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Two-Year Monitoring of Biochar Effects on Soil and Water Conservation in

USLE Plots under Field Conditions

Abstract

Biochar, a carbon-rich material, contributes to sustainable soil and water management by improving soil
health, and understanding its behavior and both its short-term and long-term effects on soil is essential.
This study investigates the impact of produced biochar from Populus nigra branches, applied at 32.5 t
ha™, on runoff, sediment yield, and soil properties in abandoned rainfed plots. Quantitative assessments
of runoff and sediment yield following natural rainfall events, coupled with biannual evaluations of soil
properties, formed the basis of this investigation. The findings revealed that biochar application in
treated plots led to average reductions of 20%, 24%, and 8% in runoff volume, soil loss, and sediment
concentration, respectively, compared to control plots. Soil aggregate stability, evaluated through the
mean weight diameter (MWD) index, together with soil porosity and soil moisture, showed significant
enhancement, with all parameters attaining their maximum values one year after application.
Additionally, soil chemical properties, including pH, electrical conductivity (EC), and soil organic
carbon (SOC), exhibited substantial improvements, with increases of 4.5, 20.5, and 21%, respectively,
relative to control samples. The independent effects of biochar and time on SOC were both significant
at the 99% level. Furthermore, the biological index of chlorophyll a (Ch-a) content increased by 31%,
with a statistically significant difference in response to biochar at the 95% confidence level. These
findings highlight the potential of biochar derived from Populus nigra branches as an effective and
sustainable strategy for soil and water conservation in abandoned rainfed semi-arid environments.
Future research should investigate long-term biochar effects on carbon stability across soils with varying

textures and organic matter.

Keywords: Abandoned Rainfed, Organic Amendments, Runoff and Sediment, Natural

Rainfall, USLE Plots
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1. Introduction

Soil erosion leads to the depletion of fertile topsoil (Kagabo et al., 2013) and contributes
to severe environmental consequences (Assouline et al., 2017), posing significant threats to soil
health and biodiversity (Qiu et al., 2021). The rate of soil loss is particularly concerning in
abandoned rainfed agricultural lands, where the absence of vegetation and the persistence of
non-standard tillage practices exacerbate erosion (Cerda et al., 2018; Kheirfam et al., 2020). In
such areas, effective soil protection strategies must be implemented promptly to mitigate the
impact of raindrop kinetic energy and splash erosion (Kheirfam et al., 2017; Gholami et al.,
2019). While biological methods for controlling soil erosion are often impractical or infeasible
under critical conditions, soil amendments serve as a viable alternative for soil conservation
(Adekalu et al., 2007). The usage of organic amendments to improve soil structure and
conditions are recognized as an efficient, cost-effective, and multifunctional approach to
erosion control (Gholami et al., 2016; Chen et al., 2020). By enhancing soil stability and
resilience, these amendments contribute to sustainable land management practices and long-
term soil health.

Biochar, an organic soil amendment produced through the pyrolysis of diverse biological
sources, has garnered increasing attention for its potential in carbon sequestration, enhancing
soil fertility, and influencing soil properties (Laird et al., 2010; Gholami et al., 2019, 2022;
Acharya et al., 2024). Various materials—including wood, straw mulch, bagasse, vines,
molasses, manure, sewage sludge, and paper sludge—serve as feedstocks for biochar
production (Gholami et al., 2022). Recent studies have examined the effects of biochar
application on runoff volume and sediment yield, with most findings highlighting its efficacy
in reducing runoff, minimizing soil loss, and mitigating erosion (Ding et al., 2016; Zhi-gou et
al., 2017; Gholami et al., 2019; Yu et al., 2021). Additionally, biochar has demonstrated success

in enhancing various soil properties, including:
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- Soil structure and physical characteristics (Ibrahim et al., 2021; Sun et al., 2021; Park et
al., 2023)

- Chemical properties, such as nutrient retention and pH balance (Song et al., 2015; Fan et
al., 2024; Liu et al., 2024; Zhao et al., 2024)

- Organic matter content, contributing to soil fertility (Glaser et al., 2002; Kammann et al.,
2011; Wang et al., 2022)

- Microbial community dynamics, fostering soil biological activity (Beheshti et al., 2018;
Abbas et al., 2019; Ren et al., 2020; Chen et al., 2024b; Moyo et al., 2025)

To advancement of large-scale applications, it is essential to evaluate biochar treatments
under natural field conditions and compare results with laboratory-based findings. In particular,
biochar derived from Populus nigra branches requires further investigation to assess its long-
term efficacy across diverse soil types and environmental contexts.

The study area is located within the Zarinehroud sub-watershed, a part of the larger Urmia
Lake watershed in West Azerbaijan Province, Iran. This region has undergone substantial
environmental changes due to the development of drainage and irrigation networks, dam
construction, and population growth, which have driven land-use transitions from rangelands
to rainfed and irrigated agriculture. These shifts have contributed to a decline in soil quality and
productivity, leading to an expansion of abandoned rainfed agricultural lands. The resulting
erosional landscapes cause both quantitative and qualitative losses of soil and water while
introducing significant amounts of sediment and pollutants into Lake Urmia during rainfall
events, exacerbating environmental challenges (Kheirfam et al., 2020). Given the ecological
significance of Lake Urmia and the importance of studying sediment dynamics and soil
degradation, this location was selected for the research project. The experiment was conducted
using standard erosion plots based on the Universal Soil Loss Equation (USLE). The most

widely used research plot dimensions-originally developed by Duley and Miller (1923) at



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

University of Missouri with dimensions of measure 1.83 x 1.22 m and designed slope with
natural area slope (Alewell et al., 2019). These unit plots served as baseline conditions, enabling
comparisons with various influencing factors such as topography, cropping systems, soil
management practices, and conservation strategies.

This study aims to conserve soil and water resources through the application of organic
amendments in field conditions. The research focuses on two primary objectives:

1- Assessing the role of biochar in reducing surface runoff and soil loss

2- Examining its impact on key physical, chemical, and biological soil properties

The experiment was conducted on an abandoned rainfed hillside in northwest Iran, using
standard erosion plots under natural rainfall conditions from October 2021 to March 2024. As
an uncontrolled field study, it was designed to evaluate the effects of biochar application on
runoff and sediment yield, as well as its influence on soil properties, without external

interventions.

2. Materials and Methods
2.1 Study area and field plots
The study was conducted in the abandoned rainfed lands upstream of the Noruzlu diversion
dam, situated within the Zarinehrood sub-watershed, covering an area of approximately 12,000
m? within the broader Urmia Lake watershed in West Azarbaijan Province, Iran. The region
experiences an average annual precipitation of 254 mm, a mean temperature of 11.4 °C, relative
humidity of 62%, and annual evapotranspiration of 1,142 mm. According to the De Martonne
climate classification, the area falls within a semi-arid cold climate zone (Kheirfam et al., 2020).
Six standard experimental plots were installed using galvanized sheets, following the
Universal Soil Loss Equation (USLE) model. Each plot measured 1.83 x 22.1 m? (Duley and

Miller, 1923). The most uniform hill slope in the study area was selected for their placement to
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ensure consistency in experimental conditions (Gholami et al., 2018). The plots were positioned
on a slope with an average gradient of 25-30%, with a one-meter gap between each plot. To
further minimize spatial variability, particular attention was given to selecting a
geomorphologically uniform hillslope and ensuring consistent slope gradient, soil surface
conditions, and land use history across all experimental plots. To facilitate data collection, tanks
and pipes were installed at the end of each plot to channel and capture runoff and sediment
during rainfall events (Flanagan et al., 2002). Figure 1 provides a detailed illustration of the

USLE plot locations.
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Figure 1. The location of the USLE plots in West Azarbaijan province (a) and Iran (b). Google Earth base map
from Google (c), Maxar technologies, accessed April 2025.
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2.2 Preparing biochar

Biochar was prepared following the identification and collection of wood waste from
Tabrizi poplar (Populus nigra), which is abundantly available in the northwestern provinces of
Iran. The pyrolysis process was carried out at a temperature of 420 °C under minimal oxygen
conditions for three hours, resulting in a final product that retained 44% of its original weight
(Sadeghi et al., 2016; Gholami et al., 2019). The produced biochar was then sieved through a 2
mm mesh to ensure uniform particle size (Peter, 2018). For the experiment, two treatments
applied including control (without biochar application) and conservation treatments (with
biochar application with the rate of 32.5 t h'"), with each treatment replicated three times (Luo
et al., 2017). Following preparation and transportation to the test site, the biochar was evenly
distributed on the plot surfaces and incorporated into the soil to a depth of 0-5 cm. Figure 2
shows the produced biochar, its application to USLA plots, and the treated plots. Scanning
electron microscope (SEM) images of the biochar at two different magnifications are presented
in Figure 3. The biochar exhibits an irregular shape with a porous structure (Gholami et al.,
2020). Its surface morphology is characterized by honeycomb-like pores, indicative of the

carbon skeleton within its structure (Ghani et al., 2013).
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Figure 2. Running the experiment including produced biochar (a), appicaton to USLA plots (b) and the treated
plots (c).
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SEM HV: 15.0 kV WD: 15.21 mm
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Figure 3. The SEM images of Populus nigra branches biochar at different magnifications, 5 p (a) and 20 p (b).

