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A B S T R A C T

Biochar addition can change the physiochemical properties of soil, thus likely influencing soil’s resistance to rill
flow (reflected by rill erodibility (Kr, s m− 1) and critical shear stress (τc, Pa). However, the persistent time effects
of biochar on Kr and τc have remained unexplored. This study aimed to assess the impact of biochar composed of
apple branches on Kr and τc, and to investigate the relationships between Kr, τc and soil properties. The undis-
turbed soil core samples to a depth of 5 cm were collected from field plots that had received biochar at rates of 0,
1, 2.5, 4, 5.5, and 7% (w/w) after 1, 2, and 3 years, respectively. The Kr and τc of these samples were evaluated
through a flume experiment, with scouring soil samples under three flow discharges (e.g., 0.00025, 0.00045, and
0.00065m− 3 s− 1) and five slope gradients (e.g., 5.24, 8.75, 17.63, 26.79, and 40.40%). The results revealed that
the ranges of Kr and τc for no biochar treatments varied from 0.1947 to 0.2107 s m− 1 and 1.6971–1.7314 Pa, with
the averaged values of 0.2007 sm− 1 and 1.7100 Pa, respectively. Compared with no biochar addition, the
addition of 1–4% biochar after 1–2 years generally resulted in a reduction in Kr ranging from 20% to 59%, while
increasing τc by 2–4%. Conversely, 5.5 and 7% biochar addition increased Kr by 31 and 5%, and reduced τc by
12 and 6%. All biochar treatments after 3 years resulted in a 51% reduction in Kr and a 5% increase in τc
relative to bare soil, showing an increasing trend with an increasing biochar addition rate. The fluctuations in Kr
and τc could be elucidated by changes in cohesion (COH) and mean weight diameter of soil aggregates (MWD),
with COH (total effect of − 0.32 and 0.17, P<0.01) and MWD (total effect of − 0.13 and 0.37, P<0.01) serving as
reliable estimators of Kr and τc during the 1–2 years following biochar addition. After biochar addition for 3
years, total organic carbon (TOC) (total effect of − 0.45 and 0.10, P<0.01) emerged as a significant factor
influencing Kr and τc, making TOC a potential predictor of Kr and τc. The results demonstrate that biochar may be
an effective measure for enhancing soil resistance to erosion on the Loess Plateau, especially when applied over
the long term.

1. Introduction

Overland soil erosion by water can be divided into interrill, rill, and
ephemeral gully erosions occurring on hillslopes (Gyssels et al., 2002;
Shi et al., 2022a, 2022b). The Loess Plateau is situated in the arid and
semi-arid regions of north-central China, covering an area of approxi-
mately 640,000 km2. The dominant soil type in this region is loess,
which is susceptible to erosion by wind and water, with gullies being the

major landform types. The average annual precipitation ranges from
400 to 600mm, primarily occurring as high-intensity storms between
June and August (Tang et al., 2018). Rill erosion, defined as soil
detachment, occurs within a narrow, erodible waterways, serving as a
primary source and mechanism for sediment transportation in hillslope
erosion processes (Niu, et al., 2020). On China’s Loess Plateau, rill
erosion constitutes about 70% of the total erosion in upland areas (He
et al., 2006). Rill erodibility (Kr) and critical shear stress (τc) reflect soil
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resistance to detachment by overland flow. The Kr is defined as the in-
crease in soil detachment capacity caused by per unit increase in shear
stress of flowing water (Meinen and Robinson, 2021). The τc refers to the
minimum shear stress exerted by flowing water that is required to
initiate the detachment and movement of soil particles (Al-Madhhachi
et al., 2013). Thus, Kr and τc are important parameters for estimating the
rill erosion rate in most process-based erosion models. The alteration of
Kr and τc are notably influenced by essential soil physicochemical
properties, such as soil organic carbon, soil cohesion, soil aggregates,
and penetration resistance (Wang and Zhang, 2021). Kr and τc can be
predicted using soil properties based on the regression equations from
the WEPP (Water Erosion Prediction Project) model (Hao et al., 2021).

Biochar, also referred to as bio-char and agrichar, is a carbon-rich
product produced through the thermochemical pyrolysis of biomass
materials, such as livestock manure, sewage sludge or crop residue. Most
studies investigating the effects of biochar addition have shown that it
promotes soil aggregation and augments soil surface roughness, thereby
enhancing soil cohesion and resistance to penetration (Kang et al., 2022;
Situ et al., 2022). However, biochar addition has also been found to
decrease soil bulk density and elevate soil porosity, thereby increasing
soil looseness (Guo et al., 2022; Liang et al., 2021; Zhang et al., 2021).
Moreover, biochar frequently exhibits high pH (Gao et al., 2021), which
has the potential to elevate soil pH, leading to increased dispersibility of
clay as a result of repulsive forces between clay minerals. Busscher et al.
(2010) showed that the addition of biochar derived from pecan shells to
loamy sand caused a great reduction in soil aggregation. Variations in
soil properties caused by biochar addition have implications its use in
controlling soil erosion.

The effects of biochar on soil erosion have been extensively inves-
tigated, however, findings have been inconsistent. Most studies have
found that biochar addition could greatly reduce both runoff and sedi-
ment transport by improving the physicochemical properties of soil
(Gholamahmadi et al., 2023; Li et al., 2024; Maisyarah et al., 2023; Shi
et al., 2022a, 2022b; Vahidi et al., 2022). Conversely, other studies have

reported that biochar has the opposite effect on soil erosion. Yin et al.
(2024) observed that a biochar addition of 15–60 t ha− 1 increased the
accumulation of SOC, but elevated the surface runoff rate and surface
soil loss on karst slopes. Zhang et al. (2019) cautioned against the
addition of high biochar rates (8%) on the slope soils, as it reduced
runoff but may exacerbate soil erosion due to great improvements in soil
chemical quality. In the Loess Plateau of China, Li et al. (2019) observed
that the application of biochar at a rate of 7% reduced saturated hy-
draulic conductivity (Ksat), thus leading to an increase in soil erosion,
while lower application rates elevated water-stable soil aggregates and
Ksat, resulted in a reduction of soil loss. Contrastingly, Ahmadi et al.
(2020) noted that the incorporation of rice husk biochar at 1 kgm− 2

resulted in elevated soil erosion, while higher rates (2 and 3 kgm− 2)
reduced soil erosion in loamy soil within a semi-regional area. Addi-
tionally, Huang et al. (2021) demonstrated that wood biochar and pig
manure biochar reduced soil water retention, but enhanced runoff and
soil erosion in granite residual soil.

The inconsistent effects of biochar on soil erosion observed in pre-
vious studies indicate an uncertain variation in erodibility, the measure
of soil erosion potential. However, research evaluating the impact of
biochar addition on soil erodibility specifically is limited. Zhang et al.
(2019) documented that 5% and 8% biochar additions led to a reduc-
tion of interrill erodibility, while the opposite result was observed for
2% biochar addition. Parhizkar et al. (2023) recently explored the effect
of rice husk biochar on Kr in deforested hillslopes of Northern Iran, and
found that biochar addition significantly improved soil water-stable
aggregate, and effectively reduced Kr. These contrasting results sug-
gest that the influence of biochar on interrill and rill erodibility may
differ, confirming the inconsistent effect on overall soil erosion, which is
determined by soil erodibility, τc, flow shear stress and transportation.

