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Aims: Root characteristics and soil properties can be used to predict soil detachment capacity
(D,)- However, few investigations have explored the effects of root diameter and plasticity
index on the rill erosion process, particularly for soils under mixed tree species modes.
Materials & Methods: To fill this gap, this study has evaluated the effects of root diameter,
soil organic matter content, and plasticity index on the D_in soils under mixed modes of
Crataegus ambigue, Fraxinus excelsior Linnaeus, Acer velutinum, and Pterocarya fraxinifolia
species, in planted forests of Guilan Province (northern Iran). Moreover, these three variables
were used to propose a model for predicting soil detachment capacity. For measuring D, the
slopes (6.5, 12.3, 18.4, and 26.1%) and water discharges (0.26, 0.34, 0.44, 0.52, and 0.65 L.
m~Ls™!) were adjusted to the desired values using a laboratory flume with 3.5 and 0.2 m in
length and width, respectively. These values were selected based on the field measurements
of concentrated flows in the study area. Moreover, shear stress values were calculated using
the hydraulic radius and the bed slope.

Findings: The results showed that when root diameter, soil organic matter, and plasticity
index increase, D, decreases in soils under the studied species (p < 0.01). These changes in
the studied variables were confirmed by principal component analysis (PCA), which showed
thatroot diameter and plasticity index influenced the first PC (loading over 0.50), and organic
matter significantly influenced PC2 (loading 0.56) (p < 0.01).

Conclusion: The established model can predict the soil detachment capacity according
to a linear multi-regression relationship of the selected variables. It may be helpful for
hydrologists and land managers who require reliable estimations of soil detachment rates
in forest soils.

Keywords: PCA; Multi-regression Equation; Organic Matter; Rill Erosion; Soil Conservation.

CITATION LINKS

[1] Quan X, He ], Cai Q,, Sun L.,... [2] Wang S., Fan Y, Liu L., Qu J. ... [ 3| Zuo Z., Wang H., Ding
S, WuY.. 4] LiTY, LiS,, Liang C,, He B.... [5| Geng R., Zhang G.H., Hong D.L.... [6] Parhizkar
M., Ghasemzadeh Z,, S....... [7] Geng R, Jin Q,, Lei S., Liu H.... [8] Sadeghi S.H.R,, Jafarpoor A.,
H.. [9] LiY, Zhang]., Hu Y, Zhao J... [10] Sedaghatkish E, Asadi Kapourch... [11] Ban Y.Y, Lei
T.W. Mathematical... [12] Liu ]J., Zhang X., Zhou Z. Quant... [13] Parhizkar M., Ghasemzadeh
Z.S..|14] Hao HX,, Qin ].H,, Sun ZX,, G... [15] Pawlik L., Gruba P, Gatazka A.... [ 16] Parhizkar
M., Zema D.A,, Lucas-... [17] Xiao T, Li P, Fei W,, Wang J.... [ 18] Liu L., Zhang K., Wang P, Shi
.. |19] Peng L., Tang C., Zhang X., Dua... [20] Sun J., Lu P, Cao Y., Zhang N.... [21] De Baets S,,
Poesen J., Gyssels... [22] Leung ETY, Yan WM., Hau B.C... [23] Lu J., Sun B, Ren F, Li H,, J...
[24] De Baets S., Poesen J. Empirica... [25] Wang B., Zhang G.H., Shi Y.Y, ... [26] Esmailzadeh
0., Hosseini S.M,, ... [27] Ghorbanalizadeh A., Akhani H. P.. [28] Parhizkar M., Nasiri M.R.
Model... [29] Yousefzadeh H., Walas t.., Amirc... [30] Parhizkar M. Effects of tree an... [31] Bai
Y., Wei H., Ming A., Shu W.... [32] Firincioglu B.S., Bilsel H. Uni... [33] Clark L.A., Wynn T.M.
Methods f... [34] Millward A.A., Mersey ].E. Adap... [35] Manyiwa T., Dikinya O. Using un... [36|
Khoirullah N., Mufti 1], Soph... [37] Ngezahayo E., Ghataora G.S., Bu... [38] IRIMO (Islamic
Republic of Iran... [39] Ghasemzadeh Z., Parhizkar M., M... [40| Gharibreza M., Zaman M.,
Porto ... [41] Parhizkar M., Shabanpour M, Ze... [42] Abedi R., Pourbabaei H. Ecologi... [43]
Mohammadi Galangash M., Nikkhabh... [44| Sedaghatkish F.,, Asadi Kapourch... 45| Parhizkar
M., Shabanpour M., Kh... [46] Zhou C., Shen N., Zhang F,, Del... [47| Abrahams A.D., Parsons
AJ, Lu... [48] Ma]., LiZ., Sun B.,, Ma B. Mec... [49] Zhang G.H., Liu G.B., Tang K.M.... [50] Allison
L.E 1975. Organic carbo... [51] Casagrande A. Classification an... [52] Nash ].E., Sutcliffe J.V.
River... [53] Khanal A., Fox G.A. Detachment ... [54] Sedaghatkish E, Asadi Kapourch... [55]
Chen K.L, Yan Y.F, Li Y.H, Z... [56] Gui Y,, Zhang Q., Qin X., Wang ... [57| Adamczyk B., Sietio
0.M,, Strak... [58] Poirier V., Roumet C., Munson A... [59] Erktan A., Cécillon L., Graf F.... [60]
De Le6n-Gonzalez F, Gutiérrez-... [61| Parhizkar M., Cerda A. Modellin... [62] Parhizkar M.,
Shabanpour M,, Lu... [63] Li, M., Hai, X., Hong, H. et al... [64| Nearing M.A., Bradford ].M., Pa...

