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Abstract: In view of the important role played by roots against shallow landslides, root tensile force
was evaluated for two widespread temperate tree species within the Caspian Hyrcanian Ecoregion,
i.e., Fagus orientalis L. and Carpinus betulus L. Fine roots (0.02 to 7.99 mm) were collected from five trees
of each species at three different elevations (400, 950, and 1350 m a.s.1.), across three diameter at breast
height (DBH) classes (small = 7.5-32.5 cm, medium = 32.6-57.5 cm, and large =57.6-82.5 cm), and at
two slope positions relative to the tree stem (up- and down-slope). In the laboratory, maximum tensile
force (N) required to break the root was determined for 2016 roots (56 roots per each of two species x
three sites x three DBH classes x two slope positions). ANCOVA was used to test the effects of slope
position, DBH, and study site on root tensile force. To obtain the power-law regression coefficients,
a nonlinear least square method was used. We found that: 1) root tensile force strongly depends on
root size, 2) F. orientalis roots are stronger than C. betulus ones in the large DBH class, although they are
weaker in the medium and small DBH classes, 3) root mechanical resistance is higher upslope than
downslope, 4) roots of the trees with larger DBH were the most resistant roots in tension in compare
with roots of the medium or small DBH classes, and 5) the root tensile force for both species is notably
different from one site to another site. Overall, our findings provide a fundamental contribution to
the quantification of the protective effects of forests in the temperate region.
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1. Introduction

Worldwide, 24 billion tons of fertile soil are estimated to be lost every year due to erosion and
mass wasting [1]. Vegetation, especially in the mountain regions, plays a remarkable role in stabilizing
slopes and protecting soil from erosion and landslides [2,3]. Particularly for trees, roots are known to
reinforce soil through three mechanisms [4-7]: basal root reinforcement, lateral root reinforcement, and
increasing the stiffness of the root—soil composite material. In all of these mechanisms, the contribution
of roots is defined by their mechanical properties (strength and elasticity) [4,5,8-10] and their density
and spatial distribution [4,6,9,11], although species, environment, root diameter, root branching order,
age of the trees, root architecture, and forest structure are known to influence root reinforcement
variability [12-14].
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A review of the literature reveals an overall lack of agreement regarding the size of the roots that
must be considered in root mechanical estimation. On one hand, some authors consider only roots
with diameters less than 10 mm, because these fine and thin roots act as tensile fibers during slope
failures and provide the major contribution to slope stability [15-17]. On the other hand, a few authors
indicated that roots of a size up to 20 mm in diameter contribute the most slope stability [18], although,
in rare cases, roots with diameter up to 40 mm are said to play an important role in slope stability [19].

In many studies, root reinforcement was estimated for different vegetation species growing in
different regions and environments. The mechanical properties of roots have been studied in several
works [20,21] and it is known that the mechanical properties of roots change depending on the species
and local conditions, such as the amount of nutrients and water content [21-23]. Generally, roots extend
close to the soil surface where the soil has the lowest bulk density and water, oxygen, and nutrients
are most available. With increasing soil depth, soil bulk density increases and aeration decreases;
consequently, root density and size decline [24]. However, a comprehensive and statistically strong
analysis of the influence of factors such as region, species, the diameter at breast height (DBH), and slope
position of the roots relative to the tree stem on root mechanical characteristics is lacking in the literature,
especially in the Hyrcanian Ecoregion. In Iran, this ecoregion is on the UNESCO World Heritage List
from July 2019 because of its biological diversity that provides high economic and social value.

The need for more information about root mechanical characteristics is great. For example, Iran
ranks within the top 10 countries for high risk of soil erosion and mass soil movement [25]. Annually, the
estimated loss of fertile soil in Iran is one to five billion tons per year [26]. From the period 1996 to 2008,
Iran recorded 4900 landslides, and even though these landslides were often shallow in nature [25,27],
they caused about 30 billion US dollars of damage [25]. Forestry and natural hazards policies need to
be based on the scientific background, which can support the decision makers and forest managers.
A simple and reliable quantification of the effect of forests on different types of natural hazards is a key
step in order to define a comprehensive and feasible risk mitigation strategy. Such issues still remain
largely unsolved globally, especially in temperate forests. Vegetation restoration and forest management
are important for the mitigation of such phenomena and preventing hazards, mostly through the impact
of the reinforcement exerted by root systems [28,29].