Thus, exploring the variation of soil Kr and τc is a prerequisite, and
will clarify the reason for the inconsistent effects of biochar on soil
erosion. However, whether long-term biochar addition to soil affected Kr
and τc has not been well investigated and documented. Few studies have

Fig. 1. Location of the study area, (A) plots, (B) soil sampling points and (C) equipment.
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used a non-erodible bed inset with a small soil sample for measuring Kr
and τc. This design enables accurate measurement by preventing sedi-
ment deposition, allowing for the assessment of the maximum detach-
ment rate of soil samples by clean water. It effectively eliminates the
sediment feedback effect caused by increased sediment load in rill flow
and the deposition of soil particles. The flume experiment was con-
ducted using the non-erodible bed with a small inset soil sample design
in this study. This study was conducted (1) to investigate the response of
Kr and τc to different rates and durations of biochar addition, (2) to
explore the dominant factors influencing the temporal variation in Kr
and τc on the Loess Plateau of China, (3) to establish an equation to
estimate soil resistance for the Loess region using affecting factors under
biochar addition. Ultimately, results from this study will offer a scien-
tific assessment to ascertain the viability of biochar as an option for
ameliorating degraded soil on cultivated slopes. Furthermore, this study
will contribute to a better understanding of the potential benefits and
limitations of biochar addition in soil erosion management and soil
restoration efforts.

2. Materials and methods

2.1. Study location

The study was conducted at the Ansai Field Station of the Institute of
Soil and Water Conservation, Chinese Academy of Sciences, located in
the northern part of the Loess Plateau in China (109ᵒ18＇51＂E, 36ᵒ51
＇15＂N; Fig. 1A). The region features a semi-arid continental climate,
with an average annual precipitation of 505mm. More than 70% of this
precipitation occurs from June to September, typically as short and
intense rainstorms. The average daily temperature ranges from
− 16.15◦C to 16.63 ◦C, with a mean of 9.26 ◦C. The soil in the study area
primarily originates from wind-deposited loess parent material and is
classified as a typical silt loam (26.5% sand, 63.6% silt, 9.8% clay)
according to the USDA classification. The soil exhibits a low level of total
organic carbon at 4.44 g kg− 1 and a bulk density of 1.18 g⋅cm− 3, char-
acteristics commonly associated with structurally poor and loose soils.
Here, as in other countries and locales, human activities exacerbate soil
erosion and degradation (Delgado, 2018; Ebabu et al., 2023; Ferreira

Table 1
Selected physicochemical properties of experimental materials.

Sample Particle size distribution (%) BD pH SSA CEC TOC TN TP TK

<0.002 mm 0.002–0.05 mm 0.05–2 mm g⋅cm− 3 m2 g− 1 cmol kg− 1 ————————————————g kg− 1————————————

Loess 9.84 63.62 26.54 1.18 8.72 0.59 NA 4.44 0.41 0.53 19.56
Biochar 90.21 7.89 1.90 NA 8.96 9.96 2.22 331.50 3.31 0.95 7.35

BD, bulk density; SSA, specific surface area; CEC, cation exchange capacity; TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium.
NA= not applicable.

Fig. 2. The flume experiment setup (A) and measurement process of Dc (B) in this study.

Y. Li et al. Soil & Tillage Research 245 (2025) 106320 

3 



et al., 2022; Parhizkar et al., 2021). The combination of intense rain-
storms, erodible soil, and human activities often leads to severe soil
erosion and degradation in this area.

2.2. Biochar description

The biochar, sourced from the Shaanxi Yixing Technology Co., Ltd.,
Xi’an, China, was produced by pyrolyzing apple branches obtained from
local orchards known for large-scale apple production. Pyrolysis was
conducted at around 550 ◦C, and the resulting biochar, after drying, was
transported to the study area for application in experimental plots and to
the lab for basic properties analysis. The biochar pH was determined
through electrochemical analysis at a biochar: deionized water ratio of
1:15 (w/v). Total organic carbon (TOC) and total nitrogen (TN) were
measured using an Elementar (German Element, GRE). The specific
surface area of biochar was obtained using N2 absorption at 77 K using a
V-Sorb 2800 P SSA, and the CEC was assessed using the ammonium
acetate exchange method. Selected physicochemical of both soil and
biochar are presented in Table 1.

2.3. Experimental plot design

The experimental field (about 25 m×6 m) was a flat terraced area
situated on the top of a plateau with an elevation of about 1268 m. It had
been left abandoned for several years. Before all plots were set, all
vegetation and roots were removed through ploughing to a depth of
20 cm. The experiment plot design was a randomized complete block
with six different biochar treatments and three replications. The
resulting experiment site was a field divided into 18 plots, each
measuring 1.5 m in width and 4 m in length, with rows separated by a
0.3-m alleyway (Fig. 1B). In August 2017, the biochar derived from
clipped apple branches was mixed with the top 20 cm of soil in each plot
with six rates of 0, 1 %, 2.5 %, 4 %, 5.5 %, 7 %. These rates were
selected based on the range of biochar application rates (0.25 %~10 %)
commonly used in previous studies (Abrol et al., 2016; Zeng et al.,
2014), and they were also similar to those used in a simulated experi-
ment by Li et al. (2019). After the biochar was mixed, each plot was
ploughed again to a depth of 20 cm to follow local farming practices for
a uniform mixture. Biochar was added once in 2017, and wasn’t applied
again in 2018, 2019 or 2020. No crops were planted in the experimental
plots during the study. After ploughing all plots to a depth of 20 cm
every year in May from 2018 to 2020, any weeds that appeared were
periodically removed without disturbing the soil surface.

2.4. Soil sampling for measuring Dc

After the addition of biochar in 2017, intact soil samples from a
depth of 0–5-cm were collected from each soil plot once annually from
2018 to 2020. Sampling events occurred in August every year, corre-
sponding to one, two, and three years after the biochar addition. Cir-
cular steel rings with a 10.0 cm diameter and 5.0 cm depth were used to
collect the soil carefully while minimizing disturbances to the sur-
rounding area. In order to obtain soil sample uniformly in the whole
plots, avoid sampling bias and improve data quality, soil samples were
randomly collected from each plot in an “S”-shaped pattern. Once the
top rim of each ring was flush with the ground surface, the rings were
carefully excavated, lifted, and turned over, taking care to remove any
excess soil from the bottom of the rim without disturbing the soil core.
To prevent disturbance during transport, the tops and bottoms of the
steel rings were cushioned with cotton cloth, covered with a lid, and
sealed with plastic wrap. Three soil samples were collected at each plot
as replicates. For each soil sample, soil moisture and dry soil weight
were measured. Disturbed soil samples were also collected from the
same depth and location as the ring sample for soil moisture measure-
ment. Following soil sample collection, a 12-hour saturation process was
performed in a water-filled container, with the water level maintained
below 1 cm from the top of the soil surface. Next, the saturated soil
samples were drained for 12 hours to achieve consistent soil water
content (Fig. 1B).