2.3 Rainfall events and measurement of runoff and sediment

The experiments commenced on October 23, 2021, following the application of biochar to
the treated plots. Over the designated study period, eight significant rainfall events resulted in
surface runoff. After each event, runoff volume was measured in collection tanks situated at the

end of the plots. To analyze sediment content, the collected runoff was first homogenized by
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stirring, and a 1-liter sample containing both water and sediment was extracted for laboratory
analysis. Sediment measurement was conducted by drying the remaining solids in an oven at
105 °C for 24 hours before weighing (Kukal and Sarkar, 2011; Sadeghi et al., 2015). To quantify
and remove biochar content from the sediment in the conservation treatments, organic matter
was eliminated through combustion at 450 °C for two hours (Hosking, 1938). The sediment
from the control plots was treated identically; therefore, the reported soil loss values for both
treatments are comparable and represent the loss of mineral soil plus any non-biochar soil
organic matter. Table 1 presents meteorological data from the recorded rainfall events. The
characteristics of rainfall events, viz., rainfall height (H), duration (D), average intensity (Al),
and maximum 30-min (I30) intensities, rainfall kinetic energy (KE), and rainfall erosivity index
(EI130), were calculated, based on Wischmeyer and Smith's (1978) method, as presented in Table
2. To understanding quantitative relationships between the runoff volume and soil loss, and the

rainfalls characteristics were calculated R-squared value (R?) and Pearson correlation (Lu et al.,

2021).
Table 1
Meteorological information of recorded rainfall events in the present study
< o = < o —
° = s S g =y ) a N X g =
= —_ o o 7 o 5 g = —_ 9 o 7 o = g
E 2 ZE g5 £ £EE ¢ T 2 ZE ¢85 £z §® ¢
g E & 8 9= 1S 2 g 3 g g S E o8 e 2 g z
= > & > = IS IN=A 1] = = > > = SN
2 & £ <8 <§ ¢ 2 2 - <8 <E § 2
i3 3 =3 5 @ & ) 3 =X E R A
& g = ~ 5 F
2022.01.06 E1 12.4 2.1 70.6 0 0 2022.11.27 E5 9.5 9.3 72 15 0
2022.01.15 E2 10.9 1.3 77.6 0 2023.06.13  E6 11.2 24.1 43.9 7.3 0
2022.03.04 E3 25.9 5.8 56.8 0 0 2024.02.06 E7 11.91 41 61.5 0 0
2022.04.30 E4 10.2 17.1 65.8 3.6 0 2024.02.20 E8 7.1 5.2 80.75 0 0
Table 2
The properties of erosive rainfall events in the study area during the experiment.
Event date Symbol H (mm) D (min) Al (mm.h-1) 130 *KE **EI30
2022.01.06 El 12.4 **+No data
2022.01.15 E2 10.9 *#*No data
2022.03.04 E3 25.9 1190 1.31 5.4 3.87 20.89
2022.04.30 E4 10.2 490 1.25 4.8 1.57 7.53
2022.11.27 ES 9.5 360 1.58 52 1.45 7.54
2023.06.13 E6 11.2 280 2.40 7.6 1.93 14.66
2024.02.06 E7 11.91 720 0.99 4 1.65 6.60
2024.02.20 E8 7.1 620 0.69 1.8 0.88 1.58

H (rainfall height), D (rainfall duration), Al (average rainfall intensity), 130 (rainfall maximum 30-min intensity), KE (rainfall
kinetic energy), EI30 (rainfall erosivity index).

*KE (for rainfall intensity < 76 mm.h™') = 0.119 + 0.0873logio I, and KE (for rainfall intensity > 76 mm.h™") = 0.283
(Wischmeyer and Smith, 1978).

**EI30 = KE x 130 (Wischmeyer and Smith, 1978).
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*** No high-resolution (10-minute interval) rainfall data were recorded for this event; therefore, event-based rainfall erosivity
indices could not be calculated.

2.4 Soil sampling and measurement of soil properties

A comprehensive analysis was conducted to determine soil characteristics. Particle size
distribution was evaluated to classify soil texture (Xue et al., 2019), while total porosity was
calculated following the method outlined by Carter and Gregorich (2007). Soil pH and electrical
conductivity were measured using a HI 9811-5 multimeter. Soil organic carbon content was
determined using the Walkley-Black method (Walkley and Black, 1934), total phosphorus was
quantified via the Olsen method (Olsen and Sommers, 1982), total nitrogen was assessed using
the Kjeldahl method (Kjeldahl, 1883), and basic microbial respiration with the method
proposed by Anderson (1982). Key physical and chemical properties of the soil in the study
area are summarized in Table 3. Images of the tests and sampling of soil analysis in the region

are shown in Figure 4.

Table 3
Soil characteristics in USLE plots
Soil Bulk Total Electrical Organic Total Total Basic microbial
texture density porosity pH conductivity carbon nitrogen phosphorus respiration
(g o) (%) (s cm™) %) %) (mgkg!)  (mgCO.g" day”)
Loamy sand 1.04 60 9.2 176.6 0.53 0.31 17.6 0.023

10
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Figure 4. Soil analysis of collected soil from study area, sampling to measurement soil porosity (a), nitrogen
measurement (b), phosphorus measurement (c) and measurement of basic microbial respiration (d).

Soil sampling was conducted to assess changes in soil properties resulting from biochar
application. Samples were collected from the surface of both protected and control plots at six-
month intervals following treatment, on April 30, 2022, November 29, 2022, May 2, 2023, and
December 21, 2023. To ensure representative sampling, soil was collected from multiple points
within each plot and mixed to form a composite sample. A portion of the collected soil was air-
dried and passed through a four-millimeter sieve, while the remainder was refrigerated at 4 °C
for biological analysis (Chamizo et al., 2012). Several key indicators were selected to evaluate
changes in soil properties. Aggregate stability was assessed by determining the mean weight
diameter (MWD) index using the dry sieving method (Xue et al., 2019). To determine the soil
porosity (P), both the bulk density and the particle density must be measured. The bulk density
is determined using the cylinder method, while the particle density of the soil is assumed to be
2.65 g.m (Carter and Gregorich, 2007). The gravimetric soil moisture content (M) was
obtained from the difference between the initial and final weights of the soil samples after

drying (Kheirfam and Roohi, 2020). Soil pH and electrical conductivity (EC) were measured

11
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with a Multimeter HI 9811-5. Soil organic carbon (SOC) content was quantified using the
Walkley-Black method (Walkley and Black, 1934). Additionally, chlorophyll-a (Ch-a) in soil
samples was measured following the method proposed by Ritchie (Ritchie, 2006) and modified
by Castle (Castle et al., 2011). Images of tests to determine soil aggregate stability, pH and EC,

SOC, and Ch-a content are shown in Figure 5.

\
=
2

S

..

1)
=7
o~

=
=

@A

==

S

=

Figure 5. Investigation of soil changes before and after biochar application by measurement of aggregate mean
weight diameter (MWD) (a), soil pH and electrical conductivity (EC) (b), organic carbon (OC) content (c) and
chlorophyll-a content (d).

2.5 Statistical analysis

Following the completion of all experiments, a database was compiled to record runoff,
sediment, and soil component data. To facilitate statistical comparisons, data normality was
first assessed (Zahediasl and Ghasemi, 2012) then temporal variations in runoff and sediment
behavior within each treatment were analyzed using a paired t-test (Tabachnick and Fidell,

2013). Additionally, a multivariate analysis of variance (GLM) was conducted to evaluate the

12
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effectiveness of biochar treatment and the temporal shifts in soil variables across treatments

(McDonald, 2015). All statistical analyses were performed using SPSS Statistics 27.

3 Results and Discussion
3.1 Effect of biochar on surface runoff, soil loss and sediment concentration

The descriptive statistical results, including the mean and standard deviation of runoff
volume, soil loss, and sediment concentration for both the biochar treatment and control, are

presented in Tables 4 and 5.

Table 4
Results of the mean and standard deviation of the runoff volume in control and conservation treatments

Study events

Component Treatment Variable
El E2 E3 E4 El E6 E7 E8
Control M 10.17 11.63 33.77 11.03 12.67 9.1 12 7.53
Runoff SD 3.25 2.58 12.26 1.7 4.04 1.49 1.32 1.86
Volume (1) Biochar M 7.67 9.2 23 9.07 9.37 8.18 10.83 6.6
SD 0.76 0.85 5.68 1.44 0.9 0.28 0.76 1.75
Conservation Percent (%) -24.59 -20.92 -31.89 -17.82 -26.05 -10.07 -9.72 -12.39

El to E8 are the dates of eight rainfall events during the experiment, including 2022.01.06, 2022.01.15, 2022.03.04, 2022.04.30, 2022.11.27,
2023.06.13, 2024.02.06, and 2024.02.20.

Table 5
Results of the mean and standard deviation of the soil loss and sediment concentration in control and conservation
treatments

Study events

Component Treatment Variable
El E2 E3 E4 E5 E6 E7 E8
M 44.97 18.16 28.2 17.61 19.17 16.68 16.81 11.82
Control
. SD 9.31 3.74 1.94 1.69 5.16 2.29 3.38 1.87
Soil loss (g)
. M 32.72 13.72 20.22 13.46 12.59 13.63 13.85 9.51
Biochar
SD 13.46 1.89 9.46 0.38 1.91 4.31 1.35 1.69
(%) Changes percent -27.22 -24.44 -28.32 -23.57 -34.33 -18.33 -17.6 -19.55
M 4.54 1.57 0.91 1.61 1.53 1.84 1.4 1.59
. Control
Sediment SD 0.53 0.09 0.32 0.09 0.09 0.15 0.18 0.13
concentration
(g1 M 4.18 1.49 0.85 1.51 1.34 1.66 1.28 1.47
Biochar
SD 1.31 0.07 0.21 0.22 0.08 0.51 0.04 0.21
(%) Changes percent -7.8 -5.06 -6.77 -6.1 -12.32 -9.88 -8.53 -7.56

E1 to E8 are the dates of eight rainfall events during the experiment, including 2022.01.06, 2022.01.15, 2022.03.04, 2022.04.30, 2022.11.27,
2023.06.13, 2024.02.06, and 2024.02.20.