Thus, toward providing a fundamental contribution in the quantification afforded by fine roots
against a shallow landslide hazard, our study objective was to assess the most important factors that
influence tensile force variability within the roots of the most widespread Iranian tree species in the
Caspian Hyrcanian Ecoregion. We explored root tensile force in Carpinus betulus L. and Fagus orientalis L.;
these two species were selected because they are the most common species in the Hyrcanian forests
and can be found from Europe to the Caucasus and northern Iran [30]. F. orientalis is a shade-tolerant
species whereas C. betulus is semi-shade tolerant [31]. In the Hyrcanian forests of Iran, more than 80
species can be found on typical sites; F. orientalis accounts for about 18% of the total forest area, 30% of
the standing volume, and 24% of the stem number whereas C. betulus contributes 30% of the standing
volume and 30% of the total stem number [30].

2. Materials and Methods

2.1. Study Site and Species

Our study site is located in Mazandran Province, northern Iran, within the Hyrcanian Ecoregion
along the southern shore of the Caspian Sea. In particular, our sites are in the ~8000 ha Kheyrud Forest
(Lat. 36°33'41” to 36°33’51” N; Long. 50°33'14” to 103 50°33’28"" E; WGS84), classified as temperate
deciduous forest [31]. Meteorological records from 1961 to 2015 (Nowshahr Meteorological Station:
Lat. 36°38’56"" N; Long. 51°29'20" E; 23 m a.s.l, 7 Km from study area) characterized the mean annual
precipitation as 1300 mm, with the heaviest precipitation in fall. October is the wettest month (average
235 mm) and the driest (average 42 mm) is August. The coldest and warmest months are February
(7.1°C) and August (25.1 °C), respectively. The site has a relatively thin soil mantle, and the lithological
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substrate is mainly calcareous parent material (Jura, Cretaceous) that contains discontinuities and a
large number of cracks that can be penetrated by roots [32,33]. The soil in the study site is an Alfisol
without any diagnostic horizons [34].

Within the Kheyrud Forest, we collected root samples from three districts (Patom, Namkhane,
and Chelir; Figure 1) to compare the effects of different regional environmental factors. These districts,
hereafter study sites, range from low elevation (400 m a.s.l.) with the highest mean temperature and
lowest annual precipitation (Patom, Lat. 36°36’54”” N; Long. 51°33’49” E) to mid-elevation (950 m;
Nambkhane, Lat. 36°33’54”" N; Long. 51°36’09" E) to the highest elevation (1300 m) having the lowest
mean temperature and greatest annual precipitation (Chelir, Lat. 36°32’02"" N; Long. 51°40’24" E) [35].
These study sites also have different soil properties (Table 1). Soil properties at the three study sites
were presented in Table 1 [36]. According to the unified soil classification system [37], the soils on the
three study sites were clay with high plasticity (e.g., CH) [36].

Figure 1. Location of the Chelir, Namkhane, and Patom study sites within the Kheyrud Forest of Mazandran
Province in northern Iran. This forest is part of the Caspian Hyrcanian Ecoregion.

2.2. Sampling Design

Three classes of tree diameter at breast height (DBH) (small = 7.5-32.5 cm, medium = 32.6-57.5 cm,
and large = 57.6-82.5 cm) were defined to compare the effects of this parameter [39]. On each of the
three study sites and for each of three DBH classes, we randomly selected five trees (with at least 6 m
distance between trees) for each species (three sites X three DBH classes X five trees X two species = 90
trees total).

Root samples were collected randomly from the soil (0.5 to 1.5 m from the stem) by excavating pits
beside the trees at a depth of about 30 cm below the soil surface and from upslope and downslope of
the stem [14]. For each species, site, DBH class, and slope position, we collected about 60 root samples
(Table 2). At the end of each day of sampling, a 15% alcohol solution was sprayed on roots in order to
prevent mould and microbial degradation [17,40], and treated roots were placed into plastic bags and
refrigerated (4 °C) until tested; time between sampling and testing in the laboratory was about 48 h.



















































