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Abstract: Quantifying the soil reinforcement provided by roots is essential for assessing the contribution of forests to re-
ducing shallow landslide susceptibility. Many soil-root models were developed in the literature: from standard single root 
model to fibre bundle model. The input parameters of all models are the geometry of roots (diameter and length) and 
the biomechanical properties (maximum tensile force and elastic modulus). This study aims to investigate the elastic pr-
operties estimated by the stress-strain curves measured during tensile tests. A standard procedure detected two different 
moduli of elasticity: one due to the root tortuosity, and the other due to the woody fibres of roots. Based on a large dataset 
of tensile tests on different Alpine tree species, the relationships between elastic modulus and root diameter was estimated 
for each series. Further, the interspecific and intraspecific variability in such relationships was investigated by a statistical 
analysis. The results showed more intraspecific differences in the elastic modulus vs. root diameter relationships com-
pared to the interspecific ones. This outcome could be an important criterion of discrimination to explain the variability 
of the elastic properties and to provide representative biomechanical properties for specific environmental conditions.
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Forests play a  fundamental role in  mitigating 
the shallow landslide susceptibility through mechan-
ical and hydrological mechanisms (Vergani  et  al. 
2017). Forests represent an essential element in risk 
reduction in  mountainous areas (Cislaghi, Bisch-
etti 2019). The most conspicuous contribution pro-
vided by  forests to  stabilizing soil layers is  related 
to the presence of root systems (O’Loughlin 1974a; 
Burroughs, Thomas 1977). Roots control the water 
movement into shallower soil layers by forming mac-
ropores and by decreasing the soil moisture content 
(Vergani, Graf 2016). Meanwhile, the  root system 
affects the soil structure by increasing soil aggrega-
tion (Burri et al. 2009) and reducing soil erosion (Lö-
bmann et al. 2020). In addition to  these processes, 

roots improve the  reinforcement of  the  shallower 
soil layer in different ways:

– roots anchor the soil mantle to deeper and more 
stable layers or bedrock (Gray, Sotir 1996);

– roots tie across planes of weakness and potential 
slip surface (Gray, Ohashi 1983);

– roots form a binding network within the  shal-
lower soil layer minimizing the  tension cracks 
(Schmidt et al. 2001);

– roots increase the tensile strength where cross-
ing the  marginal surfaces of  an unstable soil mass 
(Schwarz et al. 2010);

– roots increase the  compressive strength 
of  the  soil at  the  toe of  a  sliding soil mass 
(Schwarz et al. 2015; Cislaghi et al. 2019a).
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These mechanical effects have been widely inves-
tigated and discussed during the last four decades 
since the  end of  the  1960s until now (e.g., Endo, 
Tsuruta 1969; Waldron 1977; Abe, Ziemer 1991; 
Naghdi et al. 2013; Abdi, Deljouei 2019; Pourmalek-
shah et al. 2019) and have been defined as root re-
inforcement. Yet following the  pioneering works, 
the root reinforcement (cr) is considered as an ad-
ditional cohesion term (in Pa) and is  included 
in the Mohr-Coulomb failure criteria (O’Loughlin 
1974b). Despite the  scientific efforts, quantifying 
remains a challenge because of the limited knowl-
edge of  the  root systems in  the  soil (Waisel  et  al. 
1991). The  prevailing approaches to  estimate are 
the  standard single root method (Waldron 1977; 
Waldron, Dakessian 1981) and the  fibre bundle 
model (Pollen, Simon 2005; Cohen  et  al. 2009; 
Schwarz  et  al. 2010). Whichever model is  con-
sidered, cr is  a  function of  root distribution and 
biomechanical properties of  roots (mainly tensile 
resistance and elastic modulus) (Dias et al. 2017). 
Root distribution can vary according to  the  posi-
tion inside a forest stand, the soil depth and the local 
growth condition (Mattia et al. 2005; Stokes et al. 
2007; Ji  et  al. 2012; Mao  et  al. 2013; Giadross-
ich et al. 2020). Concerning the material properties 
of tree roots, many authors focused on quantifying 
the root tensile strength and on investigating how 
tree characteristics, soil properties and topographic 
attributes can influence it (Hathaway, Penny 1975; 
Schmidt  et  al. 2001; Genet  et  al. 2008; Sun  et  al. 
2008; Hales et al. 2009). In particular, the root ten-
sile strength significantly differs among different 
tree species (Bischetti et al. 2009; Burylo et al. 2011; 
Abdi, Deljouei 2019) or even whithin the same tree 
species (Vergani et al. 2012). On the contrary, few 
works estimated the  elastic properties of  roots 
since the  calculation is  more complex, subjective 
and time consuming (Commandeur, Pyles 1991; 
Operstein, Frydman 2000; Fan, Su 2008). More-
over, even fewer studies explored their variability 
in  relation to  tree species or  environmental fac-
tors (Fan, Su 2008; Thomas, Pollen-Bankhead 2010; 
Sanchez-Castillo  et  al. 2017; Meijer  et  al. 2018a; 
Zavala-González et al. 2019). Nonetheless, the few 
available data of root elastic properties show a huge 
variability in  magnitude without clear evidences 
not explained by  a  specific external factor, either 
within the same tree species or within the same for-
est stand. For these reasons, many authors ignored 
this parameter preferring simple root reinforce-