The experiment involved three different flow discharges (0.00025,
0.00045, and 0.00065 m− 3 s− 1) and five slope gradients (5.24 %,
8.75 %, 17.63 %, 26.79 %, and 40.40 %). The range of five slope gra-
dients also reflects those adopted in the "Grain for Green" project, which
provides the guidance that arable land on steep slopes over 25◦ should
be converted to forest or grazing land (Zhang et al., 2023). The exper-
iment further incorporated six biochar treatments at varying levels: 0,
1 %, 2.5 %, 4 %, 5.5 %, 7 %. Each combination of flow discharge, slope
gradient, and biochar treatment was tested in triplicate. Consequently, a
total of 270 samples were collected each year from the six plots treated
with biochar to measure Dc.

2.5. Experimental devices

A rectangular flume measuring 4 m in length, 0.35 m in width, and
0.2 m in depth was used to assess Dc (Fig. 2B). This is identical to flumes
used in other studies (Wang et al., 2018; Zhang et al., 2020). The size of
the flume was based on a critical rill length of 4 m and rill depths
ranging from 0.05 to 0.15 m on the Loess Plateau (Lei et al., 2002). To

Table 2
Relationship between Kr and τ under different rates and durations of biochar addition.

Year BC addition rate Equation of regression Kr τc R2 P RMSE MAE n

2018 CK Dc=0.1981(τ− 1.7032) 0.1981 1.7032 0.8173 <0.01 0.1155 0.0941 15
1 % Dc=0.1585(τ− 1.7338) 0.1585 1.7338 0.8148 <0.01 0.0931 0.0754 15
2.5 % Dc=0.1227(τ− 1.7561) 0.1227 1.7561 0.8672 <0.01 0.0605 0.0501 15
4 % Dc=0.0838(τ− 1.7792) 0.0838 1.7792 0.8719 <0.01 0.0430 0.0380 15
5.5 % Dc=0.2717(τ− 1.4921) 0.2717 1.4921 0.8875 <0.01 0.1193 0.0928 15
7 % Dc=0.2264(τ− 1.5720) 0.2264 1.5720 0.8983 <0.01 0.0939 0.0829 15

2019 CK Dc=0.1971(τ− 1.7078) 0.1971 1.7078 0.8082 <0.01 0.1344 0.1074 15
1 % Dc=0.1569(τ− 1.7390) 0.1569 1.7390 0.7996 <0.01 0.0857 0.0733 15
2.5 % Dc=0.1219(τ− 1.7416) 0.1219 1.7416 0.8306 <0.01 0.0610 0.0508 15
4 % Dc=0.0782(τ− 1.7650) 0.0782 1.7650 0.8285 <0.01 0.0411 0.0355 15
5.5 % Dc=0.2463(τ− 1.5043) 0.2463 1.5043 0.8856 <0.01 0.2179 0.1802 15
7 % Dc=0.1884(τ− 1.6428) 0.1884 1.6428 0.8499 <0.01 0.3082 0.2456 15

2020 CK Dc=0.1894(τ− 1.7187) 0.1894 1.7187 0.7796 <0.01 0.0352 0.1047 15
1 % Dc=0.1173(τ− 1.7415) 0.1173 1.7415 0.8601 <0.01 0.0151 0.0468 15
2.5 % Dc=0.1096(τ− 1.7651) 0.1096 1.7651 0.8407 <0.01 0.0154 0.0497 15
4 % Dc=0.0663(τ− 1.7897) 0.0663 1.7897 0.8197 <0.01 0.0107 0.0354 15
5.5 % Dc=0.1591(τ− 1.7291) 0.1591 1.7291 0.7660 <0.01 0.0280 0.0865 15
7 % Dc=0.0108(τ− 2.003) 0.0108 2.003 0.5637 <0.01 0.0045 0.0113 15

BC, biochar; Kr, rill erodibility (s m− 1); τc, critical shear stress (Pa); R2, determination coefficient; P, significance level; RMSE, root mean square error; MAE, mean
absolute error (%); n is sample size.
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simulate a natural soil surface, soil from the experiment plots without
biochar were passed through a 5 mm sieve, then glued evenly onto the
flume bed, forming a consistent soil layer. The slope gradient of the
flume could be manually adjusted within the slope range of 1◦~25◦
using a pulley gear located at the top of the flume, with precise mea-
surements obtained from a slope meter (Fig. 2A). Flow discharge was
controlled with a flow meter and calibrated using a graduated cylinder
which collected water flow within a unit time from the flume before Dc
measurement. A soil sample circular hole with a diameter of 10.1 cm,
just large enough to hold the soil sample rings, was situated 0.6 m from
the flume’s end outlet (Fig. 2A). An iron water baffle was positioned in
front of the circular hole to regulate water flow and manage the soil
detachment process caused by the flow from the flume (Fig. 2A).

2.6. Measurement of hydrodynamic parameters

Before detaching the soil samples, the hydrodynamic parameters of
the flume flow were measured. After achieving steady water flow for
each slope and flow discharge from the flume, the surface velocity of the
flume flow was determined using the KMnO4 method. This involved
recording the time required for water with KMnO4 to traverse a distance
of 2 m above the front end of the circular hole containing the soil sample
ring (Wang et al., 2018). Surface flow velocity was measured at six
points, evenly spaced from left to right across the width of the flume.
Each point was measured three times resulting in 18 values, which were
then averaged to calculate the mean surface flow velocity (vm, m s− 1)
(Fig. 2B). During this measurement, the temperature of the flume flow
was monitored using a mercurial thermometer to estimate the viscosity
coefficient (V, m2 s− 1). Subsequently, the Reynolds number (Re) (Foster,
1982) was calculated based on Eq. (1):

Re =
Rvm
V

(1)

Where R represents hydraulic radius (m); V denotes viscosity coefficient
of the flume flow (m2 s− 1); vm is the mean surface flow velocity (vm, m
s− 1).

The pattern of the flume flow was classified as laminar flow
(Re<2000), transitional flow (2000<Re<4000), or turbulent flow
(Re>4000). The average velocity of the flume flow (v, m s− 1) for each
combination of one flow discharge and one slope was obtained by
multiplying the mean surface flow velocity (vm) by coefficients of 0.6
(laminar flow), 0.7 (transitional flow) and 0.8 (turbulent flow),
respectively, based on the pattern of the flume flow (Cao et al., 2011;

Luk and Merz, 1992) (Table 2). The flow depth (h, m) (Nearing et al.,
1991; Liu et al., 2024) was calculated as follows:

h =
Q
vB

(2)

Here, Q refers to the flow discharge (m3 s− 1), v is the mean flow velocity
(m s− 1), B is the width of flume (B=0.35 m).

Subsequently, shear stress (τ, Pa) (Cochrane and Flanagan, 1997)
was computed based on Eq. (3):

τ = ρghS (3)

Where ρ, g, and S represent the water density (ρ=1 kg m− 3), gravita-
tional acceleration (g=9.8 m s− 2), and sine value of slope gradients.
Fifteen shear stresses ranging from 1.05 to 5.35 Pa were obtained by
combining three flow discharges (250, 450, and 650 ml s− 1) with five
slope gradients (5.24 %, 8.75 %, 17.63 %, 26.79 %, and 40.40 %).