13



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

According to Table 4, the biochar conservation treatment led to a moderate reduction in
runoff volume, averaging approximately 20% compared to the control. These findings suggest
that biochar positively influences soil permeability and hydraulic properties, ultimately
reducing runoff volume. This observation aligns with previous studies, such as Gholami et al.
(2019), which highlighted the beneficial effects of biochar in mitigating runoff and soil loss, as
well as Zhi-guo et al. (2017), who demonstrated biochar’s role in runoff reduction. Additionally,
Bayabil et al. (2015) reported improvements in soil hydraulic properties with the use of oak and
charcoal biochar, while Sadeghi et al. (2016) found reductions in runoff within small erosion
plots. Abel et al. (2013) further supported biochar’s effectiveness in enhancing soil permeability
and hydraulic characteristics. Table 5 reveals that biochar application resulted in an average
reduction of 24% in soil loss and 8% in sediment concentration. The percentage of change
observed in biochar-treated plots during specific events aligns with findings from Peng et al.
(2016), Zhi-guo et al. (2017), and Gholami et al. (2019) who highlighted the significant role of
biochar’s high carbon content in enhancing soil particle cohesion, thereby aiding in erosion
control.

Figure 6 shows the average components of runoff volume, soil loss, and sediment
concentration in the control and biochar plots under erosive and effective rain events (rainfall
that leads to runoff generation). The normality of the dataset was assessed using the Kolmogorov-
Smirnov test (Massey, 1951), which confirmed that all measurements of runoff volume, soil loss,
and sediment concentration from both control and biochar-treated plots followed a normal
distribution. To compare the mean values of the studied components between treatments, a paired
t-test was conducted, with results presented in Table 6. The analysis revealed that the application of
biochar amendment significantly reduced runoff volume and soil loss, with a significance level of

99%. However, the comparison of mean values indicated no statistically significant difference in
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Figure 6. Means of the runoff volume (1) (a), soil loss (g) (b), sediment concentration (g I'') (c), in the control
and biochar plots. E1 to E8 are the dates of eight rainfall events during experiment, including 2022.01.06,
2022.01.15, 2022.03.04, 2022.04.30, 2022.11.27, 2023.06.13, 2024.02.06, and 2024.02.20.
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Table 6
Results of the Paired samples test for the runoff volume, Soil loss and sediment concentration
Paired Sample T-Test Runoff Volume Soil Loss Sediment Concentration
Sig. (2-tailed) 0.009 0.001 0.174

The significant reduction in observed runoff volume clearly indicates an increased infiltration
rate treated soils. This finding strongly aligns with the known mechanisms through which biochar
influences soil water dynamics (Acharya et al. 2024). Specifically, the enhanced porosity resulting
from biochar application creates more pathways for water entry and retention, leading to a greater
capacity for infiltration and consequently, a reduction in surface runoff (Park et al., 2023).

The findings of this study align with those of Gholami et al. (2019), who reported that the
presence of biochar in small erosion plots contributed to increased soil granulation, enhanced
infiltration, and delayed runoft onset. However, these results contrast with Briggs et al. (2005),
who suggested that soil treated with biochar exhibits greater hydrophobicity due to its higher
hydrocarbon content. Smetanova et al. (2013) examined the effects of biochar derived from wood
chips and tree bark on erosion control in laboratory-scale plots, concluding that biochar application
reduced soil erodibility and runoff volume. Similarly, Fister et al. (2014) investigated biochar’s
role in soil loss mitigation using field plots and simulated rainfall, while Jien and Wang (2013)
studied the biochar impacts in laboratory and field conditions and they found that the biochar had
the significantly effects in reducing soil loss. Additionally, Yin et al. (2023) introduced a critical
perspective on biochar’s influence on soil erodibility, emphasizing that its impact on surface runoft
varies based on soil conditions and rainfall intensity. Their findings indicate an initial increase in
runoff at the beginning of the experiment, followed by a shift in trend after successive rainfall
events.

The properties of the recorded erosive rainfall events in the study area during the experimental
period are presented in Table 2. The rainfall duration (280—1190 min), rainfall height (7.1-25.9

mm), 130 (1.8-7.6 mm h™!), KE (0.88-3.87 MJ ha™! mm™), and El3o (1.58-20.89 MJ mm ha™!
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h™!) were calculated for these events. Rainfall events E1 (2022.01.06) and E2 (2022.01.15)
lacked high-resolution (10-minute interval) rainfall records; therefore, event-based rainfall
erosivity indices could not be determined. Based on the observed data and meteorological gauge
station records, the E3 rainfall occurred on Mar 04, 2022 (D = 1190 min; I3o = 5.4 mm h™!; Elzo
=20.89 MJ mm ha™ ' h™!). During this event, the measured runoff volumes were 33.77 and 23.0
L, and the soil losses were 28.20 and 20.22 g, from the control and biochar plots, respectively
(Tables 4 and 5). Among all events, this rainfall (E3) exhibited the greatest rainfall height,
duration, and erosivity, along with the highest runoff volume conservation percentage
(31.89%). The corresponding soil loss conservation percentage (28.32%) was also substantial.
The final recorded erosive rainfall, E8 (Feb 20, 2024), had a duration of 620 min; [30 = 1.8 mm
h™! and El3o = 1.58 MJ mm ha™! h™!. This event produced runoff volume of 7.53 L and 6.6 L,
and soil losses of 11.82 and 9.51 g, from the control and biochar plots, respectively (Tables 4
and 5). Although the E8 event had the lowest erosivity and consequently the smallest runoff
volume and soil loss, it did not yield the lowest conservation percentages in runoff volume

(12.39%) and soil loss (19.55%).

Table 7 summarizes the statistical relationships (R-squared value and Pearson correlation)
between runoff volume and soil loss from the control and biochar plots, and the rainfall
characteristics (H, D, Al, Is0, KE and Els0). The Results indicated strong correlation between
runoff volume (for both control and biochar plots) and rainfall characteristics, particularly H,

D, and KE. Moreover, Soil loss from both plots showed strong relationships with KE and El3o.
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Table 7

The R-squared value and Pearson Correlation between runoff volume and soil loss with rainfalls characteristics.

R-squared value H D Al 130 KE EI30
Control 0.9307* 0.7235%* 0.0014 0.0490 0.9052* 0.6346
Runoff volume
Biochar 0.9292* 0.7557* 0.0017 0.0450 0.9235% 0.6467
Control 0.1663 0.4483 0.0344 0.1906 0.8931* 0.7428*
Soil loss
Biochar 0.1536 0.5109 0.0416 0.2239 0.9628* 0.8263*

*. Good R-squared value

Pearson Correlation H D Al 130 KE EI30
Control 0.965™ 0.851" -0.035 0.202 951" 0.797
Runoff volume
Biochar 0.964™ 0.869" -0.039 0.212 9617 0.804
Control 0.408 0.669 0.187 0.437 .945™ .862"
Soil loss
Biochar 0.392 0.714 0.206 0.474 981" .909"

*_ Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).

H (rainfall height), D (rainfall duration), Al (average rainfall intensity), 130 (rainfall maximum 30-min intensity), KE (rainfall
kinetic energy), EI30 (rainfall erosivity index).

3.2 Effect of biochar on soil properties

Table 8 presents the measured values of MWD, P, M, pH, EC, SOC, and Ch-a in soil
following the application of biochar amendment. The measurements were taken across two
treatments (control and biochar) over four six-month intervals (Sample 1 to Sample 4).
Additionally, Table 9 summarizes the results of the variance analysis conducted on these
components. Figure 7 shows the comparison of average soil properties in control and treated

plots at four sampling times.
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359 Table 8
360 Results of aggregate mean weight diameter (MWD), soil porosity (P), soil Moisture (M), pH, electrical
361 conductivity (EC), soil organic carbon (SOC) and chlorophyll-a (Ch-a) in control and conservation treatments

Variable Treatment Samplel Sample2 Sample3 Sample4
Control 0.85 0.68 0.65 0.82
MWD (mm) .
Biochar 0.86 0.83 0.75 0.84
Changes percent (%) 1.27 21.52 16.09 2.69
P (%) Control No Data 60.2 63.17 64.56
’ Biochar No Data 69.9 67.29 69.1
Changes percent (%) 16.04 6.52 7.03
Control No Data 10.07 4.8 17.49
M (%) .
Biochar No Data 14.83 5.01 19.76
Changes percent (%) 47.34 4.53 13
q Control 8.93 9.17 7.73 7.23
P Biochar 9.23 9.47 8.27 7.50
Changes percent (%) 3.36 3.27 6.90 3.69
Control 190.0 176.7 163.3 168.3
EC (ps/cm) .
Biochar 216.7 206.7 213.3 203.3
Changes percent (%) 14.04 16.98 30.61 20.79
Control 0.55 0.53 0.30 0.32
SOC (%) .
Biochar 0.71 0.62 0.36 0.38
Changes percent (%) 27.71 16.35 21.35 18.75
Chea ( 1) Control 2.36 1.80 1.85 2.36
-a (ug.
nee Biochar 3.23 2.29 2.38 3.07
Changes percent (%) 37.01 27.22 28.88 30.04