ment models that request a parsimonious number 
of  input parameters (i.e., tensile strength proper-
ties and cumulative root distribution) (Abdi 2014; 
Zhou, Qi 2019; Ettbeb et al. 2020). However, in this 
way, some aspects of root mechanics, such as root 
elongation and progressive mobilization of tensile 
resistance, remain neglected (Schwarz et al. 2013).

In this context, the objectives of the present study are:
– to  apply a  standard approach for  calculating 

the elastic properties of a root;
– to  detect the  tensile behaviour by  analysing 

the shape of the stress-strain curve;
– to fit the elastic moduli vs. root diameter relation-

ships for different tree species of the European Alps;
– to  statistically analyse the  variability of  such 

mechanical properties looking for intraspecific and 
interspecific differences.

Finally, this study provides a  new large dataset 
and discusses useful criteria to  explain and gen-
eralize differences and similarities in  the  elastic 
modulus vs. root diameter relationship, an essen-
tial parameter in root reinforcement modelling. 

MATERIAL AND METHODS

Study sites. Thirty-six study sites are located 
in  different spots of  the  European Southern Alps 
(North Italy, Figure 1). A  huge variability of  eco-
logical and climatic features distinguishes each site, 
when they belong to fluvial, hill and mountainous 
areas (Table S1 in Electronic Supplementary Mate-
rial (ESM)). The average altitude ranges between 67 
and 1 701 m a.s.l. whereas the slope gradient varies 
from 0° to  52°. The  local stand forest characteris-
tics are analysed in different features such as  tree 
species, tree density, tree age, and average tree di-
ameter (from 0.06 m to 0.55 m). The study focused 
on  16 tree species, widely spread in  Northern It-
aly (Table 1). High forest management is  the pre-
dominant silvicultural system for conifers, whereas 
the  coppice system is  used for broadleaves. Ac-
cording to  the  geological map of  Northern Italy, 
soils and texture classes are extremely variable 
due to  the  large size of  selected study area. Ta-
ble 1 in  ESM includes the  soil types according 
to  the  WRB soil classification (FAO 2014) and 
the  texture composition according to  the  USDA 
soil classification (Schoeneberger 2002).

Collection and tensile tests. A minimum of 50 
roots not less than 150 mm in length were collect-
ed by carefully digging trenches without damaging 
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the tree root system as little as possible (Böhm 1979). 
Because of extreme difficulty to identify the Alpine 
tree species (Cutler et al. 1987; Rewald et al. 2012; 
Giupponi  et  al. 2018), all trenches were generally 
dug at a distance of around 1–1.5 m from the near-
est stem belonging to  a  specific tree species and 
at a soil depth of 0.30 m at least. To maintain the bio-
mechanical properties and to prevent the cellulose 
deterioration after root collection, the  storage and 
handling of  roots are fundamental (Bischetti  et  al. 
2005; Hales et al. 2013). The common preservation 
method consists in  conserving the  collected roots 
in plastic containers with a 15% alcohol solution for 
a maximum period of two weeks from the sampling 
date (Meyer, Gottsche 1971). The  quantification 
of  the  biomechanical properties of  roots was con-
ducted analysing the stress-strain curve performed 
by laboratory tensile tests, usually carried out within 
1 week from sampling. The  tensile tests were con-
ducted using a device consisting of a strain appara-
tus controlled by an electrical motor (Bischetti et al. 

2005; Deljouei  et  al. 2020) (Figure 2). Two clamps 
hold in position the tested root and a series of gears 
exerts the  tensile force at  a  rate of  10  mm·min–1. 
To monitor the tensile force, a load cell with a limit 
of 500 N and an accuracy of 0.1% was used. The ac-
quisition system connected to the tensile test device 
records both tensile force (in N) and cumulative 
displacement (in mm). The diameter of tested roots 
ranged from 0.2 mm to 8 mm and the span is around 
60 mm. Roots larger than 8 mm in diameter could 
cause measurement errors because of  the  device 
limits (De Baets et al. 2008; Giadrossich et al. 2017). 
Otherwise, thin roots less than 0.5 mm in diameter 
were more fragile and generally difficult to manipu-
late carrying out a tensile test (Vergani et al. 2012).

