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Abstract

Loess soils are among the most sensitive soil units to erosion due to their self-degrading nature and inherent porosity. Biochar amendments change soil
properties and affect soil erosion. However, the effects of Modified Genetic Porous Carbon (MGPC) on sheet Erosion and runoff remain unknown. This study
aimed to quantify MGPC's effectiveness in reducing erosion rates and controlling surface soil degradation in a laboratory study under simulated rainfall
conditions. We conducted experiments on three slopes (8, 15, and 27%), with five biochar treatments applied at 1, 3, and 5% by weight, under a constant
rainfall intensity of 70 mm h™ 1. We measured erosion processes, including soil loss, sediment concentration, and splash, over 30 min with three replicates.
The findings showed that adding MGPC significantly (p < 0.05) modulated sheet Erosion processes. The results indicated that the 5% by weight treatment
performed best in reducing soil loss rate, sediment concentration, and splash erosion, suggesting a key role for the modifier in increasing soil surface
resistance to raindrop kinetic energy. Meanwhile, MGPC derived from straw, sawdust, palm pruning, and vineyard pruning reduced soil loss by 91%, 71%, 85%,
and 70%, respectively, compared to the control treatment at the highest application level (1500 g m™?) and the lowest slope (8%). Analysis of runoff
distribution in gutters also indicates a significant reduction in erosion components with MGPC. Overall, all treatments were more effective at higher
application rates and on gentler slopes, indicating the strong potential of advanced amendment materials to manage and control water erosion. This
research shows that biochar engineering is an efficient conservation technology for managing soil erosion in loess farmlands and can be proposed and used
to restore damaged ecosystems and reduce sediment transport to watersheds.

Introduction

The global challenge of soil erosion, especially in loess soils, has emerged as a major threat to terrestrial ecosystem services, agricultural sustainability, and
food security. Loess soils are widely distributed worldwide, especially in arid and semi-arid regions such as Central and West Asia, and constitute
approximately one-tenth of the Earth's surface area (Nan et al., 2026). Because of their structure and mechanical instability under the kinetic energy of
precipitation, these soils are among the most vulnerable to water and splash erosion (Sharma et al., 2024).

Soil erosion is a natural process that can be exacerbated by steep slopes, high rainfall intensity, and poor land use management, leading to loss of topsoil
and essential nutrients, degradation of water quality, and reduced agricultural productivity (Wang et al., 2022; Sharma et al., 2024; Pansak et al., 2026). Soil
erosion processes involve the sequential steps of soil detachment, sediment transport, and deposition (Tucker et al., 1997). Understanding the soil
detachment process-the detachment of particles from the soil matrix by rainfall and surface runoff-is essential for the accurate modeling and analysis of soil
erosion (Govers et al., 1990; Li et al., 2025). Annual erosion destroys about 24 billion tons of the world's fertile topsoil, representing a significant global loss of
soil (Abdel Rahman, 2023). Therefore, effective erosion-control measures and sustainable soil-conservation practices are needed. This is necessary to
reduce the adverse environmental and socio-economic consequences of soil erosion. Various sustainable measures have been developed to control and
reduce soil erosion to maintain soil fertility, increase ecosystem stability, and promote sustainable land management practices. In recent years, biochar, as a
new type of soil amendment, has played a positive role in improving soil quality in degraded lands and is known as the "black gold" of degraded soil (Sadeghi
et al., 2020a and 2020b; Alfei and Pandoli, 2024). To achieve sustainable development goals and within the framework of circular economy principles,
converting biomass waste into biochar through pyrolysis has been proposed as a two-pronged solution for waste management and the sustainable
improvement of soil physical and hydraulic properties (Sadeghi et al., 2026b). Biochar, a carbon-rich material produced by pyrolyzing organic matter, has
emerged as a sustainable solution to soil erosion within the framework of the United Nations Sustainable Development Goals (SDGs) (Singh et al., 2025).
Biochar addition can change soil porosity, soil bulk density, water retention, infiltration performance, shear strength, fine particle stability, soil pH, cation
exchange capacity, and other physical and chemical properties (Verheijen et al., 2019; Obia et al., 2020; Saffari et al., 2021; Islam et al., 2021) and improve the
species and quantity of soil microorganisms (Xu et al., 2020; Zhang et al., 2020). Biochar improves soil structure and properties by integrating physical,
chemical, and biological aspects (Luo et al., 2017), thereby achieving positive effects such as increasing infiltration and storage, reducing runoff and
sediment, conserving water and soil storage, and increasing fertilizer use and production. As a result, biochar is considered a valuable tool to prevent soil and
runoff loss (Yu et al., 2021). Therefore, this method provides an effective way to use soil and water resources efficiently in arid and semi-arid regions.

Modification techniques are commonly used to improve biochar adsorption efficiency. A more advanced approach in recent years is engineered biochar, i.e.,
biochar designed for a specific functional purpose through processes such as surface modification, physical or chemical activation, loading with specific
elements or compounds, adjusting pyrolysis temperature, or incorporating polymers and stabilizing agents. This approach transforms biochar from a general
soil amendment into a targeted material for controlling erosion, increasing particle adhesion, enhancing the formation of stable soil aggregates, and reducing
the soil surface's sensitivity to rainfall. On the other hand, using biowastes to produce engineered biochar not only reduces the volume of landfilled waste and
prevents greenhouse gas emissions from natural decomposition, but also provides a platform for returning carbon to the soil cycle. By optimizing the
structural and physicochemical properties of biochar, this process not only creates a porous material with high absorption capacity and a large specific
surface area but also makes it an efficient agent for stabilizing soil aggregates and modulating surface hydrological behavior in loess soils.

Sheet erosion, one of the most important challenges in land management, not only causes physical soil loss and reduces the thickness of fertile horizons but
also affects the quality of downstream water resources by increasing sediment concentration in runoff. In sheet Erosion under simulated rain conditions,
splashing acts as a catalyst, greatly increasing suspended sediment concentration in runoff by releasing fine particles (silt and clay). Therefore, controlling
this process means not only reducing erosion at the source but also managing the sediment load and slowing the transport of contaminants bound to
sediment. Understanding the precise mechanisms by which this material interacts with loess soil under simulated rainfall conditions, particularly regarding
surface and splash erosion across different slopes, remains a knowledge gap. The present study aims to fill this gap by evaluating the performance of this
modifier at different levels on different slopes in reducing soil loss and splash erosion. Therefore, the main objective of this study is to evaluate the effect of
engineered biochar on reducing soil loss and managing sediment concentration on loess soil surfaces, providing a new solution for promoting ecological
sustainability in sensitive lands.
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Materials and Methods
Engineered Biochar Preparation

Genetically modified porous carbon is a porous, carbon-rich, and fine-grained material that is produced by two main methods of physical or chemical
activation at a temperature of about 800°C in an oxygen-free environment. To produce genetically modified porous carbon, researchers first produced
primary biochar from biomass sources such as agricultural residues, industrial biowastes, and wood waste (Zhang et al., 2004). For this purpose, in the first
stage, after collection, the raw materials prepared from agricultural (straw and stubble), horticultural (palm and vineyard pruning), and industrial (sawdust
and tissue paper production waste) wastes were dried and cleaned to reduce moisture and remove impurities. We then carried out the main biochar
production process, pyrolysis (thermal decomposition), under low-oxygen conditions at about 400°C (Sadeghi et al., 20264, b).

After initial biochar preparation, we produced genetically modified porous carbon from the optimized samples. For this purpose, we chemically activated the
biochar with potassium hydroxide (KOH) at a 1:1 ratio at about 800°C in an oxygen-free environment. We produced each sample by mixing an equal ratio of
initial biochar to KOH with the required amount of water. After mixing, we dried the solution for a specified time (depending on the sample) at about 120°C.
Then, we pyrolyzed the samples in a furnace under a nitrogen gas flow for about 2 hours at 800°C (Zhang et al., 2021; Kumar et al., 2025; Sadeghi et al.,
20264, b).

After 24 hours, the temperature decreased, and the samples in the tank and tray were removed from the furnace, ground, and pounded. After completing
these steps, the samples should have been washed with distilled water until their pH reached neutrality. However, this step was not performed because it
requires high water consumption to reach neutrality and is not used under natural conditions. Among the investigated feedstocks, straw, sawdust, palm-
pruning residues, and vineyard-pruning residues were successfully converted into engineered porous biochar through KOH activation. We first converted
tissue-paper production waste to primary biochar and characterized it for comparison. Because the tissue-paper-derived biochar exhibited a high
inorganic/ash fraction (more than 80% lime-like residues) during the activation process, it was not subjected to KOH activation. Therefore, we did not classify
it as an engineered porous biochar. Nevertheless, we retained the conventional tissue-paper-derived biochar in the rainfall simulation experiments as a
comparative treatment to evaluate the performance of activated porous biochar relative to a non-activated biochar (Fig. 1d). Figure 1 shows the steps for
preparing genetically modified porous carbon in a thermal furnace and the resulting samples.