362 Sample 1 to Sample 4 indicate soil sampling times at six-month intervals after biochar application (2022.04.30, 2022.11.29, 2023.05.02, and
363 2023.12.21). changes percent (%) = (Biochar — Control) / Control *100

364
365 Table 9
366 The analysis of variance results in different treatments for the studied variables
Dependent Source Type III Sum of df Mean of Square F Sig. Partial Eta
Biochar 0.03 1 0.03 6.045 0.026 0.274
MWD Time 0.09 3 0.03 6.24 0.005 0.539
Biochar x Time 0.019 3 0.006 1.287 0.313 0.194
Biochar 168.3 1 168.3 5.52 0.037 0.315
P (%) Time 11.35 2 5.67 0.186 0.832 0.030
Biochar x Time 28.44 2 14.22 0.467 0.638 0.072
Biochar 26.305 1 26.3 8.48 0.013 0.414
M (%) Time 566.45 2 283.22 91.34 0.000 0.938
Biochar x Time 15.55 2 7.77 2.50 0.123 0.295
Biochar 0.73 1 0.73 12.69 0.003 0.442
pH Time 15.17 3 5.06 87.30 0.000 0.942
Biochar x Time 0.07 3 0.02 0.39 0.760 0.069
Biochar 7526.04 1 7526.04 5.23 0.036 0.246
EC Time 1078.13 3 359.38 0.25 0.860 0.045
Biochar x Time 478.13 3 159.38 0.11 0.953 0.020
Biochar 0.05 1 0.05 11.40 0.004 0.416
SOC Time 0.42 3 0.14 32.59 0.000 0.859
Biochar x Time 0.01 3 0.00 0.65 0.595 0.108
Biochar 2.55 1 2.55 4.97 0.040 0.237
Ch-a Time 2.79 3 0.93 1.82 0.185 0.254
Biochar x Time 0.14 3 0.05 0.09 0.964 0.017

367 Mean weight diameter (MWD), soil porosity (P), soil Moisture (M), pH, Electrical conductivity (EC), Soil organic carbon (SOC), and
368 Chlorophyll-a content (Ch-a) after biochar application (2022.04.30, 2022.11.29, 2023.05.02, and 2023.12.21).
369
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371 Figure 7. Comparison of the average on soil properties in control and treated plots, (a): mean weight diameter

372 (MWD) (mm), (b): Soil porosity (P), (c): Soil moisture (M), (d): pH, (e): electrical conductivity (EC), (f): soil
373 organic carbon (SOC), (g): chlorophyll-a content (Ch-a). Sample 1 to Sample 4 indicate the sampling time of soil

374 at six-month intervals after biochar application (2022.04.30, 2022.11.29, 2023.05.02, and 2023.12.21).
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3.2.1 Effect of biochar on aggregate stability

Aggregate stability was assessed by measuring specific pore diameter and evaluating the
MWD index at four six-month intervals following biochar application in both control and
treated plots (Table 8). The results indicate that the highest average MWD index (0.86 mm)
was observed in the first sample from the biochar treatment, while the lowest (0.65 mm) was
recorded in the third sample from the control treatment. The second and third samples exhibited
incremental changes of 21.52% and 16.09%, respectively. A comparative analysis of mean
MWD values across the four time intervals for both treatments is presented in Figure 7. Table
9 summarizes the variance analysis results of the MWD index in biochar and control treatments.
The separate impact of biochar was statistically significant at the 95% confidence level, while
the effect of time was significant at the 99% level. The effect sizes were large for both factors.
Several studies have reported positive effects of biochar on soil stability. For example, Ibrahim
et al. (2021) found that different levels of date palm waste biochar improved MWD and
enhanced overall aggregate stability. Additionally, Sun et al. (2021) concluded in a six-year
field experiment that corn biochar serves as a significant factor in increasing soil aggregate
stability due to its role in enhancing MWD.

The findings suggest that biochar amendment significantly influenced aggregate stability.
Six months after application, the MWD index in both conservation and control plots showed
similar values. However, after the second six-month interval, the biochar treatment
demonstrated a noticeable improvement, with a percentage increase of approximately 21.5%
compared to the control. By the third period-1.5 years after the experiment began-measurements
indicated a 16% increase in MWD under biochar treatment relative to the control. Finally, after
two years, the values in both treatments returned to levels comparable to those observed in the
first period. Changes in soil aggregate stability over time appear to align with seasonal weather

patterns, which may be influenced by fluctuations in rainfall and temperature-key factors
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confirmed by Dimoyiannis (2009). The observed temporal dynamics of MWD likely reflect
more complex mechanisms than seasonal climate changes. Based on the present study’s
findings, biochar exhibited its most pronounced effect on soil aggregate stability and structure
approximately one year after application. Following soil incorporation, biochar undergoes
surface oxidation and functionalization, increasing its reactivity and potential for organic—
mineral interactions (Cheng et al., 2006). These aging processes may enhance associations
between biochar, mineral particles, and organic matter, thereby promoting aggregate
stabilization. In addition, microbial colonization and the subsequent release of microbially
derived binding agents can strengthen aggregate formation through biological binding
mechanisms (Liang et al., 2010; Sun et al., 2021). The delayed peak in MWD approximately
one year after application may therefore correspond to the time required for biological
integration. Furthermore, the initial increase in SOC may have stimulated microbial activity
through a priming effect (Kuzyakov et al., 2009), whereas over longer periods, shifts in
microbial turnover and carbon redistribution within aggregates may have reduced the relative
treatment effect, leading to convergence between biochar and control plots. Overall, these
patterns likely reflect a dynamic balance between biological stimulation and carbon

stabilization processes.

3.2.2 Effect of biochar on P and M

The percentages of P and M components in three successive samplings for both control and
biochar-treated plots are presented in Table 8. (Data for these two components were not
available at the first sampling time.) Figure 7 illustrates the comparison of mean values of the
components affected by the biochar amendment. The highest value of P, amounting to 69.9%,
belongs to the first soil sample taken from the surface of the biochar-treated plots, while the

lowest value, 60.2%, corresponds to the first soil sampling from the surface of the control plots.
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According to the results, the mean porosity in the treated plots showed percentage changes of
16.04, 6.52, and 7.03, respectively, over time compared with the control plots. The percentage
changes in component M across the three sampling times were 47.34, 4.53, and 13%,
respectively. Maximum percentage changes for these two parameters were observed in the first
year of the study. Based on the analysis of variance in Table 9, the effect of the biochar
amendment on total porosity was statistically significant at the 95% confidence level.
Moreover, the effect of biochar application was significant at the 95% level, and the effect of
time elapsed was significant at the 99% level. However, the interaction effect between biochar
and time on these components was not significant.

Biochar is a lightweight material with a lower density than soil minerals; its application reduces
bulk density due to decreased soil mass per unit volume, thereby lowering soil compaction
(Burrell et al., 2016). As reported by researchers (Lehmann and Joseph, 2009; Herath et al.,
2013), the addition of biochar improves soil texture, permeability, and overall physical
properties of the soil, consequently decreasing bulk density and increasing porosity. Owing to
its lower density compared to mineral soil, biochar—depending on soil texture and application
rate—can reduce bulk density and enhance soil porosity (Park et al., 2023; Acharya et al., 2024).
Incorporation of biochar into soil also modifies pore size distribution and enhances soil water
retention capacity. The increased pore volume provides favorable space for water storage within
the soil (Yu et al., 2013). Furthermore, the high specific surface area of biochar contributes to
improved soil water-holding capacity as a result of its addition. Accordingly, the results of the
present study are consistent with the findings of several previous studies (Yu et al., 2017; Zhou
et al., 2019; Acharya et al., 2024), which also confirm the significant relationship between

biochar application and enhanced soil moisture retention.

3.2.3 Effect of biochar on pH and EC
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The variations in average pH and EC factors, along with their percentage changes over
time in control and treated plots following biochar application, are presented in Table 8. The
average pH values ranged from 7.23 to 9.46, with the lowest recorded in the control plot during
the final sampling and the highest observed in the treated plot during the second sampling.
Similarly, the average EC varied between 163.3 and 216.6, with the lowest value found in the
control plot in the third sampling and the highest detected in the treated plot in the first
sampling. Notably, both components exhibited their highest percentage changes in the third
interval. As indicated in Table 9, biochar application had a statistically significant effect on pH
at the 99% confidence level and on EC at the 95% confidence level. Additionally, analysis of
variance demonstrated that the effect of time on pH was significant at the 99% confidence level.
Moreover, the effect sizes for biochar on pH and EC, as well as for time on pH, were substantial.
However, time did not exert a significant effect on EC, nor did the interaction between biochar
and time significantly impact pH and EC. Figure 7 illustrate the pH and EC trends across four
time intervals for both control and conservation treatments. Based on sequential sampling
results, changes in treated plots relative to controls were assessed as both incremental and
effective for these two soil chemical parameters. On average, soil pH increased by 4.5%, while
EC exhibited a 20.5% rise. The incorporation of biochar, characterized by its alkaline pH,
contributed to elevated soil pH (Liang et al., 2006; Sohi et al., 2010; Kameyama et al., 2012;
Zhao et al., 2024; Sharma et al., 2025). Biochar acidity is influenced by factors such as soil pH,
biomass type, pyrolysis temperature, and surface charge properties (Gul et al., 2015). Liu et al.
(2024) found that biochar application increased soil pH by an average of 11%, with the greatest
effects occurring in acidic soils. Furthermore, the positive impact of biochar treatment on EC
has been reported in this and other studies (Song et al., 2015; Zolfi-Bavariani et al., 2016;

Sharma et al., 2025).
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3.2.4 Effect of biochar on SOC

The impact of biochar application on the SOC component over time is presented in Table
8. Percentage changes in SOC within treated plots compared to control plots were observed as
27.71%, 16.35%, 21.35%, and 18.75% across four sampling periods. The lowest recorded
average occurred in the third sampling of the control plot, while the highest was found in the
first sampling of the treated plots. According to the variance analysis results in Table 8, biochar
amendment and time each had a statistically significant effect on SOC at the 99% confidence
level, and both factors exhibited large effect sizes. However, the interaction effect between
biochar and time on SOC was not significant. A comparative analysis of SOC across four time
intervals in control and conservation treatments is illustrated in Figure 7.

