanced 

porosity, reaching about 62% at 1% and around 64% at 3%, 

an increase of roughly 6.9% and 10.3%, respectively, 

compared to the control. At higher application rates, more 
significant improvements were seen; porosity rose to roughly 

68% at 5% and around 71% at 10%, corresponding to 17.2% 

and 22.4%, respectively, compared with the control. Though 

the 5% and 10% treatments showed no statistically 

significant difference, both rates substantially increased 

porosity compared to the lower rates. Spearman’s correlation 

indicated that increasing biochar application rate significantly 

increased soil porosity (ρ = 0.761, p < 0.05). whereas 

porosity was inversely related to soil bulk density (ρ = 

−1.000, p < 0.05). With the most notable increases at 

application rates over 3% (w/w), these findings show that 

increasing the biochar application rate improves soil porosity. 

Figure 6: Effects of biochar rates on soil porosity. Error bars 

represent ± standard error (n = 3). Different letters above the bars 

indicate statistically significant differences among treatments 

according to Tukey’s test (p < 0.05) 

 

Biochar rates and soil saturated hydraulic conductivity  
Soil saturated hydraulic conductivity (𝐾𝑠) was significantly 

influenced by the biochar application rate (p < 0.05) as 

shown in Figure 7. ANOVA results confirmed significant 

variation among application rates. The control treatment 

recorded a 𝐾𝑠 value of 34.2 cm hr⁻¹. At low application rates, 

𝐾𝑠  decreased to 26.1 cm hr⁻¹ at 1%, which represents a 

decrease of 23.7% and 27.4 cm hr⁻¹ at 3%, corresponding to 

19.9% decreases. In contrast, the 5% biochar treatment 

markedly increased 𝐾𝑠 to 52.0 cm hr⁻¹, which corresponds to 

an increase of 52% relative to the control. A moderate 

increase was also observed at 10%, where 𝐾𝑠 reached 47.2 

cm hr⁻¹, which corresponds 38%, although this value was not 
statistically different from either the control or the 5% 

biochar treatment. Spearman’s analysis showed a significant 

positive relationship between biochar application rate and 

saturated hydraulic conductivity (ρ = 0.358, p < 0.05). In 

addition, saturated hydraulic conductivity was negatively 

correlated with soil bulk density (ρ = −0.611, p < 0.05) and 

positively correlated with soil porosity (ρ = 0.611, p < 0.05). 

 

Figure 7: Effects of biochar rates on soil porosity. Error bars 

represent ± standard error (n = 3). Different letters above the bars 

indicate statistically significant differences among treatments 

according to Tukey’s test (p < 0.05) 

 

Biochar rates and soil water holding capacity 

The results showed that biochar application rate significantly 

affected soil water holding capacity (p < 0.05) (Figure 8). 
Analysis of variance (ANOVA) revealed statistically 

significant differences among application rates. The control 

treatment exhibited the lowest water holding capacity (33%). 

Figure 8: Effects of biochar rates on soil porosity. Error bars 

represent ± standard error (n = 3). Different letters above the bars 

indicate statistically significant differences among treatments 

according to Tukey’s test (p < 0.05) 

 
Application of biochar at 1% resulted in slight increases in 

water holding capacity, reaching about 34%, representing an 

increase of 3% relative to the control, while the 3% biochar 

treatment increased water holding capacity to 37%, 

corresponding to 12.1% increase. However, these treatments 

were not significantly different from the control. A further 

increase was observed at the 5%, where water holding 

capacity reached 40%, reflecting a 21.2% increase compared 

to the control. The highest water holding capacity was 

recorded at the 10% rate, reaching 47%, which represents 

42.4% increase over the control, and was significantly greater 

than in all other treatments. Spearman’s correlation analysis 
further revealed a significant positive relationship between 
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biochar application rate and soil water holding capacity (ρ = 

0.744, p < 0.05). In addition, water holding capacity was 

negatively correlated with soil bulk density (ρ = −0.809, p < 

0.05), and positively correlated with soil porosity (ρ = 0.761, 

p < 0.05) and saturated hydraulic conductivity (ρ = 0.541, p < 

0.05). Overall, these results demonstrate that biochar 

incorporation enhances soil water holding capacity, with the 
magnitude of the improvement increasing with application 

rate. 