Figure 1

Experimental Setup

The soil used in this study was collected from the Kechik agricultural Region in eastern Golestan Province. This region is characterized by loess sediments
and fine-grained deposits that influence the geomorphology. These sediments have developed in many places as loess layers with a relatively loose
structure, high porosity, and high erosion susceptibility. Because of their high silt content, low particle cohesion, and low structural stability, loess soils are
highly vulnerable to raindrop impact and runoff; under heavy rainfall, they quickly collapse structurally and transport particles. The region's location, its
presence on slopes and variable terrain, and the high sensitivity of surface sediments to separation and transport make it prone to water erosion. The study
area has mainly sloped to moderately sloping terrain, and elevation changes, along with surface flow patterns and runoff concentration, play an important
role in intensifying erosion processes. The region has a temperate-to-cold, semi-arid climate. The average annual rainfall in the region is about 482 mm. The
rainfall pattern in this region is mainly characterized by short-term, high-intensity events during some periods of the year, which can increase sheet Erosion,
especially on lands with poor surface cover.

To conduct this research, we collected soil samples from the surface layer (0—20 cm depth) of the study area. After collection, we placed the samples in
special bags and transported them to the Rainfall and Erosion Simulation Laboratory of Tarbiat Modares University, Iran. In the laboratory, we first dried the
samples at ambient temperature and, after crushing the clumps, passed them through a 2-mm sieve to obtain uniform soil for the experiments (Sadeghi et
al., 2021).

We conducted the experiments in small erosion plots filled with loess soil. We chose loess soil because of its high susceptibility to erosion, rapid structural
degradation under raindrop impact, and suitability for investigating the effects of organic and inorganic amendments on particle separation. Each small
erosion plot measured 0.50 x 0.50 m and had a total depth of approximately 0.30 m. A layer of mineral pumice, approximately 15-20 cm thick, was placed at
the bottom of each plot, overlaid by approximately 10-12 cm of homogenized loess soil. We thoroughly mixed the prescribed amount of biochar manually
with the entire loess soil plow layer to ensure homogeneous incorporation throughout the experimental soil depth. Thus, we incorporated the biochar into the
soil matrix rather than applying it as a surface mulch or protective cover. To measure splash erosion, we installed two splash gutters a few centimeters above
the soil surface, covering about 14% of the total area of the treated and control plots (Sadeghi and Parvizi, 2022).

The experimental treatments included five biochar materials: four engineered porous biochars derived from straw, sawdust, palm-pruning residues, and
vineyard-pruning residues, and one conventional, non-activated biochar derived from tissue-paper waste. The experimental treatments included three porous-
carbon levels at 1, 3, and 5% by weight relative to the soil (w/w). We evaluated the treatments under three slope gradients (i.e., 8, 15, and 27%), with three
independent replicates for each treatment-slope combination. After biochar incorporation, we maintained the prepared plots under ambient laboratory
conditions for four days before the rainfall simulation experiments. During this period, we protected the plots from external rainfall while allowing the soil—-
biochar mixtures to equilibrate under laboratory ambient conditions. Immediately before each rainfall simulation, we positioned the plots at the prescribed
slope and subjected them to the standardized rainfall event.
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We applied artificial precipitation using a rain simulator under controlled laboratory conditions. To determine the components of the experimental rainfall,
rainfall statistics and intensity, duration, and frequency curves of the Kechik synoptic station, as the closest synoptic station to the study area, were used as
provided in Fig. 2. Accordingly, a rainfall intensity of about 70 mm h™" was considered the design rainfall and was proportional to the prevailing rainfall in the
area, and the duration of the rainfall was also considered, taking into account the design rainfall duration and uniformity of other conditions in all
experimental plots; ultimately, 30 min and a rainfall volume of 8.75 L (Sadeghi et al., 2021).

Figure 2

In each rain-simulation series, erosion plots were placed on sloping surfaces at 8, 15, and 27 percent, as determined by the desired slopes in the rain and
erosion simulator laboratory. To assess precipitation uniformity, we also calculated the Christensen uniformity coefficient (Christiansen, 1942). Thus, all
experiments used a mean rainfall intensity of 70 mm h™" and a uniformity coefficient of 94.241 + 0.697%.

We collected sediments from each control and treated plot outlet in sampling containers every 2 minutes. To estimate soil loss, the collected samples were
left to stand for 24 h (Sadeghi et al., 2023), and after draining excess water from the samples, the remaining sediment was transferred into appropriate
containers with a certain weight and then placed in a hot oven at 105°C for 24 h until dry and weighed using a balance (Mumzaei et al., 2026).

To measure splash erosion, after the rain simulation at each experimental stage, samples collected from the two splash gutters (right and left) were left
stationary for 24 h to allow sediment to settle, and water was then slowly drained onto the settled sediment. We poured the sediment samples, along with
excess runoff, into metal containers of known weight and dried them in a thermal oven at 105°C for 24 h. We then weighed the dried sediment samples using
digital scales (Gharemahmudli et al., 2023). We ultimately analyzed the effects of slope and different levels of porous carbon on these variables. This
laboratory approach, with its controlled and repeatable conditions, allowed a precise assessment of how soil amendments reduce the susceptibility of loess
soils in the region to water erosion.

Statistical Analyses

After running three replicates for each treatment, sheet Erosion and splash soil loss data were collected and summarized using Microsoft Excel 2019
software, and the mean values with standard deviation were calculated. To perform statistical comparisons, we first assessed data normality and equality of
variances using the Shapiro-Wilk and Levene's tests (Shapiro et al., 1965). We then used a repeated-measures general linear model (GLM) to compare
surface, treatment, and slope soil loss across rainfall events. First, we examined a three-way analysis of variance test, then a two-way analysis of variance,
and finally a one-way analysis of variance. To compare means, we used the Duncan test to facilitate graphical comparison of statistical results, show minor
differences, and select the best treatment or treatments. We performed all statistical analyses in SPSS Statistics 26.0, and prepared figures in Origin 2024.

Results and Discussion

Effect of Porous Biochar on Sheet Erosion

The results of measuring the total soil loss and sediment concentration of small erosion plots with two-minute sample collection intervals in the defined and

control treatments, at three levels of 1, 3, and 5% by weight (i.e., 300, 900, and 1500 g m~2) and three slopes of 8, 15, and 27%, and with three replications, are
presented in Tables 1 and 2, and Fig. 3, with their comparative distribution results.
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Table 1
Total soil loss values (g) from experimental small plots under three application rates (i.e., 300, 900, and 1500 g m- 2) produced from various raw materials at
different slopes (i.e., 8, 15, and 27%)

Raw material Plot number and Control 300 900 1500
descriptive statistics

8 15 27 8 15 27 8 15 27 8 15 27
Vineyard 1 1119 17.88 13.72 8.10 20.05 11.31  3.11 10.95 4.55 6.85 1456 17.44
praning 2 12.89 1792 1233 8.00 2219 8.31 3.89 12.38 4.90 1.59 1429 20.29
3 13.08 19.03 13.03 7.73 21.83 523 493 1230 4.71 2.91 12.53  17.11
Mean 1272 1828 13.03 7.94 21.36 8.28 3.98 11.88 4.72 3.78 13.79 18.28
Standard Deviation 1.38 0.65 0.70 0.19 1.15 3.04 0.92 0.81 0.17 2.74 1.1 1.75
Coefficient of Variation (%)  10.88  3.55 5.36 2.41 5.38 36.74 23.05 6.81 3.69 72.34 8.01 9.55
Palm pruning 1 13.04 1143 9.69 8.89 10.18 12.15 455 7.66 10.85 235 2.38 2.08
2 1294 11.02 10.19 7.92 1035 13.22 5.17 8.51 11.82  1.65 3.07 5.73
3 1461 12.02 11.09 8.14 9.75 13.69 6.56 10.73 17.06 1.81 2.66 2.93
Mean 13.53 11.49 1032 8.32 10.09 13.02 5.43 8.97 1325 1.94 2.71 3.58
Standard Deviation 0.94 0.50 0.71 0.51 0.31 0.79 1.03 1.59 3.34 0.37 0.35 1.91
Coefficient of Variation (%)  6.94 4.39 6.86 6.11 3.1 6.08 1897 17.70 2520 19.03 12.82 53.37
Sawdust 1 7.53 10.19 10.65 6.08 9.33 9.23 7.94 8.64 9.09 4.04 4.20 4.57
2 7.80 8.34 10.68 6.88 8.78 10.22 9.28 10.45 1095 3.62 3.94 4.29
3 9.33 9.89 11.48 7.21 9.46 9.35 9.13 11.09 11.33 3.35 3.93 4.31
Mean 8.22 9.47 1093 6.72 9.19 9.60 8.78 10.06 10.46 3.67 4.02 4.39
Standard Deviation 0.97 0.99 0.47 0.59 0.36 0.54 0.74 1.27 1.20 0.34 0.15 0.16
Coefficient of Variation (%)  11.76  10.48 4.32 8.70 3.90 5.66 8.40 12.65 11.45 9.40 3.83 3.60
Rice straw 1 7.75 8.52 1498 542 5.61 9.09 3.95 4.90 8.27 1.38 1.69 2.23
2 6.95 10.32  18.07 4.49 5.42 10.01  3.31 417 6.97 0.76 2.29 3.94
3 7.41 8.76 13.76  4.19 5.48 9.40 4.16 4.01 6.98 0.96 1.73 2.32
Mean 7.37 9.20 15.60 4.70 5.50 9.50 3.81 4.36 7.41 1.03 1.90 2.83
Standard Deviation 0.40 0.97 2.22 0.64 0.10 0.47 0.44 0.47 0.75 0.32 0.33 0.96
Coefficient of Variation (%)  5.44 10.58 1422 13.58 1.76 4.90 11.63 10.78 10.07 30.62 17.58 34.06
Tissue 1 8.88 1248 17.59 6.27 10.74 17.98 3.02 7.21 6.25 2.46 3.70 4.92
factory 2 6.24 11.50 16.22 3.97 10.35 1415 3.19 8.32 12.31  3.90 3.35 3.16
3 6.36 11.75 1537 7.10 10.07 24.58 3.90 9.12 12.86 7.54 5.42 6.17
Mean 7.16 12.03 16.39 578 10.39 1890 3.37 8.22 1047 4.63 4.15 475
Standard Deviation 1.49 0.71 1.12 1.62 0.33 5.28 0.47 0.96 3.67 2.62 1.1 1.51