The findings of this study indicate that the incorporation of biochar as a carbon source had
a positive and significant impact on SOC content. Lawrinenko and Laird (2015) attributed the
increase in SOC following biochar application to the direct contribution of carbon within
biochar. Specifically, a portion of biochar-derived organic carbon integrates into soil carbon
reserves, enhancing soil organic matter levels, while another fraction undergoes oxidation,
leading to the formation of negatively charged functional groups. Biochar is widely regarded
as a stable form of carbon, with its primary role in soil being carbon deposition (Kameyama et
al., 2012). Researchers emphasize that one of the most critical applications of biochar is carbon
fixation and the subsequent enrichment of SOC (Jindo et al., 2014). Zhao et al. (2024) reported
increased SOC levels following biochar application, with findings from Chen et al. (2024a)
indicating that the rise ranged from 10.7% to 46.3%, depending on biochar dosage. The
utilization of carbon-rich materials such as biochar is also recognized as an effective strategy
for soil stabilization, organic matter preservation, and carbon sequestration (Kammann et al.,
2011). By storing SOC, biochar facilitates long-term carbon accumulation (Glaser et al., 2002).

Research by Wang et al. (2024) further demonstrated that biochar application led to a 33%
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increase in topsoil organic carbon after a decade. In the present study, following more than two
years of biochar application, SOC values in treated plots exhibited an 18.75% increase
compared to control plots, reinforcing the long-term effectiveness of biochar in enhancing soil

carbon content.

3.2.5 Effect of biochar on Ch-a

The variation in average Ch-a content over time in control and biochar-treated plots, along
with their percentage changes, is presented in Table 8. Across all four soil sampling stages, Ch-
a exhibited a consistently increasing trend, with an average increase of 31%. As shown in Table
9, the results of the variance analysis indicate that biochar amendment had a statistically
significant effect on Ch-a content at the 95% confidence level, with a substantial effect size.
However, the influence of time and the interaction between biochar and time were not
statistically significant. A comparative analysis of Ch-a across four time intervals in control and
conservation treatments is illustrated in Figure 7.

Ch-a in soil is closely linked to organic matter content and microbial activity, making it an
important indicator of soil health and quality. The findings of this study suggest that increased
Ch-a levels in treated plots compared to control plots reflect enhanced microbial activity in the
soil. Specifically, Ch-a content is directly associated with cyanobacterial biomass within soil
biocrusts (Keesstra et al., 2019). Castle et al. (2011) demonstrated that factors such as soil type,
moisture levels, and extraction methods can influence Ch-a values in biological soil crusts.
Additionally, Bolan et al. (2023) reported that biochar enhances the adhesion of colloidal soil
particles by promoting microbial development. The study by Moyo et al. (2025) further
confirmed that rising Ch-a levels indicate improved photosynthetic activity in cyanobacteria,

reinforcing the notion that biochar amendments contribute to biological processes in the soil.

3.3 Practical feasibility and application considerations
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The use of Populus nigra branches for biochar production provides a strategy to valorize
abundant, low-value biomass generated by regional wood-processing industries in northwestern
Iran. For this study, an application rate of 32.5 t ha™ was selected to assess the potential for soil
improvement and conservation under field conditions, rather than to define an economically
optimized rate. Local biomass availability is sufficient to support this rate, as roughly 22% of
mature poplar biomass consists of branches and pruning residues (Zhang et al., 2016), which
are largely underutilized. Large-scale implementation would require coordinated collection,
pyrolysis capacity, transport, and mechanized incorporation. While economic feasibility was
beyond the scope of this study, literature shows that optimal application rates can differ from
agronomic maxima, and future evaluations should consider indicators relevant to soil
conservation, including avoided soil loss, reduced sediment transport, enhanced carbon
sequestration, and ecosystem service benefits. Dose—response studies are recommended to
determine the minimum effective rate and to evaluate long-term soil carbon stability across

different soil types and textures.

4 Conclusion

The use of various soil amendments has garnered significant attention in water and soil
conservation research. While numerous laboratory studies have validated biochar's
effectiveness in improving soil properties, the present study was conducted to examine the
impact of biochar derived from Tabrizi poplar trees (Populus nigra) on runoff, sediment, and
the physical, chemical, and biological characteristics of soil under natural rainfall conditions,
utilizing USLE plot-scale analysis. An evaluation of biochar’s protective effects on runoff
volume, soil loss, and sediment concentration revealed statistically and practically significant
reductions of approximately 20%, 24%, and 8%, respectively, compared with the control. Thes

results confirm the strong potential of biochar to mitigate water erosion under natural rainfall
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condition. While biochar demonstrated robust short-term mitigation of soil and water losses,
comprehensive techno-economic assessments are warranted to evaluate the cost effectiveness
and feasibility of achieving sustained performance under high application rates for long-term,
large-scale field implementation. Comparative analysis indicated a significant difference
between biochar-treated soil and control soil regarding runoff volume and soil loss.
Consequently, the findings suggest that biochar amendment may serve as a viable strategy for
protecting abandoned dryland fields in semi-arid regions.

The study further demonstrated that biochar conservation treatment exerted a positive and
significant influence on soil physical characteristics, which also varied significantly over time.
Regarding chemical properties, the results indicate that biochar notably affected pH, EC, and
SOC, with these components exhibiting significant differences compared to control samples.
Moreover, pH and SOC underwent considerable changes over time. Ch-a, another critical
parameter analyzed, displayed significant variations in response to biochar treatment and
temporal progression. Based on the findings, the application of biochar produced from Tabrizi
poplar tree branches at 420°C for three hours is deemed beneficial, efficient, and biologically
advantageous for soil and water conservation in abandoned rainfed areas of semi-arid regions.
Biochar, as a stable organic material with high water and nutrient absorption capacity, enhances
soil properties by improving soil structure and aggregate stability, thereby reducing erosion and
displacement. These improvements contribute to soil preservation, mitigate erosion’s
detrimental effects on local ecosystems and water resources, and enhance soil fertility through
increased microbial diversity.

Overall, the study underscores biochar’s potential as an effective strategy for managing
water and soil resources in agricultural and natural environments. The findings not only advance
knowledge of biochar’s effects on soil but also provide valuable insights for policymakers and

farmers in optimizing soil and water management practices. Given the complexity of
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environmental processes under natural climatic conditions, further research employing
extended time scales and smaller sampling intervals is necessary to yield more precise results.
One of the study’s limitations was accessibility to rain gauge stations and the study site.
Therefore, future studies should explore soil components in greater detail, assess long-term
biochar effects on carbon stability, and investigate its impact across various soil types with

differing textures and organic matter content.

Funding statement
This work was supported by Sari Agricultural Sciences and Natural Resources University

(SANRU).

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Author contributions

Author A: Conceptualization, Data curation, Formal analysis, Methodology, Resources,
Software, Visualization, Writing - original draft. Author B: Conceptualization, Formal
analysis, Investigation, Methodology, Project administration, Supervision, Validation, Writing
—review & editing. Author C: Conceptualization, Project administration, Supervision, Writing
— review & editing. Author D: Conceptualization, Investigation, Methodology, Project

administration, Supervision, Writing — review & editing.

Data availability

30


http://159.203.176.220/contributor-roles/writing-review-editing/
http://159.203.176.220/contributor-roles/writing-review-editing/
http://159.203.176.220/contributor-roles/writing-review-editing/
http://159.203.176.220/contributor-roles/writing-review-editing/
http://159.203.176.220/contributor-roles/writing-review-editing/

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

The datasets generated during the current study are available in the Mendeley Data

repository, https://data.mendeley.com/datasets/pn4xfy2j8g/1

References
Alewell, C., Borrelli, P., Meusburger, K., Panagos, P., 2019. Using the USLE: Chances, challenges
and limitations of soil erosion modelling. Int. Soil Water Conserv. Res. 7(3), 203-225.

https://doi.ore/10.1016/i.iswcr.2019.05.004

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., Wessolek, G., 2013. Impact of biochar
and hydrochar addition on water retention and water repellency of sandy soil. Geoderma. 202,

183-191. https://doi.org/10.1016/j.geoderma.2013.03.003

Assouline, S., Govers, G., Nearing, M. A., 2017. Erosion and lateral surface processes. Vadose

Zone J. 16(12), 1-4. https://doi.org/10.2136/vzj2017.11.0194

Adekalu, K.O., Olorunfemi, I.A., Osunbitan, J.A., 2007. Grass mulching effect on infiltration,
surface runoff and soil loss of three agricultural soils in Nigeria. Bioresour. Technol. 98(4),

912-917. https://doi.org/10.1016/i.biortech.2006.02.044

Abbas, M., [jaz, S. S., Ansar, M., Hussain, Q., Hassan, A., Akmal, M., Tahir, M., Igbal, M., Bashir,
K., Rahman, S.U., 2019. Impact of biochar with different organic materials on carbon fractions,
aggregate size distribution, and associated polysaccharides and soil moisture retention in an arid

soil. Arab. J. Geosci. 12, 1-8. https://doi.org/10.1007/s12517-019-4792-3

Acharya, B.S., Dodla, S., Wang, J.J., Pavuluri, K., Darapuneni, M., Dattamudi, S., Maharjun, B.,
Kharel, G., 2024. Biochar impacts on soil water dynamics: knowns, unknowns, and research

directions. Biochar. 6(1), 34. https://doi.org/10.1007/s42773-024-00323-4

Anderson, J.P., 1982. Soil respiration. Methods of soil analysis: part 2 chemical and microbiological

properties. 9, 831-871.