Background on  the  modulus of  elastic-
ity. The  elastic modulus or  modulus of  elasticity 
or Young’s modulus (E) is  the slope of  stress-strain 
curve in the near-linear portion called elastic region. 
E is  expressed as  the  relationship between stress 
(in MPa) and strain (dimensionless) well known 

study sites
administrative boundaries
hydrography digital
elevation model
0 m a.s.l. ???
4 500 m a.s.l. ???

Legend

Figure 1. Samples of roots were collected in 36 study sites located in North Italy; the study sites are abbreviated in the map 
with a code composed by 6 letters (2 letters abbreviate the administrative province and 4 abbreviate the municipalities)
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as Hooke’s law (Askeland et al. 2011). The tensile test 
is  a  widely adopted method to  measure the  stress-
strain curve of  tree roots and to  subsequently cal-
culate the value of E (Giadrossich et al. 2017). Such 
experiments showed that a marked elastic variabil-

ity characterises the  root fibres, especially affected 
by the root size.

Such uncertainty is  exacerbated by  the complex-
ity of  identifying the  non-linear elastic portion 
of the stress-strain curve. For this reason, Comman-

Table 1. Abbreviations and scientific names of the tree species selected for the present study

Tree species Abbreviation Scientific name
European silver fir Aa Abies alba Mill.
Norway maple Ar Acer platanoides L.
Sycamore maple Ap Acer pseudoplatanus L.
Grey alder Ai Alnus incana L.
Sweet chestnut Cs Castanae sativa Mill.
Common hazel Ca Coryllus avellana L.
European beech Fs Fagus sylvatica L.
European ash Fe Fraxinus excelsior L.
Flowering ash Fo Fraxinus ornus L.
European larch Ld Larix decidua Mill.
Hop hornbeam Oc Ostrya carpinifolia Scop.
Norway spruce Pa Picea abies L.
English oak Qr Quercus robur L.
Pubescent oak Qp Quercus pubescens Willd.
Black locust Rp Robinia pseudoacacia L.
Field elm Um Ulmus minor Mill.

Figure 2. Universal testing machine equipped with clamps for tensile tests
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342

Original Paper Journal of Forest Science, 67, 2021 (7): 338–356

https://doi.org/10.17221/4/2021-JFS

deur and Pyles (1991) investigated the  tensile pro-
cess and showed how the root tortuosity influences 
the  macroscopic elastic behaviour. They detected 
two different shapes of stress-strain curve: (i) the hy-
perbolic type (Figure 3A) and (ii) the  sigmoid type 
(Figure 3B). The  hyperbolic type is  characterized 
by a stress-strain curve with the initial straight-line 
portion before the plastic behaviour and the ultimate 
rupture (Watson et al. 1997), where the tangent slope 
of the initial portion is the “material” elastic modulus 
(Emat). Otherwise, the sigmoid type displays two dis-
tinguishable straight-line portions with two different 
slopes. The first slope is the “form” modulus of elas-
ticity (Eform) influenced by root tortuosity and by pre-
stretching, whereas the  second slope is  the  Emat 
comparable to that estimated in the hyperbolic type. 
Both shapes of stress-strain curve showed a natural 
elastic-plastic behaviour (Chen et al. 2014).

Evaluating the  elastic moduli. To  evaluate 
the elastic moduli (Emat and Eform), a standard pro-
cedure was proposed and summarized in  the  fol-
lowing key steps:

– interpolating the  stress-strain curve for each 
measured point with a 9-degree polynomial;

– calculating the  first derivative of  the  polyno-
mial interpolation;

– detecting two inflection points where the third 
derivative of the polynomial interpolation is 0;

– dividing into three parts the stress-strain curve 
delimited by the inflection points;

– calculating Eform as the maximum relative value 
of the stress-strain gradient between the origin and 
the first inflection point, where the second deriva-
tive of the polynomial interpolation is 0;

– calculating Emat as  the  maximum value 
of  the elastic modulus between the  two inflection 
points, where the second derivative of the polyno-
mial interpolation is 0.

If the  stress-strain curve belongs to  the  hyper-
bolic type, only one of  the  two inflection points 
is detected and, consequently, the modulus of elas-
ticity is unique (i.e., Emat).