Copyright© 2021, the Authors | Publishing Rights, ASPI. This open-access article is published under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix,
transform, and build upon the material) under the Attribution-NonCommercial terms.


http://www.modares.ac.ir
 https://doi.org/10.1016/j.still.2020.104714

https://doi.org/10.3390/su15107906

 https://doi.org/10.3390/w14192951

https://doi.org/10.1016/j.catena.2019.03.008

https://doi.org/10.1016/j.catena.2020.104852

https://doi.org/10.1016/j.rhisph.2022.100658

 https://doi.org/10.3390/w14121949

https://doi.org/10.1016/j.catena.2023.106956

https://doi.org/10.1016/j.ijsrc.2025.03.001

https://doi.org/10.1016/j.ijsrc.2025.01.012

https://doi.org/10.1038/s41598-022-08512-6

https://doi.org/10.1016/j.still.2019.104420

https://doi.org/10.1016/j.catena.2023.107185

https://doi.org/10.1016/j.catena.2021.105378

https://doi.org/10.1016/j.scitotenv.2023.166002

https://doi.org/10.1016/j.rhisph.2024.100921

https://doi.org/10.1016/j.scitotenv.2023.167524

https://doi.org/10.1016/j.catena.2024.107951
 https://doi.org/10.3390/f13111788

https://doi.org/10.3390/w14050772

https://doi.org/10.1016/j.geomorph.2005.10.002

 https://doi.org/10.1016/j.catena.2014.10.018

https://doi.org/10.3390/w13030342

https://doi.org/10.1016/j.geomorph.2010.02.011

https://doi.org/10.1002/esp.3459

https://doi.org/10.1016/j.flora.2010.04.024

https://doi.org/10.1016/j.pld.2021.07.005

https://doi.org/10.1016/j.rhisph.2024.100990

https://doi.org/10.1016/j.foreco.2023.121654

https://doi.org/10.1016/j.ijsrc.2024.07.001

https://doi.org/10.1016/j.geoderma.2023.116638

https://doi.org/10.3390/app13137889

 https://elibrary.asabe.org/abstract.asp?aid=22415

https://doi.org/10.1016/S0341-8162(99)00067-3

http://10.5897/AJAR2013.7081

http://10.1088/1755-1315/396/1/012035

http://www.ijlemr.com/papers/volume4-issue11/4-IJLEMR-44261.pdf

https://doi.org/10.1016/j.rhisph.2023.100707

https://doi.org/10.1016/j.iswcr.2020.07.006

https://doi.org/10.3390/resources9110129

https://cjes.guilan.ac.ir/article_1063.html

http://10.22124/cjes.2020.3980

https://doi.org/10.1016/j.rhisph.2023.100744

https://doi.org/10.3390/f11010065

https://doi.org/10.1016/j.catena.2022.106332

 https://doi.org/10.1002/esp.3290110608

 https://doi.org/10.1016/j.catena.2022.106109

 doi: 10.13031/2013.24527

 https://www.scirp.org/reference/referencespapers?referenceid=472288

 https://doi.org/10.1061/TACEAT.0006109

https://doi.org/10.1016/0022-1694(70)90255-6

https://doi.org/10.1016/j.ecoleng.2016.10.081

https://doi.org/10.1016/j.rhisph.2024.100917

DOI:10.17221/42/2023-SWR

 https://doi.org/10.1155/2021/6654121

https://doi.org/10.1038/s41467-019-11993-1

https://doi.org/10.1016/j.soilbio.2018.02.016

https://doi.org/10.1007/s11104-015-2647-6

https://doi.org/10.1016/j.geoderma.2007.08.023

 https://doi.org/10.1016/j.jhydrol.2023.129893

https://doi.org/10.1016/j.ijsrc.2020.12.002

https://doi.org/10.1038/s41598-019-44586-5

https://doi.org/10.2136/sssaj1991.03615995005500020006x


Introduction

Soil erosion refers to the detachment,
transport, and deposition of soil particles due
to rainfall and overland flow [*2]. In rill erosion,
the detachment step is due to the overland
and concentrated flow B! and can contribute
vastly to the overall erosion rate . The
maximum rate of detachment in rills, which
is defined as “soil detachment capacity” (D )
56 is a key parameter for estimating the rate