31


https://data.mendeley.com/datasets/pn4xfy2j8g/1
https://doi.org/10.1016/j.iswcr.2019.05.004
https://doi.org/10.1016/j.geoderma.2013.03.003
https://doi.org/10.2136/vzj2017.11.0194
https://doi.org/10.1016/j.biortech.2006.02.044
https://doi.org/10.1007/s12517-019-4792-3
https://doi.org/10.1007/s42773-024-00323-4

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

Bayabil, H.K., Stoof, C.R., Lehmann, J.C., Yitaferu, B., Steenhuis, T.S., 2015. Assessing the potential
of biochar and charcoal to improve soil hydraulic properties in the humid Ethiopian Highlands:
The Anjeni watershed. Geoderma. 244, 115-123.

http://dx.doi.org/10.1016/j.eeoderma.2015.12.015

Beheshti, M., Etesami, H., Alikhani, H. A., 2018. Effect of different biochars amendment on soil
biological indicators in a calcareous soil. Enciron. Sci. Pollut. Res. 25(15), 4752-14761.

http://dx.doi.org/10.1007/s11356-018-1682-2

Briggs, C.M., Breiner, J., Graham, R., 2005. Contributions of Pinus Ponderosa charcoal to soil
chemical and physical properties. ASACSSA-SSSA Int. Annu. Meet. Salt Lake City, USA.

Bolan, N., Nortje, G., Bolan, S., Srivastava, P., Kumar, M., Wang, H., Presley, D., Kirkham,
M.B., 2023. Soil Crust: Formation, influence on soil productivity, and management. in: soil
constraints and productivity. CRC Press.

Burrell, L. D., Zehetner, F., Rampazzo, N., Wimmer, B., & Soja, G. 2016. Long-term effects
of biochar on soil physical properties. Geoderma, 282, 96-102.

http://doi.org/10.1016/j.geoderma.2016.07.019

Carter, M.R., Gregorich, E.G., (Eds.). 2007. Soil sampling and methods of analysis (2" ed).
Boca Raton, FL: CRC Press.

Castle, S.C., Conor, D., Morrison., Nichole, N., Barger., 2011. Extraction of chlorophyll a from
biological soil crusts: A comparison of solvents for spectrophotometric determination. Soil Biol.

Biochem. 43(4), 853-856. http://dx.doi.org/10.1016/].50i1bi0.2010.11.025

Cerda, A., Rodrigo-Comino, J., Novara, A., Brevik, E.C., Vaezi, A.R., Pulido, M.,
GiménezMorera, A., Keesstra, S.D., 2018. Long-term impact of rainfed agricultural land
abandonment on soil erosion in the Western Mediterranean basin. Progr. Phys. Geogr.:

Earth Environ. 42(2), 202-219. https://doi.org/10.1177/0309133318758521

32


http://dx.doi.org/10.1016/j.geoderma.2015.12.015
http://dx.doi.org/10.1007/s11356-018-1682-2
http://dx.doi.org/10.1016/j.soilbio.2010.11.025
https://doi.org/10.1177/0309133318758521

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

Chamizo, S., Canton, Y., Miralles, 1., Domingo, F., 2012. Biological soil crust development affects
physicochemical characteristics of soil surface in semiarid ecosystems. Soil Biol. Biochem. 49,

96-105. https://doi.ore/10.1016/1.s011bi0.2012.02.017

Chen, M., Liu, D., Shao, X., Li, S., Jin, X., Q1, J., Liu, H., Li, Ch., Li, C., 2024a. Effect of biochar
types and rates on soc and its active fractions in tropical farmlands of China. Agronomy. 14(4),

676. https://doi.ore/10.3390/agronomy 14040676

Chen, Z., He, L., Ma, J., Ma, J., Ye, J., Yu, Q., Zou, P, Sun, W., Lin, H., Wang, F., Zhao, X., Wang,
Q., 2024b. Long-term successive biochar application increases plant lignin and microbial necro
mass accumulation but decreases their contributions to soil organic carbon in rice—wheat

cropping system. GCB Bioenergy. 16(6), e13137. https://doi.org/10.1111/gcbb.13137

Chen, X., Zhou, B., Wang, Q., Tao, W., Lin, H., 2020. Nano-biochar reduced soil erosion and nitrate
loss in sloping fields on the Loess Plateau of China. Catena, 187, 104346.

https://doi.org/10.1016/j.catena.2019.104346

Cheng, C. H., Lehmann, J., Thies, J. E., Burton, S. D., & Engelhard, M. H. 2006. Oxidation of black
cartbon by biotic and abiotic processes. Organic geochemistry, 37(11), 1477-1488.

https://doi:10.1016/j.orggeochem.2006.06.022

Dimoyiannis, D., 2009. Seasonal soil aggregate stability variation in relation to rainfall and
temperature under Mediterranean conditions. Earth Surf. Process. Landf. 34(6), 860-866.
Ding, Y., Liu, Y., Liu, S., Li, Z., Tan, X., Huang, X, ... Zheng, B., 2016. Biochar to improve soil fertility. A

review. Agron. Sustain. Dev. 36, 1-18. http://dx.doi.org/10.1007/s13593-016-0372-z

Duley, F.L., Miller, M.F., 1923. Erosion and surface runoff under different soil conditions (Vol. 62).
University of Missouri, College of Agriculture, Agricultural Experiment Station.
Fan, Y., Chen, Y., Lv.G., 2024. Effects of biochar on soil inorganic phosphorus components, Available

phosphorus, Enzyme activities related to phosphorus cycle, Microbial function genes, and

33


https://doi.org/10.1016/j.soilbio.2012.02.017
https://doi.org/10.3390/agronomy14040676
https://doi.org/10.1111/gcbb.13137
https://doi.org/10.1016/j.catena.2019.104346
https://doi:10.1016/j.orggeochem.2006.06.022
http://dx.doi.org/10.1007/s13593-016-0372-z

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

seeding growth of populus euphratica under different water conditions. Forests, 15(5), 831.

http://dx.doi.org/10.3390/f15050831

Fister, W., Heckrath, G., Greenwood, P., Kuhn, N.J., 2014. Reduction of the efficacy of biochar
as soil amendment by soil erosion. In EGU General Assembly Conference Abstracts (p.
12721).

Flanagan, D C., Chaudhari, K., Norton, L.D., 2002. Polyacrylamide soil amendment effects on

runoff and sediment yield on steep slopes: Part II. Natural rainfall conditions. Trans. ASAE.

45(5), 1339. https://doi.org/doi:10.13031/2013.11071
Ghani, WA W.A K., Mohd, A., da Silva, G., Bachmann, R.T., Taufig-Yap, Y.H., Rashid, U., Al. Muhtaseb,
A.H., 2013. Biochar production from waste rubber-wood-sawdust and its potential use in C sequestration:

Chemical and physical characterization. Ind. Crops Prod. 44, 18-24.

http://dx.doi.org/10.1016/j.indcrop.2012.10.017

Ghasemi, A., Zahediasl, S., 2012. Normality tests for statistical analysis: A guide for non-
statisticians. Int. J. Endocrinol. Metab. 10(2), 486-489.

Glaser, B., Lehmann, J., Steiner, C., Nehls, T., Yousaf, M., Zech, W., 2002. Potential of pyrolyzed
organic matter in soil amelioration. In 12th ISCO Conference’. Beijing (pp. 421-427).

Gholami, L., Hasanzadeh, N., Darvishan, A.K., Younesi, H., 2022. Individual and combined
application of powder and soluble nanoclay and biochar on hydrological responses and soil loss

at plot scale. Arab. J. Geosci. 15(1), 50. https://doi.org/10.1007/s12517-021-08242-5

Gholami, L., Karimi, N., Kavian, A., 2019. Soil and water conservation using biochar and various soil
moisture in laboratory conditions. Journal of Catena. 182, 104151.

https://doi.org/10.1016/j.catena.2019.104151

Gholami, L., Khaledi Darvishan, A., Kavian, A., 2016. Wood chips as soil conservation in field

conditions. Arab. J. Geosci. 9, 1-11. https://doi.org/10.1007/s12517-016-2731-0

34


http://dx.doi.org/10.3390/f15050831
https://doi.org/doi:10.13031/2013.11071
http://dx.doi.org/10.1016/j.indcrop.2012.10.017
https://doi.org/10.1007/s12517-021-08242-5
https://doi.org/10.1016/j.catena.2019.104151
https://doi.org/10.1007/s12517-016-2731-0

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

Gholami, L., Rahimi, G., Khademi Jolgeh Nezhad, A., 2020. Effect of thiourea-modified biochar on
adsorption and fractionation of cadmium and lead in contaminated acidic soil. Int. J.