Coefficient of Variation (%)  20.87  5.92 6.82 28.08 3.21 2791 13.80 11.67 3503 56.47 26.63 31.76
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Table 2

Total soil sediment concentration values (g mL- 1) from experimental small plots under three application rates (i.e., 300, 900, and 1500 g m- 2) produced
from various raw materials at different slopes (i.e., 8, 15, and 27%)

Raw material Plot number and Control 300 900 1500
descriptive statistics
8 15 27 8 15 27 8 15 27 8 15 27
Vineyard 1 13.76 1513 10.79 1298 2377 13.44 8.92 15.68 6.90 1516 23.29 25.64
praning 2 1426 13.97 8.25 1119 28.13 8.56 7.20 24.67 8.04 1214 32.84 25.02
3 28.08 1386 7.27 19.75 40.63 6.17 6.75 18.82 9.16 6.55 22.76  26.40
Mean 18.70 1432 8.77 14.64 30.84 9.39 7.62 19.73 8.03 11.28 26.30 25.69
Standard Deviation 8.13 0.70 1.82 4.51 8.75 3.70 1.14 4.56 1.13 4.37 5.67 0.69
Coefficient of Variation (%)  43.46  4.90 20.71 30.84 2837 3946 1497 2313 1412 3872 21.57 2.69
Palm pruning 1 13.11  8.85 1099 13,55 16.55 19.26 8.87 8.95 11.30 9.07 5.90 2.63
2 12.85 10.15 11.69 17.89 10.65 21.55 8.74 8.19 2990 7.27 8.34 9.71
3 13.87 12.04 9.57 11.35 13.11  16.74 8.21 10.78 21.51 4.86 6.39 3.98
Mean 1328 10.35 10.75 1426 13.44 19.18 8.61 9.31 2091 7.07 6.88 5.44
Standard Deviation 0.53 1.61 1.08 3.33 2.96 2.41 0.35 1.33 9.32 211 1.29 3.76
Coefficient of Variation (%)  3.98 1551 10.04 2335 2204 1254 4.06 1432 4458 29.88 18.79 69.07
Sawdust 1 6.88 7.40 8.27 7.80 11.71 7.7 11.75 1433 9.94 8.84 10.25 6.58
2 6.58 7.06 8.42 11.70 21.39 8.03 1583 1854 11.09 20.38 10.76 5.96
3 7.20 8.71 8.07 15.24 2354 8.23 1472 17.83 11.28 14.89 6.72 6.08
Mean 6.89 7.72 8.25 11.58 18.88 7.81 1410 16.90 10.77 1470 9.24 6.21
Standard Deviation 0.31 0.87 0.17 3.72 6.30 0.56 2.11 2.26 0.72 5.77 2.20 0.33
Coefficient of Variation (%)  4.50 11.32  2.07 3216 33.38 7.20 1496 1335 6.73 39.27 23.84 5.30
Rice straw 1 7.00 7.75 9.26 9.64 7.35 10.24 7.26 5.03 9.85 9.25 3.42 3.70
2 6.10 10.02 1523 9.46 6.54 18.40 5.99 3.99 6.07 6.58 5.43 12.32
3 10.84 8.18 1217  7.49 8.20 10.23 9.39 3.36 5.58 7.60 3.76 4.01
Mean 7.98 8.65 12.22 8.86 7.36 1296 7.55 413 717 7.81 4.20 6.68
Standard Deviation 2.52 1.21 2.99 1.19 0.83 4.71 1.72 0.85 2.34 1.35 1.08 4.89
Coefficient of Variation (%)  31.56 13.99 2443 1345 11.28 36.38 2276 2049 3262 17.25 25.62 73.20
Tissue 1 8.72 13.05 13.74 10.24 2445 2130 521 9.12 9.81 10.56 10.98 8.15
factory 2 7.19 10.51  11.83 5.21 1474 13.61 4.10 7.52 15.27 7.40 5.04 5.00
3 5.60 7.92 9.76 8.93 1094 21.73 6.06 13.16 13.63 1594 10.82 9.62
Mean 7.7 1049 11.78 8.13 16.71 18.88 5.13 9.93 1290 11.30 8.95 7.59
Standard Deviation 1.56 2.56 1.99 2.61 6.97 4.57 0.98 2.91 2.80 4.32 3.39 2.36
Coefficient of Variation (%)  21.70 24.40 16.92 3211 41.68 2419 19.19 29.26 2170 38.22 37.85 31.10
Table 1
Table 2
Figure 3

Based on Tables 1 and 2, the mean soil loss across treatments indicates that as porous biochar levels increase, the rate of soil loss decreases. This trend
shows that biochar, especially at 1500 g m~ 2, significantly reduced surface soil erosion. The standard deviation also indicates greater stability in the biochar
treatments. In the control treatment, the standard deviation is higher than in the 1500 g m~ 2 treatment, indicating that biochar use increases uniformity in
soil loss rates. In other words, soil with the additive shows more stable, resistant behavior under raindrop impact. From a physical perspective, the reduction
in soil loss with porous biochar can be attributed to improved soil hydraulic and physical properties. Porous biochar, due to its high porosity, increases the
water absorption capacity and improves the permeability of the soil (Sadeghi et al., 2026b). Because the biochar was incorporated into the soil matrix rather
than applied as a surface cover, its erosion-mitigation effect is more plausibly related to changes in soil hydraulic behavior. The interconnected pore structure
of engineered biochar can provide additional microsites for water storage and modify the hydraulic connectivity of the amended soil (Sadeghi et al., 2026b).

Page 6/26




These changes may increase the proportion of rainfall that enters and is temporarily retained within the soil profile, thereby reducing the volume and
transport capacity of surface runoff (Sadeghi et al., 2026a). Consequently, sediment detachment and transport may decline even when aggregate stability
changes are limited. These findings are consistent with Shi et al. (2022), who reported that adding biochar derived from agricultural residues reduced runoff
and soil erosion on sloping lands in China. A study by Abel et al. (2013) also showed that biochar, while increasing permeability, reduced soil loss by 65% in
rain simulation experiments. Importantly, the mechanism underlying the observed reduction in soil loss in the present experiment should not be interpreted
as a simple surface-cover effect. Unlike mulch-type applications, in which biochar particles remain on the soil surface and directly intercept raindrop impact,
all biochar materials in the present study were manually and homogeneously incorporated throughout the approximately 10-12 cm loess soil plow layer.
Therefore, the reduction in splash and sheet erosion cannot be attributed solely to physical shielding of the soil surface. Instead, the results suggest that
incorporated biochar modified soil-water interactions and the hydraulic response of the soil matrix. The porous structure of the engineered biochar may
have increased local water storage and altered infiltration and runoff partitioning, thereby reducing the amount and erosive efficiency of overland flow
available for sediment detachment and transport. This interpretation is consistent with recent evidence that biochar's effects on runoff and erosion depend
on biochar properties, application rate, soil texture, and rainfall conditions, rather than being universally linked to improved aggregate stability.