of rill erosion resulting from overland flow.
Accurate estimation of D_is necessary for the
calculation of other hydrological variables
such as rill erodibility (K ) and critical shear
stress (1) . Among the different forms
of soil erosion, rill erosion is considered
one of the most prominent challenges in
soil conservation. Various factors affect rill
erosion, including flow discharge, slope
gradient, scouring time, rainfall, runoff, soil,
topography, vegetation, and microorganisms
89101 Therefore, quantifying the factors
influencing the D_is helpful for hydrological
predictions using process-based erosion
models . In this regard, solutions exploiting
the properties of soil and root characteristics
can be useful 1213,

As noted by many researchers, plant and
tree roots can considerably improve soil
properties and reduce soil detachment
capacity [#41516171 Moreover, different
characteristics of roots have been widely
used to establish models to predict soil
detachment capacity. For instance, Liu et al.
18] showed that D_ could be modeled by root
surface area density and soil cohesion. Peng
et al. 19 reported a linear model to predict
soil detachment capacity based on root mass
density and aggregate stability. As can be
seen from these results, root characteristics,
combined with soil properties, can be used to
estimate soil detachment capacity. However,
not all root characteristics have the same
effect on soil detachment capacity. This is
the case of root diameter, a characteristic of

root that mainly influences soil detachment
rates and has a high correlation with soil
detachment by concentrated flow erosion
(201, In this regard, it is reported that roots
with a diameter of less than one mm, known
as “effective” root diameter, are effective
in controlling concentrated flow and, thus,
in reducing soil detachment rates 1?22, [t
should be mentioned that among the studied
soil properties, organic matter is considered
the most common property of soils that can
contribute to model D, (23] and abundant
studies on the impacts of soil organic matter
on this hydrological variable can be found in
the literature 2+ 231,

As unique ecosystems and essential
habitats for significant plant species in
Iran, Hyrcanian forests are known for the
high floristic distribution of native species
(26.27.28.29] Tn these forestlands, various types of
trees, shrubs, and local plants can effectively
improve soil quality and protection B9,
Moreover, there are sites under mixed tree
species in planted forests, which these
species can affect soil properties such as soil
organic carbon and nutrient accumulation
31, However, studies on the effectiveness
of mixed tree species in planted forests in
improving soil properties and reducing soil
detachment rates are lacking. Therefore, it is
crucial to study the impacts of tree species
roots on soil erosion.

Despite the large body of literature on the
associations of soil properties such as soil
organic matter and soil detachment rates in
rills, very scarce attention has been paid to
other physical characteristics of soil that may
noticeably drive the soil detachment process
in forest ecosystems. This is the case of soil
plasticity, which is essential to engineers and
scientists since it drives soil geo-mechanical
properties 3%, This soil property is expressed
by the ‘plasticity index, developed by Albert
Atterberg, to classify the consistency of soils
into different categories (named ‘consistency