Phytoremediat. 22(5), 468-481. http://dx.doi.org/10.1080/15226514.2019.1678108

Gholami, V., Booij, M.J., Tehrani, E.N., Hadian, M. A., 2018. Spatial soil erosion estimation using an
artificial neural network (ANN) and field plot data. Catena. 163, 210-218.

http://dx.doi.org/10.1016/j.catena.2017.12.027

Gul, S., Whalen, J.K., Thomas, B.W., Sachdeva, V., Deng, H., 2015. Physico-chemical properties and
microbial responses in biochar-amended soils: mechanisms and future directions. Agric. Ecosyst.

Environ. 206, 46-59. https://doi.org/10.1016/j.agee.2015.03.015

Herath, H., M. Camps-Arbestain, M. Hedley. 2013. Effect of biochar on soil physical properties in
two contrasting soils: an alfisols and an andisols. Geoderma, 210: 188—197.

http://doi.org/10.1016/j.geoderma.2013.06.016

Hosking, J., 1938. The ignition at low temperatures of the organic matter in soils. J. Agric. Sci. 28(3),

393-400. https://doi.org/10.1017/S0021859600050851

Ibrahim, A., Marie, H. A.M., Elfaki, J., 2021. Impact of biochar and compost on aggregate stability in

loamy sand soil. Agric. Res. J. 58(1), 34-44. https://doi.org/10.5958/2395-146X.2021.00005.3

Jien, S.H., Wang, C.S., 2013. Effects of biochar on soil properties and erosion potential in a highly

weathered soil. Catena. 110, 225-233. https://doi.org/10.1016/j.catena.2013.06.021

Jindo, K., Mizumoto, H., Sawada, Y., Sanchez-Monedero, M.A., Sonoki, T., 2014. Physical and
chemical  characterization of  biochars derived from  different agricultural

residues. Biogeosciences. 11(23), 6613-6621. https://doi.org/10.5194/bg-11-6613-2014

Kagabo, D.M., Stroosnijder, L., Visser, S.M., Moore, D., 2013. Soil erosion, soil fertility and
crop yield on slow-forming terraces in the highlands of Buberuka, Rwanda. Soil Till.

Res. 128, 23-29.

35


http://dx.doi.org/10.1080/15226514.2019.1678108
http://dx.doi.org/10.1016/j.catena.2017.12.027
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1017/S0021859600050851
https://doi.org/10.5958/2395-146X.2021.00005.3
https://doi.org/10.1016/j.catena.2013.06.021
https://doi.org/10.5194/bg-11-6613-2014

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

Kameyama, K., Miyamoto, T., Shiono, T., Shinogi, Y., 2012. Influence of sugarcane bagasse-derived
biochar application on nitrate leaching in calcaric dark red soil. J. Environ. Qual. 41(4), 1131-

1137. https://doi.ore/10.2134/1eq2010.0453

Kammann, C.I., Linsel, S., GoBling, J.W., Koyro, HW., 2011. Influence of biochar on drought
tolerance of Chenopodium quinoa Willd and on soil- plant relations. Plant soil. 345, 195-210.

https://doi.org/10.1007/s11104-011-0771-5

Keesstra, S.D., Rodrigo-Comino, J., Novara, A., Giménez-Morera, A., Pulido, M., Di Prima,
S., Cerda, A., 2019. Straw mulch as a sustainable solution to decrease runoff and erosion
in glyphosate-treated clementine plantations in Eastern Spain. An assessment using rainfall

simulation experiments. Catena. 174, 95-103. https://doi.org/10.1016/j.catena.2018.11.007

Kjeldahl, J., 1883. A new method for the determination of nitrogen in organic matter. Z. Anal. Chem.

22, 366-382. https://doi.org/10.1007/BF01338151

Kheirfam, H., Sadeghi, S.H.R., Darki, B.Z., Homaee, M., 2017. Controlling rainfall-induced soil loss
from small experimental plots through inoculation of bacteria and cyanobacteria. Catena. 152,

40-46. https://doi.org/10.1016/j.catena.2017.12.012

Kheirfam, H., Sadeghi, S.H.R., Darki, B.Z., 2020. Soil conservation in an abandoned agricultural
rainfed land  through  inoculation = of  cyanobacteria. Catena. 187, 104341.

https://doi.org/10.1016/j.catena.2020.104341

Kheirfam, H. and M. Roohi. 2020. Accelerating the formation of biological soil crusts in the newly
dried-up lakebeds using the inoculation-based technique. Science of the Total Environment,

706: 136036. https://doi.org/10.1016/.scitotenv.2019.136036

Kukal, S.S., Sarkar, M., 2011. Laboratory simulation studies on splash erosion and crusting in relation

to surface roughness and raindrop size. J. Indian Soc. Soil Sci. 59(1), 87-93.

36


https://doi.org/10.2134/jeq2010.0453
https://doi.org/10.1007/s11104-011-0771-5
https://doi.org/10.1016/j.catena.2018.11.007
https://doi.org/10.1007/BF01338151
https://doi.org/10.1016/j.catena.2017.12.012
https://doi.org/10.1016/j.catena.2020.104341

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

Kuzyakov, Y., Subbotina, 1., Chen, H., Bogomolova, 1., Xu, X. 2009. Black carbon decomposition
and incorporation into soil microbial biomass estimated by 14C labeling. Soil Biology and

Biochemistry, 41(2), 210-219. https://doi:10.1016/].s011b10.2008.10.016

Laird, D.A., Fleming, P, Davis, D.D., Horton, R., Wang, B., Karlen, D.L., 2010. Impact of biochar
amendments on the quality of a typical Midwestern agricultural soil. Geoderma. 158(3-4), 443-

449. https://doi.org/10.1016/j.geoderma.2010.05.013

Lawrinenko, M., Laird, D.A., 2015. Anion exchange capacity of biochar. Green Chem. 17(9), 4628-

4636. https://doi.org/10.1039/C5GC00828J]

Lehmann, J. and S. Joseph. 2009. Biochar for Environmental Management: Science and

Technology. Earthscan, London & Sterling, VA. 416p. http://doi.org/10.4324/9781849770552

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'Neill, B., Skjemstad, J.O., Thies,
J., Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black carbon increases cation exchange capacity

in soils. Soil Sci. Soc. Am. J. 70(5), 1719-1730. https://doi.org/10.2136/ss5aj2005.0383

Liang, B., Lehmann, J., Sohi, S. P., Thies, J. E., O’Neill, B., Trujillo, L., Solomon, D. 2010. Black
carbon affects the cycling of non-black carbon in soil. Organic Geochemistry, 41(2), 206-213.

https://doi.org/10.1016/j.oregeochem.2009.09.007

Liu, J.H., Zhang, W., Pang, J., Qi, J., Lu, Y., Yu, M., Li, H., Wang, E., Lambers, H., 2024. Biochars
dual impact on soil acidity management and crop yield enhancement: A meta-analysis. Res. Sq.

https://doi.org/10.21203/rs.3.rs-4128294/v1

Lu, Y., Zhang, G., Wang, B., Zheng, J., Ma, M. 2021. Effect of biochar and hydrological responses:
A meta-analysis. Environmental management, 298,113485.

https://doi.org/10.1016/j.jenvman.2021.113485

Luo, S., Wang, S., Tian, L., Li, S., Li, X., Shen, Y., Tian, C., 2017. Long-term biochar application
influences soil microbial community and its potential roles in semiarid farmland. J. Appl. Soil

Ecol.117, 10-15. https://doi.org/10.1016/j.apso1l.2017.04.024

37


https://doi:10.1016/j.soilbio.2008.10.016
https://doi.org/10.1016/j.geoderma.2010.05.013
https://doi.org/10.1039/C5GC00828J
https://doi.org/10.2136/sssaj2005.0383
https://doi.org/10.1016/j.orggeochem.2009.09.007
https://doi.org/10.21203/rs.3.rs-4128294/v1
https://doi.org/10.1016/j.apsoil.2017.04.024

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

Massey Jr, F.J., 1951. The Kolmogorov-Smirnov test for goodness of fit. J. Am. Stat. Assoc. 46(253),

68-78. http://doi.org/10.1080/01621459.1951.10500769

McDonald J.H., 2015. Handbook of biological statistics, (3rd ed.). Sparky House Publishing,
Baltimore, Maryland. Handb. Biol. Stat. 305 p.

Moyo, G.G., Zhiquan, H., Bingtang, L., Cheng, L., Xun, W., Bo, X., 2025. Biochar and polyvinyl
alcohol (PVA) application improves pH, water-holding characteristics of desert soils and
enhances  Microcoleus  vaginatus  growth:  The  implication in  combating

desertification. Pedosphere. 35(3), 490-503. https://doi.org/10.1016/j.pedsph.2024.02.006

Olsen, S.R., Sommers, L.E., 1982. Phosphorus in AL Page, (Ed). Methods of Soil Analysis. Part2.
Chemical and Microbiological Properties. Agron. Monogr. 9(2).

http://doi.org/10.2134/agronmonogr9.2.2ed

Park, J.H., Yun, J.J., Kim, S.H., Park, J.H., Acharya, B.S., Cho, J.S., Kang, S.W., 2023. Biochar
improves soil properties and cormn productivity under drought conditions in South

Korea. Biochar. 5(1), 66. http://doi.org/10.1007/s42773-023-00267-1

Peng, X., Zhu, Q.H., Xie, Z.B., Darboux, F., Holden, N.M., 2016. The impact of manure, straw and
biochar amendments on aggregation and erosion in a hillslope Ultisol. Catena, 138, 30-37.

http://doi.org/10.1016/j.catena.2015.11.017

Peter, P.Ch., 2018. Biochar and conservation agriculture nexus: synergy and research gaps for
enhanced sustainable productivity in degraded soils-review. J. Commun. Soil Sci. Plant Anal.