Statistical analysis. In  the present study, a  series 
of  statistical analyses was performed. The  one-way 
non-parametric Mann-Whitney-U (MWU) test was 
used to statistically determine the presence of main 
effects on the shape of stress-strain curve. A regres-
sion analysis was conducted to  calculate the  rela-
tionships between the elastic properties and the root 
diameter using Fisher’s test (FT) and its statistical pa-
rameters: test statistic F, standard error (SE), P-value 
and coefficient of  determination (R2). Linearization 
is  necessary and could be  obtained through a  loga-
rithmic transformation of  root diameter and elastic 
moduli (Eform and Emat). Furthermore, the analysis of 
covariance (AN COVA) was used to explore the vari-
ability of the elastic modulus vs. root diameter rela-
tionships within the same tree species and within the 
same study site. To adopt this statistical methodology, 
it is necessary to verify the ANCOVA‘s assumptions: 
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Figure 3. Shapes of stress-strain curve: (A) hyperbolic type and (B) sigmoid type; the dotted lines indicates the tangent slopes 
to the stress-strain curve (blue line indicates the “form” modulus of elasticity and red line the “material” modulus of elasticity)
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(i) the residuals of linear regression are normally dis-
tributed; (ii) the homogeneity of variance of  the  in-
dependent variable; and (iii) the covariate factor (in 
our case, the  root diameter) and the  factor variable 
(i.e. tree species, etc.) are independent of each other. 
To  verify these three assumptions, a  series of  sta-
tistical tests was conducted: the  Shapiro-Wilk test 
of  normality (SW) (Shapiro, Wilk 1965), Levene’s 
test (LT) (Levene 1960) and the analysis of variance 
(ANOVA), respectively. ANCOVA’s results show dif-
ferences in the slope and intercept of the regression 
lines. When the samples to compare are more than 
two, I also performed a pairwise comparison through 
the post-hoc analysis using Tukey’s honest significant 
difference test (THSD). The significance level for all 
tests was set to 0.01. All statistical analyses were per-
formed using R software (https://www.r-project.org).

Exploring the  variability of  elastic modulus. 
To investigate the differences in the relationships be-
tween root diameter and elastic properties of roots, 
the dataset was subdivided in function of tree species 
and geographical area, before performing the statis-

tical analysis. Tree species represents the biological 
factor that can influence the elastic moduli vs. root 
diameter relationships, whereas the  geographical 
area includes more external factors such as climate, 
geomorphology, geology and lithology. Firstly, to ex-
plore the intraspecific variability, the dataset, despite 
containing measurements of tensile tests conducted 
on roots of 16 tree species, was subdivided into only 
10 groups (Aa, Ar, Ap, Cs, Fs, Fe, Ld, Oc, Pa and 
Rp; see Table 1) because it was collected in at least 
three different geographical areas. Secondly, the da-
taset was again subdivided into 7 groups according 
to the geographical area (Figure 4): (a) Valcuvia; (b) 
Alpe Gigiai; (c) Valsassina; (d) Valseriana; (e) Upper 
Valcamonica; (f ) Lower Valcamonica; and (g) Lower 
Oltrepò Pavese. The  7 groups included at  least 3 
different tree species.

RESULTS AND DISCUSSION

Elastic moduli. The  dataset of  56 series com-
posed of  2 989 stress-strain curves showed 

Figure 4. Subdivision of study sites in function of geographical area: (a) Valcuvia, (b) Alpe Gigiai, (c) Valsassina, (d) Val-
seriana, (e) Upper Valcamonica, (f ) Lower Valcamonica, and (g) Oltrepò Pavese
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that  the  most common shape (~75%) describing 
the  stress-strain curve is  hyperbolic (Figure 3A). 
In  fact, only 24.59% ± 8.21% of  roots displayed 
a  sigmoid behaviour. This percentage varied from 
13% for Qp and Qr  (Table 1) to 44% for Ca, without 
clear evidence in function of tree species (Figure 5). 
Roots with sigmoid behaviour were on average fin-
er than the others (Figure 6; MWU: P < 0.001), un-
derlining greater flexibility, elasticity and tortuosity 
than the larger ones.

Furthermore, Eform and Emat were calculated ac-
cording to the procedure described above. The val-
ues of  Eform ranged between 0.001 MPa (~2  mm) 
and 30 GPa (~1  mm), showing a  high variabil-
ity for each diameter class (Figure 7). The  values 
of Emat clearly decreased from 10 GPa for fine roots 
(~1 mm) to 10 MPa for large roots (> 7 mm). On av-
erage, Emat was 4.27 ± 2.34 times larger than Eform. 
Moreover, both elastic moduli revealed a relation-
ship with the root diameters described by a power 
function (Emat, Eform = E0 × ϕβ). All Emat vs. root di-
ameter regressions are consistent rejecting the null 
hypothesis of  the FT (i.e., the overall model is  in-
significant) with P-values always < 0.006. The sta-
tistical parameters of such regressions are R2 > 0.21 
and SE < 0.94 (Table S2 in Electronic Supplemen-
tary Mate rial (ESM)). The regression parameters E0 
and β assumed values ranging from 64.3 to  435.0 

MPa and from –1.945 to  –0.376, respectively 
(Figure 8). Conversely, the  regressions of  Eform vs. 
root diameter are consistent (FT: P  <  0.004) only 
in 22 cases in 56 series (R2 > 0.34 and SE < 1.88), 
whereas the  remaining cases revealed a  statistical 
inconsistence.

