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Abstract

Background and Objectives: Slope stability in fine-grained forest soils is strongly influenced
by the biomechanical characteristics of plant root systems. This study aimed to evaluate and
compare the contribution of two native shrub species in the Hyrcanian forests of Iran, medlar
(Crataegus germanica (L.) Kuntze) and hawthorn (Crataegus monogyna Jacg.), to soil
reinforcement and slope stability. Specifically, the research focused on quantifying root
distribution, determining root strength properties, and estimating root-induced additional soil
cohesion using the Wu model.

Methodology: The study was conducted in compartment number 118 of the Patom managment
district in the Kheyrud Forest Research and Educational Station, North of Iran. A site
characterized by an approximate slope of 20%, a southern aspect, and fine-textured soils was
selected for the study. To determine the root area ratio (RAR), four representative individuals of
each species were selected, and root sampling was performed using the profile wall method on
both upslope and downslope sides at three successive 10-cm soil depths. All exposed roots were
measured, and RAR values were calculated accordingly. For mechanical tests, 146 intact root
samples with diameters ranging from 0.3 to 9.5 mm were collected, and tensile force and tensile
strength were measured using a universal testing machine (STM5). Root reinforcement was then
estimated by incorporating the Wu model into the Mohr—Coulomb shear strength equation.
Statistical analyses were performed using multi-way ANOVA, Bonferroni post hoc tests, and
analysis of covariance (ANCOVA).

Results: The results indicated that RAR values significantly decreased with increasing soil
depth and distance from the stem, with the highest values observed in the 0-10 cm surface layer.
Although the main effect of species on RAR was not significant, the interaction between species
and profile wall position was significant, indicating different root distribution patterns between
the two species. Mechanical tests showed that tensile force increased with root diameter
following a positive power function, whereas tensile strength decreased according to a negative
power relationship. Medlar exhibited higher tensile strength than hawthorn, while both species
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showed similar trends in tensile force increase. Wu model analysis revealed that maximum root-
induced additional cohesion occurred in the surface soil layer (0-10 cm) and sharply declined
with depth. Moreover, no significant effect of species on the added cohesion to soil was
observed.

Conclusion: The results reveal that medlar and hawthorn root systems improve soil
reinforcement and slope stability through distinct yet complementary reinforcement
mechanisms. Given that the Wu model is more sensitive to root distribution than to root tensile
properties, the absence of significant species-level differences in overall soil reinforcement is
not unexpected. From a management perspective, the combined use of these two native shrub
species is recommended for bioengineering-based slope stabilization projects in the Hyrcanian
forests, with hawthorn being particularly suitable for controlling surface erosion and medlar
contributing to deeper soil stabilization. Despite their ability to enhance soil shear strength, it
should be noted that both medlar and hawthorn are slow-growing native species of the
Hyrcanian forests, and their establishment and early growth rates are generally lower than those
of fast-growing species. Therefore, their application in bioengineering slope stabilization
projects is more appropriate as a long-term preventive strategy rather than as an immediate
remedial measure.

Keywords: Root density, root mechanical strength, soil reinforcement; Wu model.
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Figure 1. Location of the study area within the Hyrcanian forests, Kheyrud Forest, and the Patom management
district
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Figure 2. Excavation of soil profile trenches on the upslope and downslope sides of a sample shrub (right),

and measurement of the diameters of roots exposed on the profile walls.
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Table 1. Descriptive statistics on the root area ratio in different treatments

Minimum (/) Mean (/) Maximum (/)
Species Slope
Firsttrench  Second trench  Firsttrench  Second trench  First trench ~ Second trench
Cratasaus germanica Up 4.95 0.42 7.92 1.49 14.81 341
gus g Down 1.29 0.2 7.03 1.05 17.91 1.96
Crataequs monoavna Up 3 1.95 5.87 5.86 8.05 13.3
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Figure 3. The RAR index of the Crataegus germanica at different depths and increasing distances from the shrub
trunk, both above and below the shrub (First wall: blue — second wall: orange)
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Figure 4. The RAR index of the Crataegus monogyna at different depths and increasing distances from the shrub
trunk, both above and below the shrub (First wall: blue — second wall: orange)
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Table 2. Descriptive statistics of tested roots including diameter, tensile force, and regression coefficient for
tensile force

Speci S| Diameter (mm) Tensile force (N)
pecies ope Max. Min. Max. Min. a B R?
Crataegus monogyna Up 5.5 0.4 3415 8.9 33.6 1.6 0.6
Down 5.9 0.6 547.1 13.2 33.07 1.61 0.63
Crataegus germanica Up 4.8 0.5 285.4 15.3 37.19 1.53 0.31
Down 5 0.8 487.2 234 19.38 1.83 0.68
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Table 3. Descriptive statistics of tested roots including diameter, tensile strength, and regression coefficient for
tensile strength

. Diameter (mm) Root tensile strength (M pa)
Species Slope Max. Min. Max. Min. a 8 R
Crataequs monoavna Up 5.5 04 90.36 11.01 42.81 -0.39 0.18
9 9y Down 5.9 0.6 22434 1502 4212 -0.38 022
Crataequs dermanica Up 4.8 0.5 85.95 8.91 33.05 -0.44 0.37
gusg Down 5 0.8 60.31 773 5041 067 052
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Figure 5. The relationship between tensile force and root diameter (for two species)



B S B PP TR N 30 U W o

140

120

Force (N)
(0 98) o225 S5
(2] (0]
o o

N
o

N
o

o

a
100 ab a
' b

Y

C. germanica
downhill

C. germanica uphill

C. monogyna
downhill

C. monogyna uphill

Species- position

JURTPHRY

o o 5 VG 5 S 5 S5 w8 s S g m p SaAl emdind §5e)) -8 JSE
s o3 40 glaabl ck.u 3 Jls e G sazmaglis oY Cslin LG >

Figure 6. Bonferroni post-hoc test for comparing the tensile force of the two species, Crataegus germanica and
Crataegus monogyna, at the upper and lower slope positions

Different letters indicate a significant difference between means (P<0.05).
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Figure 7. The relationship between diameter and tensile strength of two species at the top and bottom of the slope
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Figure 8. Bonferroni test for the tensile strength of two species, Crataegus germanica and Crataegus monogyna, at

the top and bottom of the slope
Different letters indicate a significant difference between means (P<0.05).
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Table 4. Soil reinforcement (kPa) estimated by the Wu model under different treatments

Species Slop Depth Mean Wu (kPa)
0-10 9.4
Up 10-20 2.57
Crataegus monogyna 200_'1300 Zgg
Down 10-20 2.13
20-30 0.44
0-10 4.37
Up 10-20 3.62
Crataegus germanica 20-30 0.21
Down 0-10 4.89
10-20 1.48
20-30 0.48
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