49(3), 389-403. http://doi.org/10.1080/00103624.2017.1420101

Qiu, L., Zhang, Q., Zhu, H., Reich, P.B., Banerjee, S., van der Heijden, M.G.A., Sadowsky,
M.J., Ishii, S., Jia, X., Shao, M., Liu, B., Jiao, H., Li, H., Wei, X., 2021. Erosion reduces
soil microbial diversity, network complexity and multi functionality. ISME J. 15, 2474-

2489. http://doi.org/10.1038/s41396-021-00913-1

38


http://doi.org/10.1080/01621459.1951.10500769
https://doi.org/10.1016/j.pedsph.2024.02.006
http://doi.org/10.2134/agronmonogr9.2.2ed
http://doi.org/10.1007/s42773-023-00267-1
http://doi.org/10.1016/j.catena.2015.11.017
http://doi.org/10.1080/00103624.2017.1420101
http://doi.org/10.1038/s41396-021-00913-1

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

Ren, H., Huang, B., Fernandez-Garcia, V., Miesel, J., Yan, L., Lv, C., 2020. Biochar and rhizobacteria
amendments improve several soil properties and bacterial diversity. Microorganisms. 8(4), 502.

http://doi.org/10.3390/microorganisms8040502

Ritchie, R., 2006. Consistent sets of spectrophotometric chlorophyll equations foracetone, methanol

and ethanol solvents. J. Photochem. Photobiol. B. 89, 27-41. http://doi.org/10.1007/s11120-006-

9065-9
Sadeghi, S.H.R., Gholami, L., Homaee, M., Khaledi Darvishan, A., 2015. Reducing sediment
concentration and soil loss using organic and inorganic amendments at plot scale. Solid Earth.

6(2), 445-455. http://doi.org/10.5194/se-6-445-2015

Sadeghi, S.H.R, Hazbavi, Z. Harchegani, M.K., 2016. Controllability of runoff and soil loss from
small plots treated by vinasse-produced biochar.J. Sci. Total Environ. 541, 483-490.

http://doi.org/10.1016/j.scitotenv.2015.09.102

Sharma, P., Abrol, V., Nazir, J., Samnotra, R.K., Gupta, S.K., Anand, Sh., Biswas, J.K., Shukla, S.,
Kumar, M., 2025. Optimizing soil properties, water use efficiency, and crop yield through biochar
and organic manure integration in organic soil. J. Environ. Manage. 373, 123673.

http://doi.org/10.1016/j.jenvman.2023.123673

Smetanova, A., Dotterweich, M., Diehl, D., Ulrich, U., 2013. Influence of biochar and terra preta
substrates on wettability and erodibility of soils. Z. Geomorphol. Suppl. 57, 111-134.

http://doi.org/10.1127/0372-8854/2012/S-00117

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. A review of biochar and its use and function in

soil. Adv. Agron. 105, 47-82. http://doi.org/10.1016/S0065-2113(10)05002-9

Song, X., Liu, M., Wu, D., Griffiths, B S., Jiao, J., Li, H. and Hu, F., 2015. Interaction matters: synergy
between vermicompost and pgpr agents improves soil quality, crop quality and crop yield in the

field. J. Appl. Soil Ecol. 89. 25-34. http://doi.org/10.1016/j.aps0il.2015.01.005

39


http://doi.org/10.3390/microorganisms8040502
http://doi.org/10.1007/s11120-006-9065-9
http://doi.org/10.1007/s11120-006-9065-9
http://doi.org/10.5194/se-6-445-2015
http://doi.org/10.1016/j.scitotenv.2015.09.102
http://doi.org/10.1016/j.jenvman.2023.123673
http://doi.org/10.1127/0372-8854/2012/S-00117
http://doi.org/10.1016/S0065-2113(10)05002-9
http://doi.org/10.1016/j.apsoil.2015.01.005

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

Sun, Q. Meng, J. Lan, Y. Shi, G. Yang, X. Cao, D. Chen, W., Han, X., 2021. Long-term effects of
biochar amendment on soil aggregate stability and biological binding agents in brown

earth. Catena. 205, 105460. http://doi.org/10.1016/j.catena.2021.105460

Tabachnick, B.G., Fidell, L.S., 2013. Using multivariate statistics, (6™ ed.). Boston: Pearson, 1024 p.

Walkley, A., Black, [.A., 1934. An examination of the Degtjareff method for determining soil organic
matter, and a proposed modification of the chromic acid titration method. J. Soil Sci. 37(1), 29-
38.

Xue, S., Ye, Y., Zhu, F., Wang, Q., Jiang, J., Hartley, W., 2019. Changes in distribution and
microstructure of bauxite residue aggregates following amendments addition J. Environ. Sci. 78,

276-286. http://doi.org/10.1016/j.jes.2018.10.010

Yin, X., Zhao, L., Ding, G., Fang, Q., Zi, R., Fang, F., Yang, X., 2023. Effects of biochar amendment
on surface-underground runoff and soil loss on karst slopes. Catena, 238(15), 107857.

https://doi.org/10.1016/j.catena.2024.107857

Yu, O. Y., Raichle, B., Sink, S. 2013. Impact of biochar on the water holding capacity of loamy sand
soil. International Journal of Energy and Environmental Engineering, 4, 1-9.

http://doi.org/10.1186/2251-6832-4-44

Yu, O. Y., Harper, M., Hoepfl, M., Domermuth, D. 2017. Characterization of biochar and its effects
on the water holding capacity of loamy sand soil: Comparison of hemlock biochar and
switchblade grass biochar characteristics. Environmental Progress & Sustainable Energy, 36(5),

1474-1479. http://doi.org/10.1002/ep.12608

Yu, P, Li, T, Fu, Q., Liu, D., Hou, R., Zhao, H., 2021. Effect of biochar on soil and water loss on

sloping farmland in the black soil region of Northeast China during the spring thawing

period. Sustainability. 13(3), 1460. http://doi.org/10.3390/su13031460

40


http://doi.org/10.1016/j.catena.2021.105460
http://doi.org/10.1016/j.jes.2018.10.010
https://doi.org/10.1016/j.catena.2024.107857
http://doi.org/10.3390/su13031460

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

Wang, J., Huang, R., Zhu, L., Guan, H., Lin, L., Fang, H., ..., Li, X., 2022. The effects of biochar on
microbial community composition in and beneath biological soil crusts in a Pinus massoniana

lamb. Plantation. Forests. 13(7), 1141. http://doi.org/10.3390/f13071141

Wang, Y., Yin, Y., Joseph, S., Flury, M., Wang, X., Tahery, S., Baoguo, L., Shang, J., 2024.
Stabilization of organic carbon in top-and subsoil by biochar application into calcareous

farmland. Sci. Total Environ. 907, 168046. http://doi.org/10.1016/j.scitotenv.2023.168046

Wischmeyer, W.H., Smith, D.D., 1978. Predicting Rainfall Erosion Losses-A Guide to Conservation

Planning. US Department of Agriculture, Washington, DC.

Zhang, C., Peng, D. L., Huang, G. S., & Zeng, W. S. (2016). Developing aboveground biomass

equations both compatible with tree volume equations and additive systems for single-trees in

poplar plantations in Jiangsu Province, China. Forests, 7(2), 32. http://doi:10.3390/7020032
Zhao, J., Qiu, Y., Yi, F,, Li, J., Wang, X., Fu, Q., Fu, X,, Yao, Z., Dai, Z., Qiu, Y., Chen, H., 2024.
Biochar dose-dependent impacts on soil bacterial and fungal diversity across the globe. Sci. Total

Environ. 930, 172509. http://doi.org/10.1016/].scitotenv.2023.172509

Zhi-guo, L., Chi-ming, G., Run-hua, Z., Ibrahim, M., Guo-shi, Z., Wang, L., Run-qin ,Z., Fang,
C., Y1, L., 2017. The benefic effect induced by biochar on soil erosion and nutrient loss of
slopping land under natural rainfall conditions in central China. Agric. Water Manag. 185,

145-150. http://doi.org/10.1016/j.agwat.2017.02.018

Zhou, H., Fang, H., Zhang, Q., Wang, Q., Chen, C., Mooney, S. J., Du, Z. 2019. Biochar
enhances soil hydraulic function but not soil aggregation in a sandy loam. European

journal of soil science, 70(2), 291-300. http://doi.org/10.1111/ejss.12735

Zolfi-Bavariani, M., Ronaghi, A., Ghasemi-Fasaei, R., Yasrebi, J., 2016. Influence of poultry manure—
derived biochars on nutrients bioavailability and chemical properties of a calcareous soil. Arch.

Agron. Soil Sci. 62(11), 1578-1591. http://doi.org/10.1080/03650340.2015.1125834

41


http://doi.org/10.3390/f13071141
http://doi.org/10.1016/j.scitotenv.2023.168046
http://doi:10.3390/f7020032
http://doi.org/10.1016/j.scitotenv.2023.172509
http://doi.org/10.1016/j.agwat.2017.02.018
http://doi.org/10.1080/03650340.2015.1125834

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[] The author Click here to enter your name is Choose an item for Click here to enter the journal’s name
and was not involved in the editorial review or the decision to publish this article.

[IThe authors declare the following financial interests (e.g., any funding for the research
project)/personal relationships (e.g., the author is an employee of a profitable company) which may be
considered as potential competing interests:

Click here to enter your full declaration




