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Figure 3: Mean values of Root Area Ratio (RAR) regarding species and di� erent pro� le walls.

Abbildung 3: Mittelwerte des Wurzel Flächenverhältnis (RAR) für Arten und unterschiedliche 
Pro� lwände.

The results of the nested ANOVA showed that the e� ect of slope, distance from stem, 
and soil depth was signi� cant on the RAR values in the three investigated species (p 
< 0.05). The results of the Duncan test showed that near pro� le walls on both sides of 
the tree had signi� cantly higher RAR values than far pro� le walls (F=12.48, p < 0.05). 
Moreover, downhill trenches had signi� cantly higher RAR values compared to uphill 
ones (F=6.98, p < 0.05). However, the RAR values were not signi� cantly di� erent bet-
ween the tree species (F=2.98, p > 0.05).

Root strength

Descriptive statistics of the tested root sizes and their corresponding tensile force 
and strength values are shown in Table 2. As presented in Table 2, the number of 
valid tests was between 29 and 59 samples based on species and seasons. The root 
diameter ranged from 0.29 to 4.70 mm, and the mean root diameter for each species 
varied between 1.4 and 1.7 mm.
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Table 2: Descriptive summary of the tested roots including diameter, force and strength.

Tabelle 2: Zusammenfassung der getesteten Wurzeln hinsichtlich Durchmesser, Kraft und Festigkeit.

The mean tensile force values for alder, maple and Persian ironwood for winter were 
87.6, 64.2 and 60.2 N and the corresponding values for summer were 89.4, 56.6 and 
42.5 N, respectively.

Concerning tensile strength, the mean tensile strength values of alder, maple and 
Persian ironwood for winter were 36.04, 30.8, and 26.1 MPa and the corresponding 
values for summer were 28.5, 31.2, and 22.9 MPa, respectively.

The relationships between tensile force and strength versus the root diameter were 
plotted and then the power laws were � tted to the data. The relationships between 
tensile force and the root diameter was followed by a positive power law. However, 
a negative power relation existed between tensile strength and the root diameter 
(Figures 4 and 5). The corresponding � tting curves are shown in Figures 4 and 5.
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Figure 4: Tensile force versus root diameter in winter and summer. The lines show power regression curves 
� tted to the data of the three species.

Abbildung 4: Zugkraft versus Wurzeldurchmesser im Winter und Sommer. Die Linien zeigen 
Regressionskurven, die an die Daten der drei Arten angepasst sind.

Figure 5: Tensile strength versus root diameter in winter and summer. The lines show power regression 
curves � tted to the data of the three species.

Abbildung 5: Zugfestigkeit gegen Wurzeldurchmesser im Winter und Sommer. Die Linien zeigen 
Regressionskurven, die an die Daten der drei Arten angepasst sind.

The results of ANCOVA (with the root diameter set as the covariate factor) revealed 
that there were no signi� cant di� erences in tensile force between winter and sum-
mer (F=0.003, p > 0.05). However, there were signi� cant di� erences among the spe-
cies (F=22.10, p < 0.05). In this regard, Persian Ironwood had the highest strength, but 
alder and maple had no signi� cant di� erences with each other. Furthermore, the root 
diameter as the covariate parameter was signi� cant (F=981.18, p < 0.05). 
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Moreover, the results of ANCOVA revealed that tensile strength was signi� cantly 
greater in winter than in summer (F = 4.71, p < 0.05) with regard to the root diameter 
as the covariate factor (F = 131.64, p < 0.001). No signi� cant di� erences in tensile 
strength were found among the di� erent species (F = 3.09, p > 0.05). 

Root reinforcement

The mean root reinforcement values for alder, maple and Persian ironwood for win-
ter were 0.51, 0.50, and 0.65 kPa and the corresponding values for summer were 
0.33, 0.39, and 0.36 kPa, respectively. Comparing the role of � ne (<2 mm) and coarse 
roots (>2 mm) in soil reinforcement showed that the mean e� ects of root classes are 
22.42±4.46 and 77.58±4.48 % respectively.

The results of the nested ANOVA showed that root reinforcement between the uphill 
and downhill positions, between di� erent distances from the tree and between vari-
ous soil depths was signi� cantly di� erent in the three species (Table 3). Furthermore, 
root reinforcement between the three species was signi� cantly di� erent. The results 
of mean comparisons with the Duncan test are shown in Table 3.