2.7. Measurement of Dc by overland flow, and calculation of Kr and τc

Soil detachment capacity (Dc) was measured through a series of flow
scouring experiments carried out each year using a flume (Fig. 2B),
following the experimental process described by Zhang et al. (2003).
The measurement process for Dc involved the following steps:

Step 1: Set the desired slopes and adjusted the flow discharge using a
flow meter calibrated with a graduated cylinder in the flume. Measured
the surface velocity of flume flow using the KMnO4 method.

Step 2: Placed an iron water baffle in front of the circular hole to halt
water flow in the flume, then inserted a soil sample ring into the soil
sample circular hole located before the flume’s bottom.

Step 3: Removed the iron water baffle to allow the water flow to
detach soil from the soil sample ring. Stopped the detachment once the
scoured soil depth in the soil sample ring reached approximately 2 cm
because when the scoured soil depth is less than 2 cm, the impact of the
ring’s sidewall on Dc is the minimum (Zhang, 2002). Meanwhile,
recorded the duration of the flow scouring process with a chronograph.

Step 4: Dried the wet soil remaining in the soil sample ring at 105 ◦C
in an oven for 24 hours, then weighed the dried soil mass using an
electronic balance to determine the final weight of the dry soil left in the
soil sample ring after the flow scouring experiments.

Dc was calculated using Eq. (4):

Dc =
Mo − Mf
a ∗ t

(4)

Table 3
Basic variation of experimental soil properties with biochar addition from 2018 to 2020.

Year BCR COH LSD MWD LSD BD LSD TC LSD TOC LSD

% Kpa ​ mm ​ g m− 3 ​ g kg− 1 ​ g kg− 1 ​
2018 CK 12.88b ​ 0.91d 0.06 1.18a ​ 18.71d ​ 4.44 f ​

1 18.27a ​ 1.02c 1.11ab ​ 28.03c ​ 6.26e ​
2.5 18.86a ​ 1.19b 1.07abc ​ 29.54c ​ 20.00d ​
4 19.35a 1.29 1.28a 1.06bc 0.12 53.22b 0.24 37.86a 0.91
5.5 10.57c ​ 0.70e 1.01bc ​ 52.67b ​ 29.34c ​
7 11.33 cd ​ 0.89d 0.97c ​ 76.81a ​ 34.69b ​

2019 CK 12.59d 0.71 0.92c ​ 1.15a ​ 18.3d ​ 5.27 f ​
1 19.53b 1.18b ​ 1.08ab ​ 27.6c ​ 11.36e ​
2.5 17.35c 1.16b ​ 1.05ab ​ 29.1c ​ 12.49d ​
4 22.81a 1.29a 0.07 1.04ab 0.14 52.8b 0.35 22.33c 0.98
5.5 11.52e 0.56d ​ 1.00b ​ 52.2b ​ 27.22b ​
7 12.26d 0.88c ​ 0.99b ​ 76.4a ​ 35.14a ​

2020 CK 13.49e ​ 0.91d ​ 1.23a ​ 17.70 f ​ 7.40 f ​
1 18.49c ​ 1.14c ​ 1.17ab ​ 24.41e ​ 12.02e ​
2.5 18.78c ​ 1.18c ​ 1.12b ​ 31.73d ​ 15.97d ​
4 24.76b 0.62 1.33b 0.06 1.10bc 0.10 44.50c 0.30 19.56c 1.00
5.5 17.67d ​ 1.16c ​ 1.08bc ​ 57.92b ​ 25.40b ​
7 32.96a ​ 2.03a ​ 1.01c ​ 61.30a ​ 28.53a ​

BC, biochar; COH, cohesion (Pa); MWD, mean weight diameter of soil aggregate (mm); BD, bulk density (g cm− 3); TC, total carbon (g kg− 1); TOC, total organic carbon
(g kg− 1). Values followed by different lower letters within a column are statistically significant at P<0.05 based on LSD test between different rates.
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Where Dc represents the soil detachment capacity by flume flow (kg m− 2

s− 1); Mo is the weight of the soil sample dried before the flow scouring
experiments (kg); Mf represents the mass of the soil sample (kg) left in
the soil sample ring after the flow scouring experiments; a denotes the
cross-sectional area of the steel ring (m2), and t indicates the period
tested (s).

The soil erosion resistance parameters Kr and τc are key metrics in
evaluating soil susceptibility to rill erosion. Kr is the rate at which Dc
increases with each unit increase in flow shear stress, and τc represents a
threshold value, beyond which there is a significant increase in Dc for
each unit increase in shear stress. In the Water Erosion Prediction
Project (WEPP) model (Flanagan and Nearing, 1995), Kr and τc were
estimated based on the measured Dc and τ using Eq. (5):

Dc = Kr(τ − τc) (5)

Table 4
Variation of rill erodibility (Kr, s m− 1) and critical shear stress (τc, Pa) with biochar addition from 2018 to 2020.

Year BC addition rate Kr τc

% s m− 1 Pa
2018 CK 0.1981±0.0033b 1.7032±0.0024ab

1 0.1585±0.0069c 1.7338±0.0766a
2.5 0.1227±0.0267d 1.7561±0.1438a
4 0.0838±0.0059e 1.7792±0.0496a
5.5 0.2717±0.0504a 1.4921±0.0228c
7 0.2264±0.0134b 1.5720±0.0261bc

Contrast ————————————————————————————————————Pr>F-———————————————————————————————————
Biochar vs Control 0.004 <0.001

2019 CK 0.1971±0.0022b 1.7078±0.0044ab
1 0.1569±0.0138c 1.7390±0.0335a
2.5 0.1219±0.0342 cd 1.7416±0.1891a
4 0.0782±0.0078d 1.7650±0.0367a
5.5 0.2463±0.0296a 1.5043±0.1190c
7 0.1884±0.0232b 1.6428±0.0431b

Contrast ————————————————————————————————————Pr>F-—————————————————————————————————
——————————————————————————————————————Pr>F————————————————————————————————————
———————Pr>F

Biochar vs Control <0.001 <0.001
2020 CK 0.1894±0.0055a 1.7187±0.0151b

1 0.1173±0.0060c 1.7415±0.0396b
2.5 0.1096±0.0248c 1.7651±0.0123b
4 0.0663±0.0033d 1.7897±0.0569b
5.5 0.1591±0.0074b 1.7291±0.0661b
7 0.0108±0.0007e 2.0030±0.0188a

Contrast —————————————————————————————————————Pr>F———————————————————————————————————
Pr>F

Biochar vs Control <0.001 <0.001
Duration main effect of biochar addition ​ ​
2018 0.1726±0.0766 A 1.6806±0.1513 A
2019 0.1609±0.0624 A 1.6785±0.1421 A
2020 0.0926±0.0521B 1.7970±0.4566B

Values followed by different lowercase letters within a column are statistically significant at P<0.05 based on an LSD test between different rates under the same year.
Different capital letters within a column are statistically significant at P<0.05 based on an LSD test between biochar addition durations averaged addition rates.