limits’). The plasticity index is a valuable
indicator of the mechanical behavior of
fine-grained soils 3. This indicator has
also been found to be in close relationships
with structural stability ¥4, which, in turn,
dramatically influences soil resistance to
erosion together with soil organic matter
351, Despite these direct and indirect
associations between the plasticity index on
one side and the hydrological behavior of
soils on the other, very scarce investigations
have explored how and to what extent the
plasticity index influences soil detachment
capacity in rills. Clark and Wynn B3
compared different methods of determining
critical shear stress and erodibility of soil,
following a much older study by Smerdon
and Beasley relating plasticity index and
shear stress. To the authors’ best knowledge,
only two studies explored the correlation
between soil plasticity and its susceptibility
to erosion. Khoirullah et al. B7' related
the plasticity index with the ‘erodibility
factor’ of the Universal Soil Loss Equation
(‘USLE-K’) to evaluate soil’s resistance to
erosion in Indonesia. Ngezahayo et al. 138
evaluated the influence of geotechnical
parameters (including plasticity index) on
the erodibility of rural roads by analyzing
published data from over 200 studies from
36 countries. These isolated studies lack a
better understanding of plasticity effects on
soil detachment capacity. This need remains
unsatisfied even in the case of rill erosion.
The soil properties and root characteristics
of different plant species, such as root
diameter, may be a suitable way to model
the soil detachment capacity and predict the
rill erosion rates. In other words, changes in
these two main variables lead to changes in
soil detachment capacity in rills, leading to
changes in the rill erosion rates. Predicting
soil detachment capacity is required for rill
erosion control, as it is a significant factor
in the overall erosion process, especially in

ecosystems prone to erosion. It helps land
managers adopt suitable strategies for soil
conservation. In this case, root diameter can
be considered an innovation in this research.
To fill this gap, the current study analyzes the
impacts of the root diameter of four mixed
species and plasticity index along with soil
organic matter on soil detachment capacity
caused by rills in planted forest lands in the
north of Iran. The specific aims of the current
study are (1) to evaluate the changes in soil
detachment capacity (D) in soils under
the Crataegus ambigue, Fraxinus excelsior
Linnaeus, Acer velutinum and Pterocarya
fraxinifolia species in different sites; (2)
analyze the effects of the studied variables
including root diameter, organic matter and
plasticity index on D; and (3) propose a
regression model to predictthe D_from these
variables. We hypothesize that regression
equation is proposed to predict D_ from
the main soil properties and root diameter.
The study contributes to understanding the
relationships between soil erodibility, soil
properties, and root systems in the forest
ecosystem.

Materials & Methods

Study Area

The study area, known as Saravan Forest,
with an area of 14.87 km?, is a park in Guilan
Province, Iran (37°07'25" N; 49°35'37" E)
(Figure 1), which extends in elevation from
50 to 250 m above the sea level. This area has
aMediterranean climate with average annual
temperature and rainfall of 16.3°C and 1360
mm, respectively ¥9. Based on the study of
Ghasemzadeh et al. % in the forestlands of
this Province, the soil texture of the study
area is silty clay loam. The investigated
soil’s mean clay, silt, and sand contents were
37.5%, 49.9%, and 12.6%, respectively. The
bulk density also was 1287 kg.m3, while the
soil aggregate stability in forest ecosystems
and for different species ranged between



0.41 + 0.03 mm and 0.79 + 0.02 mm. In Iran,
deforestation in forest ecosystems is one of
the most critical anthropogenic factors of
soil erosion, especially in the northern part
of the country with a high percentage of
forests; deforestation is one of the significant
factors causing severe soil erosion !, In the
study area, some hillslopes inside the park
were deforested due to the installation of
high-voltage towers two to four years before
the investigation, and this anthropogenic
factor has caused severe rill erosion 2,

There are various plant and tree species
in this forestland and adjacent forest
areas, including Acalypha australis, Azola
filiculoides, Carex divolsa, Danae racemosa,
Rubus persicus Boiss, Crataegus ambigue, and

Hedera helix 3. To achieve the objectives
of the study, four tree species, including
Crataegus ambigue, Fraxinus excelsior
Linnaeus, Acer velutinum, and Pterocarya
fraxinifolia ***], were selected in three sites
(as sites with mixed modes of tree species).
All conditions for the studied species in the
three sites were the same to allow a more
appropriate comparison of the D_. In more
detail, to create sampling zones with uniform
characteristics, these sites were chosen
according to the similarity in topography,
growth years, slope, soil texture, distance,
and management operations.