In contrast, Liu et al. (2018) noted that biochar application increased soil aggregate stability and significantly reduced suspended solids in runoff. The
present results also confirm that porous biochar, especially at higher concentrations, plays an important role in controlling soil loss. Overall, the results show
that adding higher levels of porous biochar not only reduces soil loss but also increases the soil system's stability against erosive forces.

Table 1 shows total soil loss values (g) for an 8% slope in the study treatments. In the vineyard pruning waste treatment, increasing the biochar amount from
300 to 900 g m~ 2 significantly reduced soil loss. However, at the 1500 g m™ 2 level, the mean loss was almost the same as at the 900 g m™ 2 level. This
indicates that excessive biochar on low slopes does not further improve soil loss and may even stabilize it due to surface accumulation and reduced
penetration. The difference was about 50% compared to the control (Fig. 3).

Palm pruning showed that the loss decreased with increasing biochar levels from 300 to 900 g m~2, reaching a minimum at 1500 g m~ 2. The fibrous and
coarse structure of palm waste increased surface porosity and reduced runoff. In this treatment, the mean soil loss decreased by about 80%. Lee et al.
(2015) further confirm this finding, showing that applying biochar can reduce soil loss by at least 60%. In the sawdust residue treatment, loss was highest at
900 g m~2 then decreased to 300 g m~2 and further decreased at 1500 g m~2. The finer-particle-size sawdust at the medium biochar level likely closed soil
pores, reducing infiltration. However, at the higher level (1500 g m™2), runoff decreased because increased organic matter and surface roughness reduced
runoff. Given the low coefficient of variation at all three levels, this residue behaves relatively uniformly.

Mean soil loss in this treatment is about 60% lower than in the control. A clear trend is observed in the straw waste treatment. Soil loss increases as biochar
increases from 300 to 1500 g m-2. This waste, with its light texture, strongly stabilizes surface particles, increases interparticle adhesion, and reduces
erosion. The coefficient of variation indicates the reliability of the results. This treatment performed statistically better than the control. In the tissue waste
treatment, the mean soil loss significantly decreased at the 900 g m™ 2 level, indicating that at this slope, the mean amount of biochar has the most optimal
effect on soil surface stabilization (Fig. 3). The low coefficient of variation at this level also indicates high stability and repeatability of the results. Tissue
waste, due to its fibrous structure and tendency to absorb water, increases surface porosity and reduces initial runoff in the presence of porous biochar;
however, at high amounts, it may cause surface swelling and loss of adhesion between particles. This treatment reduces loss by 60% compared to the
control. Slope is usually one of the most important factors in intensifying water erosion and increasing soil loss (Shi et al., 2021; Sedaghatkish et al., 2025),
but in this experiment, applying porous biochar with organic waste significantly reduced sediment and soil loss compared to the control treatment.

The contrasting responses among feedstocks indicate that biochar-specific properties, rather than biochar addition, governed the erosion response.
Differences in particle size, pore architecture, ash content, surface chemistry, and water affinity can change how much biochar alters soil porosity and water
redistribution. Thus, the absence of a strictly monotonic response at all application rates, particularly for sawdust- and vineyard-derived materials, should not
be interpreted as experimental variability alone. Rather, it suggests an optimum amendment rate at which the beneficial hydraulic effects of biochar outweigh
potential changes in pore connectivity or water movement.

Total soil loss (g) also shows a 15% slope across the study treatments (Table 1). Across all treatments, loss decreased with higher biochar levels (i.e., 900
and 1500 g m™2). The mean soil loss in the vineyard pruning treatment was slightly different from that of the control, and in some replicates, it was even
higher than that of the control. This indicates that at a 15% slope, the effect of vineyard biochar on erosion control has been relatively reduced. The mean
loss in the palm grove pruning treatment across all biochar levels, especially at 1500 g m™ 2, was significantly lower than in the control (70 to 85%). This
indicates that palm fiber charcoal effectively stabilizes sloping soils. In the sawdust treatment, mean total loss was approximately 40—-55% lower than in the
control, with a trend toward decreasing erosion as biochar levels increased. In the straw waste treatment, the mean soil loss was significantly lower than in
the control. Straw biochar, with its high porosity and high moisture retention, enhanced the formation of stable soil particles and protected fine particles from
separation by rain. A study by Al-Omran et al. (2021) reported that using biochar in soil resulted in more stable soil aggregates and a significant reduction in
sheet Erosion. The mean value for tissue waste treatment was lower than that of the control. This effect is due to the soft, cellulosic structure and high
water-absorption capacity. Overall, all treatments improved significantly over the control, but differences between treatments varied with the waste's texture
and the charcoal's porosity.

The total soil loss (g) values for the 27% slope in the study treatments showed that increasing the slope from 15 to 27% intensified sheet Erosion (Table 1).
However, biochar across all treatments significantly reduced soil loss, although the efficiency pattern differed from that on lower slopes. The mean soil loss
during vineyard pruning waste treatment varied. At a charcoal level of 900 g m™2, wastage decreased compared to the control, whereas at 300 g m™ 2, it
increased. For palm tree pruning waste, the mean waste at 1500 g m™ 2 was significantly lower than in the control. Palm-pruning biochar, with a fibrous
texture and high porosity, increased water absorption and reduced runoff. In the sawdust treatment waste, the mean was lower than in the control at all
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levels, especially at 1500 g m™2. The low standard deviation and low coefficient of variation indicate high uniformity and stability of the treatment. The mean
loss in straw waste treatment decreased most at 1500 g m™2. Due to its porous, lightweight structure, straw biochar has a high capacity to absorb water and
form stable soil aggregates that prevent particle separation. In tissue waste treatment, the mean loss at 300 g m™ 2 exceeded that of the control. Because the
biochar was incorporated throughout the soil layer, the higher sedimentation response observed for conventional tissue-derived biochar at lower application
rates was not sufficient to produce measurable improvement of the soil-water system under the higher hydraulic force generated at the 27% slope. This
result further indicates that biochar effectiveness is not solely a function of its presence in the soil, but depends on interactions among application rate,
material properties, slope gradient, and rainfall-induced runoff energy. Porous biochar increases soil surface moisture by absorbing and retaining water
within its pores, preventing soil particles from breaking apart. Increased cohesion between particles and improved soil particle stability make the soil more
resistant to particle separation, even on steep slopes (Lehmann and Joseph, 2015). These findings are consistent with several studies. For example, Chen
and Zhou (2022) reported that applying 10% biochar to sandy soils significantly reduced sediment discharge and increased the hydraulic stability of the soil
surface.

In contrast, Roncak et al. (2023) showed that biochar, while reducing sediment load, improved soil structural stability and increased the water infiltration
coefficient on sloping lands. Compared with the results for lower slopes (8% and 15%), the results show that although increasing the slope increases total
sediment, the reducing effect of porous biochar is maintained at all levels; even at a slope of 27%, it remains effective. This indicates that biochar performs
well under all conditions and can serve as an effective amendment to reduce surface soil erosion. In the treatment with a high level of porous biochar (1500
g m™2), soil stability and uniformity under precipitation were greater than in other treatments.

Table 2 shows total soil sediment concentration values (g mL-1) for the 8% slope across the study treatments, indicating that applying porous biochar across
all waste treatments significantly reduced total soil sediment concentration compared to the control treatment. At a lower slope (8%), biochar's physical role
is to increase permeability, improve particle adhesion, and reduce surface runoff.

The mean sediment concentration in the vineyard pruning waste treatment showed the greatest decrease compared to the control (900 g m™2). A smaller
decrease was also observed at 1500 and 300 g m™ 2. The mean sediment concentration in the palm pruning waste treatment decreased significantly relative
to the control at 1500 g m™2. The 900 g m™ 2 level also had the lowest standard deviation and coefficient of variation, indicating greater uniformity in palm
biochar yield under low-slope conditions. The mean sediment concentration in sawdust waste varies. Although the difference from the control at the 900 and
300 g m~2 levels is not large, at 1500 g m~ 2 there is a significant decrease relative to the control. In a study by Liu et al. (2021), biochar in light-textured soils
increased water-holding capacity by 25% and reduced sediment concentration by 50%. The straw treatment showed variable means across different charcoal
levels. At 900 g m™ 2, sediment concentration decreased significantly relative to the control. Straw biochar, with its light structure and high specific surface
area, is highly stable in water absorption and is particularly effective on low slopes. The mean sediment concentration in the paper towel treatment varied
and was lower than in the control. The lowest concentration was observed at 900 g m™2. Because of charcoal's cellulosic nature and high absorption
capacity, it is highly effective at reducing sedimentation on low slopes. This phenomenon is consistent with Vahidi et al. (2025), who showed that biochar
significantly improves soil structural stability by increasing effective soil porosity and reducing bulk density, thereby reducing the number of soil particles
suspended in surface flow.