Table 5
Analysis of variance of significance and contribution rate of the interaction of
variables affecting soil Kr and τc.

Indicators Source df Mean
squares

F value Sig. Contribution
ratio (%)

Kr D 2 0.022 1343.068 0.000 19
R 5 0.027 1617.136 0.000 56
D*R 10 0.006 368.698 0.000 25
Error 36 0.002 ​ ​ 0.4

τc D 2 0.001 4.248 0.022 0.4
R 5 0.050 172.545 0.000 49
D*R 10 0.026 88.733 0.000 48
Error 36 0.000 ​ ​ 3

Kr, rill erodibility (s m− 1); τc, critical shear stress (Pa); D, duration of biochar
application (year); R, rate of biochar application (%); df, degree of freedom; Sig.,
significance.
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Fig. 3. Principal component analysis of rill erodibility (Kr), critical shear stress
(τc) and soil physicochemical parameters in different biochar addition rates and
durations (n=9). COH, cohesion (Pa); MWD, mean weight diameter of soil
aggregate (mm); BD, bulk density (g cm− 3); TC, total carbon (g kg− 1); TOC,
total organic carbon (g kg− 1).
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Where Kr represents rill erodibility (s m− 1), and τc denotes the critical
shear stress (Pa).

A lower Kr and higher τc indicate greater soil erosion resistance. In
this equation, Dc is considered to increase linearly with an increase in τ.
In the scatter plot with τ on the x-axis and Dc on the y-axis, the slope of
fitted line is Kr, while the x-intercept corresponds to τc. Thus, the
regression-derived values of Kr and τc were obtained for all biochar
treatments at each sampling time (Table 2).

2.8. Soil properties measurement

Soil cohesion (COH), mean weight diameter of soil water-stable ag-
gregates (MWD), bulk density (BD), total carbon (TC), and total organic
carbon (TOC) were measured for the topsoil of all plots at the time of
each sampling to determine the variations of Kr and τc each year. BD of
the 0–5 cm soil layer was obtained for six duplicates using steel rings
(5 cm diameter×5 cm height) via the oven-dried method. A Eijkelkamp
pocket vane tester was used to determine the COH, with six readings
taken (Shen et al., 2021a, 2021b). The wet-sieving method was
employed to measure the soil water-stable aggregate in triplicate (An
et al., 2013), then MWD was calculated based on the distribution of soil
water stable aggregate (Klute et al., 1986). TC and TOC were obtained

using a Vario EL cube elemental analyzer from German Element
(German Element, GRE), and the potassium dichromate colorimetric
method was used in triplicate. The average COH, MWD, BD, TC, and
TOC for each biochar treatment are presented in Table 3.

2.9. Statistical analysis

One-way ANOVA determines if the independent variable has a sig-
nificant effect on the dependent variable, and Least Significant Differ-
ence (LSD) is a post-hoc test used after ANOVA to determine which
specific groups are significantly different from each other. Thus, One-
way ANOVA was conducted, followed by LSD (P<0.05) to compare
variations in soil properties, Kr and τc with different rates and durations
of biochar addition. Two-way ANOVA examines both the individual
effects of each factor on the dependent variable and any interaction
effects between the two factors, and was used to determine the inter-
action effects between rates and durations of biochar addition with LSD
(P<0.05). Additionally, the contribution ratio (CR) of the biochar
addition rate and duration to the observed variations in Kr and τc was
calculated using Eq. (6) (Sadeghi et al., 2012):

Biochar addition
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BC
BD

TC/TOC
MWD

COH

BC
BD

TC/TOC
MWD

COH

BC
BD

TC/TOC
MWD

COH

BC
BD

TC/TOC
MWD

COH

BC
BD

TC/TOC
MWD

COH

BC
BD

TC/TOC
MWD

COH

Direct effect

Indirect effect

-0.5 0.0 0.25-0.25-0.75

-0.5 0.0 0.25-0.25-0.75

Total effect

Direct effect

Indirect effect

Total effect

-0.66*** 

-0.66*** 

0.47 

0.95*** 

0.93*** 0.003

0.04 

0.18

0.19 
0.21 

0.03 

0.20 -0.20 

0.44

0.94***

0.005

-0.08

-0.54**

-0.08-0.37*

0.03

0.21 -0.17

0.93***

R2 = 0.44

R2 = 0.05

R2 = 0.88

R2 = 0.86

R2 = 0.82

R2 = 0.44

R2 = 0.05

R2 = 0.90

R2 = 0.86

R2 = 0.18

Kr

COH

A

B

Fig. 4. Structural equation models (SEMs) illustrating the effects of biochar addition on soil rill erodibility (Kr) and critical shear stress (τc). Standardized path
coefficients are represented by red (negative) and blue (positive) arrows. Numbers adjacent to arrows indicate effect sizes. *P<0.05, **P<0.01. COH, cohesion (Pa);
MWD, mean weight diameter of soil aggregate (mm); BD, bulk density (g cm− 3); TC, total carbon (g kg− 1); TOC, total organic carbon (g kg− 1).
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CR =
SSF − (Df ∗ VEr)

SST
× 100 (6)

Where SST stands for total sum of squares, which represents the total
variation in the dependent variable. SSF refers to factorial sum of
squares, which represents the variation in the dependent variable that is
explained by the independent variables (in this case, biochar addition
rate and duration). VEr represents the variance of error, which is the

unexplained variation in the dependent variable. Finally, Df refers to
degrees of freedom, which is a measure of the amount of information
available to estimate statistical parameters.

Redundancy analysis (RDA) is used to investigate the relationships
between two sets of variables: explanatory variables (e.g., environ-
mental factors) and response variables (e.g., species data). The “vegan”
package in R software (v. 4.0.2) was used for RDA, which identified
correlations between sample distributions, Kr, τc, and soil properties.
Environmental factors were selected using variance expansion analysis
to eliminate collinearity for RDA. Partial Least Squares Path Modeling
(PLS-PM) is a technique used in structural equation modeling (SEM) to
analyze complex causal relationships among latent and observed vari-
ables. In this study, PLS-PM was employed to identify possible pathways
for how variables control Kr and τc with the addition of biochar. The
“innerplot” function in the “plspm” package was used to construct the
models.

Simple regressions were used to quantify the relationships between
Dc and τ, and determine the Kr and τc. Non-linear regression equations
were utilized to comprehensively analyze the relationships between Kr,
τc, and soil properties. To assess the fitness of the regression equations,
coefficient of determination (R2) was calculated. The modelling dataset
used in this study was the same as the one used in previous studies (Liu
et al., 2020; Shen et al., 2021a, 2021b; Wang et al., 2018). All statistical
analyses were conducted using the R software package (v.4.0.2).