Variability within tree species. No signifi-
cant differences were detected for three tree spe-
cies: Ar, Pa and Rp (Table 1), the three regressions 
were parallel (F2,77 = 0.351 and P = 0.705) and they 
were not significantly different (F2,77 = 0.773 and 
P = 0.465). For Pa, seven series were parallel (F6,304 
= 2.088 and P = 0.054) and not statistically different 
(F6,304 = 1.332 and P = 0.242). For Rp, three series 
were parallel (F2,105 = 1.534 and P = 0.220) and not 
significantly different (F2,107 = 0.590 and P = 0.556). 
On the contrary, differences were found for Aa, Ap, 
Fe and Oc where the series were parallel (P > 0.020), 
but significantly different (P < 0.001). In particular, 
post-hoc Tukey’s test showed that only one series 
was statistically different for Aa, Oc and Fe, whereas 
two of three for Ap. For Fs, nine series were not par-
allel (F8,347 = 8.046 and P < 0.001) and significantly 
different (F8,347 = 12.875 and P < 0.001). For Cs and 
Ld, their series were not homogeneous (Levene’s 
test: P < 0.001). Thus, it was not possible to com-
pare their series using ANCOVA. However, Figure 9 
clearly shows that most of the series seem not to be 

Average = 24.59 % ± 8.21 %
50
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0

Aa Ai Ap Ar Ca Cs Fe Fo Fs Ld Oc Pa Qp Qr Rp Um

Figure 5. Percentage of sigmoid behaviour in function of tree species (see Table 1)
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parallel and different for either of the tree species.  
Table 2 summarizes coefficients and statistical pa-
rameters of Emat vs. root diameter power regression.

Variability within geographical areas. No sig-
nificant differences were found for six of the seven 
geographical areas (Valcuvia, Alpe Gigiai, Valsas-
sina, Valseriana, Lower Valcamonica and Oltrepo’ 
Pavese), except for the Uppen Valcamonica. For 
Valcuvia, the samples CaVAVara, CsVABren and Fe-
VAVara were parallel (F2,104 = 0.017 and P = 0.984) 
and not significantly different (F2,106 = 2.988 and 
P = 0.055) (Figure 10A). For Alpe Gigiai, there were 
three available series (FsCOAlGi, LdCOAlGi and 
PaCOAlGi): parallel (F2,112 = 2.133 and P = 0.123) 
that were not significantly different (F2,114 = 4.560 and 
P = 0.012) (Figure 10B). Although ten series belong 
to the geographical area of Valsassina, three of them 
(CsLCCasa, FsLCIntr and FsLCMogg) were removed 
to satisfy the ANCOVA’s assumptions. The remaining 
series (ApLCIntr, CsLCCran, FeLCPast, FsLCBarz, 
FsLCMort, OcLCPast, QpLCVend) were parallel 
(F6,231 = 1.013 and P = 0.418) and not significantly 
different (F6,237 = 2.048 and P = 0.060) (Figure 10C). 
For Valseriana, four series were found, but PaBGFino 
was excluded to satisfy the ANCOVA’s assumptions. 
The three series (ApBGOnet, FeBGOnet and RpB-
GPont) were parallel (F2,136 = 5.363 and P = 0.006; 

THSD: P > 0.068) and not significantly different 
(F2,138 = 2.432 and P = 0.092) (Figure 10D). For Up-
per Valcamonica, five series were detected: however, 
LT underlined non-homogeneity in variance within 
two series (LdBSCevo and LdBSPont), thus they 
were excluded. Nevertheless, the three remaining 
series (AiBSCort, CsBSCevo and PaBSIncu) were 
not parallel (F2,165 = 18.255 and P < 1e—5) and sig-
nificantly different (F2,167 = 8.940 and P = 0.0002) 
(Figure 10E). In particular, THSD revealed that CsB-
SCevo was highly statistically different from the oth-
ers. For Lower Valcamonica, seven series were parallel 
(F6,299 = 3.723 and P = 0.001; THSD: P > 0.092) and 
not significantly different (F6,305 = 1.779 and P = 0.103) 
(Figure 10F). For Oltrepò Pavese, the selected series 
were ArPVCann, ArPVBron, ArPVStra, RpPVCaBe 
and UmPVBron: they were parallel (F4,139 = 0.733 and 
P = 0.571) and not significantly different (F4,143 = 3.550 
and P = 0.009; THSD: P > 0.020). All previously de-
scribed results are shown in Table 3.