Table 3: Summary of mean comparisons for season, species, slope position, distance from tree stem and 
soil depth (means with di� erent letters are statistically di� erent (p<0.05)).

Tabelle 3: Zusammenfassung der Mittelwertvergleiche für Jahreszeit, Art, Hanglage, Entfernung 
vom Baumstamm und Bodentiefe (Mittelwerte mit unterschiedlichen Buchstaben sind statistisch 
unterschiedlich (p <0.05)).

Root reinforcement decreased in the deeper layers of the soil, i.e. root reinforcement 
was higher in shallower layers and gradually declined. Additionally, the maximum 
value of cv was observed in the � rst 10 cm (Figure 6). Moreover, the � ndings revealed 
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that root cohesion was signi� cantly higher in winter as compared to the summer 
corresponding values (p < 0.05).

Figure 6: Mean values of root cohesion regarding di� erent treatments (location x season). Di� erent letters 
means statistically signi� cant di� erences.

Abbildung 6: Mittelwerte der Wurzelkohäsion in Bezug auf verschiedene Behandlungen (Position x 
Jahreszeit). Unterschiedliche Buchstaben zeigen statistisch signi� kante Unterschiede.
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Discussion

The number of roots and RAR values showed high variability among the di� erent 
species in terms of slope sides, soil depth and distance from the stem. The root densi-
ty in the � rst layer of the soil (0-10 cm) was higher than that in the deeper soil layers. 
The higher density of roots in the topsoil is a normal phenomenon which has been 
reported by previous researches (Mickovski et al., 2009; Burylo et al., 2011; Adhikari et 
al., 2013) and has been related to better conditions in the top soil including nutrients, 
density and aeration (Bischetti et al., 2005; Abdi et al., 2010). Therefore, the highest 
reinforcement e� ect of the root system is expected to be in the upper soil layers and 
this can be prevent shallow landslides. The results indicated that the RAR values de-
clined by increasing the distance from the tree stem, and the RAR value in near pro� le 
walls was higher than that in far walls. These � ndings are consistent with the results of 
previous studies (e.g., Genet et al., 2008; Ji et al., 2012; Vergani et al., 2014). The reduc-
tion factor of the RAR values due to increasing the horizontal distance from the stem 
was higher than the values reported by Ji et al. (2012). Vergani et al. (2014) discussed 
that the extent of reduction in the RAR values depended on tree diameter and micro 
topography and this may justify the di� erent reduction percentages. The amount of 
the reduction factor can be used e�  ciently in determining the optimum planting 
distance of seeds or seedlings in bioengineering projects. 

We found large variations in root tensile force and strength on di� erent factors such as 
season of the year, tree species and root diameter. The relationships between tensile 
force with strength with root diameter show positive and negative power functions, 
respectively. Coarse roots need more force to break, although � ne roots are stronger 
in tensile strength (Mao et al., 2012; Vergani et al., 2012). Many researchers reported 
the same relation (e.g., Genet et al., 2010; Loades et al., 2010; Abdi et al., 2010, 2019) 
and con� rmed the strong dependence of root strength on root size (in our work, the 
R2 ranges were 0.58 to 0.79). The di� erences in root chemical composition, especial-
ly cellulose content can result in di� erences in tensile strength (Genet et al., 2005). 
Moreover, Ye et al. (2017) attributed this relationship to the chemical composition of 
root tissues and showed that tensile strength was negatively correlated with lignin 
and the lignin to cellulose ratio, although it was positively correlated with cellulose 
and holocellulose. However, for tensile force, opposite correlations were reported. 
The resulting tensile force and strength values in the current study are in the ranges 
reported in previous studies. The mean tensile force of the three species (42.5-89.4 N) 
is comparable with the results of Vergani et al. (2016) for some European species (Acer is comparable with the results of Vergani et al. (2016) for some European species (Acer is comparable with the results of Vergani et al. (2016) for some European species (
pseudoplatanus: 65 N, Ostrya carpinifolia: 56 N, Fagus sylvatica: 84 N, Fraxinus excelsior: 
47 N, and Picea abies: 46 N). However, they were relatively lower than those reported 
by Chiaradia et al. (2016) for Fagus sylvatica (122.46 N) and Picea abies (70.68 N). The 
di� erences between the values presented in the current study and those in the lite-
rature may be explained by di� erent responses of plants to di� erent environmental 
conditions (plasticity) to minimize abiotic and biotic stresses (Boldrin et al., 2017). 
The mean tensile strength for the three species (22.9-36.0 N) is comparable with that 
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for other hardwood trees in other studies including Quercus robur: 32 MPa and Betula 
pendula: 38 MPa (Stokes, 2002), Acacia � oribunda: 58.1 MPa, Casuarina glauca: 49.6 
MPa (Docker and Hubble, 2008), Larrea tridentata: 62.2 MPa, Allenrolfea occidentalis: 
35.1 MPa (Adhikari et al., 2013), and Fagus orientalis: 38.2 MPa (Abdi, 2014). It is worth 
mentioning that tensile strength is considered as an important factor for reinforce-
ment estimation and also for ranking di� erent plant species for bioengineering pur-
poses (Watson and Marden, 2004).