Total soil sediment concentration values (g mL™") for the 15% slope in the study treatments are shown (Table 2). Increasing the slope to 15% resulted in
higher sediment concentrations across all treatments than at the 8% slope because surface flow and runoff energy are higher on the 15% slope. However,
using porous biochar in all treatments significantly decreased sediment concentration compared with the control. The mean sediment concentration in the
vineyard treatment at 1500 g m~2 was higher than at 900 g m™? and lower than at 300 g m™2, but all three treatments performed worse than the control. The
mean sediment concentration in the palm-pruning waste treatment was significantly lower than in the control. The 900 g m™ 2 palm-pruning biochar surface
showed a mean 35% reduction in sediment concentration compared to the control and a low coefficient of variation, indicating a uniform effect. In the
sawdust waste treatment, the mean sediment concentration varied. At 900 g m”~ 2 the mean sediment concentration was higher than in the control, but at
1500 g m™ 2, it was significantly lower. Overall, the effect of sawdust on sediment reduction was dependent on the level used. The straw treatment was
among the most stable and effective for reducing sediment concentration. The means vary, showing a reduction of about 45-70% compared to the control. A
low coefficient of variation indicates a stable effect.

Recent studies have also reported similar results. Lu (2024), in a review study, showed that applying biochar at optimal levels reduces erosion and sediment
concentration, whereas excessive levels may have the opposite effect. Also, Zhao et al. (2013), in a simulated study, emphasized that uniform biochar
distribution plays a key role in effective sediment control. The lowest mean sediment concentration in the tissue waste treatment was observed at 1500 g
m™ 2, about 15% lower than the control. However, the 300 g m™? level was higher than the control. Table 2 shows the total soil sediment concentrations (g
mL™") for a 27% slope across the study treatments. Increasing the slope from 15% to 27% increases runoff energy and the soil particle-carrying capacity.
This is observed in the results: in most treatments, sediment concentration on this slope increased compared with lower slopes. However, applying porous
biochar significantly prevented excessive sediment concentration.

The mean sediment concentration in the vineyard waste treatment at the 1500 g m™2 level is higher than in the control, whereas at the lower levels (900 and
300 g m™?) it is about 35% lower. The mean sediment concentration in the palm pruning waste treatment is higher than in the control, and the coefficient of
variation indicates unstable behavior of this treatment on a high slope. At 1500 g m~ 2, the sediment concentration was lower than in the control, whereas at
lower levels, it increased significantly. Sawdust residue treatment shows stable results. The mean sediment concentration across all levels was lower than
that of the control. At the 1500 g m~ 2 level, sediment concentration was about 50% lower than in the control. The low coefficient of variation indicates that
the sawdust biochar effect is uniform and stable. The mean sediment concentration of straw residue at 900 g m~2 shows a relatively large decrease
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compared to the control. However, at 300 g m™2 it is nearly equal to the control. In tissue paper waste treatment, the mean sediment concentration at 1500 g
m~ 2 was lower than in the control. As slope increased and surface area decreased, efficiency declined, and at 300 g m-2, sediment concentration was even
higher than in the control. These results are consistent with Liu et al. (2017) on semi-arid soils in Kenya, which showed that adding 5% biochar reduced
sediment concentration by 40%. In a similar study, Sharma (2024) concluded that biochar in agricultural soils reduces the transport of dissolved organic

matter and increases water permeability. The results indicate that using porous biochar at high levels, especially 1500 g m~2, can effectively reduce sediment
concentration and soil loss volume. Tables 4 and 5, and Figs. 4—6 present the comparison of soil loss and sediment concentration across the replicated

treatments.

Table 4

Comparison of soil loss volume in study treatments using GLM and analysis of variance with and without tissue factory waste

With tissue factory waste

Without tissue factory waste

Without tissue factory waste

Study components

Level

Slope

Treatment

Level x Slope

Level x Treatment

Slope x Treatment

Level x Slope x Treatment
Level

Slope

Treatment

Level x Slope

Level x Treatment

Slope x Treatment

Level x Slope x Treatment
Slope

Treatment

Slope x Treatment

Degrees of freedom

A N N O B DA B DN NN OO DA B BB D DNDDN

Mean square
54.210
101.983
193.489
24.347
20.362
25./533
11.228
12.092
27.483
14.530
14.530
6.262
26.678
8.759
27.483
14.530
26.678

F-statistic
4775
8.983
17.043
2.145
1.794
2.249
0.994
2.862
6.504
1.579
1.595
1.482
6.313
2.073
5.442
2.867
5.264

Significance level
0.001
0.001
0.001
0.944
0.094
0.433
0.972
0.062
0.002
0.036
0.181
0.213
0.001
0.045
0.006
0.061
0.001
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Table 5

Results of One-Way ANOVA analysis of variance to detect the unilateral effects of study treatments on soil loss, sediment concentration, and splash erosion
at different slopes (i.e., 8, 15, and 27%)

Study Level change Degrees of Mean square F-statistic Significance level
components used resources freedom
8 15 27 8 15 27 8 15 27
Soil loss 1500 Between 5 47908 140.001 139.804 16.985 268.776 56.382 0.001 0.001 0.001
Group
Within 12 2.821 0.521 2.280
Group
Total 17
900 Between 5 47.522  22.552 32.784 76.522  21.928 7.252 0.001 0.073 0.002
Group
Within 12 0.621 1.028 4.521
Group
Total 17
300 Between 5 15.352 85.155 54.924 13.287 235.627 8.350 0.001 0.013 0.001
Group
Within 12 1.155 0.361 6.578
Group
Total 17
Sediment 1500 Between 5 56.928 187.795 180.362 2.382 21.775 20.376  0.101 0.001 0.001
concentration Group
Within 12 23.896 8.632 8.852
Group
Total 17
900 Between 5 77.645 97.00 72.445 6.142 15.593 3.923 0.005 0.001 0.024
Group
Within 12 12.642 6.221 18.465
Group
Total 17
300 Between 5 47.458 184.781 67.437 2.381 6.342 5.632 0.101 0.004 0.007
Group
Within 12 19.932 29.134 11.974
Group
Total 17
Splash erosion 1500 Between 5 0.043 0.036 0.034 7.946 58.566 12.757 0.002 0.001 0.001
Group
(Right gutter)
Within 12 0.005 0.003 0.003
Group
Total 17
900 Between 5 0.12 0.024 0.017 4.028 21.224 5.832 0.022 0.001 0.006
Group
Within 12 0.003 2.001 0.003
Group
Total 17
300 Between 5 0.027 0.020 0.011 11.302 14.597 1.418 0.001 0.001 0.286
Group
Within 12 0.002 0.001 0.008
Group
Total 17
Splash erosion 1500 Between 5 0.040 0.30 0.029 21.120  9.569 11.533 0.001 0.001 0.001
Group
(Left gutter)
Within 12 0.002 0.003 0.002
Group
Total 17
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900 Between 5 0.011 0.015 0.019 3.111 8.553 7.123 0.50 0.001 0.003
Group
Within 12 0.004 0.002 0.003
Group
Total 17
300 Between 5 0.023 0.026 0.015 3.494 6.445 2.332 0.035 0.004 0.107
Group
Within 12 0.007 0.004 0.006
Group
Total 17
Table 4
Table 5
Figure 4
Figure 5
Figure 6

Table 4 shows the results of the generalized linear model and analysis of variance, which show that soil loss is significantly (p < 0.05) affected by the main
factors of surface, slope, and treatment, indicating the multifactorial and complex nature of the soil erosion process. The significance of the biochar type and
application rate factor indicates that soil surface characteristics, including cover type and surface roughness, play an important role in inhibiting particle
detachment and transport. Studies show that surface changes can significantly affect soil loss rates by altering raindrop impact energy and by reducing or
increasing the continuity of surface flow (Abrol et al., 2016). The significant effect (p < 0.001) of slope with an F statistic of (8.983) indicates that slope was
the dominant factor in reducing soil loss (Fig. 4). Increasing slope increases sediment carrying capacity and intensifies the process of transporting detached
particles. Recent studies have emphasized that soil loss is more sensitive to slope than runoff because even a limited increase in runoff on steep slopes can
lead to a significant increase in erosion (Nearing et al., 2017). The significance (p < 0.001) of the treatment factor indicates that it effectively reduces erosion
processes (Figs. 4-6). The treatments probably reduced soil loss by reducing the energy of rain impacts, increasing soil cohesion, increasing permeability,
and disrupting the continuity of surface flow. Recent studies show that additive treatments usually have a stronger effect on soil loss than runoff, because
even a limited reduction in flow energy can significantly reduce sediment transport (Wu et al., 2022).