Differences within the elastic moduli. The stress-
strain curve is a fundamental indicator of the biome-
chanical properties of roots, and it is the result of tensile 
tests conducted in the field and in a laboratory. It 
clearly shows the natural elastic-plastic behaviour 
of a root under the tension process (Chen et al. 2014). 
In the present study, the analysis of around 3 000 
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stress-strain curves belonging to 56 tensile test series 
showed the tensile behaviour of a root as described 
by Commandeur and Pyles (1991) (Figure 3). In de-
tail, two different shapes of stress-strain curve were 
detected: the hyperbolic and the sigmoid type. The hy-

perbolic shape is the most common one, while it 
occurred in 75% of the cases. This shape is character-
ized by the initial near-linear portion of stress-strain 
curve, whose slope corresponds to the “material” 
elastic modulus (Emat). Conversely, the sigmoid type 
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Figure 9. Regression lines of Emat vs. root diameter plotted in log-log chart in function of tree species (Table 1)
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(around 25% of the cases) revealed two evident near-
linear gradients along the stress-strain curve (Eform and 
Emat): the one is due to the root tortuosity, whereas 
the other is completely due to the materials compos-
ing the root. The calculation of the elastic moduli per-
formed according to the proposed methodology (in 
the section “Evaluating the elastic moduli”) showed 
that Emat is 4.27 ± 2.34 times higher than Eform. More-
over, Eform displays a wider variability in magnitude 
than Emat (Figure 7). The lower percentage of the sig-
moid shape, higher uncertainties related to the natural 
root tortuosity and to the phase of prestressing that es-
pecially affect the finer roots, and the lower magnitude 
of the Eform suggest to consider only Emat as the more 
representative elastic modulus of a root.

Elastic modulus vs. root diameter. In root rein-
forcement modelling, the elastic modulus vs. root 
diameter relationship is one of the most important 
input parameters both in the standard single root 
and in the fibre bundle methods (Waldron 1977; 
Cislaghi et al. 2017). The elastic modulus vs. root 
diameter relationship can be expressed through 
a power law regression as reported in the scientific 
literature (e.g., Operstein, Frydman 2000; Fan, Su 
2008). The power fitting was a common non-linear 
regression used to correlate biomechanical proper-
ties or chemical composition (i.e. cellulose content, 
alpha-cellulose, and lignin) with the root size (i.e., 
root diameter) (Genet et al. 2005; De Baets et al. 
2008; Zhang et al. 2014; Abdi, Deljouei 2019; Za-
vala-González et al. 2019). Comparing the results 
obtained in terms of Eform and Emat, all Emat vs. root 
diameter relationships showed a statistical signifi-

cance (FT: P < 0.006) with R2 > 0.30 in 53 out of 56 
cases. This threshold (i.e., R2 > 0.30) is often used 
in the literature when the number of observations 
is < 30 (Finér et al. 2011). Conversely, the Eform vs. 
root diameter relationships revealed a statistical sig-
nificance only in 22 out of 56 cases (FT: P < 0.004 
and R2 > 0.30) based on small samples (4–12 values). 
These findings suggest focusing only on the values 
of Emat and on the Emat vs. root diameter relationships 
in the statistical analysis.

Considering all measured values of Emat, the range 
varied from 10–40 MPa for larger roots (≈ 7–8 mm) 
to 10 GPa for thin roots (< 0.5 mm) (Figure 10). Sim-
ilarities were found comparing the  average values 
of elastic modulus with those obtained by Chen et al. 
(2014) for the Chinese red pine (Pinus tabuliformis 
Carr.) and Dahurian larch (Larix gmelinii Rupr.), 
whereas an  underestimation emerged compared 
to  the other two examined species, Japanese white 
birch (Betula platyphylla Sukaczev) and Mongolian 
oak (Quercus mongolica Fisch.).

The Emat vs. root diameter relationships in the pres-
ent study are consistent with those published for 
tree species by Waldron and Dakessian (1981) and 
by  Thomas and Pollen-Bankhead (2010). Relevant 
differences were found comparing these results 
with the  elastic properties of  several plants clas-
sified as  herbs and shrubs (Operstein, Frydman 
2000). An  interesting comparison could be  made 
for Norway spruce (Picea abies L.): Schwarz et al. 
(2010) estimated a value of the multiplicative coef-
ficient E0 than that obtained by this study; however 
they suggested using a  multiplicative coefficient 

Table 2. Coefficients and statistical parameters of power regression Emat vs. root diameter in function of tree species (Table 1)