Soil Sampling, Experimental Design, and
Measurement of Soil detachment Capacity
From January to April 2023, the experiment

Figure 1) Geographical location of the study area and an aerial view of studied sites (from A to C) (Source: Google® Map®).



was done in the Soil Laboratory of Guilan
University, Iran. To start tests in the
laboratory, the soil samples were extracted
from the top 10 cm of the studied sites using
a steel ring with a diameter of 0.1 m and a
heightof0.05 m.Rillerosionissoilremoval by
concentrated water flow, and water moving
over the surface will remove soil particles.
Extracted soil samples with roots were
inserted in the test area at the downward
section of the hydraulic flume (3.5 and 0.2
m in length and width, respectively, whose
specifications are fully described in the study
of Parhizkar et al. [*¢l. After that, the surface
of the soil sample was sprayed with water for
one day and covered with a panel to prevent
scouring during primary adjustments of
the flume. The adjustments, including the
water discharges (0.26, 0.34, 0.44, 0.52, and
0.65 L.m*s™) and slopes (6.5%, 12.3%,
18.4%, and 26.1%), mean of flow velocity
and water depth were determined using a
graduated cylinder, slope adjustment lever,
fluorescent dye method, and level probe,
respectively *71, For the calculation of mean
flow velocity, the surface flow velocity of
the water was corrected by the reported
coefficients of Abrahams et al. 8, All depth,
velocity, and flow discharge measurements
were repeated six times. The values of slopes
and water discharges were selected based
on the field measurements of concentrated
flows in the studies of Parhizkar et al. % in
the forestlands of this Province (Table 1). To
minimize the influence of the steel ring’s side
wall on the soil detachment capacity values,
the experiment was terminated when the
scoured soil depth in the steel ring reached
approximately 0.015 m or after five minutes
(9], Finally, the wet soil sample was extracted
from the hole, dried at 105°C for 1 day, and
then weighed. The layout of the laboratory
flume, the experimental process, and the
schematic of experimental design and field
sampling are presented in Figure 2 and Figure

3, respectively. Overall, the experimental
design consisted of three sites under
different tree species x four slope gradients
x five water discharges x five replications,
totaling 300 experiments.

Soil detachment capacity (D, kg.s™".m™)
with five repetitions was calculated using
the dry weight of detached soil (AM, kg),
scouring time (Dt, s), and the area of the soil
sample (A, m?), as shown in the following
equation Eq. (1):

_AM
¢ AAt

Eq. (1)

Moreover, flow shear stress (t, Pa) was
calculated using the following equation Eq. (2):
T=pgRS Eq. (2)

where r is the clean water density (kg.m™3), g
is the acceleration of gravity (m.s™?), R is the
hydraulic radius (m), and S is the bed slope
(m.m™).

Measurement of Root Diameter and Soil
Properties

Root diameter, organic matter content, and
plasticity index were determined on an
additional 180 soil samples (20 samples x
3 sites x 3 characteristics. These 20 samples
were divided among the tree species, and
five samples were selected for each tree
species at each site. The root diameter was
determined using a Vernier caliper. For
this measurement, the soil was sampled in
different positions and at three distances
(0, 0.7, and 1.4 m) from the species by the
studies of Zhang et al. % and Sedaghatkish
et al. 51, Moreover, soil organic matter and
plasticity index were determined using the
potassium dichromate colorimetric and
Casagrande plasticity chart methods %2,
Statistical Analysis

QQ plots were used to check the normality
of sample distribution. Pearson’s correlation
matrix and Principal Component Analysis
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Figure 2) Layout of the laboratory flume and the experimental process.

Table 1) Values of the shear stress in the flume experiments for measuring the soil detachment capacity.
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(PCA) were used to recognize possible
correlations between D_ and the studied
variables (root diameter, organic matter
content, and plasticity index). Moreover, these
correlations between soil detachment capacity
(dependentvariable) and the studied variables
(independent variables) were analyzed using
a linear multi-regression equation. Finally,
observed and predicted values of the soil
detachment capacity were compared in a
scatterplot. For the determination of model
accuracy, the coefficient of determination (R?),
Nash-Sutcliffe efficiency index (NSE), and
Root Mean Square Error (RMSE), as common
indicators in hydrological studies 31, were
used. All statistical analyses were done using
the software XLSTAT 9.0, Addinsoft, Paris,
France.