In the interaction effects study, the non-significance (p > 0.05) of the surface x slope and surface x treatment interactions indicates that the effect of surface
characteristics on soil loss depends on slope and surface conditions. This result is consistent with recent studies showing that the effects of soil cover and
surface conditions are stronger on low- to moderate-slope soils than on high-slope soils. Recent studies have also emphasized that conservation-measure
design should be tailored to soil surface conditions, because soil erosion responses to treatments can differ significantly across surfaces (Keesstra et al.,
2019). In contrast, the non-significant (p < 0.05) slope x treatment interaction indicates that treatment effects on soil loss were relatively similar across
slopes. This may indicate that the treatments applied were sufficiently intense and effective to partially inhibit the slope effect. Similar results suggest that
some conservation measures, especially those that interrupt surface flow continuity, can perform relatively consistently across a range of slopes
(Prosdocimi et al., 2016). The non-significance (p > 0.05) of the triple interaction of surface x slope x treatment indicates that the effect of treatments on
erosion can be explained within a single-factor framework and that the absence of combined surface and slope conditions can change the direction of the
treatment effect. The non-significance (p > 0.05) of the triple interaction of surface x slope x treatment indicates that although dual interactions play an
important role in controlling soil loss, the simultaneous effect of these three factors in combination did not lead to a significant change (p < 0.05) (Figs. 4-6).

Table 4 shows the results of the generalized linear model and analysis of variance for soil loss without the paper towel treatment. The non-significance (p >
0.05) of the surface factor indicates that surface alone did not play a decisive role in changes in soil loss. Recent studies have also emphasized that soil loss
is an indicator that does not necessarily change with increasing surface area or scale and may even show similar values across different surfaces (Nearing
et al,, 2017). In contrast, the significant (p < 0.05) slope factor indicates that increasing slope is associated with higher soil loss and sediment concentration.
This reflects increased flow shear energy and sediment-carrying capacity on steeper slopes, so even if runoff volume is constant, soil loss and sediment
concentration can increase. Studies have shown that soil loss and sediment concentration are highly sensitive to slope, and that as slope increases, the ratio
of suspended sediment to runoff increases significantly (Deng et al., 2019). The significance (p < 0.05) of the treatment factor indicates that the treatment
effectively reduced soil outflow loss without using tissue waste (Figs. 4-6). Recent studies emphasize that some conservation treatments may only reduce
runoff volume to a limited extent. However, they play an important role in reducing soil loss and sediment concentration by reducing flow energy and
increasing sedimentation. The significant (p < 0.05) slope x treatment interaction indicates that treatment effectiveness depended on slope conditions.

Figure 5 further shows the erosion severity map, showing that as slopes steepen from 15 to 27%, runoff soil-loss capacity increases exponentially. However,
the data reveal a critical threshold at an application rate of 155 g m™ 2, which effectively neutralizes the slope penalty. It also shows that high application
rates provide sufficient surface friction and aggregate stability to maintain protection even when runoff shear force is maximized on steeper slopes.

Overall, the results support a coupled hydrological-erosional mechanism for mitigating sheet erosion through biochar incorporation. The results suggest that
biochar characteristics and application rate modified the soil-water environment, influencing infiltration, temporary water storage, runoff generation, and the
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subsequent detachment and transport of fine loess particles. The stronger response of some engineered porous biochar than conventional tissue-paper-
derived biochar further suggests that pore structure and material-specific properties may be key determinants of erosion-control performance. Nevertheless,
because this experiment did not independently measure hydraulic conductivity, infiltration rate, surface sealing, or direct raindrop energy dissipation, these
processes should be regarded as plausible mechanisms rather than experimentally isolated causal pathways. Future experiments integrating rainfall
simulation with direct measurements of infiltration, hydraulic conductivity, soil surface sealing, wettability, and sediment detachment would help
quantitatively separate these mechanisms.

Effect of Porous Biochar on Splash Erosion

To evaluate splash erosion in the study and control treatments, we measured right- and left-splash using splash gutters. The results and statistical criteria of
the splash erosion in the study treatments at three rates of 1, 3, and 5% by weight (i.e., 300, 900, and 1500 g m™?) by weight and three slopes of eight, 15, and
27 percent are presented in Table 3, the results of the statistical comparison, and optimization curve neutralizing the slope penalty at different application
rates are presented in Table 4 and Figs. 5-8.
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Table 3
Total splash values (g) from experimental small plots under three application rates (i.e., 300, 900, and 1500 g m- 2) produced from

Raw Plot Control 300 900
material number
and
descriptive 8 15 27 8 15 27 8 15
statistics
R L R L R L R L R L R L R L R
Vineyard 1 0.42 045 0.44 0.42 0.56 0.55 0.16 0.41 0.49 0.45 0.53 0.37 0.24 0.29 0.3
pruning
2 043 0.44 0.46 0.48 0.44 0.48 0.27 0.11 0.48 0.47 0.47 0.32 0.38 0.42 0.3
3 0.44 044 0.40 0.47 0.53 0.56 0.12 0.14 0.48 0.65 0.38 0.34 0.36 0.38 0.4
Mean 042 044 0.43 0.46 0.51 0.53 0.18 0.22 0.48 0.52 0.46 0.34 0.33 0.36 0.3

Standard 0.01 0.01 0.03 0.03 0.06 0.04 0.08 0.17 0.00 0.11 0.08 0.03 0.08 0.07 0.0
Deviation

Coefficient 179 1.97 7.19 6.47 1222 790 42.75 75.56 0.88 21.29 1723 8.47 2423 18.02 10.

of
Variation
(%)
Palm 1 0.37 0.32 0.43 0.41 0.38 0.47 0.30 0.27 0.40 0.46 0.52 0.54 0.26 0.28 0.3
praming 2 0.36 0.30 0.35 0.38 0.34 0.48 0.30 0.31 0.35 0.35 0.49 0.40 0.23 0.29 0.3
3 0.42 0.43 0.32 0.37 0.40 0.50 0.36 0.47 0.30 0.31 0.25 0.30 0.23 0.23 0.3
Mean 0.38 0.35 0.37 0.39 0.37 0.48 0.32 0.35 0.35 0.37 0.42 0.41 0.24 0.27 0.3
Standard 0.03 0.07 0.06 0.02 0.03 0.01 0.03 0.11 0.05 0.08 0.15 0.12 0.02 0.03 0.0
Deviation
Coefficient 8.75 20.56 15.51 5.38 8.42 2.87 1090 30.70 14.29 20.81 3562 29.12 7.26 1271 7.7
?/Lriation
(%)
Sawdust 1 0.26 0.29 0.31 0.33 0.45 0.42 0.30 0.27 0.35 0.32 0.42 0.41 0.43 0.39 0.2
2 0.28 0.36 0.32 0.35 0.58 0.53 0.22 0.30 0.34 0.31 0.37 0.30 0.33 0.27 0.2
3 0.26 0.27 0.33 0.32 0.57 0.51 0.28 0.26 0.31 0.34 0.39 0.33 0.36 0.39 0.3
Mean 0.27 0.31 0.32 0.33 0.53 0.48 0.27 0.27 0.36 0.32 0.39 0.35 0.37 0.35 0.2
Standard 0.01 0.05 0.01 0.01 0.07 0.06 0.04 0.02 0.02 0.02 0.03 0.06 0.05 0.07 0.0
Deviation
Coefficient 4.92 1537 3.74 3.98 13.15 1229 15,56 7.18 6.50 4.82 7.58 17.01 13.40 20.05 7.2
?/fariation
(%)
Rice 1 0.44 0.48 0.47 0.43 0.65 0.68 0.13 0.15 0.22 0.23 0.46 0.48 0.33 0.29 0.2
straw 2 0.41 042 0.44 0.39 0.46 0.26 0.13 0.10 0.23 0.22 0.40 0.41 0.16 0.16 0.2
3 0.46 0.49 0.50 0.45 0.41 0.39 0.15 0.12 0.32 0.34 0.43 0.48 0.21 0.28 0.2
Mean 0.44 0.46 0.47 0.42 0.51 0.44 0.13 0.12 0.25 0.26 0.43 0.46 0.23 0.24 0.2
Standard 0.03 0.04 0.03 0.03 0.13 0.22 0.01 0.02 0.05 0.07 0.03 0.04 0.09 0.07 0.0
Deviation
Coefficient  6.13  8.37 6.07 6.33 2573 2539 9.15 19.75 21.39 2545 7.28 8.25 28.41 30.09 73
S/fariation
(%)
Tissue 1 0.36 0.37 0.52 0.48 0.51 0.52 0.34 0.23 0.29 0.37 0.33 0.42 0.28 0.25 0.3
factory 2 043 0.35 0.44 0.39 0.39 0.43 0.25 0.23 0.31 0.36 0.37 0.46 0.32 0.24 0.3
3 042 0.34 0.49 0.45 0.49 0.53 0.22 0.20 0.35 0.39 0.28 0.48 0.34 0.20 0.4
Mean 0.40 0.35 0.48 0.44 0.46 0.49 0.27 0.22 0.32 0.37 0.33 0.45 0.32 0.23 0.3

Standard 0.04 0.01 0.04 0.05 0.07 0.05 0.06 0.02 0.03 0.02 0.05 0.03 0.03 0.03 0.0
Deviation

Coefficient 9.40 3.87 8.15 10.46 14.21 11.09 2235 6.88 9.52 4.31 14.08 7.40 9.90 12.01 12.
of
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Variation
(%)

Table 3
Table 4
Figure 7
Figure 8

Table 3 shows the results of the splatter simulation on an 8% slope, influenced by waste type, porous carbon amount, and splatter chute position (right or
left). In general, the splatter values in treatments with porous carbon were lower than in the control, and this decrease was more pronounced with increasing
carbon content, indicating its effective role in reducing the separation and splatter of soil particles from raindrop impact (Blanco-Canqui, 2017). Table 5
presents the statistical results, showing that all three levels across the three slopes significantly reduced splash.