Species N SWp LTp ANp A.slope A.int E0 β R2 SE
Aa 3 0.118 0.323 0.044 0.397 0.001 116.224 –0.843 0.681 0.298
Ar 3 0.045 0.433 0.035 0.705 0.465 148.226 –0.692 0.653 0.273
Ap 3 0.015 0.326 0.026 0.022 < 0.001 211.165 –1.113 0.637 0.738
Cs 8 0.079 < 0.001* – – – 231.963 –1.212 0.641 0.692
Fs 9 0.024 0.024 0.066 < 0.001 < 0.001 279.362 –1.181 0.647 0.737
Fe 4 0.134 0.527 0.043 0.323 0.001 191.878 –1.161 0.657 0.791
Ld 5 0.019 < 0.001* – – – 154.009 –1.150 0.562 0.808
Oc 3 0.244 0.164 0.731 0.020 0.008 233.827 –1.241 0.615 0.869
Pa 7 0.137 0.181 0.045 0.054 0.242 214.586 –1.388 0.776 0.660
Rp 3 0.011 0.057 0.117 0.220 0.556 148.536 –0.744 0.547 0.470

N – the number of series; SWp – P-value of Shapiro Wilk test; LTp – P-value of Levene’s test; ANp – P-value of the ANOVA; 
A.slope – P-value of ANCOVA testing the non-parallelism; A.int – P-value of ANCOVA testing the intercept; E0 and β – coef-
ficients of power law; R2 – coefficient of determination; SE – the standard error; *non-homogeneity of variance within the series

https://www.agriculturejournals.cz/web/jfs/


349

Journal of Forest Science, 67, 2021 (7): 338–356 Original Paper

https://doi.org/10.17221/4/2021-JFS

Figure 10. Regression lines of Emat vs. root diameter plotted in log-log chart in function of geographic area (Figure 4)
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of  0.3 to  take into account the  effects of  the  root 
tortuosity. In  such a way, the  results of  this study 
are relatively similar. Moreover, for the  black lo-
cust (Robinia pseudoacacia L.), these results are 
in agreement with those obtained by Ji et al. (2012). 
The variability of these parameters could be affect-
ed by the methods for measuring the biomechani-
cal properties of  roots (Giadrossich  et  al. 2017). 
In  fact, the  exponent coefficient β in  this study 
is  always negative (from –1.949 to  –0.376) and it 
is in perfect agreement with many studies that in-
vestigated the  biomechanical properties of  roots 
by  conducting tensile tests in  laboratory (Ji  et  al. 
2012) and field direct shear tests (Mickovski et al. 
2009), whereas it is in disagreement with data pro-
vided by bending tests (Meijer et al. 2018a). More-
over, the  multiplier coefficient E0, which ranged 
between 64.3 and 435.0  MPa, revealed a  large 
overestimation (3–30 times higher) compared 
to  those provided by  the  analysis  of  pullout tests 
(Schwarz  et  al. 2013). A  summary of  the  results 
published in  the  scientific literature is  reported 
in Table 4.

Variability of  elastic modulus. Biomechanical 
properties of roots represent a fundamental trait for 
assessing the root reinforcement and consequently 
the contribution of vegetation to reducing the slope 
instabilities. Such features are characterized by nat-
ural wide variability and relevant uncertainties 
due to  measurement methods (Giadrossich  et  al. 
2017). The scientific community invested some ef-
forts in  investigating what factor affects the  ten-
sile resistance and, especially, the  tensile strength 
vs. root diameter relationships. Among these 

factors, there are plant/tree species (Abdi, Del-
jouei 2019), root age (Loades et al. 2013), tree age 
(Genet et al. 2008), root length (Zhang et al. 2012), 
trunk diameter (Deljouei  et  al. 2018), cellulose 
content (Abdi  et  al. 2014), root moisture content 
(Yang et al. 2016), root dehydration (Boldrin et al. 
2018), testing season (Makarova  et  al. 1998), liv-
ing or decaying roots (Schmidt et al. 2001), lignin 
content (Hathaway, Penny 1975), microfibril angle 
(Kerstens et al. 2001), altitude (Genet et al. 2011), 
convergent/divergent topography (Hales  et  al. 
2009), soil moisture content (Hales, Miniat 2017), 
slope gradient (Sun et al. 2008) and uphill/downhill 
position (Abdi et al. 2010). Conversely, nobody at-
tempted to explain the variability of elastic modu-
lus, despite the  importance of  this biomechanical 
feature as  an  input parameter in  root reinforce-
ment modelling. In the present study, the statistical 
analysis showed absence or presence of significant 
interspecific and intraspecific differences in  elas-
tic modulus vs. root diameter relationships. First, 
this study investigated the  high variability among 
the intraspecific elastic modulus vs. diameter rela-
tionships. The results showed statistical differences 
in chestnut, beech and larch forests located in dif-
ferent geographical areas. Meanwhile, moderate 
discrepancies were identified in  elastic properties 
of roots of silver fir, sycamore maple, ash and hop-
hornbeam. No statistical differences were found 
in  three species only: Norway maple (in three dif-
ferent study sites), Norway spruce (in seven differ-
ent study sites) and black locust (in three different 
study sites) (Figure 9). The second results revealed 
geography-specific correlations between root di-