3. Results

In this study, applying biochar, regardless of the rates and duration
of addition, generally weakened soil Kr while it enhanced τc. The Kr and
τc for the control ranged from 0.1947 to 0.2107 s m− 1 and
1.6971–1.7314 Pa, respectively, with a mean of 0.2007 s m− 1 and
1.7100 Pa. In contrast, the Kr and τc for soils with biochar incorporation
ranged from 0.0108 to 0.3334 s m− 1 and 0.5700–2.9602 Pa, with a
mean of 0.1412 s m− 1 and 1.7216 Pa (Table 4). On average, across the

Table 6
Equations for modeling soil resistance (Kr and τc) from 2018 to 2020 under biochar addition (n=45).

Year Equations Number R2 P

2018 Kr=e− 0.699MWD− 1.603COH− 0.430 (7) 0.686 <0.01
τc=e0.581MWD0.327COH− 0.011 (8) 0.683 <0.01

2019 Kr=e0.576MWD− 0.551COH− 0.776 (9) 0.669 <0.01
τc=e0.606MWD0.109COH0.057 (10) 0.561 <0.01

2020 Kr=e− 3.052MWD− 4.572COH0.017TOC− 0.555 (11) 0.931 <0.01
τc= e− 0.531MWD− 0.205COH0.012TOC− 0.102 (12) 0.728 <0.01

2018–2020 Kr=e1.742MWD− 1.029COH− 1.221TOC− 0.255 (13) 0.761 <0.01
τc=e0.525MWD0.224 (14) 0.605 <0.01

Kr, soil rill erodibility (s m− 1); τc, critical shear stress (Pa); COH, cohesion (Pa); MWD, mean weight diameter of soil aggregate (mm); TOC, total organic carbon (g
kg− 1).

Fig. 6. Comparison of differences between observed and predicted rill erodibility (Kr) and critical flow shear stress (τc) using the established Eq. (13) and (14).

Fig. 5. Pearson correlation coefficient matrix between rill erodibility (Kr),
critical flow shear stress (τc) and soil properties under different biochar appli-
cation durations. *P<0.05, **P<0.01. COH, cohesion (Pa); MWD, mean weight
diameter of soil aggregate (mm); BD, bulk density (g cm− 3); TC, total carbon (g
kg− 1); TOC, total organic carbon (g kg− 1).
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years of the study, there was a 30 % the reduction in Kr and 1 % increase
in τc compared to the control. However, the effect of biochar on soil Kr
and τc depended on the rate and duration of biochar addition (Table 5).
The analysis of variance indicated that biochar addition rate, duration,
and their interaction significantly affected Kr, with the biochar addition
rate had contributed more to both Kr and τc (56 % and 49 %, respec-
tively), followed by the interaction of biochar addition duration and
rate, then biochar duration (Table 5).

3.1. Variations of soil resistance with biochar addition rate

The rate of biochar addition significantly affected both Kr and τc,
with the rate of addition contributing more than the duration of addition
and their interaction effects (Table 5). In 2018 and 2019, the mean Kr
and τc without biochar were 0.1976 s m− 1 and 1.7055 Pa, respectively.
When biochar was applied at rates of 1 %, 2.5 %, and 4 %, Kr decreased
to 0.1442, 0.1181, and 0.0761 s m− 1 (Table 4), corresponding to re-
ductions of 27 %, 40 % and 61 %, respectively. In contrast, τc increased
by 2 %, 3 % and 4 %, with greater effect with higher biochar rates.
Conversely, biochar addition at 5.5 % and 7 % increased Kr by 31 % and
5 % while reducing τc by 12 % and 6 %, compared to the control. In
2020, all biochar addition treatments (1 %, 2.5 %, 4 %, 5.5 % and 7 %)
led to reductions in Kr of 38 %, 42 %, 65 %, 16 %, and 94 %, respec-
tively, while τc increased by 1 %, 3 %, 4 %, 1 % and 17 % relative to
bare soil.

3.2. Variations of soil resistance with biochar addition duration

The duration of biochar addition significantly influenced both Kr and
τc (Table 5). In 2018, the range of Kr in biochar-treated soil was
0.0838–0.2717 s m− 1, with a mean of 0.1726 s m− 1. In 2019, Kr ranged
from 0.0782 to 0.2463 s m− 1, with a mean of 0.1609. By 2020, Kr had a
range of 0.0108–0.1894 s m− 1, with an average of 0.0926 s m− 1

(Table 4). Relative to the control, biochar addition reduced Kr by 13 % in
2018, 20 % in 2019 and 94 % in 2020, indicating a positive correlation
between the duration of biochar addition and the reduction in Kr. The
most substantial decrease of Kr was observed in 2020 compared to the
control. In contrast to Kr, biochar addition had no significant effect on τc
in 2018 and 2019. However, τc increased by 17 % in 2020 compared to
the control, indicating a significant impact (Table 4).

3.3. Correlation between soil properties and levels of resistance

The correlation matrix in Fig. 3 showed the interrelationships among
the soil properties and levels of soil resistance. Generally, soil properties,
such as mean weight diameter (MWD), cohesion (COH), total organic
carbon (TOC) and bulk density (BD), exhibited a negative correlation
with Kr but positive correlation with τc (Fig. 3). Notably, the most sig-
nificant correlations were observed between Kr, τc and MWD and COH.

The changes of soil properties induced by biochar addition affected
Kr and τc, however, the effect depended on the different soil properties
(Fig. 4A). A conceptual model was developed to illustrate these re-
lationships, demonstrating strong explanatory power for Kr (91 % of the
variance explained, with a goodness of fit of 0.74). Biochar addition
directly impacted BD, MWD, and TC, with standardized path coefficients
of − 0.66, 0.44, and 0.94, respectively. MWD had the most substantial
effect on COH, with a standardized path coefficient of 0.93. Both MWD
and COH showed significant negative effects on Kr, with standardized
path coefficients of − 0.37 and − 0.54, respectively. The effects of MWD
and COH on Krwere largely direct (-0.55 and − 0.62) rather than indirect
(-0.38 and − 0.01) (Fig. 4A). In contrast, most soil properties had posi-
tive effects on τc, and the total effect of MWD, BD, and COH (0.32, 0.27,
and 0.13) on τc was greater than that of TC (Fig. 4B). The conceptual
model demonstrated good explanatory power for τc, explaining 83 % of
the variance with a goodness of fit of 0.66, although these values were
slightly lower than those observed for Kr.

Meanwhile, the correlation between soil resistance to soil erosion (Kr
and τc) and soil properties also varied with biochar addition duration
(Fig. 5). Pearson correlation analysis revealed significant effects be-
tween Kr, τc and MWD in both 2018 and 2019. However, a significant
correlation between Kr, τc and soil carbon (TC and TOC) emerged only
after three years of biochar addition in 2020 (Fig. 5).

3.4. Soil resistance estimation

Direct measurement of Kr and τc poses challenges under both field
and laboratory conditions. Therefore, it is essential to estimate Kr and τc
using easily measurable soil properties. The results indicated a close
correlation between Kr, τc and soil properties, notably COH (0.73 and
− 0.84) and MWD (0.77 and − 0.89), which were the key factors influ-
encing Kr and τc in 2018 and 2019. Consequently, Kr and τc were esti-
mated well by MWD and COH for the years of 2018 and 2019 with high
R2 values in the power regression Eq. (7) ~ (10) (Table 6, P<0.01),
demonstrating a reliable approach for estimating these soil resistance
metrics.