Discussion 

Effect of biochar feedstock type on soil physical 

properties 

The type of biochar feedstock significantly influenced soil 

physical and hydraulic properties, namely bulk density, 

porosity, saturated hydraulic conductivity, and water holding 

capacity. Soils amended with barley residue and sheep 

manure biochar showed the strongest improvement, followed 

by woody and chicken manure biochar. This feedstock-

dependent response is consistent with previous studies, which 
reported that the effects of biochar on soil structure and water 

dynamics are primarily controlled by feedstock 

characteristics rather than biochar application alone [9, 16, 

25, 26]. These studies also highlight that manure- and 

residue-based biochars generally show greater effectiveness 

than woody biochars in improving short-term soil physical 

quality. However, woody biochar may provide longer-term 

stability benefits [27–30]. 

Correlation analysis (Table 1) further helps explain the 

mechanisms behind these responses. The strong negative 

correlation between soil bulk density and water holding 

capacity (ρ = −0.809, p < 0.001) indicates that reductions in 
soil compaction were a key driver of improved water 

retention. Similar trends have been reported by Acharya et al. 

(2024) [9] and Alghamdi (2018) [29], who found that 

biochar-induced reductions in bulk density enhance soil pore 

space and moisture availability. In this study, manure- and 

residue-derived biochars were particularly effective, possibly 

due to their greater ability to modify soil structure. 

Similarly, soil porosity was positively correlated with both 

water holding capacity (ρ = 0.761, p < 0.001) and saturated 

hydraulic conductivity (ρ = 0.611, p < 0.001), emphasizing 

the critical role of pore volume and pore connectivity in 

regulating soil water storage and transmission. These findings 
agree with Botková et al. (2023) [26], and Deluz et al. (2025) 

[31], who reported that improvements in soil hydraulic 

behaviour are closely linked to increased macro- and 

mesopore development induced by biochar. 

The superior performance of manure- and residue-derived 

biochar comes from its unique physicochemical properties. 

These biochars have higher ash and mineral content, lower 

particle density, and varied, interconnected pores. These 

features help the biochar form aggregates and create more 

macropores [9, 16, 29, 32]. However, it should be noted that 

some studies have reported variability in performance 

depending on soil texture and application rate, indicating that 
their effectiveness may be reduced in coarse-textured soils 

where water retention is already limited [9]. 

Residue-based biochar, in particular, has been shown to 

enhance macropore continuity and infiltration, especially in 

compacted soils, thereby improving both drainage and 

aeration [25, 33]. In agreement with these findings, the 

present study suggests that barley residue biochar was 

especially effective in improving hydraulic conductivity, 

likely due to its favourable pore network structure. 

Manure-derived biochar further contributes oxides and 

carbonates that facilitate aggregate formation and reduce soil 

compaction, reinforcing its positive effects on porosity, 

hydraulic conductivity, and water retention [5, 27, 34]. 

Nevertheless, some authors have noted potential variability in 

nutrient composition depending on feedstock source and 

pyrolysis conditions, which may explain differences among 
manure biochars [34–36]. 

In contrast, woody biochar, although richer in carbon and 

more chemically stable, typically has smaller pore sizes and 

higher particle density. It tends to deliver more limited short-

term improvements in soil structure and hydraulic properties 

[37–39]. However, its high aromatic carbon content 

contributes to long-term soil structural stability and carbon 

sequestration, benefits that become more important over 

longer time scales [40, 41]. This dual behaviour explains why 

woody biochar is often recommended for carbon 

management strategies rather than immediate soil physical 

improvement. 
Overall, these findings emphasize the importance of 

matching biochar feedstock type to specific soil management 

objectives. Manure and residue-derived biochars are 

particularly effective for enhancing porosity, infiltration, 

drainage, and water retention in fine- or compacted-textured 

soils, whereas woody biochar may be more suitable for long-

term carbon stabilization with moderate short-term physical 

effects. These improvements are interrelated and primarily 

driven by modifications to soil structure and pore architecture 

[13, 16, 25, 32,42].  

Importantly, compared with previous studies that mainly 

focused on single feedstock types, this study provides a direct 
comparative evaluation of multiple biochar sources under the 

same experimental conditions, allowing clearer interpretation 

of feedstock-driven differences. Strategic selection of biochar 

feedstock and appropriate application rate can therefore 

maximize improvements in soil structure and water 

dynamics, supporting more sustainable and resilient soil 

management systems. 
Effect of Biochar Rate on Soil Physical Properties 

Higher biochar application rates consistently enhanced soil 

physical and hydraulic properties, as reflected by reduced 

bulk density and increased porosity, hydraulic conductivity, 

and water-holding capacity. Soils without biochar showed the 
poorest physical condition and lowest capacity to retain 

water, while low application rates produced only minor 

improvements. In contrast, moderate to high biochar rates led 

to substantial enhancements in soil structure and water 

retention, demonstrating a clear rate-dependent response 

consistent with previous findings [43, 44]. These studies 

similarly reported that biochar effectiveness increases with 

application rate up to an optimum threshold, beyond which 

benefits may plateau or decline. 