Based on the results, tensile strength in winter was higher than in summer and that 
is consistent with the results of Norris et al. (2008) and Kazemi et al. (2014) who re-
ported that tensile strength was higher in winter. It was reported that in the lea� ess 
period, the root water content decreased. Therefore, roots become more resistant 
(Coppin and Richards, 1990; Karrenberg et al., 2003). In this regard, Hales and Miniat 
(2017) found that roots with 50  % less moisture content were more than twice as 
strong as control roots. 

In the Wu model, root reinforcement mainly depends on root tensile strength and 
RAR or root density at the shear plane (Dumlao et al., 2015). According to the results, 
root reinforcement decreased with soil depth, and the maximum reinforcement was 
observed in the upper layer of the soil (0-10 cm). Therefore, the reinforcement e� ect 
of vegetation can be more signi� cant for shallow instabilities. Simon and Collison 
(2002) also reported the maximum root reinforcement in the � rst 10 cm and with 
values of 120 kPa in the upper layers, followed by a decrease to 8-12 kPa in deeper 
layers. In another study, the maximum root reinforcement was reported 60 kPa at the 
� rst top layer, and the minimum value of reinforcement was 0.3 kPa at 60 cm depth 
(Mattia et al., 2005). The results showed that coarse roots have more e� ect in soil re-
inforcement due to their higher root area ratio and this is consistent with the results 
of Schwarz et al. (2013). Regarding the reported values, our results are much lower 
than those from the literature and the main reason is the low number of roots that 
intersect the pro� le walls. This may be a result of dense layers of clay soil in the study 
area. Moreover, Watson and Marden (2004) reported lower strength values for planta-
tions compared to New Zealand indigenous plant species. As the critical failure plane 
in the study area was generally in the depth of 1 m, and regarding extremely low 
values of root reinforcement in the studied stand, it appears that root reinforcement 
can have an insigni� cant e� ect on landslide prevention from the mechanical point 
of view. Only regarding the cohesion value of soil in the wettest condition in winter 
(i.e., 1.1 kPa), the reinforcement e� ect of roots may have some signi� cant e� ect on 
landslides prevention.

The data con� rmed signi� cant di� erences between far and near pro� le walls in the 
downhill, and this is consistent with other studies showing that root reinforcement 
decreased by increasing the distance from the tree stem (Schwarz et al., 2010; Vergani 
et al., 2016) due to the decreasing root density for increasing distances. The e� ect of 
distance was not signi� cant in uphill trenches, which may be a result of low density 
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of roots in uphill trenches compared to downhill trenches. The results of this study 
showed signi� cant di� erences in reinforcement values among the various species. 
Persian ironwood compared with the two other plantation species applied more re-
inforcement in both summer and winter. Watson and Marden (2004) also reported 
lower strength values for plantations compared to indigenous species. Previous stu-
dies in the Hyrcanian forest reported di� erent values of reinforcement for Persian 
ironwood, i.e. 45 and 0.2 kPa for 0-10 and 60-70 cm soil layers (Abdi et al., 2010), which 
are much higher than our results. In that study, soil was loamy with lower density 
compared to the existing study area. This is consistent with the results of previous 
studies which stated the soil condition would a� ect reinforcement to a large extent 
(Genet et al., 2005, 2011; Hales et al., 2013; Zhang et al., 2014; Yang et al., 2016). It is 
worth to mention that to prevent the risk of failure of individual species, mixtures of 
species are often suggested in bioengineering projects. It is better that the mixture 
includes both quick and slow-growing species for providing a plant succession of 
pioneer species to give immediate protection followed by other species to give a 
more diversi� ed stand (Morgan and Rickson, 2003).