Over time, TOC started to significantly influence Kr and τc with high
correlation coefficients of 0.68 and − 0.67. Therefore, in 2020, TOC was
included alongside COH andMWD to estimate Kr and τc, as illustrated by
Eq. (11) and (12) (Table 6, P<0.01).

A comprehensive analysis of all the factors affecting Kr and τc from
2018 to 2020 indicated that Kr could be reliably estimated by MWD,
COH and TOC, while τc could be estimated by MWD using a power
function Eq. (13) and (14) (Table 6, P<0.01). The R2 for Eq. (13) and
(14) were 0.761 and 0.605, respectively, suggesting that both equations
were effective in predicting Kr and τc during the three-year period of
biochar addition. The predicted Kr and τc, derived from Eq. (13) and
(14), align closely with the measured values from the flume experiment,
falling along the 1:1 line. This observation underscores the high accu-
racy of both equations for predicting Kr and τc (Fig. 6). Therefore, these
findings suggest that Eq. (13) and (14) can be used to estimate Kr and τc
well under biochar addition in this study.

The above results demonstrate that long-term biochar addition
effectively changed soil properties, resulting in reduction of Kr and in-
crease of τc across all biochar treatments compared to the control. The
reduction of Kr and increase of τc had a positive relationship with both
rates and durations of biochar addition, with the rate exerting a stronger
influence than the duration. The MWD and COH were identified as the
main factors that influenced Kr and τc, thus were used to predict Kr and τc
in 2018 and 2019. In 2020, TOC, MWD, COHwere used to predict Kr and
τc under biochar addition conditions in the Loess Plateau of China.

4. Discussion

4.1. Effect of biochar addition on soil resistance

Biochar has received substantial research attention as a potential soil
amendment in the last two decades. During this time, many studies have
shown that it can change soil properties (Chen et al., 2020; Li et al.,
2023; Zhang et al., 2021), and thus may impact soil resistance (Kr and τc)
(Gholamahmadi et al., 2023; Li et al., 2024). This study in China’s Loess
Plateau has shown that biochar addition generally reduced rill erod-
ibility (Kr) by 30 % but lightly increased critical shear stress (τc) (1 %)
on average across the study years compared to bare soil (Table 4), which
shows that biochar enhanced the ability of soil to resistance detachment
by the concentrated water flow. This result is consistent with the find-
ings of Seitz et al. (2020), who observed a decrease of soil erodibility in
sandy and silty soils with the addition of biochar. Moreover, Parhizkar
et al. (2023) also found biochar addition decreased Kr by 79 % compared
to the control. The reason for the Kr reduction and τc increase might be
that biochar is characterized by a high level of porosity, high specific
surface area, and high cation exchange capacity (CEC) (de Sousa Lima
et al., 2018; Xu et al., 2019). As a result, biochar has high adsorption
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capacity and interacts with soil ions, organic matter, and clay, thus
biochar addition, as soil amendment, improves soil aggregate stability
and increases soil COH (Table 3), which might enhance resistance of soil
mass to detachment by water flow. Moreover, biochar, being rich in
carbon, contributes to high TC and TOC. This fosters the bonding of soil
particles, leading to increased aggregate formation and enhancement of
soil stability, which thus also increases soil’s resistance to erosion by
flowing water, leading to a reduction of Kr and an increase of τc. This
study showed that biochar addition elevated soil COH, MWD, TC and
TOC, and these chemical and physical properties exhibited negative
correlations with Kr but positive correlations with τc (Fig. 3), conse-
quently, biochar addition greatly decreased Kr but increased τc. The
above results reflect the elevation of soil resistance to water erosion due
to biochar addition on loessial slopes.

4.2. Variation of soil resistance with biochar addition rate

The impact of biochar addition on Kr and τc depended on the biochar
addition rate, with a moderate addition rate having the potential to
enhance soil resistance. Biochar addition at low rates (1 %, 2.5 % or
4 %, w/w) generally decreased Kr but increased τc, Conversely, 5.5 %
and 7 % biochar addition significantly increased Kr and reduced τc
relative to the control after short-term biochar addition (2018 and
2019). Our findings align with those of Li et al. (2019), who found that
1 % and 3 % biochar addition decreased runoff and inhibited soil loss,
while the opposite effect was observed at higher addition rates (5 and
7 %) under simulated rainfall. Similarly, Cai et al. (2020) observed that
biochar addition at a 5 % rate effectively decreased both runoff and soil
loss, but 7 % addition promoted soil loss. The reason might be that
biochar addition with higher rates and short-term duration increased
soil looseness, subsequently weakening the resistance of soil to erosion.
However, the outcomes from previous studies diverge from our obser-
vations, indicating a substantial reduction in soil loss with escalating
biochar addition rates in short-term simulated experiments (Abrol et al.,
2016; Jien and Wang, 2013; Nyambo et al., 2018; Vahidi et al., 2022;
Zeng et al., 2014). We hypothesize that these contradictory effects might
stem from variations in soil composition between our study and prior
research. Previous studies primarily featured soils composed mainly of
clay and silt particles (Jien and Wang, 2013; Zeng et al., 2014). A higher
clay content, characterized by a large specific surface area, facilitates the
interaction between soil and biochar. This interaction can result in soil
particles binding more tightly, either directly with biochar or initially
adsorbing soil organic matter and subsequently binding to adjacent soil
particles. This behavior leads to the incorporation of biochar into ag-
gregates, thereby bolstering aggregate stability (Yang and Lu, 2021). As
a consequence, soil erosion diminishes with higher rates of biochar
application. Nevertheless, our study revealed that the soil predomi-
nantly consisted of sand and silt particles. The adsorption capacity of
coarse soil particles, such as sand, for biochar and other soil particles
was weaker compared to that of finer soil particles like clay. Conse-
quently, treatments with elevated biochar addition rates did not yield
statistically significant differences in water-stable soil aggregate content
in 2018 and 2019 (Table 3). Furthermore, our findings indicate a
negative correlation between the biochar addition rate and soil resis-
tance under short-term biochar addition.

4.3. Temporal effects of biochar addition duration on soil resistance

Long-term biochar addition (2020) reduced Kr and increased τc
regardless of addition rates, and the effect was proportional to the bio-
char addition durations (Table 4). Biochar significantly influenced
MWD, COH, BD, TC and TOC then Kr and τc (Fig. 3). However, only
MWD, COH and BD correlated with Kr and τc in 2018 and 2019 (Fig. 5).
The limited correlation between Kr, τc and TOC could be attributed to
the fact that the enhancement of soil structure due to TOC from biochar
occurs gradually. Both the high TOC and adsorption capacity of biochar

played a role in binding soil particles and forming new aggregates (Kang
et al., 2022; Yan et al., 2022). The low correlation between Kr, τc and
TOC, along with the significant relationship between Kr, τc, MWD, COH
and BD, indicates most of the TOC form biochar was less available for
microbial degradation in the short term due to its highly aromatic nature
(Liu et al., 2022). The improvement of soil structure due to biochar
addition is a gradual process that requires substantial changes in soil
environments, including moisture, temperature, microbial activities,
and cultivation practices. Therefore, indoor studies with relatively short
durations (less than 2 years) may not adequately capture the complex
dynamics of Kr and τc that occur under natural field conditions (Ahmadi
et al., 2020; Gholami et al., 2019; Shen et al., 2021a, 2021b). Conse-
quently, the adsorption capacity of biochar in this study became the
main force elevating MWD and COH compared to TOC in the initial
stages of biochar addition.