Findings

Changes in Soil Properties and Root
Diameter

The soil samples under mixed tree species
contained roots with a diameter between
0.34 and 0.82 mm with an average value
of 0.56 = 0.15 mm (Table 2). The organic

matter content was in the range of 1.39-1.77
%, while its mean was equal to 1.60 %. The
mean plasticity index was 21.38 *+ 1.78 %,
while the lowest and highest values were
18.80 and 24.90 %. (Table 2).

Soil Detachment Capacity

The mean of the five repetitions for each run
showed that D_in the soil samples under
mixed tree species was between 0.002 and
0.068 kg.m™2.s™ with an average value of
0.017 £0.019 mm (Table 3).Itisimportant to
note that there was no significant difference
in this hydrological characteristic among
experimental sites, which was suitable for
the present study.

Pearson’s Correlation Matrix and Principal
ComponentAnalysis

The results showed that rill detachment
capacity (D) was negatively correlated
with root diameter, organic matter, and
plasticity index of soil (p < 0.01) (Figure 4).
These results were shown in the principal
component analysis (PCA) (Figure 5). This
analysis revealed two principal components
(PC1 and PC2), which explained 84.44% of
the total variance of the D_and the studied

Forest ecosystem

Site 1

Site 2

C

Site 3

300 soil samples for flume experiments including
3 sites under different tree species x 4 slopes x 5 discharges x 5 replications

Figure 3) Schematic of experimental design and field sampling.
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Table 2) Descriptive statistics of soil properties and root diameter in three experimental sites.

Root diameter (mm) 0.55 0.34 0.81 0.17
Site 1

Plasticity index (%) 22.21 18.80 24.90 2.57

Site 2 Organic matter (%) 1.58 1.39 1.76 0.11

Root diameter (mm) 0.56 0.34 0.81 0.14
Site 3

Plasticity index (%) 20.81 18.92 22.68 1.44

Table 3) Descriptive statistics of soil detachment capacity in three experimental sites under the studied species.

Mean 0.021 0.019 0.012

Maximum 0.068 0.063 0.052

Figure 4) Pearson’s correlation matrix of soil detachment capacity and the studied variables
(Note: ** is significant level at p < 0.01).

ECOPERSIA Spring 2025, Volume 13, Issue 2



1.5 4

Organic matter

Soil detachmen
capacity

Figure 5) Scores of the original variables (soil detachment capacity, soil properties, and root diameter) on the
first principal components measured on soil samples collected under the studied tree species.

variables (including root diameter, organic
matter, and plasticity index). In this regard,
PC1 and PC2 explained 62.35% and 2.09% of
this variability, respectively. Root diameter
and plasticity index influenced the first
PC (loading over 0.50), and organic matter
significantly (p < 0.01) influenced PC2
(loading 0.56). D_ was connected with low
values of the root diameter, organic matter
content, and plasticity index (Table 4 and
Figure 5), and this implies that the studied
variables have evident and essential effects
on rill detachment capacity.

Modeling Soil Detachment Capacity
Using Soil Properties and Root Diameter
The proposed model for estimating soil
detachment capacity is the following
equation Eq. (3):
D_=-0.050RD-0.066 OM - 0.143 PI +0.184 Eq.(3)
where D _is soil detachment capacity (kg.m™.
s7!), RD is root diameter (mm), OM is organic

matter (%), and PI = plasticity index (%).
This equation was very accurate for the
simulation of D_ (R* equal to 0.92), so the
prediction of soil detachment capacity was
very close to the line of perfect agreement
(Figure 6). Moreover, as reported in Table
5, the indexes of root mean square error
(RMSE) and Nash and Sutcliffe (NSE) showed
appropriate values for this model.
According to the relationship between
the Dc and shear stress, the rill erodibility
(as the slope) and critical shear stress
(as the intercept) for the studied sites
were calculated. The values of these two
momentous parameters reflecting soil
resistance are presented in Table 6.

Discussion

Relationship Between the Studied
Variables and Soil Detachment Capacity
The soils under the studied species showed
no significant difference in soil detachment
capacity. Sites 1 and 2 had the highest DC
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Figure 6) Scatterplots of soil detachment capacity observed and predicted using the multi-regression model
according to the studied variables (root diameter, organic matter, and plasticity index) on soil samples collected

under the studied tree species.