Except for the 300 g m™2 level on the 27% slope, the results are not significant. Vineyard waste porous carbon treatments at 1500, 900, and 300 g m~2 on an
8% slope significantly reduced splash volume compared to the control (Figs. 7-8). The 300 g m™ 2 treatment reduced splash more effectively than the 900 g
m™ 2 treatment. Increasing the level to 1500 g m™ 2 also reduced splashes. The results show that at this treatment level, the high porous carbon content
reduced splash, and the porous structure controlled it effectively. On the other hand, the porous carbon treatment for palm pruning resulted in a splash
amount of 0.13 and 0.18 g at the level of 1500 g m™ 2 of the right and left gutters, respectively, which was about twice as much as the other two levels,
significantly reducing splash erosion (Figs. 7-8). So, the treatment with a level of 900 g m™ 2 in the right and left gutters was 0.24 and 0.27 g, respectively,
and in the porous carbon treatment with a level of 300 g m™2 of the palm grove pruning, the amount of splash in the right and left gutters was 0.35 and 0.32
g, respectively. The increasing trend in porous carbon indicates that raindrop impact energy has decreased and, with improved soil surface aggregates,
particle splashing has decreased (Blanco-Canqui, 2017; Khademalrasoul et al., 2019). In the porous carbon treatment of sawdust, the lowest amount of
splashing is associated with a surface area of 1500 g m™ 2. So, the average weight in the right and left gutters was reported as 0.16 and 0.15 g, respectively
(Figs. 7-8). Reducing the carbon level to 900 and 300 g m™ 2 increased splashing, reaching about 0.35-0.37 g at 900 g m™ 2 and 0.27 g at 300 g m™ 2. This
trend indicates that increasing carbon porosity dissipates raindrop impact energy and prevents particle splashing by improving soil particle stability
(Khademalrasoul et al., 2019).

In the porous carbon of straw, the effect of porous carbon is observed more clearly. At the level of 1500 g m~2, the average scattering is very low and is about
0.10 to 0.12 g, which indicates the highest efficiency of this compound in suppressing scattering. At 900 g m™ 2, scattering increases to about 0.23-0.24 g. At
the level of 300 g m™ 2, the scattering also increases, and its mean reaches about 0.13 to 0.12 g. In the tissue carbon treatment, the amount of splash is
higher and more unstable than in the porous vineyard carbon treatment compared to the other three porous carbons. Although using 1500 g m~2 carbon
caused a relative decrease in splash, the averages remained between 0.20 and 0.30 g. At 900 and 300 g m~ 2 levels, splash increased. These results indicate
that the tissue carbon structure has a lower capacity compared to sawdust and straw. In the control treatment, splash was highest at all levels, with mean
splash in the right and left splash gutters ranging from 0.42 to 0.44 g. These high values indicate the extreme vulnerability of the soil surface without
amendment to raindrop impact. In general, the treatment comparison shows that applying porous carbon, especially at 1500 g m~2 and in combination with
porous carbon from straw or sawdust, is the most effective solution for reducing splash on an 8% slope and can play an important role in controlling primary
water erosion.

Table 3 shows changes in soil splashing on a 15% slope, affected by the type and amount of porous carbon and the location of the splashing gutters, and
clearly indicates that increasing the slope beyond 8% generally increased splashing intensity. However, treatment effects still depend on the amount of
carbon and the type of waste, and treatments with additives perform better than the control (Blanco-Canqui, 2017). The results from the vineyard waste
porous carbon treatment show that, at a treatment level of 900 g m™2, the average splash in the right and left gutters is 0.36 and 0.39 grams, respectively.
This is lower than the other two levels and has improved and stabilized soil particles on the soil surface. Splash increased in the other two treatments at
1500 and 300 g m™ 2, respectively. The porous carbon treatment of the palm pruning at the level of 1500 g m™ 2 has a lower mean splash than the other two
levels. The mean amounts in the right and left splash gutters are 0.21 and 0.23 g, respectively, indicating the effectiveness of this treatment in reducing and
controlling splash (Figs. 7-8). At 900 and 300 g m~ 2, average splash in the right and left splash gutters was about 0.32 and 0.33 g, respectively, and 0.35 to
0.37g.

In the sawdust porous carbon treatment, the lowest splash values were at the 1500 g m~ 2 level, and the average splash values in the right and left splash
chutes were about 0.19 and 0.18 g, respectively. At the 900 g m™ 2 level, splash increased, with an average of about 0.28 to 0.26 g. At the 300 g m™ 2 level,
splash increased, with an average value of about 0.34 g. This increasing trend indicates that as the amount of porous carbon decreases, the soil surface's
ability to absorb raindrop impact energy decreases, and particle separation increases. In straw-clay porous carbon, the amount of splash is more uniform
than in sawdust-based porous carbon, and fewer changes are observed with the change in the amount of porous carbon. The mean splash at 1500 g m™~ 2 is
about 0.25 to 0.26 g, and as carbon decreases to 900 and 300 g m-2, this value increases only slightly, reaching about 0.23 to 0.26 g. Lower coefficients of
variation than other wastes indicate that combining straw and porous carbon created a more stable soil surface and absorbed raindrop impact to an
acceptable extent, even on a 15% slope (Blanco-Canqui, 2017). In the tissue carbon treatment, splash values are relatively high with less fluctuation. At the
1500 g m™ 2 carbon level, the average splash in the right and left splash chutes is about 0.29 and 0.34 g, respectively. At the 900 g m~ 2 level, these values
increase to about 0.36 and 0.38 g, and at the 300 g m™2 level, the splash is 0.32 and 0.37. The control treatment had the highest amount of splashing at all
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levels. The mean splashing in the right and left splashing gutters was reported to be about 0.47 to 0.42 g, which is much higher than all treatments. These
high values indicate the extreme sensitivity of soil without additives to increases in slope and raindrop-impact intensity.

Table 3 shows that soil spalling occurs at a 27% slope, creating more critical erosion conditions than at 8% and 15%. In general, increasing the slope
intensified raindrop impact energy and increased soil-particle separation, resulting in greater splash in all treatments than at lower slopes (Blanco-Canqui,
2017). The vineyard porous carbon treatment had the lowest splash amounts at the 1500 g m™ 2 level, with average splash amounts in the right and left
splash chutes of about 0.34 and 0.41 g, respectively. At the 900 and 300 g m™ 2 levels, the splash amount increased to averages of 0.47 and 0.48 g,
respectively. The average amount of splash increased at the 300 g level, and its values were reported as 0.34 and 0.46 g, respectively. At a slope of 27%, the
average splash increased in the pore carbon treatment of the palm grove. At 1500, 900, and 300 g m™ 2, the average splash in the right gutter was 0.31, 0.36,
and 0.42 g, respectively, and in the left gutter was 0.32, 0.38, and 0.41 g, respectively.

In the sawdust porous carbon treatment, splashing is lowest at 1500 g, with averages of about 0.23 and 0.21 g in the right and left splashing gutters,
respectively. At the level of 900 g m™ 2, splashing increases, and its average reaches about 0.32 to 0.29 g. At 300 g m~ 2, splashing is highest in this porous
carbon, averaging about 0.35-0.39 g. This trend indicates that on steep slopes, porous carbon plays a much more pronounced role in weakening the impact
effect of rain and increasing soil-surface stability. In the porous carbon of straw, the amount of splash is slightly higher and more uniform than that of
sawdust. At the level of 1500 g m~2 the mean splash is about 0.27 to 0.28 g, which is slightly higher than that of sawdust at the same level. At 900 g m~2,
splash increases to about 0.33-0.37 g, and at 300 g m™~?, it increases significantly to about 0.43-0.46 g. These results indicate that although straw provides
a suitable cover for the soil surface, on steep slopes, the reduced amount of porous carbon can decrease its efficiency in controlling splash.