Correlation analysis (Table 1) provides an important 

understanding of the mechanisms underlying these responses. 

the mechanisms underlying these responses. The strong 
negative association between biochar rate and soil bulk 

density confirms that increasing biochar application 

effectively reduces soil compaction. At the same time, 

positive relationships with porosity and water-holding 

capacity indicate that biochar-induced structural changes 

directly increase pore space and soil water storage. The 

strong relationship between bulk density and porosity further 

indicates that soil structural loosening improves soil physical 

quality. These results support the view that biochar primarily 
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Table 1. Spearman’s correlation coefficients (ρ) among biochar application rate (% w/w), soil bulk density, soil porosity (%), water holding 

capacity (%), and saturated hydraulic conductivity (cm h⁻¹) 

 
Biochar % (w/w) Soil Bulk Density (g cm–3) Soil porosity (% 𝑲𝒔 (cm hr–1) 

Soil Bulk Density (g cm–3) -0.851    

0.000*    

Soil porosity (%) 0.761 -1.000   

0.000* 0.000*   

𝑲𝒔 (cm hr–1) 0.358 -0.611 0.611  

0.010* 0.000* 0.000*  

Soil water holding capacity 0.744 -0.809 0.761 0.541 

0.000* 0.000* 0.000* 0.000* 

*Correlation is significant (p < 0.05) 

 

influences soil water dynamics indirectly through 

modification of soil structure and pore architecture, rather 

than through direct water adsorption alone. 

The observed reductions in bulk density and increases in 

porosity can be attributed to biochar’s low particle density, 
high internal porosity, and its ability to promote soil 

aggregation. As reported in previous studies, biochar acts as a 

physical conditioner that partially replaces dense mineral 

particles and introduces additional intra- and inter-particle 

pore spaces within the soil matrix, thereby improving 

aeration and reducing compaction [42, 44].  

At moderate application rates, improvements in saturated 

hydraulic conductivity were most pronounced, indicating 

enhanced pore connectivity and macropore continuity that 

facilitate water movement. However, the tendency of 

hydraulic conductivity to stabilize or slightly decline at high 

biochar rates suggests that excessive application may 
partially obstruct soil pores, particularly when fine biochar 

particles accumulate and reduce effective pore continuity. 

Similar limitations at high application rates have also been 

reported by Zhang et al. (2023) [5] and Acharya et al. (2024) 

[9], who emphasized that excessive biochar can lead to pore 

clogging and reduced hydraulic efficiency in some soil 

systems. 

Overall, these results indicate that biochar application rate 

strongly influences soil physical properties and water 

movement, but the response is non-linear and rate-dependent. 

Moderate application rates (around 5% w/w in this study) 

appear to be most effective for improving soil porosity, 
water-holding capacity, and hydraulic conductivity, whereas 

excessively high rates may reduce pore connectivity or 

partially block flow pathways, limiting improvements in 

water transmission [5, 9].  

When combined with low-density, mineral-rich feedstocks 

such as manure- and residue-derived biochars, moderate 

application rates provide a balanced enhancement of soil 

structure, water retention, and hydraulic performance [9, 46, 

47]. These findings reinforce the importance of optimizing 

both biochar type and application rate to maximize soil 

physical benefits and support sustainable soil and water 

management strategies. 
Conclusion  
The results of this study indicate that biochar effects on soil 

physical and hydraulic properties are strongly governed by 

both feedstock type and application rate. Manure and crop 

residue derived biochars, particularly barley residue biochar, 

were the most effective in reducing bulk density and 

improving porosity, water retention, and saturated hydraulic 

conductivity, mainly due to their favourable pore structure. 

Optimal improvements were achieved at a moderate 

application rate (5% w/w), with higher additions showing 

limited further enhancement of hydraulic conductivity. This 

may be due to fine particle accumulation and reduced pore 
connectivity. These findings emphasize the importance of 

carefully selecting suitable biochar feedstock and application 

rate to improve soil structure and water flow in managed 

soils. Long term field studies across diverse soils and climatic 

conditions are recommended to assess the persistence of 

these improvements and further clarify the mechanisms of 

biochar-induced soil structural changes.  
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