Table 4) Loadings of the variable studies (soil detachment capacity, soil properties, and root diameter) on
Principal Component (PC1) measured on samples collected under the studied tree species.

The Variable Studies PC, PC,
Soil detachment capacity 0.943 0.009
Root diameter 0.597 0.238
Organic matter 0.436 0.556
Plasticity index 0.518 0.081

Note: Significant characteristics at p < 0.01 are reported in bold.

and were therefore assumed to be in the
worst condition of soil erosion. Comparing
the studied sites, in this investigation,
organic carbon content had the highest
value at site 3 on average by about 1.04
fold. In comparison, the plasticity index had
the highest value at site 1 on average by
about 1.07 fold. Concerning root diameter,
it is not easy to predict the positive effects
of this root characteristic on hydrological
variables such as soil detachment capacity
because there are apparent differences in
root diameter among different plant and
tree species, resulting in this root effect

being considerably different among species.
Therefore, further research is needed to
reveal the impact of the root diameter of
various species on the D. As shown in the
results, there is no significant difference
among the values of root diameter of the
selected species, and the average value of
this characteristic was 0.56 mm.

The investigated sites (under mixed tree
species) had the same soil characteristics,
and experimental conditions in the
laboratory (such as hydraulic parameters
used in the study) were the same for these
sites. Therefore, the effects of the studied



Table 5) Values of the criteria adopted for estimating the precision of the equation obtained from the studied
variables, including root diameter, organic matter, and plasticity index.

Descriptive Statistics

Hydrological Variable
Minimum Maximum Standard Deviation R?
Soil Detachment Observed 0.068 0.002 0.019
Capacity 0.92
(D, kgm™=s7) Predicted 0.046 0.006 0.011

Table 6) The relationship between the soil detachment capacity (D ) and shear stress (t) for the studied sites in
forested lands of Guilan Province (the northern part of Iran).

Experimental Conditions Regression Model K [s.m™] T_[Pa] R?
Site 1 D_=0.0057T - 0.0135 0.0057 2.368 0.54
Site 2 D, =0.0052t - 0.0124 0.0052 2.384 0.52
Site 3 D_=0.00371 - 0.0093 0.0037 2.513 0.51

variables on the soil detachment capacity can
be easily understood. When root diameter,
soil organic matter, and plasticity index
increase, D_ decreases in all sites. Different
studies have demonstrated that these three
variables had significant effects on D_. For
example, Khanal and Fox ¥ reported that
the soil erosion rate significantly decreased
as root diameter increased. Also, in a
previous study, Sedaghatkish et al. °! found
that nonlinear models allow meaningful
estimations of the effects of root diameter
on soil aggregate stability as an indicator
affecting D_in the studied forestlands. Chen et
al. 5l demonstrated a negative correlation of
soil rill erodibility (mathematically calculated
by the relationship between soil detachment
capacity and shear stress) with soil organic
matter content. Moreover, based on the
results, the soil detachment rate decreases
when the plasticity indexincreases. This result
agrees with the study by Khoirullah et al. 7,
who reported that soil erodibility decreased
with the plasticity index. These authors found
that the plasticity index strongly correlated to
the erodibility factor.

The correlation and principal components
analyses can demonstrate the relationships

between the studied variables and soil
detachment capacity. In more detail, these
statistical techniques have shown that
the soil detachment capacity is directly
associated with the root diameter, soil
organic matter, and plasticity index for
the studied tree species. In other words,
the results of our analysis identify factors
with varying degrees of impact on the soil
detachment capacity. Principal components
analysis, as a multivariate statistical
approach, highlights that when the organic
matter content of soil increases, the
plasticity index increases, as also shown by
PCA. These effects are beneficial since an
improved soil structure reduces particle
detachment due to the overland flow and,
therefore, the soil detachment capacity. Gui
571 found that the liquid and plastic limits
(also plasticity index) increase linearly with
increased organic matter content. Also, it is
demonstrated that plant roots contribute to
the formation of stable soil organic matter
5859 Among different characteristics of
roots, the diameter of fine roots influences
different macroaggregate size classes. Roots
with a higher percentage of fine roots (0.2-
1 mm) % can provide more surface area



contact with soil particles and contribute to
the formation of stable soil macroaggregates
enriched with organic carbon 1. It is
important to note that some significant
drivers of the mechanical behavior of soils
and particle detachment processes have not
been explored in this study. For instance, the
influence of clay content on soil plasticity
has not been adequately analyzed due to the
homogenous texture of the experimental
soil. Soil cohesion of soils should also be
deepened, this physical characteristic being
a vital property governing the hydrological
and erosive response of soils under plant
and tree species.