The � ndings showed that the root reinforcement values were higher in winter than 
in summer. Therefore, season of year is one of the parameters which can a� ect root 
reinforcement, although there are few studies considering this factor in root rein-
forcement estimation. The lower water content of roots in the lea� ess period that has 
positive e� ect on resistance may be the reason for the higher reinforcement e� ect of 
roots in winter. Form the hydrological point of view, Pollen and Simon (2010) stated 
that soil cohesion during critical wintertime increased due to soil erodibility; hence, 
the e� ects of root reinforcement become more important, especially in areas with 
a high frequency of rainfall-induced landslides. Considering that most landslides in 
the study area are rainfall-induced which occur in the lea� ess period (autumn and 
winter), hydrological e� ects of vegetation might not signi� cantly a� ect soil stability 
in these seasons with heavy rainfall (Abdi, 2018). Therefore, the mechanical e� ects 
of vegetation or root reinforcement can play an important role in soil stabilization. 
Although the e� ect of season on reinforcement was signi� cant, the amount of the 
values was not to the extent that is relevant to prevent landslides (the means were 
0.01 kPa in winter versus 0.004 kPa in summer). 

After comparing the results with those in other studies, the estimated root cohesion 
was observed to be much lower than that generally reported in the literature, which 
is usually > 5 kPa, and calculated using the Wu model (Wu et al., 1979; Simon and 
Collison, 2002; Mattia et al., 2005; Genet et al., 2008). Field observations showed that 
the current study site had a thin soil mantle with relatively high soil density (soil bulk 
density 1.35 g/cm3) that could restrict root system distribution to a great extent. It 
appears that this is the main reason for the extremely small amount of reinforcement 
due to the presence of roots. Moreover, we calculated root reinforcement values re-
garding the empirical correction factor introduced by Preti (2006) in order to correct 
the overestimation of the Wu model, and this also reduced the reinforcement va-
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lues. Regarding these low values, it appears that the role of soil reinforcement with 
tree roots cannot be signi� cant in areas with dense and compacted soil layers which 
restrict extensive root distribution. Therefore, some researchers suggested measures 
including site preparation and amelioration to improve soil conditions prior to the 
establishment phase in bioengineering projects (Morgan and Rickson, 2003).  

Concerning the engineering applications, the estimated cohesion supplied due to 
the presence of roots can be used in analyzing slope stability, assessing the e�  ciency 
of erosion control measures, and designing soil bioengineering techniques.

Conclusion

We investigated the root distribution and mechanical properties of three common 
pioneer tree species of the Hyrcanian forest in Iran. The data collected by this study 
expands our knowledge on root area ratio (RAR), root tensile strength and root co-
hesion in alder, maple, and Persian ironwood during two seasons in an area with fre-
quent shallow landslides. RAR values in the downhill sides were higher than those in 
the uphill sides of trees. RAR of near pro� le walls of the uphill and downhill sides were 
signi� cantly higher than those of far walls. We found that RAR decreased by 79 % 
(downhill) and 59 % (uphill) from 0.5 to 1.0 m distance from the tree stem. Root tensi-
le strength was less in summer than in winter and roots were more resistant in winter, 
but no signi� cant di� erences were found among the di� erent species. The relation 
between tensile strength and root diameter was negative, although it was positive 
between tensile force and root diameter. Furthermore, Persian ironwood compared 
with the two other species had more reinforcement e� ect in both seasons. Moreover, 
the parameters species, distance from tree stem, soil depth, and season had signi� -
cant e� ects on root reinforcement. The presented information can be used to assess 
the e� ects of plantations on slope stability and erosion control measures. 
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