After biochar addition for 3 years (2020), a significant correlation
between soil resistance to erosion (Kr and τc) and soil carbon (TC and
TOC) was observed (Fig. 5). The likely reason for this was that some of
the TOC from biochar might have decomposed and produced humic
substances that contributed to binding soil particles to form soil aggre-
gates and increase soil COH (Aller et al., 2017; Edeh et al., 2020; Zhang
et al., 2022). Thus, the effect of TOC from biochar on Kr and τc started to
be significant in 2020, the final year of the study. Besides, the increase of
Kr due to high biochar addition (5 % and 7 %) in 2018 and 2019, as well
as 7 % biochar application in 2020 obtained the highest effect on
reducing Kr and increasing τc implying that the adsorption capacity of
biochar from a highly specific surface area of biochar was weaker than
that of humic substances and labile soil organic carbon from biochar
decomposition under long-term biochar addition. The results suggest
that the impact of biochar addition on soil resistance to erosion may take
time to manifest and long-term biochar addition would be more bene-
ficial to elevate soil resistance to erosion. Our results align with previous
studies, demonstrating that the duration of biochar addition signifi-
cantly affected soil erosion (Agbede and Adekiya, 2020; Nyambo et al.,
2018). Most studies with short incubation periods reported inconsistent
effects of biochar on soil erosion (positive and negative) (Cai et al., 2020;
Li et al., 2019). However, results from long-term field experiments
consistently showed a reduction of soil loss and runoff following biochar
addition (Gholamahmadi et al., 2023; Li et al., 2024; Vahidi et al.,
2022).

4.4. Soil resistance estimation and limitations

Multivariate nonlinear regression analysis identified that MWD and
COH were the main factors useful for simulating Kr and τc in 2018 and
2019. Notably, TOC also became significant factor in the models in
2020. TOC was excluded during the analysis process in 2018 and 2019,
probably because TOC from biochar was ineffective for enhancing soil
structure in the early years. Biochar is known to be rich in carbon, but
much of the carbon is inert (Adhikari et al., 2024; Luo et al., 2023).
Consequently, the estimation of Kr and τc under biochar addition was
complicated and inconsistent with some previous studies (Elliot and
Flanagan, 2023; Ostovari et al., 2022). The results confirmed that the
TOC from biochar could be used to estimate Kr and τc in the case of
long-term biochar addition. Consequently, power regression models
were formulated and effectively estimated the Kr and τc across all bio-
char treatments, encompassing both short-term and long-term biochar
additions. Actually, the Kr, representing the slope of the equation that
interpolates rill detachment capacity and shear stress, serves as a
quantifiable measure of a soil’s resistance to rill erosion (Nearing et al.,
1991). Hence, the accurate estimation of Kr is essential for the imple-
mentation of effective soil conservation measures.

The Kr decrease and τc increase observed in sites treated with bio-
char, in comparison to untreated soils, can help us to comprehensively
understand the hydrological consequences of biochar addition,
including its dynamic and variable influences on soil properties,
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erodibility and soil loss under the long-term field experiments with
continuous monitoring. This finding provides valuable insights into the
complex interactions between biochar, soil erosion processes, and
environmental factors, improving our understanding of the efficacy and
potential risks associated with biochar application in soil erosion man-
agement. This knowledge could inform improvements to soil conserva-
tion programs aimed at mitigating soil erosion risks. Notably, our study
provides recommendations for optimal models to mitigate Kr and τc
under different rates and durations of biochar addition. Moreover, the
establishment of models for predicting Kr and τc will be helpful to esti-
mate Kr and τc, and can support soil erosion models when there isn’t
sufficient data about the effects of biochar amendment.

However, there is a potential limitation of a few soil properties
considered here, combined with a simulated flow scour test. Therefore,
it is imperative to conduct further flow scour tests in various field set-
tings, considering a broader range of soil properties, to enhance the
reliability and applicability of the results obtained in this study. Addi-
tionally, the effect of biochar addition on soil properties varied with
experiment conditions, such as soil texture, management conditions (e.
g., cropping systems, irrigation methods) (Faloye et al., 2024; Kang
et al., 2022; Li et al., 2024; Wang et al., 2019), biochar types and pro-
duction temperature (Ghorbani and Amirahmadi, 2024), thus the results
and empirical equations obtained from our study were regraded to apple
branch biochar (OR woody material) and pyrolysis temperature of 550
◦C, and should undergo calibration to estimate Kr and τc in more
experimental conditions. Despite these acknowledged limitations, this
study effectively delineated the impact of biochar on Kr and τc, and
devised distinct models for predicting Kr and τc based on various soil
properties. This guidance also holds significant importance for the
judicious application of biochar in soil erosion management and efforts
toward soil restoration on the Loess Plateau.

5. Conclusions

Biochar can play a crucial role in soil erosion processes by increasing
soil’s resistance to erosion, and thus far, this aspect has not been sys-
tematically explored. This study was carried out to investigate the effect
of biochar addition rate and duration on Kr and τc through a flume
experiment, explore the key factors influencing the temporal variation
in Kr and τc, and model soil resistance to erosion under biochar addition.
The results demonstrate that across years and rates, biochar decreased
Kr, while increasing τc. Notably, the Kr reduction and τc elevation were
observed at lower rates of biochar addition, rather than at high rates,
after biochar addition for 1 and 2 years. Contrastingly, Kr decreased,
while τc increased proportionally with the escalating biochar addition
rates over the 3-year biochar addition. The results indicate that the
greater effect of biochar addition on Kr and τc was observed with higher
rates and long-term biochar addition. Soil consolidation, structural
stability, soil organic matter, and the mean weight diameter of soil ag-
gregates (MWD) negatively are related with the alterations Kr, but
positively related with τc. Thus, soil cohesion, MWD, and total organic
carbon (TOC) were used to accurately estimated Kr and τc under biochar
addition (R2=0.761).

Exploring the effect of biochar on the mechanism of Kr and τc con-
tributes to explaining the effects of biochar on soil detachment and soil
erosion processes. Our study provides insights how long-term biochar
addition enhances soil’s potential resistance to detachment and erosion.
The established fitted equations for predicting Kr and τc could help
identify which soil properties vary with biochar addition and is valuable
for supporting soil erosion modeling when data about biochar amend-
ments are insufficient. However, this study just considered the effects of
one type of biochar on Kr and τc for one soil type and limited soil
properties that could influence the rill erosion process. As a result,
designing novel experiments which consider more soil properties are
necessary to broadly understand the long-term effects of different bio-
char types on diverse soil erosion susceptibilities.
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