The Predictive Model for Soil Detachment
Capacity by Soil Properties and Root
Diameter

The multiple-regression analysis has
demonstrated that D_can be predicted from
the studied variables by a robust model with
a linear mathematical relationship. The input
data of this equation are directly related
to the studied variables, i.e., root diameter,
soil organic matter, and plasticity index.
Therefore, for the hydraulic conditions in
this study, the mathematical model predicts
the soil detachment capacity. The values
of the regression coefficients of the model
reveal that the plasticity index has much
more influence than the other variables
(this coefficient for plasticity index is equal
to about 2.86-fold and 2.16-fold the values
calculated for the root diameter and soil
organic matter, respectively). This result is in
line with the findings of Ngezahayo et al. 13,
who showed that the plasticity index can be
used as one of the input data of the model for
predicting erosion rates and has a negative
relationship with erosion rate (R?=0.74). The
model coefficients of the studied variables
are negative for D_since the soil detachment
capacitydecreaseswhentherootdiameter;,soil
organic matter; and plasticity index increase.
This regression model, which is based on

hydraulic, root system, and soil parameters,
is suitable for practical applications since soil
slope and water flow discharges are quick
to measure in the field. Casagrande’s device
can easily determine the plasticity index. In
contrast, using other soil properties as input
parameters for various models requires soil
analysis that is not always simple and cheap.
However, the proposed model is related to the
used and certain experimental conditions.
These conditions include concentrated flows,
shallow discharge, steep slopes, planted
forests, and roots of four tree species.
Regression equations must be established
for broader equation applications for other
experimental conditions. A suggested
approach is that the most appropriate
values of root diameter, soil organic matter,
and plasticity index are needed to keep the
modeled D_underatolerancelimit®?. Another
approach is combining the established model
with other soil erosion models. For example,
Eqg. (3) in this investigation can be used to
evaluate the impact of the soil erodibility
factor (mathematically modeled by the USLE
K-factor) on the annual soil loss [®* through the
effect of the soil organic matter on the value
of this factor with the same experimental
conditions, but various application values
of this soil property. It is worth noting that
the linear equation proposed in this study
is being developed based on data measured
in a given environment, where the climatic,
morphological, biological, and hydrologic
conditions may influence the soil detachment
capacity. Also, D_ depends on the overland
flow characteristics ¥, including shear
stress, stream power, unit stream power,
and unit energy. Therefore, this equation
must be considered site-specific. This means
that using these regression models in other
environmental conditions must be done
cautiously ' and, in any case, after a proper
calibration site by site. Undoubtedly, this
simple model is helpful for hydrologists and,



more in general, land managers, who require
reliable estimations of soil detachment rates
in environments similar to those of the
calibration site.

Conclusions

In this study, we reported the relationships
between three variables, including root
diameter, soil organic matter, and plasticity
index on one side and soil detachment
capacity (D ) on the other side. The study
has simulated the D_ on soil samples of four
tree species, collected from the top 10 cm of
surface soil in forest lands of Northern Iran,
using the hydraulic flume at different slopes
(6.5, 12.3, 18.4, and 26.1%) and water
discharges (0.26, 0.34, 0.44, 0.52, and 0.65
L.m Ls™1). The correlation analysis confirms
that when root diameter, soil organic matter,
and plasticity index increase, D_decreases in
soilsunder the studied tree species (p<0.01).
The PCA results showed that root diameter
and plasticity index influenced the first
PC (loading over 0.50), and organic matter
significantly influenced PC2 (loading 0.56)
(p < 0.01). The multiple-regression model,
as a function of the studied three variables,
can predict D_accurately and may be helpful
for hydrologists and land managers in
forest ecosystems. However, there are some
limitations in this research. For example,
this study has not explored some significant
drivers of the mechanical behavior of soils
and particle detachment processes. The
influence of clay content on soil plasticity
has not been adequately analyzed due to the
homogenous texture of the experimental
soil. The soil cohesion of soils should also be
deepened, this physical characteristic being
a vital property governing the hydrological
and erosive response of soils under plant
and tree species.
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