The greatest fluctuation in splash amount is observed in the paper-paper carbon treatment. At the 1500 g m™ 2 level, the average splash in the right and left
splash gutters is about 0.31 and 0.39 g, respectively, indicating a difference between the two sides of the plot. This pattern continues at the 900 and 300 g
m~2 levels, and, in some cases, the average splash exceeds 0.47 g. The high coefficients of variation in this treatment indicate that the paper-paper carbon
behaves more unstably at the 27% slope and does not fully level the soil surface or reduce rain impact. The control treatment had the highest splash levels at
all carbon levels. Mean splash across plots ranged from 0.46 to 0.49 g, much higher than in all treatments. This indicates that, without carbon, soil on a 27%
slope is highly vulnerable to splash and the onset of erosion.

In general, as the application rate of porous biochar increased from 300 to 900 and then 1500 g m™ 2, soil spalling decreased. However, the magnitude of this
decrease depended on feedstock type and land slope. This suggests that increasing porous biochar content improves the soil's ability to resist particle
detachment. Several studies also report that feedstock type is the most important factor determining biochar's specific surface area, pore volume, cation
exchange capacity, and hydrological behavior. Ahmad et al. (2014) showed that changing the starting material can significantly affect biochar's physical
properties and, consequently, its performance in soil conservation. Blanco-Canqui (2017) also showed that applying biochar can increase the stability of soil
aggregates, reduce the effective energy of raindrops, and consequently limit the erosion and splashing of soil particles.

On the other hand, Jeffery et al. (2015) and Alkharabsheh et al. (2021) also stated that increased porosity and water-holding capacity from biochar addition
improve soil structure and reduce sheet Erosion. Slope effects were also observed in all treatments. In general, increasing the slope from 8 to 27% increased
the soil's susceptibility to particle detachment; however, porous biochars at higher rates partially neutralized this negative effect and reduced erosion. This
indicates that biochar's protective role is maintained even when runoff shear force increases. The results of this section are consistent with the findings of
Blanco-Canqui (2017), who reported that the protective effect of biochar is maintained even at high slopes. However, its intensity depends on the soil type,
application rate, and biochar properties. Overall, Table 3 shows that increasing the application rate of porous biochar, regardless of feedstock, reduced the
mass of particles separated from the soil, and this effect was more pronounced at rates of 900 and 1500 g m™ 2. Feedstock origin also played an important
role in biochar effectiveness, likely because the resulting biochars differed in physical and chemical properties.

Key Limitations and Constraints of the Study
Based on the study's findings, the following five concise paragraphs summarize its key limitations and constraints.
1. Scale and Generalizability Constraints

The experiments were carried out on small laboratory plots (0.5 x 0.5 m), and the results may not extrapolate to field-scale conditions. The hydrological
processes occurring in small plots are very different from those occurring in natural watershed systems due to the "edge effects" and "boundary conditions"
of the smaller plots, as well as scale-dependent hydrological processes occurring in small plots. In addition, the study used only loess soil from a specific
area in Golestan Province, and the results may not apply to other soil types with different physicochemical properties, such as clayey, sandy, and organic
soils.

2. Temporal and Environmental Limitations

All experiments were conducted in a controlled laboratory environment using a rain simulator, without reproducing natural rainfall variability, wind effects,
temperature changes, or other field environmental factors. Each simulation took only 30 minutes, providing a short-term snapshot of the immediate erosion
response. Thus, the longevity of biochar, its aging effects, cumulative changes in soil physical and chemical properties, and its effects under different rainfall
intensities and patterns remain unstudied.

3. Biochar-Specific Limitations
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The study tested only five feedstock types and produced biochar under specific pyrolysis conditions (initial temperature of 400°C and KOH activation at
800°C). The pH-activation following biochar production resulted in alkalinity that the study did not account for in soil chemistry and erosion processes; this
alkalinity may have been caused by the biochar used. The study also tested only one activator (KOH) and did not systematically investigate the influence of
biochar particle size. The fate of engineered biochar in varying production conditions and application practices is unknown.

4. Gaps in Process & Mechanism

Sheet and splash erosion were measured, but rill and gully erosion processes, which can contribute significantly to total soil loss, were not evaluated. The
study did not measure the mechanisms underlying the reduction in erosion, except for changes in key soil physical properties (e.g., aggregate stability,
hydraulic conductivity, bulk density). Furthermore, no studies examine the long-term effects of biochar aging, degradation, or leaching on erosion control,
reducing mechanistic understanding.

5. Methodological and Validation Constraints

The study may have limited natural variability because it included only three replications per treatment, and some treatments had high coefficients of
variation, resulting in high data scatter. The results have limited applicability because they were not tested in the field, and the study does not discuss the
economic feasibility, cost-benefit analysis, or environmental risks of large-scale biochar application. Additionally, the results apply only to the rainfall intensity
(70 mm h-") and slope classes (i.e., 8%, 15%, 27%).

Practical and Managerial Implications of the Study

The study, hinging on the effect of engineered porous biochar on sheet and splash erosion across different slopes, has strong practical and managerial
implications. The results showed that the porous biochar produced can significantly reduce splash erosion, sediment concentration, and sheet erosion under
all the slope gradients studied, particularly at a rate of 1500 g m~2. Consequently, KOH-activated porous biochar is an effective and sustainable soil
amendment for eroded loess soil areas. Producing engineered biochar from agricultural and industrial waste not only supports the sustainable valorization
of these wastes but also enhances soil erosion protection.

This research clearly demonstrates that engineered porous biochar is a viable, sustainable approach for reducing sheet and splash erosion in loess soils. It
can work on a variety of slopes and with different feedstocks, offering flexible solutions for different land-use conditions. Biochar application can be a
significant step towards sustainable land management, reducing sediment transport and enhancing soil resilience when integrated into soil management
practices, agricultural policies, and watershed management plans. The synergy of biochar application in waste valorization and erosion control makes it an
attractive solution for advancing environmental and economic sustainability goals.

Conclusion Remarks

The results showed that applying porous biochars produced from various agricultural and industrial wastes effectively reduces sheet Erosion and soil
spalling under simulated rainfall conditions. Regardless of feedstock type, increasing the biochar application rate reduced the mass of particles detached
from the soil surface, indicating improved soil resistance to raindrop kinetic energy. This suggests that porous biochar, in addition to modifying soil physical
properties, can effectively control the early stages of water erosion. The results also showed that feedstock source plays an important role in biochar
performance. The observed differences among biochars derived from vineyard pruning, palm pruning, sawdust, rice straw, and tissue factory waste can be
attributed to variations in structural features formed during pyrolysis and in their activity. A key aspect of this research was using porous bioproduced
material prepared in two pyrolysis steps (initial production at 400°C and activation at 800°C). This process increased the biochar's porosity and specific
surface area and likely helped enhance its erosion-control efficiency. This shows that, beyond raw material choice, biochar production conditions also
determine its performance in soil conservation. From a practical perspective, the conversion of agricultural and industrial wastes into activated porous
biochar can simultaneously pursue two important goals: first, sustainable management and valorization of organic wastes and reducing the environmental
burden resulting from their disposal, and second, increasing soil resistance to erosion and helping to protect soil resources, especially in sloping lands and
areas prone to heavy rainfall. Based on the results, porous biochar can be incorporated into soil conservation management strategies in semi-arid and arid
regions as a sustainable soil amendment. However, to generalize the results of this research to field conditions, it is necessary to conduct long-term studies
under natural conditions, investigate the behavior of different soil types and different rainfall intensities, and evaluate the simultaneous effects on runoff,
water infiltration, soil aggregate stability, soil organic carbon, and soil biological activities.
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Fig. 1 Steps in the production of genetically modified porous carbon in a thermal furnace:

Mixing the initial biochar with activator and water (a, b), placing it inside the furnace (c),

porous carbon from tissue paper waste (d), straw (¢), grinding and sieving the product (f),
final product (g)

Figure 1

See image above for figure legend.
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Figure 2

See image above for figure legend.
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Figure 3

See image above for figure legend.
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Fig. 4 Comparative chart of mean total soil loss (g) and mean standard deviation in experimental small plots under three application
rates (i.c., 300, 900, and 1500 g m2) produced from various raw materials at different slopes (i.c., 8, 15, and 27%)

Figure 4

See image above for figure legend.
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Figure 5

See image above for figure legend.
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Figure 6

See image above for figure legend.
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Figure 7

See image above for figure legend.
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Fig. 8 Comparative chart of mean splash erosion-left gutter (g) and mean standard deviation in experimental small plots under three
application rates (i.e., 300, 900, and 1500 g m™) produced from various raw materials at different slopes (i.e., 8, 15, and 27%)

Figure 8

See image above for figure legend.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

¢ HighlightsOriginal.docx
¢ GraphicalAbstractOriginal2.docx

Page 26/26


https://assets-eu.researchsquare.com/files/rs-11109701/v1/d26cc8e81ec968b51d437736.docx
https://assets-eu.researchsquare.com/files/rs-11109701/v1/3ba0f07de4cc4f137bc1836e.docx