Table 3. Coefficients and statistical parameters of power regression Emat vs. root diameter in function of geographic 
area (Figure 4 and Table 1) 

Area N (ns) SWp LTp ANp A.slope A.int E0 β R2 SE
(a) Valcuvia 3 (3) 0.134 0.798 0.661 0.983 0.055 215.508 –1.153 0.723 0.429.
(b) Alpe Gigiai 3 (3) 0.173 0.100 0.970 0.123 0.012 286.575 –1.203 0.707 0.738
(c) Valsassina 7 (6) 0.178 0.012 0.039 0.418 0.060 199.156 –0.985 0.663 0.632
(d) Valseriana 3 (3) 0.011 0.060 0.027 0.006* 0.092 163.452 –1.194 0.678 0.707
(e) Upper Valcamonica 3 (3) 0.137 0.043 0.012 < 0.001 < 0.001 270.032 –1.433 0.646 0.782
(f ) Lower Valcamonica 7 (5) 0.015 0.250 0.783 0.001* 0.103 347.912 –1.512 0.730 0.832
(g) Oltrepò Pavese 5 (3) 0.045 0.435 0.075 0.571 0.008* 139.972 –0.676 0.665 0.292

N – number of series; ns – number of tree species inside the geographical area; SWp – P-value of Shapiro Wilk test; LTp – 
P-value of Levene’s test; ANp – P-value of the ANOVA; A.slope – P-value of ANCOVA testing the non-parallelism; A.int 
– P-value of ANCOVA testing the intercept; E0 and β – coefficients; R2 – coefficient of determination; SE – standard error; 
*P-values of Tukey’s honest significant difference > 0.01
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ameter and elastic modulus. In  most cases, these 
relationships within a given species that are not sig-
nificantly different tend to belong to the same study 
site. In addition, no evident differences were detect-
ed in  interspecific relationships obtained in  roots 
collected in the same geographical area (Figure 10). 
The only exception is the Upper Valcamonica, where 
the  interspecific differences were marked probably 
due to  the  non-homogeneity of  the  environmental 
conditions (e.g., the  altitude  of  the  study sites var-
ies from 1 000 to 1 700 m a.s.l.). Another exception 
was evident in  two series of  tensile tests conduct-
ed on  roots of  larch that showed the  most signifi-
cant variability in  elastic properties (Figure 9G). 
Nevertheless, these findings indicate that the  same 
geographical position describes similar environ-
mental situation and uniform growth conditions. It 
could be a useful criterion to explain the variability 
in root elasticity and a promising approach to studies 
on root reinforcement, especially for assessing the in-
put parameter in root reinforcement modelling. Such 
results are further supported by  previous studies 
of Genet et al. (2011) and Vergani et al. (2012), who 
investigated the interspecific and intraspecific tensile 
strength vs. root diameter relationships.

CONCLUSION

This study investigated one of the most important 
biomechanical properties of roots, i.e. the root elas-
ticity. In  particular, the  elastic modulus is  a  funda-
mental parameter in  root reinforcement modelling. 
The present study analysed 56 series of  tensile tests 
(a  total of  almost 3 000 measurements) conducted 
on roots belonging to 16 European Southern Alpine 
tree species collected in 36 different study sites. First, 
the  stress-strain curves clearly displayed the  ten-
sile elastic-plastic behaviour of  roots. As  expected, 
the elastic modulus, like other biomechanical proper-
ties of roots, is strongly related to the root diameter. 
Then, elastic modulus vs. root diameter relationships 
were fitted as a power regression (R2 > 0.21). These re-
lationships were not statistically different when roots 
of the same species, but also of different species, were 
collected in the same geographical area characterized 
by similar environmental conditions. Finally, the out-
comes of this study could be summarized by the fol-
lowing bullet points:

– the  development of  a  standard approach 
to  calculate the  elastic properties of  a  root using 
the stress-strain curve as input data;

– the  detection and the  quantification of  two 
elastic moduli: the  “form” elastic modulus affect-
ed by the root tortuosity and the “material” elastic 
modulus, showing that the latter is 4 times greater 
than the former;

– the lack of correlation between the “form” elas-
tic modulus and the root diameter;

– the estimation of elastic modulus vs. root diam-
eter relationships for 56 different study sites cov-
ered by 16 different European Alpine tree species;

– the  intraspecific difference in elastic modulus 
vs. root diameter relationships is evident in several 
tree species;

– the  interspecific difference in  elastic modu-
lus vs. root diameter relationships is  less evident 
in  those tree species that grow in  the  same geo-
graphical area;

– the  geographic area, when characterized 
by uniform growth conditions, could be a criterion 
useful to overcome the scarcity of data on biome-
chanical properties of  roots as  input parameters 
in root reinforcement modelling.
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